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Abstract

Various infrared up-conversion techniques have been developed, driven by applications including

lasing, laser cooling, and infrared imaging. In this review article, we first present a brief overview of

existing up-conversion techniques and then discuss in detail one particular approach. Among all

types of up-conversion techniques, an integrated semiconductor photodetector-light-emitting diode

(PD-LED) up-conversion device is the most promising one for infrared imaging applications. By

now, PD-LED devices relying on various mechanisms, using different materials and structures,

aiming at different wavelength regions, have been developed, and pixelless infrared imaging

prototype devices have been demonstrated. We report the progress of semiconductor PD-LED

up-conversion devices, and point out directions for future improvement.

& 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

The process of photon up-conversion is to convert photons from low to high
frequencies. Of particular interest is from infrared to near-infrared (NIR) or visible. So
far, a variety of applications have been exploited based on infrared up-conversion,
including lasing [1–4], three-dimensional (3D) display [5–7], up-conversion enhanced solar
cells [8–10], laser cooling [11–14], up-conversion based weak infrared photon detection
[15–19], and infrared imaging [20–22]. In this review article, we focus on the infrared
up-conversion devices for the purpose of infrared imaging.
For imaging in the visible and NIR region below 1 mm in wavelength, Si charge coupled

devices (CCDs), and lately Si complementary metal–oxide–semiconductor (CMOS) arrays,
with high performance and low price are widely available. Si CCD was invented by W.S.
Boyle and G.E. Smith at Bell Labs in 1969. Since 1971, CCDs found applications in visible
and NIR imaging. In 1974, linear CCDs with 500 elements and two-dimensional (2D)
devices with 100� 100 pixels were developed. By now, high performance 2D CCDs and
CMOSs with up to millions of pixels are manufactured in large scales. Using intrinsic
interband transition, the wavelength range covered by Si CCDs and CMOSs is from about
200 nm to about 1 mm. Standard commercial CCDs and CMOSs are produced in mass
quantities; used in our daily lives. For example, most cell phones sold in the market are
equipped with a CCD or CMOS array with several millions of pixels.
In contrast, infrared imaging for wavelengths longer than 1 mm is lagging far behind.

Infrared imaging systems are divided into two categories, scanning and starring [23]. In a
scanning system, infrared images are taken using a single-element photodetector (PD) or a
linear PD array in combination with a mechanical scanner, while a starring array is a 2D
PD matrix with thousands or millions of discrete pixels. The starring infrared imager is
superior to the scanning system in terms of sensitivity and compactness. 2D focal planar
array (FPA) has become the current industry standard for infrared imaging. Various
infrared imaging devices have been developed, depending on the wavelength. In the short
wavelength infrared region less than about 2 mm, the mainstream is InGaAs FPAs on InP
substrate. For the middle and long wavelength infrared region, HgCdTe, InSb, and
2
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quantum well infrared photodetector (QWIP) FPAs compete with one another. So far,
infrared FPAs with hundreds of thousands of pixels or more, pixel sizes of several tens of
mms, and noise equivalent temperature difference (NETD) of several mK have been
developed [23–27]. Table 1 illustrates the comparison of Si CCD/CMOS with some of the
best developed infrared imaging devices.

As schematically depicted in Fig. 1, a FPA is composed of a matrix of PD units and a
read-out integrated circuit (ROIC). The PD matrix and ROIC are generally fabricated on
different materials, and then interconnected with each other by Indium bump-bonding
technology, a time-consuming and costly process [23]. Although researchers have tried to
develop monolithic FPAs using narrow-gap semiconductors, so far FPAs bump-bonded
with Si ROICs remain the only practical choice, consequently the cost stays high:
A 512� 480 InGaAs FPA costs about 10 thousands dollars, and an InSb or HgCdTe FPA
costs even more. FPAs were initially driven by military applications such as missile
seeking/guidance and night vision, which are less cost sensitive than other applications
[28,29]. More recently, FPAs have been expanded to civil applications. For example,
Table 1

Comparison of Si CCD/CMOS with some of the best developed infrared imaging devices.

Wavelength

range (mm)

Detectivity

(cm Hz1/2/W)

Typical

format

Typical

pixel size

(mm)

Operation

temperature

Price range (dollars)

Si CCD/CMOS 0.2–1 �1014 2048� 2048 �10 Room

temperature

Less than 100

InGaAs FPA 1–2 �1011 640� 512 �20 Thermoelectric

temperature

More than 10,000

InSb FPA 1–5 �1010 640� 512 �20 Liquid nitrogen

temperature

More than 10,000

HgCdTe FPA 3–14 �1010 640� 512 �20 Liquid nitrogen

temperature

More than 10,000

QWIP FPA 3–20 �1010 640� 512 �20 Liquid nitrogen

temperature

More than 10,000

Fig. 1. A schematic of a 2D FPA, and the simplified structure of a FPA pixel connected with Si ROIC by

Indium bump.
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mid-infrared (MIR) FPAs are used to find flaws in architectures [30], while NIR FPAs are
employed in medical examination to detect breast cancer [31,32]. Yet, the civil market of
FPAs remains quite small, mainly limited by the high price. Therefore, there is a need for
low-cost infrared imaging device technologies.
One alternative approach of infrared imaging is to up-convert the infrared photons to

higher frequencies and then detect them with Si CCDs. Fig. 2 depicts a schematic of
infrared up-conversion imaging system. Incident infrared photons beyond 1 mm are
‘‘transferred’’ by an up-conversion device to visible or NIR photons below 1 mm, which are
then collected with a Si imaging device. In some cases, there is no need for the
up-conversion device to have discrete pixels, leading to a ‘‘pixelless’’ imaging device.
Compared with FPAs, pixelless imaging based on up-conversion can be a much cheaper
way for infrared imaging because no pixels need to be patterned on the up-conversion
device and the expensive Indium bumping step is avoided.
Until now, several up-conversion techniques have been developed, including thermally

excited up-conversion [11–14], parametric up-conversion [15–19,33–35], rare-earth
up-conversion [1–10], Auger process [36–41], two-step two-photon absorption (TS-TPA)
up-conversion [42–49], and PD-light-emitting diode (LED) up-conversion [21,22,50–85].
These techniques rely on different mechanisms, with their own advantages and drawbacks.
In Section 2, we briefly introduce and compare them. Among all up-conversion techniques,
PD-LED up-conversion devices are the most promising for the purpose of up-conversion
imaging.
The main section of this review, Section 3, is devoted to PD-LED infrared up-conversion

devices, especially NIR PD-LED up-conversion devices. In Section 3.1, we report the
progress on NIR PD-LED up-conversion based on InP and GaAs substrates, the most
commonly used NIR material systems. Section 3.2 presents a brief introduction to wafer
fusion, an advanced fabrication technique for optoelectronic devices, which have been used
to fabricate NIR up-conversion devices with high efficiencies. Section 3.3 discusses the
LED internal and external quantum efficiencies, which are crucial to the performance of
up-conversion devices. Section 3.4 is dedicated to the introduction of special types of
NIR up-conversion devices, including (1) the phototransistor-LED NIR up-conversion
devices, which have the potential to achieve high up-conversion efficiencies beyond unity,
(2) the two photon passive up-conversion device, which does not need bias voltages,
(3) the internal photoemission NIR up-conversion devices, and (4) the organic PD-LED
up-converters. In Section 3.5, we review up-conversion infrared imaging.
Imaging
optics

Up-conversion
device 

Imaging
optics

Object

Infrared
image 

Visible or 
NIR image

Si CCD

Fig. 2. A schematic of infrared up-conversion imaging.
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2. Up-conversion techniques

2.1. Thermally excited up-conversion

To satisfy energy conservation law, an extra energy is needed to up-convert infrared
photons to higher frequencies. In thermally excited up-conversion, incident photons
interact with the host material and obtain extra energies from the phonons or other
excitations. At the same time, the host material losses heat, resulting in cooling. Thermally
excited up-conversion has been employed for characterization of materials, and laser
cooling of atoms, molecules, gases and condensed state materials. Laser cooling was first
experimentally demonstrated in 1968 by Kushida and Geusic [11] using YAG doped with
Nd3þ. The pump source was a 1.064 mm laser, and the emitted light had a wavelength of
0.946 mm. The magnitude of laser cooling was determined to be about 0.6 K, under 100 W
laser pump and atmosphere pressure condition.

Later, laser cooling of gas-phase atoms was demonstrated, and Bose–Einstein condensation
of the atomic ensemble was observed [12]. Thereafter, Mungan et al. [13] demonstrated laser
cooling of a solid by 16 K starting from room temperature (RT) using thermally excited
up-conversion. In 2009, Seletskiy et al. [14] reported laser cooling of ytterbium-doped LiYF4

crystal to a temperature of 155 K starting from RT, with a cooling power of 90 mW. However,
it should be noted that the excess energy between the emitted and excitation photons can be
only a few kBT in thermally excited up-conversion. At RT, it is several tens meV.

2.2. Parametric up-conversion

For other types of up-conversions (parametric up-conversion, rare-earth up-conversion,
Auger up-conversion, and TS-TPA), the basic idea is to convert two or several low energy
photons to one with a higher energy. In a nonlinear optical media, the dielectric
polarization P responds nonlinearly to electric field E. When two groups of photons with
frequencies of v1 and v2 travel through a nonlinear media simultaneously, photons
with frequencies of v1þv2 can be generated. This optical process is called parametric
up-conversion (or sum frequency generation), during which the energy conservation law is
satisfied. Parametric up-conversion has been used to detect both infrared [15,20] and
terahertz radiation [34].

Fig. 3 schematically shows an example of parametric up-conversion imaging [20]. The
10.6 mm laser diffused from the scatter plate carried the infrared information to be
detected. The 0.693 mm laser worked as the local pump source. The two lasers were
incident into a mixing medium, proustite (Ag3AsS3) crystal, generating the output photons
at wavelength 0.6516 mm. It was a complex system with many optical components.
A powerful laser was needed as the pump source. To screen the 0.693 mm laser from the
0.6516 mm output signal, polarizer and filters were placed between the mixer and imaging
optics. To have an effective up-conversion, one key point is to satisfy the condition of
phase-matching (momentum conservation), which is difficult to achieve.

More recently, periodically poled lithium niobate (PPLN) have been used as the mixer,
and high efficiency parametric up-conversions were demonstrated. In 2004, Albota and
Wong [15] reported efficient single-photon counting at 1.55 mm using parametric up-
conversion with PPLN. The existing way of single photon detection around 1.55 mm is to
use InGaAs APDs. InGaAs APDs can only work under pulsed mode at low frequencies,
5
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Fig. 3. Experimental setup for parametric up-conversion imaging.
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and the efficiency is low (less than 20%). In comparison, Si APD single-photon counting
modules have high quantum efficiencies (about 70%), low dark count rates (o100/s), and
can work in continuous mode. In the experiment, 1.55 mm photons were mixed with a
strong 1.064 mm pump in PPLN to produce 0.631 mm visible light. The up-conversion
efficiency reached 90%.

2.3. Rare-earth up-conversion

The best developed up-conversion approach is rare-earth up-conversion. Rare-earth
ions such as Er3þ, Tm3þ, Ho3þ, Nd3þ, and Pr3þ have metastable intermediate excitation
levels. They can absorb two or several photons and arrive at high energy levels. The ions
will then return to lower energy states after single or multiple-photon relaxation, emitting
photons with higher energy than the absorbed ones. Fig. 4 shows the energy level diagram
of Er3þ to explain rare-earth doped system up-conversion mechanism. As indicated, after
absorbing two 797 nm photons, the ion is excited from energy level 4I15/2 to higher energy
level 2H11/2, and relaxes to the lower level producing visible light at about 540 nm [1].
RT rare-earth up-conversion devices with high efficiencies and output powers have been

developed now. The response wavelength has covered the NIR and MIR region, and the
output wavelength has covered the NIR and whole visible wavelength region. Rare-earth
ions can be easily incorporated in various hosts, including crystals, glass, and optical fiber
to produce visible laser, pumped by high power infrared lasers. Rare-earth up-conversion
technique has also been explored for applications of 3D display, and solar cells.
Like rare-earth ions, some transition metals ions have been doped in host materials to

realize photon up-conversion [3]. Transition metals ions used for up-conversion include
Ti2þ, Ni2þ, Mo3þ, Re4þ, Os4þ, Mn2þ, and Cr3þ. It was found that high performance up-
conversion devices can be fabricated by incorporating rare-earth ions and transition metal
ions simultaneously [3]. The transition metal ions will interact with rare-earth ions, and
make them more sensitive for infrared up-conversion.
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2.4. Auger up-conversion

Auger process is a three-particle process, involving two electrons and one hole, or two
holes and one electron. During Auger recombination between an electron and a hole, the
released energy is transferred to the third particle (electron or hole), bringing it to higher
energy levels. Interestingly, photon up-conversion based on this well-known non-radiative
process has been demonstrated.

Photon up-conversion based on Auger process was observed from the spin–orbit split-
off band in bulk GaSb material [36], and later demonstrated in doped quantum wells [37].
In 1994, Seidel et al. [38] demonstrated high efficiency Auger up-conversion in InP/AlInAs
Type-II heterostructures. Under the illumination of 1.325 eV laser, a sharp 1.41 eV
emission was observed. At an excitation density of the order of 10 kW/cm2, the up-
conversion efficiency reached nearly 50%. It is worth noting that the Auger up-conversions
can also happen at low excitation intensities of 0.1–1 W/cm2, much lower than the intensity
required for the parametric up-conversion, and the rare-earth up-conversion.

In 1995, Driessen et al. [39] reported photon up-conversion at GaAs–GaInP2 type-I
interface, and attributed it to Auger process. The excitation source was 1.5 eV laser and the
up-converted signal peaked at about 1.9 eV, corresponding to an energy increase of
400 meV. Fig. 5 depicts a schematic of the Auger up-conversion at the GaAs–GaInP2

Type-II heterostructures. First, two electrons are excited from the valence band to
conductance band by incident IR photons at the interface. One of the excited electrons
recombines with a hole there through non-radiative Auger process. The released energy is
transferred to another electron, and excites it to higher energy level. It will then radiatively
recombine with a hole if the final stage is sufficiently metastable, producing a photon with
higher energy than the incident light. Later, they reported an up-conversion of 700 meV at
GaAs–GaInP2 type-I interface, at operation temperatures ranged from 8 to 200 K [40].
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2.5. Two-step two-photon absorption up-conversion

TS-TPA up-conversion has been demonstrated with structures having either type-I or
type-II band alignments. In 1993, Tomita et al. [42] observed TS-TPA up-conversion in
asymmetrical GaAs/AlGaAs double quantum well structures (type I). The same effect was
then observed at CdTe/(Cd,Mg)Te multiple quantum well structures [43]. In 1996, Su et al.
[44] studied the up-conversion phenomenon with a GaAs/(ordered)GaInP2 heterostruc-
ture. Under the excitation of an 808 nm laser, output light peaked at 653 nm was observed.
The excitation power density was estimated to be no larger than 300 W/cm2, which is not
high enough for nonlinear optical process to occur.
In order to explain the experimental results, Su et al. [44] proposed the models of up-

conversion at two different types of heterostructure interfaces. Fig. 6(a) schematically
illustrates the two-step process at the interface of type-I heterojunction with large barrier
heights. With the absorption of the first incident photon, an electron–hole pair in the
quantum well was created. With the absorption of the second photon, the electron is
excited above the quantum barrier, which would then recombine with a hole and radiate a
photon with higher frequency. On the other hand, a hole instead of an electron is excited
by the second absorbed photon at the heterojunction with small barrier heights [Fig. 6(b)].

2.6. PD-LED up-conversion

In 1967, Kruse et al. [50] reported the earliest realization of PD-LED NIR up-
conversion device. As depicted in Fig. 7(a), it was an n–p–n structure with a Ge/GaAs
heterojunction as the PD, and a GaAs homojunction as the LED. The up-conversion
spectrum of this NIR up-conversion device is displayed in Fig. 7(b) [50]. It had a peak
8



Fig. 7. (a) Solid state infrared converter employing Ge-GaAs heterojunction PD and GaAs homojunction LED

and (b) the up-conversion spectrum (from Ref. [50]).
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Fig. 6. TS-TPA process at type-I heterojunctions with (a) high and (b) low barrier heights.
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response at 1.5 mm and a cutoff wavelength of about 1.7 mm, typical for Ge material, and
the wavelength of emitted photons was 0.9 mm. It suffered from a poor up-conversion
efficiency of 2.8� 10�5 W/W, since both the Ge/GaAs heterojunction PD and the GaAs
homojunction LED had low efficiencies. Similar to this prototype, all PD-LED
up-conversion devices are typically composed of two major parts, a PD and a LED.
9
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Incident infrared photons are absorbed by the PD, resulting in a photocurrent that drives
the LED to emit photons with shorter wavelengths. In most PD-LED devices, the extra
energy for up-conversion comes from the applied electric field.
Later that year, an InSb/GaAsP up-conversion device was reported. The device used an

InSb photodiode to detect 5.3 mm infrared photons and a GaAsP LED to produce photons
with wavelengths between 0.6 and 0.7 mm [51]. To get high efficiency, tunable contrast and
sensitivity, the device adopted a capacitor–detector–emitter structure. The photocurrent
induced charges were integrated and stored by the capacitor, and then delivered to the
LED in high-current pulses. The device worked only in pulsed mode, and the
up-conversion quantum efficiency was estimated to be 10�4, mainly limited by the LED
quantum efficiency. In 1974, a GaAs/AlGaAs NIR up-conversion device with
up-conversion efficiency of 1.5% was reported [52]. The cut-off response wavelength of
the up-conversion device was 875 nm, and the output emission peaked at 785 nm. Since
then, III–V compound semiconductors became the dominant material system for infrared
up-conversion.
Research activities continue with investigating PD-LED up-conversion devices by

employing novel structures, new materials, and alternative mechanisms. In 1981, Beneking
et al. [53] reported a GaAs/AlGaAs NIR up-conversion device with power amplification.
Combining a phototransistor and a LED, 820 nm photons were up-converted to 775 and
680 nm. Very high up-conversion efficiencies larger than unity were achieved. In 1991 [55],
an organic up-conversion device from red to green was invented, combining an organic
LED with a photoresponsive amorphous Si carbide. In 2000, 1.55 mm to 0.87 mm NIR
up-conversion device was fabricated by growing an InGaAs/InP PD and an InAsP/InP
LED on InP substrate [61]. In 2003, wafer fusion technology was used to fabricate NIR
up-conversion devices with high efficiency [65,69]. For NIR up-conversion below 3 mm, a
narrow bandgap PD is normally used, but NIR up-conversion devices based on internal
photoemission are also worth-noting [62,67,78]. Besides, two-photon NIR up-conversion
device that did not need to be biased was reported [86].
In addition to the NIR up-conversion, MIR and far-infrared (FIR) up-conversion

devices have been developed. Since 1995, MIR up-conversion devices have been fabricated
by epitaxially growing a QWIP with a LED on top [21,22,57–60,64,66,70,74–76]. It has
been revealed that an optimized QWIP-LED can have comparable performance to QWIPs
alone [76]. For a summary on QWIP-LED MIR up-conversion and pixelless
up-conversion imaging, we refer to Ref. [76]. In addition to QWIPs, other PDs such as
InSb MIR photodiode [73] and homojunction interfacial work-function internal
photoemission FIR PDs [79,83] are investigated for infrared up-conversion.
Among all types of up-conversion techniques, PD-LED up-conversion is the most

promising for the purpose of infrared up-conversion imaging, due to the unique
characteristics of simplicity and compactness, low cost, wide response range, good
flexibility, and high up-conversion efficiency. Table 2 compares the features of all types of
up-conversion techniques. As can be seen, PD-LED up-conversion distinguishes itself with
the listed characteristics:
1.
 PD-LED up-conversion devices can work at very low excitation density appropriate for
imaging such as in the thermal range of a few mW/cm2. In contrast, other up-conversion
techniques, including the parametric up-conversion and the rare-earth up-conversion
need an excitation density threshold in the kW/cm2 range.
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Table 2

Comparison of different up-conversion techniques.

Excitation density Operation

temperature

Efficiency Compactness Response

spectrum

Application

PD-LED up-conversion No threshold RT or liquid

nitrogen

temperature

High (can be higher

than unity)

Compact Wide Infrared imaging

Thermally excited up-

conversion

No threshold RT Low Compact Wide Laser cooling

Parametric up-conversion High threshold

(�kW/cm2)

RT High (up to unity at

high pump power)

Not compact Narrow Lasing, single-photon detection,

infrared imaging

Rare-earth up-conversion High threshold

(�kW/cm2)

RT High (several tens

percents)

Compact Narrow Lasing, 3D display, solar cells

Auger process No threshold 4.2–200 K High (up to 50% at

high excitation density)

Compact Wide Potentially infrared imaging

TS-TPA up-conversion Moderate threshold

(�1–100 W/cm2)

2–50 K Low Compact Wide Potentially infrared imaging
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2.
 PD-LED up-conversion devices operate at easily reachable temperatures, i.e., a NIR
up-conversion device normally works at RT, and a MIR up-conversion device works
at 77 K or higher temperature. Where else, some other up-conversion devices such as
TS-TPA work at low operation temperatures of several K.
3.
 PD-LED up-conversion devices are excellent in terms of up-conversion quantum
efficiency. As will be shown, quantum efficiencies of several percent W/W have
been achieved for devices without amplification structures, and phototransistor-LED
up-conversion devices can have efficiencies higher than unity.
4.
 PD-LED up-conversion devices are compact and hence the resulting imaging systems
can be simple. Pumping lasers, which are usually necessary in other up-conversion
techniques, are not required.
5.
 Another advantage of PD-LED up-conversion devices is that they generally have broad
band response, while other up-conversion techniques such as the parametric
up-conversion can only convert photons at one or several specific frequencies. Objects
normally emit photons covering a wide wavelength range. Thus the majority of the
infrared photons will be wasted by using narrow band up-conversion techniques.

In addition, PD-LED up-conversion devices normally have a linear response to the
excitation power density. That is, the up-converted light density is proportional to the
excitation power density. Meanwhile, most other up-conversion techniques respond super-
linearly to the power density. PD-LED up-conversion devices are grown and fabricated
with standard semiconductor techniques, including molecular beam epitaxy (MBE), metal
organic chemical vapor deposition (MOCVD), lithography, etching, and metal deposition.
Therefore, they have the potential to be manufactured at large scale, with good uniformity
and low cost.

3. NIR up-conversion devices

3.1. InP- and GaAs-based NIR up-converters

A NIR PD-LED up-converter is composed of a LED and a NIR PD, which can be a
narrow bandgap PD or an internal photoemission PD. NIR PDs using interband
transition of narrow bandgap semiconductor materials are much more efficient than their
counterparts. In the NIR region, InGaAs is the best developed among all III–V
compounds. InGaAs PDs now routinely reach responsivity higher than 1 A/W. Besides,
they work at RT.
Since 2000, NIR up-conversion devices with InGaAs PD on InP substrate have been

fabricated [61,65,69]. Fig. 8(a) shows the structure of the first InP-based NIR up-
conversion device, which is a back-to-back p–i–n PD and LED, with a common p-region in
the middle [61]. The active region of the PD is 20 repeats of In0.53Ga0.47As/InP, and the
LED active region is a 57 nm InAs0.1P0.9 layer. During operation, the p–i–n photodiode is
reverse biased and the LED is forward biased. As shown in Fig. 8(b) [61], the up-converter
has a typical InGaAs spectral response in the NIR region, with a cutoff wavelength of
1.6 mm. The dip at 1.4 mm is due to the CO2 absorption, the shoulder at 1 mm corresponds
to the InAs0.1P0.9 bandgap absorption, while the peak at 0.9 mm is resulted from the InP
absorption. Incoming 1.6 mm laser was absorbed by the p–i–n PD, inducing a LED
12
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Fig. 8. (a) InP-based NIR PD-LED up-conversion device structure and (b) RT spectral response (from Ref. [61]).
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emission at 1 mm which was detected by Si detector. The InGaAs NIR PD has a high
responsivity of 2 A/W, implying nearly 100% high-absorption efficiency and photocurrent
gain higher than unity. In two other papers [65,69], we fabricated NIR PD-LED
up-converters by integrating InGaAs PDs and GaAs-based LEDs. In both cases, the PDs
have a responsivity of about 1 A/W.

Except for InGaAs PDs, NIR PDs based on GaAs material have been employed for
NIR up-converters. Optoelectronic devices on GaAs substrates are attractive because of
the good material uniformity, mature technology, and low cost. The RT bandgap of bulk
GaAs material is 1.42 eV, corresponding to a wavelength of 0.87 mm. InGaAs and GaAsSb
have narrower bandgaps and can response to longer wavelength, but their lattice constants
are larger than GaAs. Fortunately, both the lattice constant and bandgap can be by
reduced by doping a small amount of nitrogen into InGaAs or GaAsSb. By now,
13
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GaInNAs/GaAs and GaNAsSb/GaAs NIR PDs lattice-matched to GaAs have been
fabricated [87–89]. GaAs-based NIR PDs are now able to cover wavelength up to 1.6 mm,
with responsivities comparable to InGaAs PDs. An advantage of GaInNAs/GaAs and
GaNAsSb/GaAs PDs is that they can be epitaxially grown with GaAs, to realize full-
GaAs-based up-converters. With a GaNAsSb/GaAs NIR up-conversion device lattice
matched to GaAs substrate, NIR photons below 1.6 mm were up-converted to 0.87 mm,
and a high up-conversion efficiency of 0.048 W/W was achieved [85].

3.2. Wafer fusion

The bandgap difference between InGaP active region and InP substrate of InP-based
LEDs is not large enough to confine the carriers effectively, so carriers easily escape the
LED active region. As a result, InGaP/InP LED has low internal quantum efficiencies
(less than o1%), and so does the full InP-based up-converter [61]. To improve the LED
efficiency, we need to increase the bandgap difference between the active region and the
carrier confining layers. A simple way is to increase the As fraction in the active region of
the GaAs/AlGaAs LED. However, this would lead to an increasing strain and
consequently a substantial degradation of the device performance, when the As fraction
exceeds 20% [61]. Higher As fraction will also lead to a longer wavelength emission, where
Si devices do not work well.
Compared with InP-based LEDs, GaAs/AlGaAs LEDs are capable of higher

efficiencies. Therefore, a straightforward way for increasing up-conversion efficiency is
to substitute InP/InGaAs LEDs with GaAs/AlGaAs LEDs. However, there is a large
lattice constant difference between GaAs and InP material systems, making it difficult to
grow InGaAs/InP PD with GaAs/AlGaAs LED through direct epitaxial growth.
Fortunately, this problem could be solved by wafer fusion, an advanced processing
technology used for integrating heterogeneous semiconductor materials regardless of their
lattice mismatch [90]. It gives a new degree of freedom for the design and fabrication of
semiconductor optoelectronic devices. The main advantage of wafer fusion is that the
defects, mismatch and interface stress affect no more than several atomic layers at the
interface, and the original characteristics of each layer are kept. The wafer fused interface
has little optical loss, good thermal and electronic properties.
Wafer fusion consists of several steps including pre-processing of wafer surface, pre-

fusion, and thermal treatment [90]. Before fusion, the layers to be fused will go through a
few steps including polishing, cleaning, and deoxidation to obtain flat and clean surfaces.
The materials are usually polished by chemical methods. After that the surfaces are
typically ultrasonically cleaned in acetone, methanol/isopropyl ketone solution to remove
dust, organic contaminations and metal impurities, and then cleaned by distilled water and
HF solution to remove the intrinsic oxide layer. The clean layers are pressured together to
facilitate pre-fusion, due to three types of interactions, Van Der Waals attraction,
electrostatic interaction, and capillary force. Afterward, the pre-fused device will be
annealed in H2 or N2 to obtain a stronger bonding. Annealing reorganizes the structure
of fusion interface by helping the atoms and molecules around the vacancies to diffuse,
and therefore decreases the density of the vacancies. Fig. 9 shows a transmission electron
microscopy (TEM) image of a fused interface between a GaAs layer and an InP layer.
Defects and dislocations exist only at the fusion interface confined to a few nanometers
thick region.
14



Fig. 9. TEM image of a fusion interface between a GaAs layer and an InP layer.
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Wafer fusion has been employed to fabricate a NIR up-converter by integrating a GaAs/
AlGaAs LED and an In0.53Ga0.47As/InP p–i–n PD [65]. The GaAs/AlGaAs LED structure
was grown by MBE on an n-type GaAs substrate, with the p-contact layer on top.
A 400 nm-thick GaAs active region was used, which was confined by p- and n-type
AlGaAs layers. The In0.53Ga0.47As/InP p–i–n PD was grown by MOCVD on an n-type InP
substrate, with the p-contact layer on top. The p-contact layers of the PD and LED was
wafer fused together to form a p–i–n LED structure. The GaAs substrate of the LED was
then chemically removed, and then the device mesas and contacts are fabricated. The
device successfully up-converted 1472 nm incident laser radiation to 872 nm LED
emission. Fig. 10 shows the device structure and experimental results [65]. The PD
responsivity remains about 0.8 A/W in applied bias range between 0.5 and 5.0 V. The
LED external efficiency increases with increased applied bias. At 4 V bias, the measured
LED external efficiency is 0.0064 W/A, corresponding to an internal quantum efficiency of
around 27%. Later, wafer fusion was used to integrate an InGaAs/InP photodiode with
an optimized GaAs/AlGaAs LED with near 100% internal efficiency, where high
up-conversion efficiency of 0.018 W/W was obtained [69].
3.3. LED efficiency

On the light-emitting side, the overall LED efficiency is the product of the internal
efficiency and photon escape probability. The former is the probability of a photon
produced for each electron–hole pair injected into the LED active region, while the later is
photon escape probability from the LED surface.
3.3.1. LED internal efficiency

LED internal efficiency is determined by three major electron–hole recombination
mechanisms within the LED active layer: the Shockley–Hall–Reed (SHR) recombination, the
Auger recombination, and bimolecular or spontaneous radiative recombination. For the
purpose of high LED quantum efficiencies, high radiative recombination is desired. During
SHR recombination, the excess energies are dissipated as phonons, and the momentum
differences are absorbed by impurities within the bandgap. SHR recombination is normally
15
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Fig. 10. 1.5–0.87 mm PD-LED up-conversion device fabricated by wafer fusion (a) the device structure and (b) the

bias dependant performances [65].
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the dominant process in indirect bandgap materials. It is also prominent in direct bandgap
materials at very low injection levels, and with low doping densities. On the other hand, non-
radiative Auger process is only significant at high injection levels.
The operating current density (typically between 0.001 and 1.0 A/cm2) of up-converters

is much smaller than that of most conventional LED applications. Thus the parameters of
the LED structures need to be optimized for this particular purpose. In 2004, Ban et al.
optimized p-doping concentrations in the GaAs/AlGaAs LED active region for room
temperature up-conversion device. Fig. 11(a) shows the dependence of LED quantum
efficiency on LED active region doping concentration, for room temperature operation
and low injection current [69].
With a low doping concentration and at a low injection level, the SHR non-radiative

recombination plays an important role, and the current injection was not sufficient. As a
result, the LED efficiency was low. At high doping concentration (3� 1018 cm�3 or more),
the Auger non-radiative recombination starts to play an important role, resulting a
decreased LED efficiency. The experimental and theoretical results revealed that the
radiative recombination dominates only in the moderate doping concentration range from
16
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5.0� 1017 to 2.0� 1018 cm�3 for low current levels (1.0 A/cm2 or smaller). The optimal
p-doping concentration for the LED active region was found to be 1� 1018 cm�3, and a
near 100% internal quantum efficiency was achieved at RT [69].

The LED with the optimal design was then wafer fused with an InGaAs/InP PD to get a
NIR up-conversion device. Fig. 11(b) shows the performance of the up-conversion device.
The PD has a responsivity of about 1.0 A/W, corresponding to an absorption efficiency of
86%. The LED has an efficiency of 0.0176 W/A at 5 V bias, corresponding to an internal
efficiency of 87%. Therefore, the total internal up-conversion quantum efficiency of the
integrated device reached 76% at 5 V bias.

3.3.2. LED external efficiency

Despite of high internal efficiency achieved, only a small portion of photons generated
in the LED active area can escape the device. There are two major loss mechanisms
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[69] (1) losses due to re-absorption of the emitted photons and (2) losses resulted from
the reflection at the semiconductor-air interface. PD-LED up-conversion devices
normally have thin active LED region of several hundred nanometers, and low doping
concentration in the range from 1016 to 1018 cm�3. The loss from re-absorption is
negligible. The escape probability is therefore mainly limited by the photon reflection at
the device surface.
The photon escape probability is very low for an ordinary planar LED. As imposed by

the Snell’s law, only those photons with incident angles smaller than the critical angle of
total internal reflection, can escape from the LED surface [Fig. 12(a)] [68]. GaAs has a high
refractive index of 3.7, leading to a small critical angle of 17%. As a result, the
escape probability of photons from GaAs/AlGaAs LED is only about 2%. As shown
previously, both the PD absorption efficiency and the LED internal efficiency have been
improved to near 100%. Therefore, internal up-conversion quantum efficiencies close to
100% has been feasible. However, the external up-conversion quantum efficiency can be
no higher than 2% using a simple planar GaAs/AlGaAs, mainly limited by the LED
external efficiency.
While planar surface allows only a small portion of photons to escape, a spherical lens

surface enables more to come out [Fig. 12(b)] [68]. For example, 20% of the light can be
collected when the collection solid angle is 451. We have fabricated a number of LEDs with
Fig. 12. (a) Schematic of photons escaping from LED surfaces with and without microlenses and (b) picture of a

working GaAs/AlGaAs LED taking with a Si CCD (from Ref. [68]).
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1.5 mm size near hemisphere shape microlens on top. The microlens was patterned by
electron beam lithography and etched on top surface by dry etching. The external quantum
efficiency of the LED was doubled [Fig. 12(b)]. So far the microlens had a poor shape and
rough surface, and were far from optimized.

In addition to microlensed LEDs, several other schemes have been proposed to increase
the external efficiencies [91–93], including resonant cavity LED structure, photon
recycling, textured surface scattering, and 2D photonic crystal.

3.4. Other NIR up-conversion devices

3.4.1. Phototransistor-LED up-converters

For the cases discussed above, the PDs used are photodiodes. Considering a 1.5 mm
photodiode, the idea responsivity is 1.12 A/W, when all incoming infrared photon are
absorbed and every absorbed photon produces an electron–hole pair. On the LED side, the
internal quantum efficiency has been improved to near 100%. Assuming 2% escape
probability from the LED surface, the up-conversion efficiency is several percent W/W. As
discussed above, LED external efficiency can be improved to about 20%, and accordingly
the up-conversion device will be improved to about several tens percent W/W. To achieve
even higher efficiencies, amplification structures may be used.

Optoelectronic devices with internal gain working in the NIR region include
heterojunction phototransistors (HPTs) and avalanche photodiodes (APDs). A photo-
transistor is essentially a bipolar transistor with the base–collector junction as the light
absorption layer. The electrons generated by photons in the base–collector junction are
injected into the base, and this photodiode current is amplified by the transistor’s current
gain mechanism. HPTs can provide large gains at much lower bias than that required by
APDs. In addition, they have lower noises. So far, NIR InGaAsP/InP, InGaAs/InP and
AlGaAs/GaAs HPTs with gains of several hundred or even thousands of times have been
demonstrated. Phototransistors have been used to substitute the photodiode, and much
higher up-conversion efficiencies are obtained.

In 1981, Beneking et al. [53] constructed two monolithic wavelength up-converters
separately composed of a phototransistor and a LED, both on AlGaAs/GaAs material
system. With these devices, incident NIR photons were converted to visible photons of 775
and 680 nm. High up-conversion efficiencies of up to 1 and 10 W/W were obtained for
the two devices. Note that the wavelength of light to be up-converted is restricted by the
bandgap of GaAs material to short wavelength region (820 nm). The photons in this
region can be directly detected by Si devices, making the device less attractive for practical
NIR up-conversion imaging application. It does however point to a direction for future
improvement.

In 2006, we built a 1.5–0.87 mm up-converter by integrating a GaAs InGaAs/InP HPT
with a GaAs/AlGaAs LED via wafer fusion [77]. Fig. 13(a) shows the band diagram under
3 V bias, and a schematic of the device operation in the inset. Incoming 1.5 mm light is
absorbed in the InGaAs base and collector layers, generating a primary electron
photocurrent. The resulting holes flow to the base layer and generate an amplified
photocurrent there. The HPT responsivity is 10 A/W for 2.2 mW/cm2 input irradiance,
and correspondingly the optical gain is 20. The LED quantum efficiency is 0.7% for the
injection current density of 1.0 A/cm2. With the integrated up-conversion device, an
up-conversion efficiency of 0.1 W/W is reached [Fig. 13(b)]. Using a better LED structure
19



0.0
-10

-9

-8

-7

-6

-5

LED

HPT

VbGaAs

p
AlGaAs

n InGaAs
collector

N InP
emitter

    n 
AlGaAs

p InGaAs
base

En
er

gy
 (e

v)

Position (�m)

0
0.00

0.02

0.04

0.06

0.08

0.10

1E-3

0.2

0.4

0.6

0.8

1.0

1.5

2.2

Pin = 0.74 mW/cm2U
pc

on
ve

rs
io

n 
Ef

f. 
(W

/W
)

Bias (V)

 Current (A/cm2)

 E
xt

. E
ff.

 (%
)

0.5 1.0 1.5 2.0

1 2 3 4 5

0.01 0.1 1 10

Fig. 13. Up-conversion devices with phototransistors: (a) band diagram scheme and (b) experimental results

(from Ref. [77]).

Y. Yang et al. / Progress in Quantum Electronics 35 (2011) 77–10896
(2% or higher quantum efficiency) and a HPT optimized for low input irradiance,
up-conversion efficiency higher than unity can be expected.
3.4.2. Passive PD-LED up-converters

Another progress is the passive up-converter which does not need to be biased. This
property is quite valuable for certain applications since it will largely reduce the size,
complexity, and cost. To meet energy conversation law, infrared photons need to gain
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extra energy to convert to higher frequencies. For up-conversion devices those are biased,
the extra energy is provided by the applied electric field. For passive up-converters, the
general approach is to convert two or several infrared photons to one photon. In such
cases, the sum energy of the absorbed photons exceeds the bandgap of LED.

In 2007, Zhao et al. [86] reported a two photon passive up-conversion device composed
of three p–n junctions in stack, with the LED region sandwiched between two
photodetection regions. The photodetection regions are p–n PDs using the interband
transition of GaAs, and the LED active region is an Al0.25Ga0.75As quantum well
sandwiched between a p–n junction. Fig. 14(a) shows the band diagram scheme, and
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Fig. 14(b) shows the experimental results. This device up-converts 808 nm photons to
710 nm at RT. To suppress dark current, the LED region is oriented opposite to the two
photodetection regions. This design turns out to be successful: the dark current is nearly
zero even under high bias voltages, while obvious photocurrent and photocurrent induced
luminescence are observed when the device illuminated.

3.4.3. Internal photoemission PD-LED up-converters

Though NIR PDs relying on interband transitions are more efficient, NIR up-converters
relying on internal photoemission have been developed. Internal photoemission happens at
either a Schottky barrier or the heterojunction of two semiconductor layers doped to
different levels. In 2000, Sandhu et al. [62] demonstrated 1.5 mm to 808 nm up-conversion
from an Au Schottky contact. The device was grown by depositing a semi-transparent Au
layer on top of a GaAs/AlGaAs quantum well LED. The device works under low bias but
very low temperatures (4 K).
In 2003, the operation temperature of internal photoemission NIR up-conversion device

was increased to RT [67]. Fig. 15(a) schematically shows the energy band diagram of a
metal–semiconductor Schottky diode in stack with a LED. The electrons are excited from
the Fermi level to above the conduction band, and then moved to the quantum well. They
recombine with holes in the quantum well and produce photons with higher energies. The
device fabrication was started by growing a GaAs/AlGaAs quantum well LED on p-type
GaAs substrate via MBE. Mesa devices were then processed using standard photolitho-
graphic techniques. After that, a semi-transparent Au layer was deposited on top of the
LED. Fig. 15(b) shows the device electroluminescence (EL) under dark condition and
980 nm laser illumination. As indicated, the EL signal induced by 980 nm laser illumination is
significantly larger than the EL signal under dark condition, though the photocurrent induced
EL was taken under much lower bias. In 2006, an NIR up-conversion device using internal
photoemission in an AlGaInP/GaInP quantum well heterostructure was demonstrated to
emit visible light of 650 nm [78].
In addition to Schottky contact, a photoemission PD can be a heterojunction of two

semiconductor layers, which are doped to different levels. Internal photoemission PDs are
not as efficient as interband NIR PDs. Yet, up-conversion based on internal
photoemission has two unique advantages. First, the response wavelength can be tuned
within a wide wavelength range, via adjusting the height of Schottky contact or
heterojunction. Until now, internal photoemission PDs for various wavelength ranges have
been reported, from NIR to FIR, including the terahertz region. FIR up-conversion
devices based on internal photoemission have been studied [79,83]. In contrast, the
response wavelength of interband up-conversion devices is limited to the NIR region.
Secondly, Schottky contact or internal photoemission heterojunction can be formed
on various semiconductor layers. Thus, the output light can be tuned within a wide
spectrum region as well. For example, we can envision an infrared to NIR up-converter by
depositing a Schottky contact on top of GaAs/AlGaAs LED, and an infrared to visible
up-converter by forming the internal photoemission structure on top of an AlGaInP/
GaAsP LED.

3.4.4. Organic PD-LED up-converters

Besides inorganic devices, organic optoelectronic devices have been developing rapidly, and
have been applied for NIR up-conversion. Organic optoelectronic devices are appropriate for
22



Fig. 15. Internal photoemission up-conversion device using a Schottky contact: (a) schematic of operation and

(b) experimental results (from Ref. [67]).
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NIR up-conversion due to two reasons. First, they can be flexibly disposed on various
substrates with ease. One fundamental limitation of semiconductor optoelectronic devices is
the need for lattice match between different layers. For example, InGaAs/InP PD has different
lattice constant from GaAs/AlGaAs LED, making it impractical to grow them directly
through epitaxial growth. In contrast to standard semiconductor devices, every organic
optoelectronic molecular is a topologically perfect structure. The fabrication process can be
simplified, and the cost can be reduced. Second, the emission wavelength of organic-LEDs
(OLEDs) can be easily tuned to cover the NIR and visible region, while a LED based on GaAs
or InP substrate limited to the red visible light and NIR.
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The first organic PD-LED wavelength conversion device was demonstrated in 1990 by
Hiramoto et al. [54]. via integrating an OLED with a photoresponsive amorphous silicon
carbide (a-SiC:H) film. The emitter of LED was Tris (8-hydroxyquinoline) Aluminum
complex (Alq3) and the hole transport layer was N,N,N0,N0-tetrakis (mmethylphenyl)-1,
3-diaminobenzene (PDA). The excitation source is a 488 nm laser, and the output light peaked
at 520 nm. One year later, they build a 633–520 nm up-conversion device with an up-
conversion efficiency of 1%, using the same device structure [55]. In 1994, Katsume et al.
demonstrated a full organic up-converter from 632.8 to 520 nm. Instead of a-SiC:H film,
they used photoconductive organic pigment film (Me-PTC) as the photoresponsive layer. The
Me-PTC film had with large photocurrent multiplication higher than 10,000 times, and
correspondingly a high quantum efficiency of 40% was achieved [56]. However, these devices
are not ideal for infrared imaging, since the light to be converted is visible. Moreover, they
have to be operated at high bias voltages and under vacuum condition, and they do
not respond fast enough, having response times in the second range. In 2002, a red to green
up-conversion device working at low bias and ambient conditions was reported. It was
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composed of a blue OLED with titanyl phthalocyanine as the infrared sensitive layer. The
device was fast, with a response time of several hundreds of microseconds [63].

In 2007, the response wavelength of organic up-conversion device was extended to
beyond 1 mm for the first time [80]. As shown in Fig. 16(a), the device was fabricated by
direct tandem integration of an OLED with an InGaAs/InP p–i–n PD. An OLED device
consists of a simple stack anode, a hole transport layer, a light-emitting layer, an electron
transport layer, and a cathode layer. In the reported device, the p-doped InP layer of the
p–i–n PD functions as the anode of the OLED. Fig. 16(b) shows the performance
of the organic–inorganic up-conversion device. The green light luminance reaches up to
570 cd/m2 under 14 V bias, when the device is illuminated by 0.63 mW/mm2 1.5 mm NIR
light. The illuminated to dark luminance ratio is more than 100 times.

The up-conversion efficiency was enhanced later by employing an embedded mirror in
2008, and the illuminated to dark luminance ratio was increased to 500 times [84]. By
inserting a thin Au metal embedded mirror at the inorganic–organic interface, carriers are
more effectively injected from the inorganic PD to the OLED. The NIR-induced green
light luminance reached as high as 1580 cd/m2 at a bias of 11.5 V with an input 1.5 mm
NIR power density of 0.67 mW/mm2.

3.5. NIR up-conversion imaging

While there has been much progress in NIR PD-LED up-conversion devices, the
realization of a high performance infrared imaging is yet to come. In order to get good
electric interconnections, the common region between the PD and LED should be heavily
p-doped. In turn, this would result in significant carrier lateral diffusion. There is therefore
a challenge in fabricating a NIR PD-LED pixelless imaging device: suppressing the lateral
carrier diffusion in the common region while preserving effective electrical interconnection
between the PD and LED.

NIR up-conversion imaging was not demonstrated until 2004, using a full InP-based
up-converter grown by chemical beam epitaxy [71]. The photodetection structure was an
In0.53Ga0.47As/InP p–i–n PD, with a 1-mm-thick undoped In0.53Ga0.47As layer as the
absorption region. The light-emitting structure was an In0.93Ga0.07As0.16P0.84/InP LED,
with a 20-nm-thick In0.93Ga0.07As0.16P0.84 layer as the active layer. The layer structures and
doping profiles were carefully designed, and a three-layer structure (undoped/doped/
undoped) was adopted in the common region. Fig. 17(a) shows the band diagram and
quasi-Fermi levels across the layer structure of the device under �3 V bias. There is a large
separation between the electron/hole quasi-Fermi levels and the conduction/valence band
edges, indicating that the lateral diffusion is significantly suppressed.

The LED output was negligible when the device is not illuminated. Under illumination
of 1.47 mm laser, LED output centered at 1.02 mm was observed. Fig. 17(b) shows the RT
emission spectra at different input power levels. The up-conversion efficiency of the device
was low (about 1� 10�4 W/W) due to the low internal and external efficiencies of the
InGaAs/InP LED. Based on this device, proof-of-concept infrared imaging [shown in
Fig. 17(c)] was demonstrated with the help of a Si CCD. The thin dark line at the top-right
corner of the working device was a gold bonding wire. The image shows good contrast,
and an estimated spatial resolution of around 50 mm is achieved.

As presented before, up-conversion devices fabricated by wafer fusing InP-based PD
and GaAs-based LED have much higher quantum efficiencies. Wafer fused pixelless
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Fig. 17. Pixelless imaging using InP-based NIR PD-LED up-conversion device: (a) band diagram and quasi-

Fermi levels, (b) RT output emission spectra at different input laser power levels, and (c) infrared image taken

with up-conversion device and CCD (from Ref. [71]).
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up-conversion imaging was demonstrated at RT in 2005 [72], as shown in Fig. 18. The
device is composed of an InGaAs/InP p–i–n PD and a GaAs/AlGaAs LED, which were
grown separately and wafer-bonded together. The InGaAs/InP p–i–n structure consists of
a 1-mm-thick intrinsic In0.53Ga0.47As absorption layer sandwiched between InP layers. The
GaAs/AlGaAs LED structure consisted of a 30-nm-thick p-doped GaAs active layer
sandwiched between AlGaAs barriers. First, the epitaxial surfaces are wafer fused
together. After that the GaAs substrate of the LED is chemically removed and mesa
devices are fabricated. The wafer fused device works as an n–p–n phototransistor.
The common region indicated in Fig. 18(a) worked as a floating p-type base, the n-type
InP layer served as the collector, and the n-type AlGaAs layer was the emitter. During
operation, the photogenerated electrons produced in the InGaAs absorption layer moved
to the n-InP layer, creating a primary photocurrent. Meanwhile, the photogenerated holes
moved into the base and decreased the base-emitter potential, facilitating electrons to
travel across the base to the collector, resulting in the amplified photocurrent.
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Fig. 18. Pixelless imaging using wafer fused NIR PD-LED up-conversion device: (a) device structure, (b) RT

responsivity and light-emitting efficiency of the up-conversion device as a function of device bias, and (c) infrared

image taken with up-conversion device and CCD (from Ref. [72]).
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Fig. 18(b) shows RT responsivity and light-emitting efficiency of the up-conversion device as
a function of device bias. The responsivity reached over 80 A/W at 3 V bias, corresponding to
a photocurrent gain of more than 100 times. On the other hand, the LED external efficiency is
very low (no higher than 5� 10�5 W/A), less than 1% of the typical value. It should be noted
that the poor LED efficiency is resulted from MBE growth, instead of wafer fusion process:
The single LED devices based on the same MBE-grown wafer have very low external
efficiencies as well. The internal quantum efficiency of the up-conversion device is 56%, and
the external efficiency up-conversion efficiency is 0.1 W/W. Fig. 18(c) shows an example image
captured using the wafer fused up-conversion device and a CCD camera. This study showed
that wafer fusion provided a good electrical interconnection between the PD and LED, while
largely suppressed the carrier diffusion at the interface.

The concept of PD-LED up-converters has also been successfully employed for MIR
up-conversion imaging. In 1997, pixelless MIR up-conversion imaging based on a p-type
QWIP-LED up-conversion device was demonstrated [21]. For the initial experiment to
show the concept, image of a 1000-K hot object was captured, shown in Fig. 19(a).
Thereafter, steady improvements were made [64,74,76]. Fig. 19 shows the progress of the
research on QWIP-LED pixelless imaging, and a NETD of 60 mK was reached in 2004.
The last picture [Fig. 19(f)] was taken with a QWIP-LED device having a n-type
GaAs/AlGaAs QWIP peaked at a wavelength of 9 mm and a GaAs LED emitting at
27



Fig. 19. Development of QWIP-LED pixelless imaging. (a) Feb. 1997, (b) Aug. 1999, (c) Sept. 1999, (d) Jan. 2001,

(e) Jul. 2004 and (f) Aug. 2004.
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820 nm. The experiment was done with the device operating at 63 K. The QWIP spectral
peak responsivity was 0.3 A/W and the LED internal efficiency was 54%, which resulted in
a power conversion efficiency of 0.24 W/W. The full details of the experiment as well as
theoretical model and analyses were given in Refs. [64,74]. It should be noted that the
imaging quality was completely limited by the CCD full-well capacity (�3� 105 in this
case). If we have had a CCD with 10 times larger full-well capacity, we would have
obtained an NEDT of better than 20 mK. As a general comment, though the potential
of QWIP-LED pixelless imaging has been demonstrated in our lab, to fully develop it into
a technology and enter the commercial market, two things are still needed: (1) a
manufacturable QWIP-LED fabrication process with reasonable yield, and (2)
a packaging process to intimately integrate QWIP-LED and CCD with high external
and transfer efficiencies. The most critical obstacle that must be overcome is producing
nearly defect-free large-area epitaxial materials though limited number of defects may be
removed after growth, for example for laser ablation [64,74].
4. Conclusion

In this paper, we present a systematic review on infrared up-conversion, especially NIR
semiconductor up-conversion devices for the purpose of infrared imaging. Various
up-conversion techniques relying on different mechanisms are discussed, with their own
advantages and drawbacks.
One interesting application of photon up-conversion is pixelless infrared imaging. The

current standard way for infrared imaging is FPAs, which relies on a complicated
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fabrication process and is therefore costly. One alternative approach of infrared imaging is
to up-convert the infrared photons to higher frequencies and then detect them with mature
Si devices. Among all types of up-conversion techniques, PD-LED up-conversion is the
most appropriate for this purpose, due to the unique characteristics including simplicity
and compactness, low cost, wide response range, good flexibility, and high up-conversion
efficiency.

A PD-LED up-converter is typically composed of two major parts, a PD and a LED.
Incident infrared photons are absorbed by the PD, resulting in a photocurrent that drives
the LED to emit photons with a shorter wavelength. So far, PD-LED up-conversion
photodetection and imaging for different wavelength ranges have been investigated, from
NIR to terahertz. Depending on the response region, various PD structures relying on
interband, intersubband transitions or internal photoemissions have been used, while the
light-emitting part is an organic or inorganic LED.

NIR up-conversion devices with high quantum efficiencies have been demonstrated. PDs
relying on interband transitions routinely have near 100% absorption efficiencies, and
the LED internal efficiency have also been improved to near 100%. Accordingly, internal
up-conversion quantum efficiencies close to 100% has been approached. However,
the external up-conversion efficiency is still low (several percent), mainly limited by the
small photon escape probability from the LED surface. Further studies are under way
to address this problem. Meanwhile, up-conversion device with gain mechanisms have
been demonstrated, capable of high up-conversion efficiencies close to or larger than unity.
In addition to NIR up-conversion devices based on interband transitions, several special
types of NIR PD-LED up-conversion devices have been demonstrated, including
photoemission up-converters, organic up-converters, and two photon passive up-converters.
They have their own characteristics and advantages.

Using up-conversion devices in combination of Si CCDs, pixelless infrared imaging has
been demonstrated. There is a challenge in fabricating a NIR PD-LED pixelless imaging
device: suppressing the lateral carrier diffusion in the common region while preserving
effective electrical interconnection between the PD and LED. We have overcome this
problem and demonstrated pixelless infrared imaging in both NIR and MIR wavelength
range. Further investigations are called for to improve the quantum efficiency and
minimize the crosstalk, to make pixelless up-conversion imaging a practical technique.
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1. INTRODUCTION

THz detectors are one of the key devices in various THz applications, such
as THz science research, bio and chemical material identification, medical
imaging, security screening, and communication (Ferguson and Zhang,
2002). Early THz detectors are thermal detectors and semiconductor
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photoconductive detectors (Haller, 1994). Thermal detectors include
Lithium tantalate (LiTaO3) pyroelectric detector (Byer et al., 1975; Fukada
and Furukawa, 1981), deuterated triglycine sulfate (DTGS) pyroelectric
detector (Goss et al., 1984; Lal and Batra, 1993), and Si bolometer (Downey
et al., 1984; Richards, 1994). Doped Ge photoconductive detector (Haller,
1994; Haller et al., 1979), n type bulk GaAs detector (Gornik, 1984), and
homojunction and heterojunction interfacial workfunction internal pho-
toemission (HIWIP and HEIWIP) far-infrared detectors (Perera, 2006;
Perera et al., 2000) are typical semiconductor photoconductive detectors.
These devices are used in astronomy and astrophysics (Haller, 1994);
besides, DTGS and Si bolometer are used in FTIR to measure the transmis-
sion and reflection spectra of materials or the emission spectra of lasers.
LiTaO3 detectors are used to calibrate the laser-emission power (Li. et al.,
2009a), and the array of which can also be used to characterize and analyze
the beam of lasers or image (Yang et al., 2008). Recently, using intersub-
band transitions in semiconductor quantum structures, THz quantum well
photodetectors (THz QWPs) have been demonstrated as fast, compact,
and easy integratable THz photon detectors (Cao, 2006; Cao et al., 2006;
Chen et al., 2006; Graf et al., 2004; Guo et al., 2009; Lake et al., 1997; Liu
et al., 2008, 2004; Luo et al., 2005; Patrashin et al., 2006; Tan and Cao, 2008;
Tan et al., 2010, 2009). Compared with THz thermal detectors, THz QWPs
are narrowband and fast response, which are suitable for laser-emission
characterization and THz communication (Grant et al., 2009).

As the extension of quantum well infrared photodetectors (QWIPs) in
THz range, THz QWPs have similar device performance and characteris-
tics with QWIPs. Based on GaAs/AlGaAs material system, there are two
types of QWIPs: photoconductive QWIP and photovoltaic QWIP. Reported
THz QWPs are mostly photoconductive detectors (Guo et al., 2009; Liu
et al., 2004; Luo et al., 2005; Patrashin et al., 2006). Because of good respon-
sivity and high sensitivity, photoconductive QWIPs are widely used in
focal plane arrays and multicolor detection (Gunapala et al., 2000), while
photovoltaic QWIPs, which are low-dark current (Schönbein et al., 1996),
working at zero or near-zero bias and only existing in midinfrared range
(Schneider et al., 1996, 1997) so far, can be used to construct high thermal
resolution focal plane array (Schneider et al., 2003).

In this chapter, the working mechanism, simulation, design, and char-
acterization of THz QWPs are discussed systematically. Then, we intro-
duce some recent applications based on THz QWPs.

2. PRINCIPLE OF THz QWP

In 1985, infrared absorption by intersubband transition in GaAs/AlGaAs
multiple quantum well was first observed by West and Eglash (1985). After
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that, a new photon-detection technology based on intersubband transition
in quantum well was realized and studied by many researchers (Levine,
1993; Levine et al., 1990, 1987; Schneider et al., 2003). THz QWPs are the
extension of QWIP to THz range. In 2004, Liu et al. (2004) realize the first
THz QWP. Since then, significant improvements in simulation and design
of active region (Guo et al., 2009; Liu et al., 2007a; Xiong et al., 2008), device
performance (Hewageegana and Apalkov, 2008; Luo et al., 2005; Patrashin
and Hosako, 2008; Schneider et al., 2009), and applications (Fathololoumi
et al., 2010; Graf et al., 2009; Luo et al., 2006) have been achieved.

According to different active region structures, electron distributions,
and transport mechanisms, there are two types of quantum well pho-
todetectors: photoconductive and photovoltaic. The active region consists
of periodic multiple quantum wells and barriers. Each period include a
doped GaAs layer (well) and a AlGaAs layer (barrier). The operation mech-
anism of THz QWPs is as follows: when THz waves are incident on the
active part of the detectors, the electrons on the bond state in the quantum
well absorb the THz photons and then get excited to the quasicontinuum
state, which is very close to the top of the barrier. With external bias, these
excited carriers (electrons) result in a photocurrent. The response peak is
determined by the energy-level spacing between the bond state and quasi-
continuum state, which can be tailored by barrier height, well width, and
doping density in the well. Usually, many wells (10–100) are required for
sufficient absorption. Conductive THz QWPs are promising detectors in
future high-speed THz wireless communication because of their simple
structure and high respond speed.

Because of different doping types, conductive THz QWPs can either be
n-type or p-type. In quantum wells, electrons are bound to the well only
in the growth direction of quantum wells; while in the direction normal to
the growth direction, the dispersion relation of electron is parabolic under
effective mass approximation for n-type, which is similar to free electrons.
Hence, n-type quantum wells can not absorb photons of normal incident
light, while p-type quantum wells can as a result of intervalence transitions
of holes. So, 45◦ incident, light-coupling geometry or grating coupler is
often used in n-type devices, and normal incident can be directly used in
p-type ones. However, because of other limitations such as low mobility,
the performances of p-type devices are far inferior to n-type ones. Recently,
many advances of n-type THz QWPs have been obtained (Guo et al., 2009;
Liu et al., 2007a; Luo et al., 2005; Patrashin et al., 2006; Schneider et al., 2009).

Detector responsivity is an important performance characteristic, usu-
ally written as (Beck, 1993; Liu, 1992)

Ri =
Iphoto

~ω8
=

e
~ω
ηgphoto, (4.1)
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where ω and 8 are the frequency and the number of the incident pho-
ton per unit time, respectively, η = Nη(1) is the total absorption quantum
efficiency, in which η(1) is the absorption quantum efficiency of single
quantum well, and N is the number of quantum wells in active region.
gphoto is the photoconductive gain, which is

gphoto =
τrelax

τesc + τrelax

τtrans + τc

τtrans

1
N
=

pe

pc

1
N

, (4.2)

where τrelax and τesc are the intersubband relaxation time and the escape
time from the quantum well, respectively. pc and pe are trapping or capture
probability when electrons with higher energy than barrier pass through
the quantum wells and the escape probability when excited electrons
escape the quantum wells, respectively.

Detectivity D? and blip (background limited infrared performance)
temperature are the two most important THz QWP characteristics. D? is
the signal (per unit incident power) to noise ratio normalized by the detec-
tor area and the measurement electrical bandwidth. The relevant noise
contributions are from (1) the detector itself (i.e., dark current) and (2) the
fluctuation of the photocurrent induced by background photons incident
on the detector.

When the noise is only because of dark current, using three-
dimensional (3D) carrier drift model and two-dimensional (2D) emission-
capture model (Schneider and Liu, 2006), we get the detector noise
limited D?

D?
det =

λ

2π~c
η
√

N

√
τc

N3DLp
, (4.3)

and

D?
det =

λ

2π~c
η
√

N

√
τscatt

N2D
, (4.4)

where λ is the wavelength, N3D and N2D can be approximated by

N3D = 2
(

mbkBT
2π~

)3/2
exp

(
−

2π~c
λckBT

+
Ef

kBT

)
, (4.5)

and

N2D =
mkBT
π~2 exp

(
−

2π~c
λckBT

+
Ef

kBT

)
, (4.6)
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where m (mb) is the effective mass in the well (barrier), and λc is the cutoff
wavelength. Fermi energy and the electron density in quantum well satisfy

ND = (m/π~2)Ef. (4.7)

In view of the balance between scattering escape and capture, Eq. (4.3)
and (4.4) are actually equivalent. However, they do show the physical pro-
cess from different perspectives. While Eq. (4.3) relates the detectivity to
the 3D effective carrier concentration and the capture process, Eq. (4.4)
addresses a 2D effective carrier concentration and a scattering (or emis-
sion) process. From Eqs. (4.3)–(4.6), the expected general behavior for a
photoconductor is seen, such as (1) a higher η or lower T lead to a higher
D?, and (2) λc and T are the most sensitive parameters, being on the expo-
nent. Noting that η is proportional to the doping density and hence the
Fermi energy, there is an optimum value for Ef. The optimum value is
found by

d
dEf

[
Ef exp(−

Ef

2kBT
)

]
= 0, (4.8)

which gives the maximum D? when Ef = 2kBT (Kane et al., 1992). This
condition dictates an optimum value for ND for maximizing D?.

The blip condition is defined when the photocurrent caused by the
background equals the dark current, and the temperature is called blip
temperature (Tblip). For operations at and lower than Tblip, the detector
is said to be under blip condition, and then the maximum detectivity is
limited by the background.

In the blip regime, the background limited D?
det is given by

D?
blip =

λp

4π~c

√
ηp

φB, ph
, (4.9)

where λp is the peak detection wavelength, ηp is the peak absorption,
and φB,ph is the integrated background photon number flux (per unit
area) incident on the detector. For a given wavelength and if a detec-
tor is blip, D?

det only depends on the absorption quantum efficiency and
the background photon flux. The electron lifetime becomes irrelevant in
this regime. Using three-dimensional (3D) carrier drift model and two-
dimensional (2D) emission-capture model, the blip temperature is found
to be determined by the following equations:

η(1)τscattφB, ph =

(
mkBT
π~2

)
exp

(
−

2π~c
λckBT

+
Ef

kBT

)
, (4.10)

Author's personal copy

Semiconductors and Semimetals, Vol 84, 2011, pp. 195–242.
37



JAGADISH Ch04-9780123813374 2011/4/30 11:07 Page 200 #6

200 J. C. Cao and H. C. Liu

and

η(1)τcφB, ph = 2
(

mbkBT
2π~2

)3/2
Lp exp

(
−

2π~c
λckBT

+
Ef

kBT

)
, (4.11)

where η(1) is the peak absorption efficiency for one quantum well.
From Eqs. (4.10) and (4.11), the most sensitive parameter is λc, being

in the exponent. A high capture velocity (short scattering time), although
giving rise to a fast intrinsic response speed, leads to a low Tblip. It is inter-
esting to note that Tblip depends on the one well absorption, not the total
absorption, and that improving η(1) has the same effect as improving τc/Lp
and τscatt. The practical values of τc for QWIPs fall in the range of 1–10 ps.
Given λc, τc, T, and φB, ph, Eq. (4.10) can be rewritten as

Ef

kBT
exp

(
−

Ef

kBT

)
= (Constant)× exp

(
−

2π~c
λckBT

)
. (4.12)

Noting η(1) ∝ ND ∝ Ef, one can adjust Ef to maximize the left-hand-side of
the equation, which maximizes Tblip. The optimum condition is Ef = kBT,
which is different from the optimum condition for maximizing the detec-
tor limited detectivity by a factor of two (i.e., Ef = 2kBT). These predictions
have been verified experimentally for QWIPs in the 8–10 µm region (Yang
et al., 2009).

For completeness, the ideal (blackbody) background photon flux is
given by

φB, ph =

∫
dλ
[
πsin2 (θ/2)

]
η(λ)LB(λ), (4.13)

where θ is the field of view (FOV) full-cone angle, the photon irradiance is
given by

LB(λ) =
2c
λ4

[
exp

(
2π~c
λkBTB

)
− 1

]−1
, (4.14)

where TB is the background temperature, and the device spectral lineshape
is modeled by

η(λ) =
1

1+
(
1λ
2λ −

1λ
2λp

)2 . (4.15)
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Presently, most THz QWPs are photoconductive detectors, covering
peak response frequency from 2 to 7 THz. The operation temperature is
still not very high, about 30 K or lower (Liu et al., 2007a).

3. THEORY AND SIMULATION OF THz QWP

3.1. Basics of simulation models

THz QWPs are designed with the same principle used in midinfrared
quantum well photodetectors. Quantum well photodetector is a unipole
device, which replies on intersubband transitions of electrons (holes).
Understanding the transport is important to predict the detector perfor-
mance. Several models have been proposed: (1) nonequilibrium Green
function based on quantum transport theory (Lake et al., 1997) and (2)
Monte Carlo method based on Boltzmann equation. Ryzhii et al. (1998)
used this method to study the dark current, I–V characteristic and the
nonlinear dynamics of carrier transport; Cellek et al. (2004) applied a
microscopic scattering model in the Monte Carlo simulation to solve the
problem of transition between local state and extented state; (3) rate equa-
tion method based on quasimicroscopic scattering model. Jovanović et al.
(2004) used this method to analyze the gain, photocurrent response, and
I–V characteristic of quantum well photodetectors.

Various scattering mechanisms and physics effects can be easily
included in the nonequilibrium Green function method, such as corre-
lation, depolarization and memory effect, and so on. But this method is
difficult to solve for complex structures because of its heavy computational
demand. Rate equations take into account microscopic scattering mecha-
nisms, but the quantitative results are still difficult to obtain because of
phenomenological parameters. Different scattering processes can be con-
veniently considered with Monte Carlo method. Considering all these
factors, Monte Carlo method is an effective method to design quantum
well photodetectors.

The numerical models for dark current include self-consistent drift-
diffusion model, self-consistent emission-capture model, and numerical
Monte Carlo model. The self-consistent drift-diffusion model developed
by Ershov et al. (1996, 1995) calculates the QWIP characteristics by self-
consistently solving three equations: (1) Poisson equation, (2) continuity
equation for electrons in the barriers, and (3) rate equation for electrons
in the quantum wells. The inclusion of the Poisson equation is especially
important for QWIPs with a small number of wells (<10) because the
field can be substantially different (often higher) for the first few peri-
ods starting from the emitter in comparison with the rest of the wells.
The continuity equation involves the current (expressed in the standard

Author's personal copy

Semiconductors and Semimetals, Vol 84, 2011, pp. 195–242.
39



JAGADISH Ch04-9780123813374 2011/4/30 11:07 Page 202 #8

202 J. C. Cao and H. C. Liu

drift-diffusion form) and rates of thermal and optical generation and
of recombination. Using this numerical model, we were able to account
for the observed unusual capacitance behavior (Ershov et al., 1997b) and
explain the nonlinear photoconductivity at high excitation power using a
CO2 laser (Ershov et al., 1997a). In addition, the model has the capability
to predict transient and hence frequency characteristics (Ershov, 1996), as
well as photoresponse under localized IR excitation (Ershov, 1998).

Thibaudeau et al. (1996) presented a numerical model that extends the
simple emission-capture model presented before. The model allows the
electric field to be nonuniform, self-consistently determined by Gauss’ law.
The authors obtained better agreement with experiments than the simple
model. Ryzhii (1997) constructed an analytical model by solving Poisson’s
equation and an equation governing the electron balance in the quantum
well. Interesting functional dependencies of the responsivity on the num-
ber of wells and the photon excitation power were found. Jovanović et al.
(2004) constructed a quantum mechanical model considering all scatter-
ing processes, including emission and capture. The model results were
compared with experimental data on a GaAs/AlGaAs device and good
agreement was found.

Ryzhii and Ryzhii (1998) and Ryzhii et al. (1998) carried out Monte
Carlo simulations on QWIPs, in particular their ultrafast electron-transport
properties. Cellek and Besikci (2004) and Cellek et al. (2004) also per-
formed such simulations, analyzing the effects of material properties on
the device characteristics. They found the evidence that the L-valley in
GaAs/AlGaAs QWIPs plays an important role in determining the respon-
sivity versus voltage behavior. Monte Carlo simulations shed light on the
hot electron distribution on top of the barriers, and they should provide
guidance to the optimization of QWIPs.

To end this section, although several models have been established,
with varying degree of complexity, and good agreement between mod-
els and experiments has been obtained, to formulate a true first-principle
QWIP model is a highly nontrivial task. This is because the QWIP is rather
complicated. Given the wide barriers and narrow wells, the transport
mechanism falls between ballistic and drift-diffusion; and because of the
high doping and high field, realistic calculations of scattering or trapping
rates are extremely complicated and have not been performed so far. The
situation becomes even more complicated to model for p-type structures
(Petrov and Shik, 1998).

3.2. Dark current

Photoconductive THz QWPs have features of simple structure, high-speed
response, and high sensitivity, which are suitable for high-speed detection
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applications (Cao, 2006). In this section, we will introduce two simple
models for the simulation of dark current in photoconductive devices: 3D
carrier drift model and 2D emission-capture model; then the dark current
curve of a THz QWP is simulated by an improved emission-capture model.

A good understanding of the dark current is crucial for design and
optimization of QWIPs because dark current contributes to the detector
noise and dictates the operating temperature. There are several common
assumptions or approximations made to define the physical regime for all
the discussions in this subsection. These are as follows: (1) the interwell
tunneling contributes negligibly to the dark current, (2) the electron den-
sity in each well remains constant (Liu et al., 1991), (3) the heavily doped
emitter serves as a perfectly injecting contact (Liu et al., 1997), and (4)
mainly one bound state is confined in the quantum well, including the case
where the upper state (final state of the ISBT) is in resonance or very close
to the top of the barrier. Assumption (1) is satisfied by requiring the barri-
ers to be sufficiently thick. Assumption (2) is a good approximation but is
not strictly valid especially at large bias voltages as shown experimentally
(Liu et al., 1991). Assumption (3) is expected to be valid for QWIPs with a
large number of quantum wells, consistent with experimental results. The
effect of contacts becomes important for QWIPs with a small number of
quantum wells as shown in simulations (Ershov et al., 1995). To produce
good detectors, condition (4) is required (Liu, 1993).

Here we first present two simple physical models, and then the simu-
lation results are compared with experimental data.

1. 3D carrier drift model: The first physical model calculates Jdark by
directly estimating j3D. A 3D electron density on top of the barriers N3D
is estimated with only the drift contribution taken into account (diffusion
is neglected). The model was first presented in a very clear and concise
article by Kane et al. (1992). The dark current density is given by

Jdark = eN3Dυ(F), (4.16)

where υ(F) is the drift velocity as a function of electric field F. The drift
velocity takes the usual form

υ (F) =
µF[

1+ (µF/υsat)
2
]1/2 , (4.17)

where µ is the low field mobility and υsat is the saturated drift velocity.
Usually THz QWPs are degenerately doped in the wells, i.e., the top of the
Fermi sea is higher than the energy of the lowest subband, so the only 2D
quantum well effect comes into the picture for the evaluation of the Fermi
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energy Ef. Assuming a complete ionization, the 2D doping density ND
equals the electron density within a given well, as a good approximation.

2. Emission-capture model: Scattering-assisted escape is the dominant
process for a typical QWIP, especially at low fields (Schneider and Liu,
2006). Electrons associated with the confined ground state in the well and
distributed on the 2D in-plane dispersion curve undergo a scattering event
to get out of the well and then become a 3D mobile carrier in the barrier.

The escape current density can be written as

je =
eN2D

τscatt
, (4.18)

where N2D is a 2D electron density which only includes electrons on the
upper part (with energy greater than the barrier height) of the ground
state subband and τscatt is the scattering time to transfer these electrons
from the 2D subband to the nonconfined continuum on top of the barrier.
The standard THz QWPs having their barriers much wider than wells,
we neglect any superlattice miniband effects. The capture probability is
related to the relevant time constants by

pc =
τtrans

τtrans + τc
, (4.19)

where τc is the capture time for an excited electron back into the well, and
τtrans is the transit time for an electron across one quantum well region
including the surrounding barriers. In the limit of pc � 1, i.e., τc � τtrans,
as is true for actual devices at operating electric fields, the dark current
becomes

Jdark = e
N2D

Lp

τc

τscatt
υ(F), (4.20)

where Lp is the period length of the multiple quantum well structure,
which is the sum of the well and barrier widths Lp = Lw + Lb. The quantity
N2D/τscatt represents the thermal escape or generation of electrons from
the quantum well, and 1/pc is directly proportional to the photoconductive
gain.

We theorectically simulated the dark current curves of THz QWP (ID:
V267) (Tan et al., 2009). The bias range is from 0.1 to 30 mV, and the temper-
atures are from 7 to 20 K. In the simulation, the saturated mobility is taken
as υsat = 1× 107 cm/s; the energy of the ground state is E1 = 4.25 meV;
the barrier height is Eb = 0.87x eV; and the effective mass of electron is
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m∗ = 0.067me and mb = (0.067+ 0.083x)me, where x is the Al fraction of
the barrier. The dark current curves are shown in Fig. 4.1, where the
theoretical results (solid lines) agree well with the experimental measure-
ments (dots) (Tan et al., 2009). In the temperature range of 7 to 20 K, the
dark current of V267 increases quickly with increasing temperatures. The
range of the current density is from 10−5 to 10−1 A/cm2 within the bias
range. The relation between dark current and temperature indicates that
the thermionic emission is the mainly dark current mechanism in THz
QWP (Çelik et al., 2008; Tan et al., 2009).

In the simulating process for the dark currents, it is important to note
that a temperature-dependent mobility parameter was used to fit the I–V
curves. The fitted mobility versus temperature relation is shown in Fig. 4.2,
having a decreasing trend with temperature. This is opposite to the Hall
mobility (Stillman et al., 1970), which is of an ionized impurity scatter-
ing origin in the relatively pure GaAs materials at the temperature less
than 20 K. The reason for the discrepancy is surely related to the simplic-
ity of the model, neglecting processes such as field nonuniformity and
self-consistency.
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FIGURE 4.2 Vertical electron drift mobilities in the device structure versus device
temperatures (Tan et al., 2009).

3.3. Photocurrent

The distinct feature of photoconductive QWPs in contrast with the con-
ventional intrinsic and extrinsic photoconductors is the discreteness, i.e.,
incident photons are only absorbed in discrete quantum wells that are
normally much narrower than the inactive barrier regions. In this section,
we discuss the photocurrent caused by intersubband excitations in a QWP.

The photocurrent spectrum is an important characteristic of the device
performance, which gives the peak response frequency and the sensitivity
to the radiation. Compared with the wideband IR sources (such as Globar,
Hg lamp, and so on), THz QWPs are narrowband detectors.

We calculated the spectral response of a THz QWP designed for 7 THz
detection peak frequency (Cao et al., 2006). We incorporate the effect of
GaAs optical phonons which give rise to a strong absorption in the region
of 34–36 meV and result in an increase in reflection because of the large
refractive change around this region. Comparing the calculated spectral
shape with experiments, we show the improvement over the standard
expressions.

For QWPs, the total absorption coefficient η is usually defined as
the ratio of the absorbed electromagnetic energy per unit time, volume,
and the intensity of the incident radiation. For simplicity, we define a
dimensionless absorption coefficient normalized by the area A instead of
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the volume. The expression for η is given by

η =
~ω
IA

∑
n,n′

∑
k⊥

| < n|(e/m∗)A · P|n′ > |2

× [f (En(k⊥))− f (En′(k⊥))]× δ(En′(k⊥)− En(k⊥)− ~ω), (4.21)

where I is the intensity of the incident radiation and is given by

I = (1/2)ε0cn0E2
0. (4.22)

Here n0 is the refractive index of the material, taken to be real and constant,
and E0 is the electric field amplitude (Liu and Capasso, 2000). Expressing
A by E0 and changing the summation into a two-dimensional integration
(Liu and Capasso, 2000), we get

η =
πe2

ε0cn0ωm∗2
∑
n,n′

2
(2π)2

∫
d2k⊥| < n|pz|n′ > |2

· [f (En)− f (En′)]δ(En − En′ − ~ω). (4.23)

The spectral current responsivity <i is given by

<i = Iphoto/(~ω8i), (4.24)

where 8i is the incident photon number per unit time. The photocurrent
Iphoto is given by

Iphoto = i(1)photo/pc, (4.25)

where

i(1)photo = e8iηpe/N (4.26)

is the photoemission current directly ejected from one well, N is the num-
ber of quantum wells, pc is the capture probability, and pe is the escape
probability for an excited electron from the well (Liu and Capasso, 2000).
Using Eqs. (4.25) and (4.26), we get

<i =
e

~ω
ηgphoto, (4.27)

where photoconductive gain is gphoto = pe/pcN.
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Until now, we have assumed that the amount of absorption is the same
for all the wells and the absorption by the lattice is negligible (Ershov et al.,
1999; Jovanović et al., 2004). However, this assumption does not hold for
the present case. In the reststrahlen region (34–36 meV), the absorption by
the optical phonons of GaAs is very strong, and the amount of absorption
for each well is not the same either. Therefore, 8i in Eq. (4.26) should be
replaced by 8(z), to take into account the difference between the incident
light and the light propagating in the QWIP. For simplicity, we take the
absorption of the middle well as the average absorption, and use the light
intensity I instead of the photon number 8, I = ~ω8, then we have

<i =
eηI(z)
~ωIi

gphoto. (4.28)

Using the following standard expressions (Klingshirm, 1997), I(z) = I(z =
0)e−2ωk(ω)z/c, I(z = 0) = (1/2)ε0cn(ω)E2

0 and Ii = (1/2)ε0cniE2
0, and Ii =

(1/2)ε0cniE2
0, where z is the distance from the middle well to the first well,

ni is the refractive index of air, and n(ω) is the refractive index of the matter
in connection with Snells, law of refraction.

If we use a “single oscillator” model to simulate such absorption behav-
ior in the reststrahlen region (Blakemore, 1982), we can easily get the
complex refractive index

κ∗(ω) ≡ (κ1 − iκ2) = κ∞ +
ω2

TO(κ0 − κ∞)

ω2
TO − ω

2 + i2πγpω
, (4.29)

where κ0 is the low–frequency dielectric constant, κ∞ is the high–
frequency (optical) dielectric constant, ωTO is the resonant frequency, and
γp is the damping coefficient. In addition, we have

n(ω) = (1/
√

2)[(κ2
1 + κ

2
2 )

1/2
+ κ1]1/2, (4.30)

k(ω) = (1/
√

2)[(κ2
1 + κ

2
2 )

1/2
− κ1]1/2. (4.31)

Figure 4.3 shows the spectral variation of the real refractive index n(ω) and
the extinction coefficient k(ω) for GaAs at T = 8 K, yielded from Eqs. (4.30)
and (4.31) with ~ωTO = 33.81× (1− 5.5× 10−5T) meV, κ∞ = 10.88, κ0 =

κ∞ × 1.170× (1+ 3.0× 10−5T) (Blakemore, 1982), and 2π~γp = 0.25 meV.
The curves of n(ω) and k(ω) cross at the energy ~ωTO (33.3 meV), and again
at the energy ~ωLO (36.2 meV).
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FIGURE 4.3 Spectral variation of the real refractive index and the extinction coefficient
for GaAs at 8 K (Cao et al., 2006), modeled by Eqs. (4.30) and (4.31).
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FIGURE 4.4 Calculated absorption quantum efficiency versus photon energy for one
well with well width d = 12 nm and electron density 1017 cm−3 (Cao et al., 2006).

In the experiment of THz QWIP (Liu et al., 2004) discussing the rest-
strahlen region, the device consists of 50 quantum wells made of 12-nm
GaAs wells and 40-nm Al0.05Ga0.95As barriers. The center 10-nm region
of the wells was doped with Si to 1017 cm−3. The 45◦ edge facet geome-
try was used for photoresponse measurement and the polarization is p.
The applied voltage is only ±0.4 V and the voltage drop across a given
well is less than 2 meV, which is negligible compared with the ground-
state energy. The absorption spectrum is calculated at zero bias as an
approximation (Liu et al., 2004). First, the absorption coefficient is calcu-
lated using Eq. (4.23) (Ikonic et al., 1989; Liu, 1993), as shown in Fig. 4.4.
Here the ground state energy E0 = 14.2 meV, and the first excited state
energy E1 = 43.1 meV is very close to the barrier height Vb. This optimum
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design (Liu and Capasso, 2000) will bring both a large absorption and a
rapid escape for the excited electrons. From the results of the calculation,
we can see that the peak detection wavelength (42.5 µm) is in good agree-
ment with the design, and both bound-to-bound and bound-to-continuum
intersubband transitions contribute to the absorption.

Using Eq. (4.28), we get the calculated detector response shown in
Fig. 4.5, where the reststrahlen region (34–36 meV) is clearly seen. Com-
paring with experiments, the general shapes are similar and our model,
therefore, indeed represents an improvement over the standard expres-
sions. As an approximation, the calculated absorption spectrum at zero
bias is used. For the experiment, the bias voltage is low (given in Liu
et al. (2004). The polarization is p and the angle is 45◦. Comparing exper-
imental and theoretical results in Fig. 4.5, quantitatively there is still a
significant difference in the relative response magnitudes above and below
the reststrahlen region. We point out that there are uncertainties in both
experiment and calculation. In the experiment, the overall shape and the
relative strength depend on how well the spectrometer system response
is corrected. This is done by using a reference detector assumed to have
a flat response, which is not very accurate over a wide spectral range.
For the calculation, the barrier height (band offset) has not been tested
in this very-low aluminum fraction regime. The barrier height value will
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FIGURE 4.5 Calculated and experimental photoresponse spectrum versus photon
energy (Cao et al., 2006). The THz QWIP consists of 50 quantum wells made of 12-nm
GaAs wells and 40-nm Al0.05Ga0.95As barriers.

Author's personal copy

Semiconductors and Semimetals, Vol 84, 2011, pp. 195–242.
48



JAGADISH Ch04-9780123813374 2011/4/30 11:07 Page 211 #17

Terahertz Semiconductor Quantum Well Photodetectors 211

change the relative strength of contributions from bound-to-bound and
bound-to-continuum transitions, and therefore change the overall shape.
Moreover, many-body effects have not been included, which would have
moved the overall response to a higher energy and made a better fit in
the low-energy region (20–25 meV). In the experimental curve, there are
some smaller features, for example, dips at 42 and 45 meV. These may be
caused by the weaker absorption of two-zone edge and AlAs-like phonons,
and they may also be caused because of the absorption associated with
the localized vibrational modes of Si-doped GaAs. A lot of investiga-
tions have been done on the absorption induced by Si-related defects in
doped GaAs (Chen et al., 1980; Spitzer and Panish, 1969), and the frequen-
cies of all the absorption bands of interest in their study is from 350 to
480 cm−1 (43.4–59.6 meV). In addition, there may be absorption resulting
from other localized phonon modes (Shen, 1984). We note that having an
intersubband transition in resonance with optical photons may lead to a
strong coupling and the formation of intersubband polarons. However,
because the doping density in the device analyzed here is not high and
the intersubband oscillator strength is not large because of the bound-to-
quasibound nature, the polaron splitting is expected to be about 1 meV or
less (Liu et al., 2003). We, therefore, neglect the effect of strong coupling.

A more detailed comment is in order regarding the AlAs-like phonons.
For alloys like AlGaAs, a more complex dielectric function should be
used to describe a two-mode oscillator for GaAs-like and AlAs-like optical
phonons. However, if we take a simple model of either additive or factor-
ized functions for the entire multiple quantum well stack, a very-strong
absorption would also result in the AlAs-like phonon region, which does
not agree with experiment. This is an issue to be resolved, i.e., how to
include the contribution of the AlAs-like phonon.

In conclusion, we have calculated and discussed the response spec-
trum of a THz QWP. Because of the optical phonon absorption in the
reststrahlen region, the refractive index n and the extinction coefficient k
change strongly. Considering all the changes, we have improved the usual
expression for <i, and obtained better agreement with experiments.

3.4. Many-body effects

Because of the low-doping density, the many-body effects are usually
neglected in the design of midinfrared QWPs (Schneider and Liu, 2006).
However, for THz QWPs, because the energy difference between the
bound subband and the continuum is around 10 meV, notable error of
photoresponse peak position will be introduced without considering the
many-body effects (Liu et al., 2004; Schneider and Liu, 2006). The many-body
effects include the interactions among electrons and between electrons and
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other quasiparticles. Earlier investigations have shown that in QWIPs, the
electron–electron interactions can affect the optical response peak position
(Schneider and Liu, 2006). The other many-body interactions have influ-
ence on the linewidth and line shape of photocurrent spectrum (Xiong
et al., 2008). We studied the many-body effects on THz QWPs (Guo et al.,
2009). It is found that large differences between theory and experiment
are introduced without including the above many-body interactions in the
theoretical design. Our numerical results show that it is very important to
consider the many-body interactions for designing THz QWPs.

In general, because of the large degrees of freedom of a many-particle
system, many-body effects can only be treated with various approxi-
mation methods. For electron–electron interactions, the static exchange-
correlation and the dynamical depolarization (or local field) (Liu, 1994;
Załużny, 1993) and exciton-like effects are considered with local density
approximation (LDA) within the framework of density functional the-
ory. The depolarization and exciton-like interactions between the ground
and excited sublevels are photon-induced many-body contributions (Fung
et al., 1999). For the electron–quasiparticle interactions, the electron–
phonon and the electron-impurity scatterings are described by using a
simple model with two free parameters (Fu et al., 2003; Xiong et al., 2008),
the values of which are determined by fitting numerical photocurrent
curves to experimental data. Because of the low aluminum concentration
in barrier layers, the scattering between electron and interface roughness
is not considered.

The photocurrent spectra of two THz QWPs are calculated here; the
device parameters are the two devices labeled as V266 and V267 reported
in the studies of Liu et al. (2004) and Luo et al. (2005). Our numerical results
show that there is only one bound subband in the quantum well with only
the Hartree potential being considered. When the exchange-correlation
potential is taken into account, however, two bound subbands exist in the
quantum wells for the two THz QWPs, and the second subband is near
the top of the barrier. The static exchange-correlation and the dynamical
depolarization electron–electron interactions cause blueshifts of the pho-
toresponse peaks, and the calculated photocurrent peak positions agree
with the experimental data quantitatively. The shapes of the photocurrent
peaks are well described by the energy-dependent 0 model that represents
the effects of the electron–phonon and electron-impurity scatterings. The
LDA functional for exchange-correlation potential adopted in this chapter
cannot properly describe the exciton-like many-body effect in THz QWPs.

The Hamiltonian for an electron in THz QWPs within the effective mass
approximation is

H = p
1

2m∗(z)
p+ VQW(z)+ VH(z)+ Vxc(z), (4.32)
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where m∗ is the electron effective mass, p is the momentum operator, VQW
is the well confinement potential, VH is the Hartree potential, and Vxc is
the exchange-correlation potential. The wave function of electrons in the
THz QWPs is expressed as a two-dimensional plane wave times a one-
dimensional envelope function along the growth direction, ψk,l

(
r||, z

)
=

exp
(
ir||·k||

)
ϕkz,l (z), where r|| and k|| are the in-plane coordinate and

momentum, kz is the quasimomentum limited to the first Brillouin zone
associated with the quantum well period, and l is the subband index. With
the above approximation, the Schrodinger equation reads

[
−

~2

2
∂

∂z

(
1

m∗(z)
∂

∂z

)
+ VQW(z)+ VH(z)+ Vxc(z)

]
ϕl,kz(z) = εl,kzϕl,kz(z).

(4.33)

The energy of the electron is Ek,l = ~2k2
||
/2m∗ + εkz,l. The electron charge

density is given by

ρe (z) = |e|
∑
k,l

f
(
Ek,l, εF, T

) ∣∣ϕkz,l (z)
∣∣2 , (4.34)

where e is the electron charge, f is Fermi distribution function, εF is the
Fermi energy, and T is temperature. Once the density is known, the Hartree
potential VH can be obtained by solving the Poisson equation

∂2

∂z2 VH (z) = −
ρe (z)− ρd (z)

ε
, (4.35)

where ρd (z) is the fixed ionized dopant density, and ε is dielectric con-
stant. In general, it is a difficult task to find the exact exchange-correlation
potential Vxc. In this chapter, the widely used LDA based on the density
functional theory is adopted through the following formula (Gunnarsson
and Lundqvist, 1976; Zhang and Potz, 1990):

Vxc(z) =
e2

4π2εaBrs (z)

(
9
4
π

)1/3 [
1+ 0.0545rs (z) ln

(
1+

11.4
rs (z)

)]
, (4.36)

where aB = ε~2/e2m∗ (z) is the effective Bohr radius and rs =[
(3/4π)

(
a3

Bρe(z)
)−1

]1/3
. The band structure of THz QWP is obtained

by self-consistently solving the above set of equations with plane-wave
expansion method.
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The absorption efficiency η can be derived from the Fermi’s golden rule

η (ω) =
πe2

ε0cn0ωm∗2
∑

j

∫
dk
(2π)3

∣∣〈j ∣∣pz
∣∣ 0
〉∣∣2

×
[
f
(
Ek,0, εF, T

)
− f

(
Ek,j, εF, T

)]
δ
(
1Ẽk,l,0 − ~ω

)
, (4.37)

where ε0 is the vacuum permittivity, c is the speed of light, n0 is the refrac-
tive index, and 1Ẽk,l,0 is the energy difference between the jth and the
ground subbands with depolarization and exciton-like effects included.
The expression for 1Ẽk,l,0 is (Ando et al., 1982)

1Ẽ2
k,l,0 = 1E2

k,l,0
(
1+ αk,l,0 − βk,l,0

)
,

αk,l,0 =
2e2ρ2D

ε1Ek,l,0

∞∫
−∞

dz

 z∫
−∞

dz′ϕkz,l
(
z′
)
ϕkz,0

(
z′
)2

,

βk,l,0 = −
2ρ2D

1Ek,l,0

∞∫
−∞

dzϕkz,l (z)2 ϕkz,0 (z)2
∂Vxc [ρ (z)]
∂ρ (z)

. (4.38)

Here αk,l,0 and βk,l,0 describe the depolarization and exciton-like effects,
respectively, and 1Ek,l,0 is the energy difference between l and 0 subbands
without the two dynamical many-body corrections. The photocurrent is
Iphoto = e8ηgphoto, where 8 is the incident photon number per unit time,
and gphoto is the photoconductive gain. On the assumption of energy-
independant 8 and gphoto, the photon current Iphoto is proportional to the
absorption efficiency η. For simplicity, the delta function in Eq. (4.37) is
replaced by a Lorentzian 0/

[
π
(
Ek,j − Ek,0 − ~ω

)2
+ 02

]
, where 0 is a small

constant. In Fu et al. (2003) and Xiong et al. (2008), an energy-dependent
0 = a

√
E− ~ωTO + b is used to take into account the effects of electron–

phonon and electron-impurity on the shape of photocurrent peak, where
a and b are parameters, and E is the electron energy measured from
the conduction band edge of (Al,Ga)As barrier. In this chapter, the same
expression of 0 is adopted to fit for the experimental results.

The band structures and photocurrents of two THz QWPs are calcu-
lated. In order to compare with the experimental results, the parameters
of the two THz QWPs, including the barrier and well widths, the bar-
rier height, and the doping concentration and position, are those reported
in the studies of Liu et al. (2004) and Luo et al. (2005). The effective elec-
tron mass is 0.067m0 with m0 the electron mass. The temperature is 8.0 K.
To expand the envelope wave functions, 99 plane waves are used. The
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FIGURE 4.6 Band structures of V266 THz QWP (A) without and (B) with
exchange-correlations potential (Guo et al., 2009).

convergent criteria is
∣∣(εFi − εFi−1)/εFi

∣∣ 5 0.0005, with εFi being the Fermi
energy at the ith iterative step, and the convergence is reached in the
condition of i 5 15 for all the calculations.

Figure 4.6 shows the band structure of V266 THz QWP with and with-
out the exchange-correlation potential. As shown in Fig. 4.6A, when the
Coulomb interaction is taken into account with Hartree approximation,
only one localized subband exists in the quantum well. The first excited
subband is in resonance with the top of the barrier, which is in accordance
with the design rule of bound-to-quasibound QWIPs. However, because
the quantum well is very shallow for THz QWPs, the neglect of exchange-
correlation potential will introduce large errors in design of THz QWPs.
Because the exchange-correlation potential is negative, for V266 THz QWP,
the exchange-correlation interaction deepens the quantum well by about
6.3 meV, which makes the first excited subband fall into the quantum well
and be off resonance with the top of the barrier. The energy difference
between the ground and the first excited subbands increases by about
3.2 meV for V266 THz QWP. Similar effects of exchange-correlation interac-
tion on the band structure of V267 THz QWP (not shown) are found. The
effects of Hartree potential on the band structures of V266 and V267 are
also explored. Because the Si dopants are doped in well layers, the elec-
trons and ionized dopants are spatially overlapped, which lowers the
Hartree contribution. The energy difference between the ground and the
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first excited subbands increases by 0.4 meV for V266 and 0.3 meV for V267
with Hartree potential being considered. The calculated results show that
the exchange-correlation interaction plays a key role in the design of THz
QWPs.

The theoretical and experimental photocurrent spectra for V266 and
V267 are shown in Fig. 4.7. In order to obtain some physical insights, dif-
ferent many-body interactions are taken into account step-by-step in our
calculations. The energy differences of response peak positions between
theory and experiment for V266 and V267 THz QWPs are 5.6meV (24.8%)
and 4.8 meV (36.0%) without including any many-body interaction. When
the static exchange-correlation potentials are taken into account, the differ-
ences decrease to 2.4 meV (10.6%) and 2.6 meV (19.4%), respectively. The
further improvements of theoretical response peak positions are achieved
by considering the dynamical depolarization effects, and the discrepan-
cies are about 0.2 meV (0.9%) and 1.1 meV (8.2%) for V266 and V267,
respectively.

The exciton-like interaction plays a negative role in our calculations.
Earlier investigations show that the value of βk,l,0 is much smaller than that
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FIGURE 4.7 Calculated and experimental photocurrent spectra of THz QWPs, (A) for
V266 THz QWP and (B) for V267 THz QWP (Guo et al., 2009).
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of αk,l,0 in Eq. (4.38) (Helm, 2000; Liu et al., 2007b). However, our numeri-
cal results show that the value of βk,l,0 is in the same order of magnitude
as that of αk,l,0. The overestimate of exciton-like interaction in our work
originates from the following two reasons: (1) in the current expression
for Vxc in Eq. (4.36), ∂Vxc [ρ (z)] /∂ρ (z) is proportional to ρ (z)−2/3, which
will lead to unreasonably large values of ∂Vxc [ρ (z)] /∂ρ (z) in barrier lay-
ers. (2) because of the low barrier height, in comparison with midinfrared
QWIPs, more portions of the wave function will extend into the barrier
layer. For the above two reasons, the integration value in Eq. (4.38) will be
overestimated. The value of βk,l,0 should be much smaller than that of αk,l,0
(Schneider and Liu, 2006). Therefore, for the present work, we leave out
the exciton-like contribution.

In conclusion, we have investigated the effects of exchange-correlation,
depolarization, and exciton-like interactions on the photon response spec-
tra of THz QWPs. Because of the decrease of energy difference between
the ground subband and the first excited subband, large relative errors are
introduced without including the above many-body interactions in the the-
oretical design. The exchange-correlation potential deepens the quantum
well. As a result, the ground subband and the first excited subband shift to
the lower energy region, and the energy difference between them increases.
Because the expression for exchange-correlation potential is inadequate in
the low electron density region and the leakage of wave function into the
barrier layer, the exciton-like interaction is overestimated. The discrepancy
between the theoretical and experimental photoresponse peak positions
decreases evidently by including the exchange-correlation and depolariza-
tion effects. Our numerical results show that it is very important to consider
the many-body interactions for designing THz QWPs.

3.5. Simulation and optimization of grating coupler

The ISBT selection rule requires a nonzero polarization component in the
quantum well direction (the epitaxial growth direction, z) (Schneider and
Liu, 2006). As mentioned earlier, 45◦ incident, light-coupling geometry
is usually used to acquire a nonzero polarization in z direction. How-
ever, this prevents the construction of two-dimensional (2D) focal plane
arrays, which need light incident normal to the devices (the QW planes,
xy plane). To solve this problem, it is useful to utilize gratings, as exploited
by Heitmann et al. (1982) to diffract the light and thus excite ISBT in Si
inversion layers. In the midinfrared region, large-format arrays with up to
1024× 1024 pixels have already been demonstrated (Gunapala et al., 2005).
Recently, Patrashin et al. (2006) fabricated one-dimensional (1D) metal grat-
ings on the top of the THz QWP, realizing device response under normal
incidence (Patrashin and Hosako, 2008).
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We utilized Modal method (Todorov and Minot, 2007) to simulate the
field distribution in the 1D metal grating THz QWP (Zhang et al., 2011). The
average intensity in device active region was obtained. Based on numerical
results, the optimizations of the grating including period and fill factor were
discussed, which led to high coupling efficiency and device responsivity.

Usually, GaAs/AlGaAs material system is used to fabricate THz QWPs.
The device is grown on semi-insulating (SI) GaAs substrate. From the bot-
tom to the top, there are bottom contact, multiple quantum wells and top
contact, shown in Fig. 4.8. The top and bottom contacts are n-doped GaAs,
and the multiple quantum wells consist of several tens of AlGaAs bar-
rier and n-doped GaAs well. The 1D metal grating is made of gold and
is defined using standard mirofabrication lift-off techniques. The period
of the grating is d, and the width of metal stripe is a.

The modal method is proposed by Todorov and Minot (2007). This
method combines the Rayleigh expansion method of the diffracted field
and the transfer matrix method of the multilayer, by which the electric
field distribution in the device can be obtained conveniently.

The field appears in the form of a Rayleigh expansion in the homoge-
neous layers outside the 1D grating:

ψ
(
x, y, z

)
= eiβy

∞∑
n=−∞

eiαnx
(

Pneiγnz
+Qne−iγnz

)
, (4.39)
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FIGURE 4.8 Schematic of 1D grating THz QWP (Zhang et al., 2011).
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αn = α +
2πn

d
, (4.40)

γn =

√
εk2

0 − α
2
n − β

2, (4.41)

where ψ is any component of the field, ε is the dielectric function of the
material, k0 is the wave vector in the vacuum, and αn is the wave vector in x
direction. The x, y, and z direction are shown in Fig. 4.8. α0 = α is the wave
vector of incident wave in x direction. The conservation of the tangential
component of the wave vector at the grating surface leads to Eq. (4.40). β
and γn are the wave vectors in y and z direction, respectively. (Pn,Qn) is
the pair of amplitudes (see Fig. 4.8), and all the pairs in different layers
are connected with each other through transfer matrix. For the incident
area outside the device, Qn = 0 except Q0, and Q0 = 1 if the amplitude of
incoming wave is set to be 1; while for the transmitted area, Pn = 0 and
Qn = Tn.

The field distribution can be obtained by solving the simultaneous
equations in different areas with the boundary conditions. For normal
incidence, only p polarization is need to be considered because no con-
tribution is from s polarization which is in parallel with the QW planes
makes no contribution. A typical field distribution (Ez component) in 1D
metal grating THz QWP is shown in Fig. 4.9 (only Ez component con-
tributes to the ISBT). Compared with the total thickness of the active region
(less than 5 µm), the GaAs substrate is much thicker, normally around
600 µm, which is also much longer than the wavelength. So an approxi-
mation of infinite substrate is taken in the calculation for simplicity, which
will not affect the diffractive characteristic of the grating.

In Fig. 4.9A and B, we can see a pair of stripes beneath the grating. This
indicates the diffraction occurs and the nonzero Ez component appears,
which will cause the response of the detector. The field distribution in the
substrate is also given in Fig. 4.9. The periodic dark and light stripes are
similar with the multislit interference. In the following, we will discuss
the optimization of the 1D metal grating based on the Ez in the active
region.

Two THz QWPs are considered here (Liu et al., 2008). The multilayer
is sandwiched between 0.4 and 0.8 µm of top and bottom contacts, doped
to 1.0× 1017. The structures are detailed in Table 4.1. The optimization is
discussed from the period d and the fill factor r (i.e., the ratio of metal stripe
width a and d).

Lw is the quantum well width, Lb is the barrier width, N is the period
number of multilayer, [Al] is the Al fraction in the barrier, Nd is the doping
density in the well, and f0 is the peak response frequency of the device.
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TABLE 4.1 The structure parameters of THz QWPs

LW (Å) Lb (Å) N [Al] Nd (cm−3) f 0 (THz)

A 155 702 30 3% 6× 1016 5.41
B 221 951 23 1.5% 3× 1016 3.21

The dielectric function is taken as follows (Blakemore, 1982):

ε(ω) =
ω2

TO (εs − ε∞)

ω2
TO − ω

2 − iωδTO
+ ε∞

[
1−

ω2
P

ω (ω + iδP)

]
(4.42)

For GaAs, εs = 12.85, ε∞ = 10.88, ωTO = 2π × 8.02 THz, δTO = 2π ×
0.06 THz, δP is the damping rate, depending on the doping density NP,
Drude frequency ωP is

ωP =

√
NPe2

ε0εsm∗
, (4.43)

where e is the charge of electron, and m∗ is the effective mass of free
carriers.

The Drude model of metal is

εM (ω) = 1−
ω2

M
ω (ω + iδM)

(4.44)

For gold, ωM = 1.11× 104 THz and δM = 83.3 ps−1.
The thickness of 1D metal grating studied here is 0.38 µm, deposited

on the top of top contact. With these parameters, we calculate the average
intensity Iaverage of Ez in the active region at the peak response frequency
f0, which are 5.41 THz and 3.21 THz for device A and B, respectively. The
expression of Iaverage is

Iaverage = C

∫ ∣∣Ezeiωt
∣∣2dV

V
(4.45)

where C is the constant of proportionality. It should be mentioned that,
because of the much smaller thickness of metal grating than the width,
most of the metallic losses are expected to occur along the walls parallel to
the xy plane. The perfect-metal approximation is not suitable anymore, so
we take the surface impedance boundary condition to take into account the
dissipation in the metal (Todorov and Minot, 2007). Figure 4.10A gives the
relation of Iaverage and the grating period at 50% fill factor. It can be seen that
the average intensities reach the maximum at 14.6 µm and 25.7 µm for A and
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FIGURE 4.10 At peak response frequency (A) Iaverage versus the grating period under the
condition of 50% fill factor; (B) Iaverage versus the fill factor when the period of grating is
set to match the wavelength (Zhang et al., 2011).

B, respectively, which correspond to the wavelength of THz waves at f0 in the
device material (in GaAs, 5.41 THz corresponds to 14.6 µm, and 3.21 THz
corresponds to 25.7 µm). Therefore, when the period of the grating equals
the wavelength in the device material, the coupling efficiency reaches the
maximum. Then, we fix the grating period according to the peak response,
and study the relation between average intensity and the fill factor. The
results are given in Fig. 4.10B. For device A, the maximum occurs at 54.5%
when the grating period is 14.6 µm; and for device B, it is 61.5% when the
grating period is 25.7 µm. The results are not 50%, which may be related to
the transmission and reflection of the multilayer. So the fill factor should
be determined according to the specific structure of a THz QWP.

To confirm these predictions, we fabricated three grating samples
(A-G12 with a 12-µm-period grating, A-G15 with a 15-µm-period grat-
ing, and A-G20 with a 20-µm-period grating). At 0.15-V bias, the peak
responsivities are 0.128, 0.197, and 0.070 A/W for A-G12, A-G15, and A-
G20, respectively. It can be seen that, the 15-µm-period grating is the most
efficient one, which is in consistent with our prediction.

In conclusion, the Modal method is used to analyze the electric field
distribution in the 1D metal grating THz QWP, and the optimization of the
grating is also discussed based on the simulation. We find that, when the
period of the grating equals the wavelength in the material and a proper
fill factor is chosen (54.5% for A device, 61.5% for B device), the coupling
efficiency reaches a maximum, leading to high field intensity and high
detector’s responsivity. Moreover, we find that the thickness of substrate
is important for the field distribution, which may be caused by the cavity
effect. Further investigation is needed.
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4. DESIGN AND CHARACTERIZATION OF THz QWP

4.1. Design

The detection of THz waves is the one of the key technology of THz applica-
tions. To study the THz wave itself and its interaction with other materials,
various characterizations should be done, including spectrum measure-
ment, power calibration, beam analysis, and so on. Because of the specific
position in the electromagnetic wave spectrum, the study of THz range
developed slowly for a long time because of the lack of radiation sources
and detectors, and hence limited the methods that could be used for detec-
tion. In the recent 10 years, as the development of compact THz sources and
the detection methods, the methods for detection of THz waves improved
substantially (Tonouchi, 2007). Therefore, different sources and detectors
could be chosen, and various physical phenomena could be studied.

THz QWP is the extension of QWIP in THz range. The materials are
commonly GaAs/AlGaAs. The optimum QW parameter for a standard
QWIP is to have the first excited state in resonance with the top of the bar-
rier. Strong ISBT absorption and fast relaxation of excited electrons can be
both achieved in this structure. Therefore, the structure parameters should
be optimized in design. These strcture parameters are the quantum well
width, barrier width, doping density, barrier height (the Al fraction in
AlGaAs barrier), and the number of quantum wells. For THz QWP work-
ing at longer wavelength than QWIP, smaller barrier height and lower
doping density are required (to reduce the absorption by free carriers and
the dark current).

In 2004, Liu et al. (2004) demonstrated the first THz QWP with a peak
response at 7.1 THz (42 µm). The width of quantum well and barrier are
12 nm and 40 nm, respectively. The Al fraction is 5%, and the number of
quantum wells is 50. The center 10 nm of the quantum well and the top
(400 nm) and bottom (700 nm) GaAs contacts are doped to 1017 cm−3 by Si.

The calculated parameters of barrier Al percentage and well width
for a given peak detection frequency (wavelength) are shown in Fig. 4.11
(Liu et al., 2004). A word of caution: the parameters used here, although
expected to be valid, are proven for midinfrared QWIPs and are not tested
in the low aluminum fraction region. From Fig. 4.11, it is predicted that the
THz frequency range of 1–8 THz is covered by QWIPs with low aluminum
fractions between 0.8 and 5.4%.

Figure 4.12 shows the calculated Tblip versus the peak detection fre-
quency (Liu et al., 2004). For achieving the highest dark-current-limited
detectivity, if one follows the Ef = 2kBT rule, the density would become
very low for low temperatures (�80 K), making the absorption also low.
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We, therefore, considered two cases in Fig. 4.12. The upper curve uses the
Ef = 2kBT condition, while the lower curve starts with a higher absorption
(using higher doping) 0.5% at 10 THz and is reduced linearly down to 0.05%
at 1 THz. The trade-off here is that if the operating temperature is desired
to be as high as possible, the upper curve should be followed. However, if
a high absorption is needed, one should use the lower curve, which will
mean a somewhat lower operation temperature. Because for these very far-
infrared devices the doping densities are usually low, many-body effects
result in small energy corrections. However, because of the transition ener-
gies are also small, many-body effects need to be considered. The exact
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values depend on doping densities. The detection frequency in Fig. 4.12
should, therefore, be shifted to higher values by about 30% if these effects
are included. In general, to qualify as a good detector, there must be a
sufficiently high absorption. On one hand, a high doping is desirable for
achieving high absorption; but on the other hand, high doping leads to a
high dark current and low operating temperature. A trade-off must, there-
fore, be made for a given application. For most applications, it is desirable
to operate the detector under the blip condition for detecting weak signals.
In some applications involving a strong source such as a THz QCL, the
requirement is different. Here as long as the dark current is lower than the
signal photocurrent, photon noise limited detection is achieved. In such a
case, the detector operating temperature can be raised.

Having determined the quantum well and doping parameters, the next
design parameter is the barrier width. The barrier width should be suf-
ficiently thick so that the dark current is completely in the thermionic
regime, i.e., interwell tunneling should be negligible comparing to the
background photocurrent. The barrier thickness was chosen according to
Fig. 4.13 so that the interwell tunneling currents are less than 10−5 A/cm2,
which corresponds to the estimated background current.

For the number of quantum wells, because the absorption strongly
depend on the device geometry and the coupling method, generally a
large number of wells would give a high absorption. However, provided
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FIGURE 4.13 Estimated direct interwell tunneling current versus barrier thickness for
three cases of barrier aluminum fractions of x = 1.5, 3, and 5%. Other parameters used
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2006).
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FIGURE 4.14 (A) Photoresponse spectrum and (B) low temperature bulk GaAs
transmission spectrum (Liu et al., 2004).

a sufficient absorption is reached, a small number of wells is preferred for
high gain.

The photoresponse spectrum is shown in the upper part of Fig. 4.14
(Liu et al., 2004) for a bias voltage of 0.4 V and a temperature of 8 K. For
reference, the bulk GaAs transmission is shown in the lower part of the
figure, measured at 15 K on a 400-mm-thick GaAs substrate. The “dark”
reststrahlen region from 33 to 37 meV resulting from optical phonon
absorption is clearly seen. We simulated the photocurrent spectrum (Cao
et al., 2006) theoretically by the improved photo response model, which is
in consistent with the experimental data above. As a result of the inter-
action between electron and phonon, the radiation with frequency in the
“dark” region cannot be detected by GaAs/AlGaAs THz QWPs. The mea-
sured dark current characteristics at various temperatures are shown in
Fig. 4.15 (Liu et al., 2004). The measured dark current slowly decreased to
less than 25 K and stopped at about 15 K. These studies confirm that the
structure of QWPs is practicable in THz detection.
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FIGURE 4.15 Dark current characteristics at various temperatures (Liu et al., 2004).

In addition, Graf et al. (2004) demonstrated a THz quantum well
photodetector based on the quantum cascade structure, with the peak
response wavelength of 84 µm (3.57 THz), operating at 10–50 K. The
responsivity at 10 K is 8.6 mA/w. Although the detectivity and the respon-
sivity are two orders of magnitude smaller than the THz QWP based on
photoemission, its noise level is relative low because of the cascade mech-
anism. Because of the potential of zero bias photovoltaic response, the
development of this type of detectors is also very interesting.

4.2. Measurement of photocurrent spectrum

Terahertz radiation bridges the gap between the microwave and optical
regimes. It is only 5 years since the first demonstration of THz QWP (Liu
et al., 2004), and a lot of researches are still needed. Before the measurement
of photocurrent spectrum, we test the I–V curves first, then analyze the
dark current mechanism and the temperature performance.

The temperature-dependent I–V properties are important characteris-
tics for terahertz QWPs. In the following, we measured the I–V curves with
300 K background or the dark condition, and the relation between dark
current and temperature is also discussed. The active region of the device
is GaAs/AlGaAs multiquantum wells grown by MBE. The parameters of
the active region are shown in Table 4.2. It should be mentioned that the
doping in Table 4.2 is implemented at the center 10 nm of the quantum
well by Si. The purpose of the wide barriers is to reduce the interwell tun-
neling (Liu et al., 2007a). In a real device, the active region is between the
top and bottom contacts. The top and bottom contacts are usually 400 and
800 nm respectively, doped to 1× 1017 cm−3 with Si, which is relatively low
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TABLE 4.2 Structure parameters for the THz QWIPs
(Schneider and Liu, 2006)

Sample Lw (nm) Lb (nm) [Al] Nd (cm−3) N
V265 11.9 55.2 0.05 1× 1017 40
V267 22.1 95.1 0.015 3× 1016 23

to reduce the contact layer free carrier absorption and plasma reflection in
the THz region (Schneider and Liu, 2006). Next, we will mainly introduce
the measurement and analysis of V267.

Mesa devices of different sizes were fabricated using standard GaAs
processing techniques. Because low temperatures are required for opera-
tion, a close-cycle cryostat with the lowest temperature of 3 K is used to
cool the device. A source meter is used to provide the external bias, and
the current is also recorded at the same time. The bias range is from 1 to
30 mV during the measurement.

The current–voltage curves under dark condition (solid) and under a
90◦ FOV 300-K background (dash) at the temperatures from 3.15 to 20 K are
shown in Fig. 4.16. Because thermionic emission and field-assisted tunneling
were much stronger than interwell tunneling within the experiment temper-
ature range, we did not observe any current bottom-out behavior (Schneider
and Liu, 2006). As in Section 2. Tblip is a good figure-of-merit of a detector.
The measured Tblip of V267 is 12 K. Sequential tunneling and thermionic
emission are two major dark current mechanisms in GaAs/AlGaAs bar-
rier structures (Levine, 1993), and the latter becomes dominant for thick
barrier structures. From the I–V curves in Fig. 4.16A, the I–T curves have
been obtained and shown in Fig. 4.16B. The dark current decreased by six
to seven orders of magnitude in accordance with the thermally activated
character of the thermionic emission (Çelik et al., 2008) when the device
was cooled from 20 K down to 3.15 K, which indicates that the use of the
emission-capture model, combined with the 3D carrier drift model, is rea-
sonable for describing the dark current of this detector. A steep drop of the
I–T curves when the device temperature≤12 K has been observed, which is
consistent with the good performance when the device is operating at and
lower than Tblip. Next, we will introduce the measurement and analysis
the photocurrent spectra of 2 THz QWPs (V265 and V267).

The measured photocurrent spectra of V267 at different bias voltages are
given in Fig. 4.17A. The operating temperature is 3.15 K. The peak response
is 3.2 THz, corresponding to 93.6-µm wavelength. Strong response also
exists in the range from 3 to 5.3 THz, which can be used to characterize the
THz radiation source in this region. In addition, the photocurrent spectra at
different operating temperatures under 30-mV bias are also measured, see
Fig. 4.17B. Upon increasing of the operating temperature, the photocurrent
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FIGURE 4.16 (A) Current–voltage curves of V267 under dark condition (solid)
and under a 90◦ FOV 300-K background (dash) at different temperatures; (B)
Current–temperature characteristic measured at selected bias voltages.
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FIGURE 4.17 Photocurrent spectra of V267 at (A) different bias voltages and
(B) different operating temperatures.

response decreases. The shape of the spectra doesn’t change significantly
because of the small temperature range of the measurement.

Photocurrent spectra of V265 at different bias voltages at 3.5 K are
shown in Fig. 4.18. It can be seen that the peak response is 9.7 THz (wave-
length of 31.0 µm). The theoretical peak response is around 7 THz for the
structure of V265. The differences are caused by the phonon absorption
of GaAs, leading to a dark region from 32 to 37 meV. Stronger photocur-
rent could be generated with higher bias, so the amplitude of photocurrent
spectrum increases when the external bias is increased.
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FIGURE 4.18 Photocurrent spectra of V265 at different bias voltages at 3.5 K.

4.3. THz QCL emission spectrum measured by THz QWP

We use a THz QWP to characterize the emission spectrum of a THz
QCL (Tan et al., 2010). The shape and peak of the emission spectrum are
acquired, and the relation of the emission power with driving current is
estimated, from which the current density range of lasing and the thresh-
old are obtained. The detection performance of THz waves from the THz
QCL by THz QWP is also studied at different temperatures. We found that
THz QWP is a good detector in characterizing the emission spectrum of
THz QCL. The emission spectrum is an important characterization of a
laser. Usually to measure the emission spectrum of a THz QCL, a Fourier
Transform Spectrometer is used. To reduce the absorption by the water
vapor, the spectrometer should be evacuated. A bolometer operating at
the liquid helium temperature is often used to measure weak signal. In
this section, we will mainly introduce the measurement of the emission
spectrum of a continuously THz QCL by a Fourier Transform Far-Infrared
Spectrometer operating at linear scan mode.

The structure of the active region of the THz QCL is given in the study by
Li et al. (2009b), and the sample ID is B1316 PKG3. Because low temperature
is required for the laser operation, we use a close-cycle cryostat to cool the
laser. The lowest temperature is 9 K. The radiation of the THz QCL enters the
FTIR through the windows of the cryostat and the spectrometer. The scan
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speed and the resolution of the FTIR are set to be 1.6 KHz and 0.25 cm−1,
respectively. The beam splitter is 6 µm Mylar, and the detector is DTGS-PE.
The range of wave number is 100–160 cm−1, and the THz QCL is driven by
a DC bias at 10 K. We measured the emission spectra of the THz QCL at
different driving currents and operation temperatures.

THz QCL and THz QWP are both multiquantum well devices. Hosako
et al. (2007) suggested that THz QWP could be used to detect the emission
of THz QCL. In the following, we will use a THz QWP to characterize the
emission spectrum of a THz QCL.

Before the characterization of THz QCL using THz QWP, we discuss
the feasibility from the spectra (Tan et al., 2010). The photocurrent spec-
trum of the THz QWP at 3.15 K under the illumination of a Globar is
shown in Fig. 4.19. In order to compare with the emission spectrum of
the THz QCL, the photocurrent signal is normalized, the inset shows the
same spectra on an expanded range. It can be seen that the response
peak of the THz QWP is 3.2 THz. The response at 4.13 THz is about
67% of the peak, and strong response occurs in the range of 3–5.3 THz
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FIGURE 4.19 Comparison of the photocurrent spectrum of the THz QWP and the
emission spectrum of the THz QCL. The operation temperatures are 3.15 and 10 K for THz
QWP and THz QCL, respectively (Tan et al., 2010).
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(normalized amplitude≥40%). The four emission peaks of the THz QCL are
4.022 THz (134.27 cm−1), 4.058 THz (135.48 cm−1), 4.094 THz (136.68 cm−1),
and 4.130 THz (137.89 cm−1). The emission peaks are all in the region in
which the curve of the response of the THz QWP is relatively flat. More-
over, the responsivity of the THz QWP is about 0.4 A/W (Luo et al., 2005),
which is comparable with the mid-infrared QWIP with similar structures
(Levine, 1993). Therefore, the characterization of THz QCL with THz QWP
is practicable.

The characterization by THz QWP is similar to that by DTGS-PE. We
simply replace the DTGS-PE with the THz QWP as the FTIR system detector.

The I–V curve and the L–I curve of the THz QCL are shown in Fig. 4.20
(Tan et al., 2010). It can be seen that the current density range of lasing and
the threshold are the same as those measured by the DTGS-PE. The thresh-
old is 630 A/cm2. The main differences of the L–I curves are because of
the electrical noise. The area marked by pattern is the multipeak operating
region. The results indicate that the performance of the THz QWP in char-
acterizing the emission spectrum of the THz QCL is comparable with the
DTGS-PE. Improvements could be done on reducing the electrical noise.

The emission spectra of THz QCL working at different driving current
are shown in Fig. 4.21, where the solid line and the dashed line correspond
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FIGURE 4.21 The emission spectra of the THz QCL taken by the THz QWP (dashed line)
and the DTGS-PE (solid line) (Tan et al., 2010).

to measurements taken by DTGS-PE and THz QWP, respectively. The spec-
tra are normalized and shifted in vertical axis for clarity. The spectrum in
dashed line is sharper than the one in solid line. The difference may be
from the artifact caused by the difference in preamplifiers and circuits. The
multipeaks and the blue shifts by the Stark effect are seen by both detectors
(Bastard et al., 1982; Williams et al., 2003).

The results above show that THz QWP is good at characterizing the
performance of THz QCL, and its high-speed response is much supe-
rior to traditional detectors. The measurements above establish the basis
of wireless communication based on THz QCLs and THz QWPs and the
time-resolved spectrum applications.

5. APPLICATION: THz FREE SPACE COMMUNICATION

It is anticipated that many new applications in the THz spectrum are pos-
sible if simple compact sources and detectors were readily available. Many
groups around the world are in the process of developing semiconductor
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FIGURE 4.22 The emission spectra of the THz QCL taken by the THz QWP working at
different temperatures (Tan et al., 2010).

sources and photodetectors for the THz spectrum (Belkin et al., 2008; Kumar
et al., 2009; Liu et al., 2008; Scalari et al., 2009). A demonstration of a sub-THz
analog transmission system was reported by Jastrow et al. (2008) at 300 GHz
using an electronic system. In this section, we present a demonstration of
an all photonic terahertz communication link operating at 3.8 THz using a
quantum cascade laser and quantum well photodetector (Grant et al., 2009).
The link consists of a quantum cascade laser transmitter and a quantum
well photodetector receiver. The link was used to transmit audio frequency
signal through 2 m of room air. Carrier strength at the photodetector was
100 times greater than the noise level.

Figure 4.23 is a schematic representation of the link. At the left, a quan-
tum cascade laser housed in a vacuum dewar provides 3.8-THz radiation,
which is collected and collimated by a parabolic mirror labelled M1. The
laser transmitter was constructed from a multiple quantum well structure
described earlier (Luo et al., 2007) with a 1-mm-long and 100-µm-wide sur-
face plasmon waveguide formed on a semi-insulating GaAs substrate. A
reflecting mirror was formed on the back facet by first coating the facet with
an aluminium oxide insulator, to prevent short circuiting the electrodes,
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FIGURE 4.23 Schematic of link showing quantum cascade laser at left and quantum well
photodetector on right (Grant et al., 2009).

followed by evaporating a gold layer over the facet. The exit coupler of the
laser is the cleaved surface. M1 is a 50-mm focal length off-axis parabolic
reflector, whereas M2 is 76-mm focal length. Both mirrors are 50 mm in
diameter. The laser was mounted on an aluminum cold finger in a liquid
nitrogen dewar with the laser facet approximately 2 mm from the low-
density polyethylene window. This permitted collecting a large fraction of
the diverging beam with an off-axis parabolic mirror. A temperature sen-
sor was mounted near the base of the QCL die and showed that the base
temperature was maintained at 78 or 77 K.

Care was required to align the four optical components, the QCL,
the QWIP, and the two mirrors. The initial alignment was performed in
air without the polyethylene windows. The photodetector was displaced
by 2 mm using a translation stage and a visible laser beam was passed
through the photodetector location to the two mirrors and then to the laser.
Crude alignment was performed to ensure that the laser was near the focus
of each mirror and that the visible light was arriving at the QCL facet. The
optical coupling was quite sensitive to the position of the QCL which was
rather small. Sometimes, no coupling could be established after an optical
component was moved, and we used a piece of 50-mm diameter Plexiglass
pipe 200 cm long as a light guide. The QCL could then be focused on the
end of the light pipe, which was only 10 cm away from the mirror. After
a signal was established, the light guide could be removed, and there was
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still sufficient signal to allow optimizing alignment of the long path. The
position of the larger QW detector was not as critical.

A custom-made electronic pulse generator was fabricated to provide
low-duty cycle pulses of amplitude VH. The maximum VH required was
17 V at a current of 2.6 A for a peak power of 43 W. The pulse width above
threshold was approximately 8 ns. Pulse repetition frequency was 455 kHz.
Total power injected was calculated from the recorded voltage waveform
and integrated to give an average power of 0.16 W or a peak-to-average
ratio of 268 : 1. The generator contained power amplifiers that forced VH to
follow the modulation voltage which we wanted to transmit, typically a sine
wave at 500 Hz or music. The optimum conditions for VH and modulation
amplitude (VM) were found by transmitting a 455-kHz carrier modulated
by a 500-Hz sine wave while measuring the second harmonic at 1 kHz.
Clipping by modulating less than threshold or more than saturation rapidly
increased the second-harmonic content of the detected signal. It was found
that the best VM was about 1 V peak-to-peak with VH of 15 V.

Numerical calculation of the Fourier transform of the expected pho-
tocurrent indicated that there should be a DC term, a modulation term,
and a large number of replications of the pulse repetition frequency. Each
replication would have a carrier plus modulation side-bands. The DC term
is proportional to the average laser power and for the low-duty cycle
pulses that we are using, the carrier amplitudes are equal to each other
and to the DC term. This is a central point in the demonstration. Even
though the laser was pulsed, the Fourier transform of the photocurrent
contains useful continuous-wave (CW) components with amplitude equal
to the average photocurrent. Further, the modulation side-bands contain
the Fourier transform of the time variations of VM.

Experimentally, the 500-Hz basic modulation term could be easily
detected using a bolometer and lock-in amplifier. The 455-kHz pulse rep-
etition frequency was also easily detected using the QWIP and could be
observed on a spectrum analyzer as a typical amplitude modulated wave-
form. Figure 4.24 shows a typical nonmodulated spectrum measured at
the pulse repetition frequency after the transimpedance amplifier. The left
inset in Fig. 4.24 is an expanded spectrum of the laser measured using
an Fourier transform infrared (FTIR) spectrometer. Both were measured
while the QCL was being pulsed at 455 kHz with no modulation. Although
none of the modulation can be resolved using the FTIR, the central emis-
sion line width is at the FTIR resolution of 0.04 wavenumbers or 1.2 GHz.
The right inset shows the QW photodetector spectral responsivity overlaid
with the 126 wavenumber laser spectrum at the left. The RMS photocurrent
at the 455 kHz is two orders of magnitude greater than the noise level. The
noise level from 450 to 460 kHz originates in the custom-made laser driver
electronics and is not a fundamental limitation of the devices. Finally, the
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FIGURE 4.24 Spectrum of photocurrent measured after low-noise amplifier with insets
showing laser spectrum at left and photodetector responsivity at right. Photodetector
spectrum measured at temperature of 12 K (Grant et al., 2009).

signal could be coupled to the antenna input of an AM radio (Sony ICF
2010) and music recovered.

The low-noise amplifier (LNA) has a transimpedance amplifier, a fil-
ter, and a buffer amplifier, as well as the photodetector bias circuit. The
capacitance of the cable from the cold section to room temperature was
measured as 160 pF plus the large QW photodetector capacitance of 88 pF
caused instability in high-speed amplifiers that we initially tried to use.
A general purpose operational amplifier with a 12-MHz gain bandwidth
product could be made stable in a 1-k� transimpedance configuration.
This was followed by a 455-kHz center frequency, 10-kHz bandwidth fil-
ter, and a line driver amplifier to provide an effective transimpedance of
10 k�. Detector bias was introduced at the input of the transimpedance
amplifier. Typically, our measurements were performed with −20 mV of
bias and 2 µA of total photodetector current. DC photocurrent was always
less than 0.1 mA, the resolution of the meter, which was used for moni-
toring bias current. Using the QW detector responsivity measured in (Luo
et al., 2005) of 1 A/W and the property of the Fourier transform of a narrow
pulse (with its low harmonics having the same amplitude as the average),
the average optical power can be determined. The recovered 455-kHz car-
rier current was 18 nA RMS from which we calculate the average optical
power to be 1.414× 18 = 25 nW.

Although there are many atmospheric absorption bands known in the
THz frequency region, we observed very little impairment of our link
owing to atmospheric absorption. The center frequency of the laser was
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3787 GHz as determined by FTIR measurement of the emission. Empirically,
we measured the air in our laboratory in Ottawa, Canada, and observed
that this frequency is at the upper edge of an essentially transparent region
of the electromagnetic spectrum that extends from 3700 to 3789 GHz. This
band is 89 GHz wide and is only one of many which we observe to be
essentially transparent in room air. We point out that while there are many
absorption bands because of water vapor, as much as 50% of the spectrum
space we observe is transparent or of low absorption. We used a 50-mm
diameter Plexiglass pipe as a gas cell and compared transmission through
room air with transmission through dry nitrogen and found no difference.
The only strong absorber that we observed was liquid water.

6. SUMMARY

We have introduced the principle, simulation and design method, and
device performance of THz QWPs. At the present time, various incoherent
detection methods (such as bolometer) and several coherent detection meth-
ods (such as THz TDS) are well developed and are used in spectroscopy
and imaging fields. Because of easy production of high quality and large
area uniform THz QWP materials, THz QWPs have great advantages in
high sensitivity and high resolution detection, especially in the construc-
tion of focal plane arrays. THz QWPs are also useful in the detection of
toxic materials and THz wireless communication. Because the characteris-
tic absorption lines of most molecules are in THz range, under a normal
continuous light source (such as high-voltage mercury lamp), monitoring
of toxic materials can be achieved by THz QWPs because of their high
spectrum resolution and high response speed. The monitoring ability can
be improved by multicolor THz QWPs, and multiple identifications at the
same time can also be achieved. It can be expected that the development
of high-performance, single-element detectors and focal plane arrays will
enable the THz communication and THz detection applications.
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ABSTRACT 

In this invited paper, we report the effect of different annealing environments on the changeable radiative recombination 
characteristics of Si quantum dots (QDs), which not only provides ways to identify the photoluminescence mechanism, 
but also realizes the possibility to control the origin of the luminescence. We also focus on the application of Si QDs in 
the third-generation solar cells, with the emphasis on growth of well-ordered Si QDs, on photoresponse control of Si 
QDs, and on approaches to reduce the lattice thermalization loss in Si QDs solar cells.  

Keywords: Si quantum dots, photoluminescence controlling, solar cell application, PECVD 
 

1. INTRODUCTION  
It is well known that poor optical properties in bulk silicon (Si) have prevented it from application in devices such as 
light-emitting diodes and lasers. The observation of efficient light emission at visible wavelengths in porous Si 
nanostructures (through simple electrochemical etching of crystalline Si in hydrofluoric acid in 1990 [1]) has created 
huge interest among scientists and engineers. Thousands of papers on light emission from nanoscale Si structures have 
been published since then, but the origins of this photoluminescence (PL) have been the subject of intense debate for 
almost two decades. Recently, Godefroo et al., [2] have demonstrated that the PL from Si quantum dots (QDs) annealed 
in active hydrogen ambient originates mainly from quantum confinement effect (QCE) due to the drastically decreased 
defects density, and the light emission mechanism converts to radiative defect states by using ultraviolet illumination to 
drive out the hydrogen (i.e., reintroduce the defects). 

On the other hand, current third-generation approaches to photovoltaics (PVs) aim to decrease costs to well below the 
$1.0/W level of thin-film-based second-generation PVs to $0.5/W, potentially to $0.2/W or better, by significantly 
increasing efficiencies but maintaining the economic and environmental cost advantages of thin-film deposition 
techniques. For amorphous Si thin-film solar cells, the best performance in laboratory is efficiencies of 14.6% initial and 
13.0% stable under AM 1.5 over a 0.25cm2 active area cell, but the large scale manufacturing efficiencies ~8.0-9.6% [3]. 
Light-induced degradation caused by the Staebler-Wronski effect is the main challenge in amorphous Si thin-film solar 
cells. Si nanotechnology is the best choice to improve the metastabilities and to increase the quantum efficiency. 

Here, we will address the origin of visible luminescence in hydrogenated amorphous Si nitride, controlling the red 
luminescence from Si QDs, and application of Si QDs in the third-generation solar cells. 
 

2. ORIGIN OF VISIBLE LUMINESCENCE IN AMORPHOUS SILICON NITRIDE 
In this section, the Si nanostructure we are interested in is hydrogenated amorphous Si nitride (α-SiNx:H) films 
embedded with Si QDs, which represent good candidates for Si-based light-emitting devices due to the relatively low 
barrier (~2.0eV) for carriers [4]. The samples were deposited by using a low frequency (440kHz) plasma enhanced 
chemical vapor deposition (PECVD) system on ~0.5mm thick p-type crystalline Si substrates (thickness of ~350-
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380nm). Precursor gases were NH3 and SiH4 with a constant NH3/SiH4 flux ratio of 1700/455. We label samples Sx 
(x=1, 2, 3, 4) for deposition temperature Td at 200, 300, 400, and 500oC, respectively. 

Figure 1(a) presents the room-temperature PL spectrum of a typical sample S2, which was obtained on a Jobin Yvon 
LabRAM HR 800 UV micro-Raman spectrometer using 325nm line of He-Cd laser. We have decomposed the PL 
spectrum into three Gaussian peaks, and these PL bands are found to exhibit different characteristics under different Td. 
In the near-infrared to red light range, the Gaussian peak in S1 is almost negligible, while those of S2-S4 exhibit an 
obvious redshift from 1.91 in S2 to 1.74eV in S4. The green PL peak shifts continuously toward the low energy side 
from 2.40 to 2.05eV in S1-S4. In contrast, the blue PL peak energy keeps almost unchanged (3.00±0.05eV). 

Figure 1(b) shows the Raman spectrum of the sample S2, which was recorded under back scattering configuration in the 
same system as for the PL spectra. It is clear that the narrow transverse optical (TO) band at about 520cm-1 comes from 
the crystalline Si substrate, while the longitudinal optical (LO) band centers around 385cm-1. Another TO1 band is at 
~492cm-1, where the typical Raman spectrum of amorphous Si QDs lies. With the increase of Td, the TO1 peak shifts 
from 492 to 498cm-1, suggesting the increase of the Si QDs size (~1.7nm). 

Figure 1(c) illustrates the cross-sectional high resolution transmission electron microscopy (HRTEM, JEOL JEM-2100F) 
image of sample S2. We note that the Si QDs with higher density than the Si nitride matrix appear as dark spots. The 
average dot size is found to be ~3.1nm for sample S2, which is in good agreement with the size of ~3.0nm for the red 
emission according to the QCE model [4]. As we know, Si-H bonds can be broken to provide the Si nucleus for the 
formation of the Si QDs. Under higher Td, the Si-H bonds are easier to be broken, leading to a higher Si concentration in 
the film. The formed Si QDs will congregate and grow up with. On the other hand, hydrogen-related bonds decrease due 
to more NH3 effusing, and could not passivate well the nonradiative defects existing at the interface between Si QDs and 
SiN matrix, leading to the observed decrease of PL intensity from samples S1 to S4. 

We have further carried out the ultraviolet reflection measurements [Fig. 1(d) for sample S2] in the range of 3.1-4.7eV 
using a Jobin Yvon 460 monochromator for the origin of the green PL. With the help of the Tauc-Lorentz-Urbach model 
[5] (solid curve), the yielded optical band gap (Eg) and Urbach tail (EU) have been found to decrease with increasing Td 
due to the decrease of N/Si ratio, therefore, leading to the significant redshift of the green PL peak. EU decreases 
monotonically with the enhancement of Td, suggesting that narrower bandtail and more ordered silicon nitride network 
can be achieved at higher Td. On the basis of the redshift of peak position, narrowing of bandwidth and temperature 
quenching of luminescence, we attribute the green emission to the bandtail recombination of carriers. 

As for the blue band, we can assign it to the electronic transitions of ≡Si0→≡Si-Si≡. We make the assignment based on 
(1) tight-binding method for gap states in SiN. The states of ≡Si0 and ≡Si-Si≡ lie about 3.1 and 0.1eV above the valence 
band, respectively, the radiative recombination between the two states can generate the PL peak at ~3.0eV, and (2) 
dependence of the defect-related PL intensity on Td. With the increase of Td, the ≡Si0 dangling bonds and ≡Si-Si≡ units 
would decrease due to the increase of the Si-N bonds induced by the severe nitridation process. Higher Td will also 
hinder the diffusion of hydrogen, which decreases significantly the randomness of the SiN network, resulting in fewer 
silicon defects. The blue PL intensity is found to decrease significantly with increasing Td, as expected. 
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Figure 1. Structural and room-temperature optical properties of α-SiNx:H sample S2 embedded with Si QDs.  
(a) PL spectrum, (b) Raman spectrum, (c) cross-sectional HRTEM image, and (d) ultraviolet reflection spectrum. 
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3. CONTROLLING THE RED LUMINESCENCE FROM SILICON QUANTUM DOTS 
The structure and surface chemistry of the Si QDs determine the nature of the luminescence. We show in this section the 
controlling of the red luminescence through a simple and effective annealing treatment technique to modify the Si QDs 
size, density, and chemical configurations. Fig. 2(a) shows the room-temperature red luminescence from sample S3 
under different annealing temperature TA of 30min in Argon ambient. An obvious redshift from 1.82eV in the as-
deposited sample to 1.76eV in the one with TA=800oC, accompanied with a strong enhancement of the luminescence 
intensity by a factor of 15. The PL peak exhibits a continuous redshift from 1.76 to 1.70eV with the further increase of 
TA to 1100oC, however, the luminescence intensity decreases drastically. With the decrease of measured temperature, a 
significant redshift of the luminescence peak occurs annealed below or at 800oC, while the PL peak remains almost 
unchanged under higher TA. The other samples exhibit the similar annealing temperature behavior. 

The HRTEM observes the evolution of the Si QDs size and density with TA. The average dot size increases from ~3.6nm 
in the as-deposited sample to ~4.9nm in the annealed one at 800oC, while the observed enhancement of the Si QDs 
density from 7.6×1012 to 1.1×1013cm-2 explains the increase of the PL intensity annealed below/at 800oC. With the 
further increase of TA to 1100oC, the average dot size increases drastically to ~9.8nm with the density of 2.5×1012cm-2. 
With increasing TA, the Raman peak shifts toward the higher energy and the linewidth becomes narrower, both of which 
indicate the increase of Si QDs size. Therefore, annealing treatments contribute to create new Si QDs and increase the 
size of already existing Si QDs. However, when TA increases over 800oC, the coalescence, overgrowth, and expansion of 
Si QDs will significantly reduce the dot density, but still increase the dot size. As a result, at TA≤800oC, the red 
luminescence peak position agrees well with the QCE model. Large Si QDs under TA>800oC result in high interface state 
density. Considering the temperature-independence of the luminescence peak and the complete effusion of hydrogen, we 
can assign the red PL to the electrons trapped at localized states there. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Room-temperature red luminescence of α-SiNx:H embedded with Si QDs under different annealing temperature TA of 30min. 
(a) Sample S3 in Argon ambient, (b) sample S2 in oxygen ambient. 

As we know, in the hydrogen environment, annealing treatment can reduce drastically the radiative defects density 
(passivation), which would make QCE dominant in the PL [2].  Compared with argon and hydrogen, oxygen is more 
active and can react easily with both Si and nitrogen, resulting in more complicated SiN network. The changeable 
radiative recombination characteristics of Si QDs in different annealing environments are very useful to control the 
nature of the red luminescence. Fig. 2(b) presents the room-temperature red luminescence from sample S2 under 
different annealing temperature TA of 30min in oxygen ambient. With the increase of TA, the emission peak centered at 
1.9eV keeps unchanged. However, in the Raman spectra, we can still observe the blueshift of the TO1 peak the narrowing 
of the full width at half maximum (FWHM), indicating the increase of Si QDs size. Furthermore, both the PL peak 
energy and FWHM are almost independent of temperature throughout the measured range. These observations indicate 
that the mechanism of light emission in the oxidized samples is not determined by the size dependent QCE. 
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In time-resolved PL measurements, we have observed a double exponential function: the faster decay component 
increases from 0.80 to 0.93ns, and the longer decay one from 1.73 to 4.70ns with the increase of TA. First principles 
calculations have revealed that the nanosecond decay time can be attributed to the localized states excitons transition at 
the surface of the Si QDs, where the faster and longer decay components correlate to the nonradiative excitons trapping 
time on the localized states and the recombination (both radiative and nonradiative) of the trapped excitons, respectively 
[6]. Therefore, the red luminescence of the oxidized samples originates from the localized excitons radiative 
recombination via the surface states of the Si QDs related to the Si-N or Si-O-Si bonds. Our above results clearly 
demonstrate that annealing treatment in different environments (Argon, hydrogen, and oxygen) is a simple and effective 
technique to control the origin of the PL in Si QDs from QCE to localized interface/surface states and vice versa via the 
radiative defects density. 

4. APPLICATION OF SILICON QUANTUM DOTS IN THIRD-GENERATION              
SOLAR CELLS 

For the application of the third-generation solar cells, we discuss the hydrogenated nanocrystalline Si (nc-Si:H) thin film, 
which is a mixed material comprised of an amorphous Si phase and crystalline Si grains with a wide range of crystalline 
volume fraction. We have also employed the PECVD technique to grow nc-Si:H thin films at a temperature of 250ºC and 
radio frequency of 13.56MHz. During the growth, the hydrogen has been found to play an important role. The role of H 
from atomic-scale mechanism is that the insertion of H atoms into strained Si-Si bonds, forming intermediate bond-
centred Si-H-Si configurations. The strained Si-Si bonds are either break or relax, undergo local structural 
rearrangements that result in bond lengths and angles closer to those of c-Si, i.e., hydrogen leads to disorder-to-order 
transitions [7]. By proper controlling the interaction between hydrogen and Si atoms in the growth, we have realized the 
well-ordered nc-Si:H thin films with efficient room-temperature luminescence, high electron mobility (>100cm2/Vs), and 
novel quantum transport phenomena [8-10]. The nc-Si:H thin films are composed of ~50% small nanocrystalline Si 
(mean grain size of 3-6nm) and 50% a-Si tissues in the thin interface regions (thickness about 2-3 atomic spacing) 
among the grains. 

Figure 3(a) presents the room-temperature photocurrent spectrum of a typical nc-Si:H thin film (thickness of ~1.0μm) 
doped with phosphine (PH3/SiH4) of ~0.8% on the glass substrate. Compared with the bulk Si, strong optical absorption 
and high photocurrent are found in nc-Si:H thin films and attributed to the enhancement of the optical absorption cross 
section and good carrier conductivity in the nanometer grains. High photocurrent response may facilitate the fabrication 
of nc-Si:H thin film solar cells. Furthermore, both the thin film uniformity and structural properties, i.e., the distribution 
of grain sizes and crystalline volume fraction, with different doping concentrations are revealed and physically 
interpreted on the basis of growth mechanism. We have observed broader photocurrent response in Si quantum dots with 
larger size dispersion due to the improvement of light harvest. As a result of tunneling loss in the expanded energy 
distribution, there is a tradeoff between the absorption enhancement and reduced transport for the photocurrent intensity.  
Therefore, we can tune the photoresponse through size distribution control of Si QDs. 

The tandem scheme for thin film solar cells uses a stack of cascaded multiple p-n junctions with band gaps better 
matched to the solar spectrum from about 0.5 to 3.5eV. The bandgap engineering (1.2-2.4eV) of the nc-Si:H thin films 
can be easily realized by the QD size and the doping concentration. Higher-energy photons are absorbed in the higher-
band-gap nc-Si:H and lower-energy photons in the lower-band-gap nc-Si:H, reducing the overall heat loss due to carrier 
relaxation via phonon emission. In addition to the tandem scheme for the Si QDs solar cells, there are two kinds of novel 
nc-Si:H thin film solar cells for hot carrier scheme utilizing the hot carriers before they relax to the band edge via phonon 
emission. The first approach is the hot carrier transport through minibands. Fig. 3(b) shows the successful explanation 
(solid curves) of the photocurrent by the classical theory due to the phonon-assisted transition, indicating that the energy 
band of the continuous states is also formed in the nc-Si:H thin film like that in c-Si. The photocurrent structure from the 
transitions of the Si-like continuous energy band is very narrow in terms of the energy width (linewidth 300meV), but is 
quite larger than the phonon energy of nc-Si:H thin film, which means a miniband. In the nc-Si:H, the high density of 
nanometer grains embedded in the very thin a-Si:H boundaries that results in a superposition of a miniband with a Si-like 
band gap in the tail band of a-Si:H. The observed minibands in nc-Si:H thin films could be expected to slow the carrier 
cooling and permit the transport and collection of hot carriers at the respective p and n contacts to produce a higher 
photopotential.  
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Figure 3. (a) Room-temperature photocurrent spectrum of a typical nc-Si:H thin film on glass substrate, together with that of bulk Si 
for comparison. (b) Temperature dependent photocurrent for nc-Si:H thin film on Si substrate. (c) Calculated quantum efficiency of Si 
QDs as a function of dot radius R at the energy relaxation time ts=50fs under different pump photon energies hν. 

 

The second possibility is the new concept multiple exciton generation (MEG) solar cells. In conventional solar cells, 
absorption of a single photon produces a single exciton, the photon excess energy is dissipated as heat via phonon 
emission. However, it has been found that the number of excitons produced by a single photon is only limited by energy 
conservation, photons with energies Eg, 2Eg, and 3Eg produce one, two, and three excitons, respectively [11]. The 
corresponding quantum efficiency (QE) is described by a staircaselike spectral dependence, in which QE increases by 
100% when the photon energy is increased by Eg. Highly efficient MEG effect (the quantum yield of excitons produced 
per absorbed photon reaches 2.6 at 3.4Eg) in colloidal Si nanocrystals has been reported at lower photon energies in the 
visible region [12], which opens the possibility to expand to nc-Si:H films for MEG cells with increasing power 
conversion efficiency. Fig. 3(c) illustrates the calculated quantum efficiency of Si QDs, based on the Fermi statistical 
theory and the impact ionization mechanism, as a function of dot radius R at the energy relaxation time ts=50fs under 
different pump photon energies hν. The result shows that it is feasible to improve the efficiency of nc-Si:H solar cells by 
using the MEG effect. 
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Abstract
We have successfully fabricated well-ordered silicon nanowire (SiNW) arrays of smooth
surface by using a low-cost and facile Ag-assisted chemical etching technique. We have
experimentally found that the reflectance can be significantly suppressed (<1%) over a wide
solar spectrum (300–1000 nm) in the as-grown samples. Also, based on our bundled model, we
have used rigorous coupled-wave analysis to simulate the reflectance in SiNW arrays, and
found that the calculated results are in good agreement with the experimental data. From a
further simulation study on the light absorption in SiNW arrays, we have obtained a
photocurrent enhancement of up to 425% per unit volume of material as compared to crystalline
Si, implying that effective light trapping can be realized in the as-grown samples. In addition,
we have demonstrated experimentally and theoretically that the as-grown samples have an
omnidirectional high-efficiency antireflection property.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Si nanowires (SiNWs) are very attractive nanomaterials in
photovoltaic applications not only because of potentially low
fabrication cost yet high power conversion efficiency but
because of superior optical properties to bulk Si [1–12].
Among the many approaches to produce SiNW arrays
such as vapor–liquid–solid growth [13], reactive ion etching
combined with lithography techniques including nanoimprint
and assembly [14, 15], metal-assisted chemical etching
(MACE) technique [16–21], etc, the MACE technique appears
to be the least costly and easiest approach to fabricate
SiNW arrays to date. However, it still remains to resolve
a rather rough surface problem in SiNW arrays fabricated
by this technique [5, 6] for high-efficiency NW photovoltaic
applications.

3 Author to whom any correspondence should be addressed.

Recently, several light trapping methods have been
reported to greatly enhance the optical absorption, such as by
adding antireflective coating and nonabsorbing light scatterers
in Si microwire arrays [9], by active surface area control
in ordered SiNW arrays [10], by the optical antenna effect
in semiconductor NWs [11], or by nonabsorbing dielectric
coating in single SiNWs [12]. Also, SiNW solar cells have
been demonstrated as a promising candidate to reduce both
required quality and quantity of silicon material [1]. However,
despite the great advantage of optical absorption, NW based
solar cells still exhibit much lower power conversion efficiency
than expected [3–7, 10]. This rather unexpected low efficiency
in NW solar cells may come from the rough surfaces of NWs
which can cause a high surface recombination velocity (i.e.,
a severe surface recombination), reducing the open-circuit
voltage and the fill factor [5–7, 10]. It has been recently
demonstrated that the surface recombination or the density
of surface states can lead to poor electronic properties in

0957-4484/11/065704+09$33.00 © 2011 IOP Publishing Ltd Printed in the UK & the USA1
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Figure 1. (a)–(c) SEM images of as-prepared samples (side view) for H2O2 concentrations of 8.0, 2.0, and 0.1 M, respectively. The insets are
top views. (d)–(e) Low magnification TEM images of as-prepared samples for H2O2 concentrations of 0.4 and 0.1 M, respectively.
(f)–(g) High magnification TEM images corresponding to the red dashed boxes in (d) and (e). Note that all the samples presented here have
been fabricated under the condition of 5.0 M HF etching solution, 30 min etching time, and 30 ◦C.

SiNW arrays, extremely limiting the performance of SiNW
photovoltaic devices [22–24].

In this paper, we firstly show the realization of well-
ordered SiNW arrays of smooth surface, fabricated by Ag-
assisted chemical etching in aqueous H2O2/HF solution. From
reflectance measurements on the as-grown SiNW arrays and
simulation calculations on our modeled SiNW arrays, we
then demonstrate that the light absorption can be enormously
enhanced through effective light trapping in the as-grown
SiNW arrays, through which the photocurrent can be enhanced
by up to 425% per unit volume of material as compared to
crystalline Si. Finally, we show that the as-grown SiNW arrays
have an omnidirectional high-efficiency antireflection property.

2. Experimental details

2.1. MACE technique

A Ag-assisted chemical etching technique (AgACE, but
MACE will be used hereafter, if no confusion arises) in
aqueous H2O2/HF solution has been employed to grow well-
ordered SiNW arrays of smooth surface. It can be summed
up as follows: (1) boron-doped (100) silicon wafers of 0.01–
0.03 � cm were cleaned via standard RCA procedure, and
native oxide was then removed with 3 wt% HF solution;
(2) they were dipped in an aqueous solution of 4.0 M HF and
15 mM AgNO3 for 60–100 s, forming Ag nanoparticle net-
like films via the electroless metal deposition method [19];
(3) these Ag-deposited wafers were immediately immersed
into oxidizing HF etching solutions, containing 5 M HF and
various concentrations of H2O2, for a certain time; (4) lastly,
the samples were washed with nitric acid (HNO3) to remove
residual Ag nanoparticles and then rinsed with DI water.

The above process has been carried out over the range of
25–50 ◦C. In step (3), while obtaining SiNW arrays of desired
lengths by controlling the etching time, we have been able to
achieve SiNW arrays of very smooth surface by tuning the
concentration of H2O2, as discussed later.

2.2. Methodology for morphology, photoluminescence, and
reflectance

The morphology of the as-grown SiNW arrays has been
characterized by field emission scanning electron microscopy
(SEM, FEI SIRION 200) and transmission electron mi-
croscopy (TEM, JEOL JEM-2100) with 200 kV accelerating
voltage. The photoluminescence (PL) measurements on as-
grown SiNW arrays of various lengths have been carried out
with a Jobin Yvon LabRAM HR 800UV micro-Raman system
by using an exciting line of 514.5 nm from an Ar+ laser. The
total hemispherical reflectance spectra have been measured
with a UV/vis/NIR spectrometer (Perkin-Elmer Lambda 900)
incorporated with a � = 60 mm integrating sphere. The angle-
dependent reflectance for s- and p-polarized light has been
also investigated with home-built equipment by utilizing the
514.5 nm laser line.

3. Results and discussion

3.1. Smooth surface SiNW arrays

We have used AgACE or MACE in aqueous H2O2/HF solution
to obtain wafer-scale SiNW arrays, in which we have varied
the oxidant (H2O2) concentration in a wide range of 0.02–
8.0 M at a fixed HF concentration of 5.0 M. In figures 1(a)–(c),
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Figure 2. (a) Room temperature PL intensity (excited at 514.5 nm) versus wavelength for H2O2 concentrations of 8.0, 4.0, 0.8, 0.4, and
0.1 M. (b) Integrated PL intensity versus H2O2 concentration in semi-logarithmic scale, resulting from (a). The inset shows a low
magnification TEM image of the outer wall, consisting of PS, of SiNWs fabricated at 0.4 M H2O2. Note that all the samples presented here
have been fabricated under the same conditions as figure 1. Note also that, right before the PL measurements, all the samples were immersed
in HNO3 solution to remove Ag particles, rinsed with DI water, and then dried out at 60 ◦C.

we present side and top views of SEM images of as-grown
samples etched for 30 min under H2O2 concentrations of
8.0, 2.0, and 0.1 M, respectively. From these figures, it
can be clearly seen that the morphology of the samples
strongly depends on the H2O2 concentration. For the high
concentration of 8.0 M, there was no formation of SiNWs but
there were random cone-shaped micropores of highly rough
surface with large spacing (∼11 μm) between them, as shown
in figure 1(a). For the intermediate concentration of 2.0 M,
smaller micropores (∼6 μm spacing) were mostly yielded as
shown in figure 1(b), but some nanowire-like bundles also
began to appear between the micropores, as indicated by the
red dashed circle in the figure. Note that although rather
unclear from the figure, SiNWs were in fact formed in small
parts of the area, as highlighted by the red solid circle in
the inset, for this intermediate concentration. For the low
concentration of 0.1 M, well-ordered SiNW arrays of ∼11 μm
length and 60–200 nm diameter were finally fabricated, as
can be seen in figure 1(c). Here, we point out that these
SiNW arrays are perpendicular to the surface of the (100) Si
wafer, indicating that the SiNW arrays are grown along the
(100) direction. We also point out that the SiNWs are bundled
together (top view in the figure), which appears to be typical in
such long SiNWs [19–21].

To investigate the surface morphology of SiNWs
fabricated at low H2O2 concentrations, high resolution TEM
studies have been performed on individual SiNWs grown at
0.4 and 0.1 M H2O2, as shown in figures 1(d), (f) and (e),
(g), respectively. In the case of 0.4 M H2O2, rather rough
surface is evident from the low magnification TEM image
in (d), as compared to the case of 0.1 M H2O2 in (e), and a
∼5 nm porous silicon (PS) layer that appears to be the source
of the rough surface can be seen from the high magnification
TEM image in (f), where three regions of crystalline Si core
(left), PS shell (center), and TEM carbon film (left) are clearly

differentiated. Note that the shell is in fact composed of PS, as
will be demonstrated by PL measurements below. In contrast,
SiNWs fabricated at the lower H2O2 concentration of 0.1 M
clearly have smooth surfaces as in (e) and no observable PS as
in (g). Unlike in (f), there are only two regions of crystalline Si
core (left) and TEM carbon film (left) seen in (g). No formation
of PS at low H2O2 concentration will be clearly demonstrated
from PL measurements below. We have also fabricated equally
smooth surface SiNWs at even lower H2O2 concentrations
such as 0.06 and 0.02 M, but found that the etching rate
is considerably decreased: e.g., ∼270 nm min−1 (0.06 M)
and ∼67 nm min−1 (0.02 M), compared to ∼370 nm min−1

(0.1 M). Also, from these TEM studies, we have confirmed
by measuring the lattice distance that the growing orientation
of the SiNWs is along the [100] direction, which is the
perpendicular direction to the surface of the primitive (100) Si
wafer.

With the fact that PS in a form of mesoporous silicon
nanostructure, generated by anodization or chemical etching
of Si in an oxidizing HF, gives rise to a strong visible
emission [25], we have performed PL measurements on the as-
grown SiNW arrays fabricated at various H2O2 concentrations.
Figure 2(a) shows representative PL spectra of the as-grown
samples for H2O2 concentrations of 8.0, 4.0, 0.8, 0.4, and
0.1 M. All these PL spectra except for 0.1 M H2O2 clearly show
a broad band light emission with peaks around 690 nm, which
is a typical luminescence characteristic of PS [25]. Also, as can
be seen from the figure, the PL intensity considerably drops
with decreasing H2O2 concentration and then shows almost no
luminescence for 0.1 M H2O2, implying that the amount of
PS becomes appreciably smaller for lower H2O2 concentration
and finally there is no detectable amount of PS generated for
the smallest H2O2 concentration.

In figure 2(b), we present the integrated PL intensity
as a function of the H2O2 concentration, resulting from the
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integration sum of the PL intensity in figure 2(a) over the
wavelength from 550 to 900 nm. It slowly decreases with
decreasing H2O2 concentration to ∼1.0 M and sharply drops
below that concentration, indicating that PS generation is
gradually reduced with decreasing H2O2 concentration and
quickly becomes diminished below ∼1.0 M. From this PL
investigation together with the TEM studies discussed above,
we conclude that the H2O2 concentration, which is readily
controllable, is a key parameter to fabricate our smooth surface
SiNWs. These as-grown smooth surface SiNWs may provide
a great opportunity to improve the electronic performance of
NW photovoltaic devices, since NW solar cells have been
experiencing rather poor electronic properties such as low
open-circuit voltage and small fill factor, due to the rough
surfaces of NWs [5–7, 10].

3.2. Growth mechanism and controllable length in SiNW
arrays

According to the localized galvanic cell model [17–21],
the MACE mechanism involves a localized microscopic
electrochemical process in which net-like Ag nanoparticles
(AgNPs, that are actually a cluster of Ag nanoparticles) serve
not only as an etching mask but also as a catalyst to promote the
anodic (the oxidation of Si or the hole injection into the valence
band of Si) and, at the same time, cathodic (the reduction of
H2O2 or electron-consuming) reactions. In aqueous H2O2/HF
solution, a local oxidation of Si occurs underneath net-like
AgNPs and this oxidized Si is then dissolved or etched by
HF. This microscopic electrochemical process may turn the
unmasked area to SiNWs [20].

In the previous study on SiNW growth in aqueous
AgNO3/HF solution, it has been reported that the oxidation
of Si occurs through the injection of holes from the energy
level of the Ag+/Ag redox potential into the valence band
of Si, since the energy level of Ag+/Ag lies well below the
valence band edge of Si [17]. This suggests that in our aqueous
H2O2/HF solution, a certain concentration of Ag+ ions has
to be maintained to promote the oxidation of Si that appears
to be the most important precursor to fabricate SiNWs by the
MACE method, which has not been considered in the previous
works [18–20]. In the H2O2/HF solution, Ag+ ions are created
by the oxidation of AgNPs due to H2O2 at the interface
between Si and AgNPs. However, some of these created Ag+
ions are transformed back into Ag via spontaneous reaction
with Si. So, Ag+ ions lacking in Si oxidation should be fed
back into the solution. This backfilling can be done again by
the oxidation of AgNPs. Thus, there should exist a cycling
(Ag ↔ Ag+) between the oxidation of AgNPs by H2O2

(→Ag+) and the reduction of Ag+ by Si (→Ag) during the
etching process to fabricate SiNWs.

Instead of H2O2, we have used other oxidants such as
Fe(NO3)3, Zn(NO3)2, and FeCl3 to fabricate SiNWs. We
have found that SiNWs can be formed with Fe(NO3)3 and
Zn(NO3)2, but not with FeCl3 with which we have not
observed any amount of etched SiNWs. These results can
be understood by using the standard redox potentials of
Fe3+/Fe2+ (0.771 V), NO−

3 /NO (0.957 V), and H2O2/H2O

(1.776 V) [26]. Since the redox potential of Ag+/Ag is
0.799 V [26], the occurrence of the oxidization of Ag (→Ag+)
is thermodynamically favored with NO3

− or with H2O2, but
not with Fe3+. Thus, there can be no reaction to provide
continuous feeding of Ag+ ions with FeCl3, i.e., no formation
of SiNWs. Here, we point out that these experimental results
clearly demonstrate the importance of the cycling (Ag ↔
Ag+) for the formation of SiNWs in the H2O2/HF solution.
We also point out that NO3

− rather than Fe3+ is a key ion in the
formation of SiNWs in the case of Fe(NO3)3 oxidant, contrary
to the previous discussion in the literature [18, 19].

The H2O2 concentration-dependent morphology as shown
in figure 1 can be well explained by the above-discussed
growth mechanism. In high H2O2 concentration as in
figure 1(a), the dissolution of AgNPs by H2O2 is so acutely
promoted that the size of net-like AgNPs quickly becomes
smaller and smaller in time, and also the concentration of Ag+
ions sharply increases. These increased Ag+ ions, then, diffuse
out and nucleate to form a great number of smaller AgNPs on
other sites including the sidewall of the etched area, leading
to a strong sidewall etching to form disordered cone-shaped
micropores with a large amount of porous Si. Note that the
strong etching is attributed to the highly promoted oxidation
of Si at high H2O2 concentration. At decreasing H2O2

concentration, the acute reaction at the high concentration is
expected to become retarded as can be seen in figure 1(b).
Finally, for further decreasing H2O2 concentration, most of
the Ag+ ions appear to be localized around the vicinity of
AgNPs, which prevents the sidewall etching and the creation
of porous Si occurring at the high H2O2 concentration. This
sufficiently low H2O2 concentration can lead the localized
Ag+ ions to sustain an appropriate oxidation reaction of Si,
resulting in forming SiNW arrays of smooth surface as in
figures 1(c), (e) and (g). Here, we should point out that
the Si may be more etched due to a dense cluster of Ag
nanoparticles in the beginning of the electrochemical process,
and the cluster of Ag nanoparticles actually becomes smaller
even at low concentration of H2O2 during the etching process,
resulting in tapered SiNW arrays. In fact, most of our as-grown
SiNW arrays showed negligible difference in diameter along
individual SiNWs; however, we will take into account this
tapering nature to build our bundled model, as will be discussed
later. This tapering nature in SiNWs has been previously
reported [21].

Now turning to the length control in SiNW arrays, we have
been able to tailor the length of the as-grown SiNW arrays
in a wide range by tuning the etching time. Figures 3(a)–(c)
demonstrate the uniform lengths in SiNW arrays, fabricated
at fixed 0.1 M H2O2 and 35 ◦C for the three representative
etching times, 10, 30, and 60 min, respectively. As plotted
in figure 3(d), the SiNW length exhibits an excellent linear
behavior for a wide range of the etching time, giving the
etching rate ∼0.5 μm min−1. Also, we have observed that the
SiNW length shows a similar linear behavior with respect to
the etching time at different temperatures such that the higher
temperature leads to the longer length at a fixed etching time.
However, it turned out that the higher temperature (say, 50 ◦C)
leads to rougher surface SiNWs. We shall, thus, discuss the
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Figure 3. (a)–(c) SEM images of SiNWs (side view) etched for 10, 30, and 60 min at 0.1 M H2O2 and 35 ◦C, respectively. (d) Length of the
SiNWs (L) versus etching time (t) at 35 ◦C, showing an approximately linear behavior.

reflection property of and light trapping in smooth surface
SiNW arrays fabricated at 25 ◦C hereafter.

3.3. Length-dependent reflectance of SiNW arrays

As presented in figure 4(a), we have measured the reflectance
of as-grown SiNW arrays of various lengths (250–6400 nm)
over the wavelength range of λ = 300–1200 nm. They
have been fabricated under the condition of 5.0 M HF, 0.1 M
H2O2, and 25 ◦C for various etching times under which the
etching rate was ∼160 nm min−1. We have also measured
the reflectance of polished and alkaline-textured Si wafers for
comparison. As shown in the figure, the polished Si has over
35% reflectance as typically known [27, 28], and although
the textured Si yields rather suppressed reflection due to the
micron scale pyramidal structures [29], it still has over 10%
reflectance. In contrast, the as-grown SiNW arrays exhibit
a very different reflection behavior from that of conventional
Si. Besides a different functional trend of their reflectance
spectra as readily seen in the figure, the as-grown samples
show a large suppression of the Fresnel reflectance over the
entire wavelength range investigated. More importantly, this
large suppression can be tailored simply with the length of the
SiNW arrays such that it is greatly enhanced by increasing the
length. For the 6400 nm long SiNW array, for example, the
reflectance is almost suppressed (less than 1.0% for 300 nm <

λ < 1000 nm). Thus, the as-grown SiNW arrays of
appropriate lengths can serve as efficient antireflection layers

for developing high-efficiency NW solar cells. Also, these
measured reflectance spectra in the as-grown SiNW arrays
contain small yet appreciable interference fringes, indicating
that the as-grown arrays are to a certain extent of periodic
nanostructure nature.

Figure 4(b) presents the normalized SiNW length-
dependent reflectance (R/R0) for wavelengths λ = 600, 800,
1000, and 1200 nm, extracted from the measured reflectance in
figure 4(a), where R0 is the reflectance of the polished Si. From
the figure, one can see that the (normalized) reflectance rapidly
decreases in the short SiNW length region and then gradually
decays with increasing SiNW length, and also that the SiNW
arrays yield lower reflectance at shorter wavelength. Also from
the figure, we found that the normalized reflectance at the half-
wavelength SiNW length is ∼20, 27, 32, or 40% for λ = 600,
800, 1000, or 1200 nm, respectively, similar to the observation
in tapered subwavelength structures [30, 31]. In figure 4(c),
we show calculated reflectances for our modeled SiNW arrays
of corresponding lengths to those in figure 4(a) by using the
rigorous coupled-wave analysis (RCWA) that will be discussed
below.

3.4. Numerical simulation for the reflectance of SiNW arrays

In order to understand the measured reflectance of as-grown
SiNW arrays, we have implemented RCWA [32, 33] to
calculate the reflectance of SiNW arrays of various lengths.
RCWA is a simulation method to obtain the numerical solution
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Figure 4. (a) Measured reflectance versus wavelength for SiNW arrays of various lengths and also for polished Si and textured Si.
(b) Normalized reflectance (R/R0) versus the SiNW length (L) for wavelengths of 600, 800, 1000, and 1200 nm, obtained from (a). R0 is the
reflectance of the polished Si. (c) RCWA-calculated reflectance versus wavelength for SiNW arrays of various lengths. Note that normally
incident illumination was used for both measurement and calculation.

of Maxwell’s equations for the electromagnetic diffraction in
grating structures. The detailed procedures of this frequency-
domain RCWA method can be found elsewhere [32, 33];
however, we want to note here that RCWA is known to
be a powerful tool to simulate the optical properties such
as reflectance, transmittance, and absorption, for periodic
subwavelength structures, yet it has also been well applied to
aperiodic nanowire structures such as ZnO [34] and GaN [35].

From a conglomeration of as-grown SiNWs as can be seen
from the top view in figure 1(c), our SiNW arrays can be
treated as bundled arrays as drawn in the middle of figure 5(a).
Also, as discussed earlier, our individual SiNW appears to be a
tapered cylinder. Considering the conglomeration and tapering
natures together with the periodic behavior of the reflectance
spectra in figure 4(a), we modeled our SiNW arrays as ideally
periodic SiNW arrays, as illustrated in figure 5. For RCWA
simulation, we used a periodicity of D = 200 nm, the top
(bottom) radius of rt = 30 nm (rb = 90 nm) of each SiNW, and
three tapered regions consisting of 10% (top), 80% (middle),
and 10% (bottom) of the total length of the SiNWs, as shown
in figures 5(b) and (c). Note that the periodicity and the top
(bottom) radius have been realistically chosen based on our
SEM studies. Note also that the multi-steps in these three
tapered regions as in figure 5(c) do not come from the tapering
nature of our SiNWs, but from a necessary procedure for
RCWA simulation. In our simulation, we have employed the
optical constants for bulk Si taken from [36], and transverse-
electric (TE) and transverse-magnetic (TM) polarized plane
waves. For each simulation for a given SiNW length, we have
obtained not only the reflectance (R) but the transmittance (T ),
simultaneously, from which we can calculate the absorptance
(A = 1 − R − T ), that will be discussed later in section 3.5.

Figure 5. Schematic illustrations of our model employed for RCWA
simulation. (a) Schematic evolution of the modeling. In the modeled
SiNW on the right, three tapered regions can be seen. (b) Side-view
and (c) half cross-sectional illustrations of the modeled SiNW. The
radial dimension used in the calculation is also presented in (c). See
the text for a detailed description.

From this RCWA simulation, we have obtained the
wavelength-dependent reflectance for our modeled SiNW
arrays of various lengths, as presented in figure 4(c). These
calculated results are to some extent consistent with the
experimental results in figure 4(a), such that for short SiNW
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Figure 6. (a) Normalized integrated-reflectance to that of polished Si wafer versus the SiNW length, obtained from both measured and
calculated reflectance in figure 4. The red curve indicates the exponential decay fit to the experimental data. Note that the datum at L = 0
comes from polished Si wafer. (b) Calculated short-circuit photocurrent density JSC and the photocurrent enhancement factor per unit volume
(PEF) versus the length (L) for SiNWs and the thickness (t) for bulk Si film.

arrays, the reflectance drops with increasing SiNW length as
well as with decreasing wavelength. Note that the calculated
reflectance spectra possess distinct interference fringes in
comparison with the measured spectra, resulting from the
ideally periodic modeling in the simulation. For long SiNW
arrays, the comparison between simulation and experiment
becomes rather difficult due to these large interference fringes.
Hence, we calculated the integrated-reflectance that can
show the overall suppression of the reflection under light
illumination, as discussed below.

In figure 6(a), we plot the scaled integrated-reflectance
(Rint/R0−int), normalized to the integrated-reflectance of the
polished Si (R0−int), as a function of the SiNW length, which
has been obtained by integrating measured and calculated
reflectance spectra in figure 4 for λ = 300–1200 nm. As can
be seen from the figure, the simulation is in good agreement
with the experiment, implying that our modeled SiNW arrays
can well represent the as-grown, bundled SiNW arrays. Also,
the integrated-reflectance spectra from both experiment and
simulation show a first order exponential decay (Rint(L) ∼
R0−int exp(−L/Lc)) with the characteristic SiNW length Lc =
206 nm as plotted in the figure, implying that the reflectance
of the SiNW arrays can be significantly suppressed by simply
tailoring the SiNW length.

Such a significant reduction of the reflectance in SiNW
arrays can be well understood in terms of the moth-eye
effect [30, 31], that is an antireflection phenomenon of
subwavelength structures on substrate (typically the same
material as the subwavelength structures), in which they serve
as a medium of a continuous gradient refractive index (i.e.,
effectively not a constant number) to effectively reduce a
mismatch of the refractive indices between air and substrate.
In our case, the SiNW arrays serve as such a buffer
layer to reduce a large mismatch of the refractive indices
between air and silicon substrate, resulting in the significant
reduction of the observed reflectance spectra. Also, the SiNW
length dependence of the observed reflectance can be readily

understood, since a longer SiNW array can be thought of as a
smoother gradient buffer layer.

3.5. Light trapping in SiNW arrays

From the RCWA-calculated reflectance (R, in figure 4(c)) and
transmittance (T , not shown in this paper), we have calculated
the wavelength-dependent absorptance A(λ) (=1 − R − T )

to evaluate the short-circuit photocurrent density (JSC) as
JSC = q

∫ λg

0 F(λ)A(λ) dλ, where q is the electron charge, λg

(∼1100 nm) is the wavelength at the band gap of bulk silicon,
and F(λ) is the spectral photon flux density corresponding to
the air mass 1.5 spectrum [37]. In the calculation, we assumed
that the internal quantum efficiency is 100%, actually yielding
the ultimate short-circuit photocurrent density. In figure 6(b),
we present calculated results of the L-dependent JSC for SiNW
arrays, together with the t-dependent JSC for crystalline Si
films of corresponding thicknesses (t) to the SiNW lengths
(L). Note that as in the SiNW arrays, the top layers and
bottom substrates for crystalline Si films are air and Si wafers,
respectively. Note also that our calculated results for Si films
(JSC = 3.31–12.12 mA cm−2 for t = 250–3200 nm) are
consistent with the recently published results [11].

In order to see the photocurrent enhancement in SiNW
arrays with respect to crystalline Si films, we have also
calculated the photocurrent enhancement factor per unit
volume (PEF) from the calculated JSCs, where PEF is defined
as (JSC,SiNWs/VSiNWs − JSC,film/Vfilm)/(JSC,film/Vfilm) with the
short-circuit photocurrent density of SiNW arrays (crystalline
Si films) JSC,SiNWs (JSC,film) and the total material volume
of SiNW arrays (crystalline Si films) VSiNWs (Vfilm). The
PEF curve in figure 6(b) shows over 200% photocurrent
enhancement for the entire investigated range (L = 250–
3200 nm) with a maximum value of 425% at L ∼ 800 nm.
This implies that the short-circuit photocurrent density can
be greatly enhanced, clearly resulting from a significant

7

93



Nanotechnology 22 (2011) 065704 W Q Xie et al

Figure 7. (a) Measured and (b) RCWA-calculated reflectance of the 800 nm long SiNWs versus the incident angle for s- (TE) and p-polarized
(TM) light of 514.5 nm wavelength. Results for the polished Si are also presented for comparison. The incident angle (θ) is defined as in the
inset in (a).

absorption enhancement through light trapping in SiNW
arrays.

Light trapping is an important technique to enhance the
light absorption in solar cells. The effective light trapping in
SiNW arrays mentioned above stems from the subwavelength
nature of SiNWs and can be understood in terms of the multiple
scattering of the incident light. According to the Lorenz–
Mie light scattering theory [38], a strong light scattering will
occur and dominate the transport of light when subwavelength
structures are illuminated by the incident light. Our as-grown
SiNW arrays that typically have 60–200 nm diameters can
serve as subwavelength scatterers to scatter the incident light
and thus to randomize the direction of the incident light,
allowing the scattered, redirected light to be re-scattered. This
multiple scattering process can prolong the optical path length
of light, leading to a light absorption enhancement.

3.6. Angle- and polarization-dependent reflectance in SiNW
arrays

Finally, we discuss the angle- and polarization-dependent
studies of light reflection in SiNW arrays. In figure 7,
we present measured (a) and calculated (b) reflectance as a
function of the incident angle for s- (TE) and p-polarized (TM)
light of λ = 514.5 nm, in the 800 nm long SiNW array as
well as in the polished Si for comparison. For the reflectance
calculation in the SiNW array, we have used the RCWA
simulation method and our bundled model, as discussed in
section 3.4 above. One can see from the figures that the
simulated results are in good agreement with the experimental
data, again implying that the as-grown SiNW arrays can be
well represented by the bundled model. Also in the figures, one
can see that the reflection property in the polished Si strongly
depends on both the incident angle and the polarization of

the incident light, and that the reflectance is about 40% for
unpolarized light, which is not shown in the figures but is
readily calculated as the average of the reflectances of TE and
TM.

In contrast, the reflectance of the SiNW array is
remarkably insensitive to both the incident angle and the
polarization of the incident light to result in <4% (from
experiment) regardless of TE or TM over a wide range
of incident angle (θ = 0◦–70◦), leading to the so called
‘omnidirectional antireflection’. Note that for high incident
angles (θ > 70◦), the reflectance shows a trivially increasing
behavior since it must be 100% at θ = 90◦. This
omnidirectional antireflection property may lead to an effective
light trapping effect in SiNW arrays over a wide range of the
incident angle of light. This polarization insensitivity can also
be understood by the strong light scattering in SiNW arrays
as discussed above. If the incident TE or TM light is scattered
through SiNW arrays, then the direction of light and the photon
density of states are randomized, i.e., the polarization state
becomes indistinguishable. Thus, there should be no difference
in the reflection behavior with respect to the incident angle for
different polarizations.

4. Conclusions

We have used a low-cost and facile Ag-assisted chemical
etching technique to fabricate well-ordered and large-area
SiNW arrays of smooth surface. We have shown that surface
smoothness in SiNWs can be tailored by simply adjusting the
H2O2 concentration, and that the length of the SiNW arrays can
be controlled by the etching time. Based on the experimental
reflectance of the as-grown SiNW arrays and the numerical
simulation on modeled SiNW arrays, we have investigated
the light absorption property in SiNW arrays, and found that

8

94



Nanotechnology 22 (2011) 065704 W Q Xie et al

the light absorption can be significantly enhanced through
strong light trapping in SiNW arrays, leading to a photocurrent
enhancement of up to 425% as compared to crystalline Si
films of equivalent active volume. Also, we have demonstrated
experimentally and theoretically that the as-grown SiNW
arrays exhibit a wide angle- and polarization-independent
antireflection behavior. The strong light trapping and
omnidirectional antireflection (leading to optical absorption
enhancement) together with surface smoothness (leading to
electronic property improvement) realized in the as-grown
SiNW arrays can serve as powerful tools to develop high-
efficiency NW solar cells.
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Oehler F, Gentile P and Magnea N 2010 Nano Lett. 10 2323
[25] Cullis A G, Canham L T and Calcott P D J 1997 J. Appl. Phys.

82 909
[26] Lide D R (ed) 2004 CRC Handbook of Chemistry and Physics

84th edn (Boca Raton, FL: CRC Press)
[27] Huang Y F et al 2007 Nat. Nanotechnol. 2 770
[28] Branz H M, Yost V E, Ward S, Jones K M, To B and

Stradins P 2009 Appl. Phys. Lett. 94 231121
[29] Campbell P and Green M A 1987 J. Appl. Phys. 62 243
[30] Wilson S J and Hutley M C 1982 J. Mod. Opt. 29 993
[31] Grann E B, Moharam M G and Pommet D A 1995 J. Opt. Soc.

Am. A 12 333
[32] Moharam M G, Grann E B, Pommet D A and Gaylord T K

1995 J. Opt. Soc. Am. A 12 1068
[33] Moharam M G, Pommet D A, Grann E B and Gaylord T K

1995 J. Opt. Soc. Am. A 12 1077
[34] Lee Y J, Ruby D S, Peters D W, McKenzie B B and Hsu J W P

2008 Nano Lett. 8 1501
[35] Chiu C H, Yu P C, Kuo H C, Chen C C, Lu T C, Wang S C,

Hsu S H, Cheng Y J and Chang Y C 2008 Opt. Express
16 8748

[36] Palik E D (ed) 1985 Handbook of Optical Constants of Solids
(New York: Academic)

[37] Air mass 1.5 spectra, American Society for Testing and
Materials, http://rredc.nrel.gov/solar/spectra/am1.5/

[38] Bohren C F and Huffman D R 1998 Absorption and Scattering
of Light by Small Particles (New York: Wiley)

9

95

http://dx.doi.org/10.1063/1.1901835
http://dx.doi.org/10.1038/nature06181
http://dx.doi.org/10.1063/1.2821113
http://dx.doi.org/10.1088/0957-4484/19/29/295203
http://dx.doi.org/10.1021/ja8032907
http://dx.doi.org/10.1088/0957-4484/19/25/255703
http://dx.doi.org/10.1016/j.solmat.2009.02.024
http://dx.doi.org/10.1021/nl0808076
http://dx.doi.org/10.1038/nmat2727
http://dx.doi.org/10.1021/nl100161z
http://dx.doi.org/10.1021/nl9036627
http://dx.doi.org/10.1109/LED.2010.2086428
http://dx.doi.org/10.1038/nnano.2006.133
http://dx.doi.org/10.1088/0957-4484/19/34/345301
http://dx.doi.org/10.1063/1.2988893
http://dx.doi.org/10.1063/1.1319191
http://dx.doi.org/10.1002/chem.200600032
http://dx.doi.org/10.1002/anie.200462995
http://dx.doi.org/10.1002/adfm.200500392
http://dx.doi.org/10.1002/adfm.200800371
http://dx.doi.org/10.1021/jp077053o
http://dx.doi.org/10.1149/1.2159295
http://dx.doi.org/10.1002/adfm.200800399
http://dx.doi.org/10.1021/nl903166t
http://dx.doi.org/10.1063/1.366536
http://dx.doi.org/10.1038/nnano.2007.389
http://dx.doi.org/10.1063/1.3152244
http://dx.doi.org/10.1063/1.339189
http://dx.doi.org/10.1080/713820946
http://dx.doi.org/10.1364/JOSAA.12.000333
http://dx.doi.org/10.1364/JOSAA.12.001068
http://dx.doi.org/10.1364/JOSAA.12.001077
http://dx.doi.org/10.1021/nl080659j
http://dx.doi.org/10.1364/OE.16.008748
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/
http://rredc.nrel.gov/solar/spectra/am1.5/


IEEE ELECTRON DEVICE LETTERS, VOL. 32, NO. 1, JANUARY 2011 45

Light Trapping in Single Coaxial Nanowires
for Photovoltaic Applications

W. F. Liu, J. I. Oh, and W. Z. Shen

Abstract—We report a strong enhancement of the light absorp-
tion in single coaxial nanowires (NWs) of Si core/dielectric shells.
We have calculated the light absorption coefficient within the
framework of the Lorenz–Mie light scattering theory and found
out that it is greatly increased by effective light trapping in Si
cores owing to dielectric shells, as compared to that in Si NWs.
We show that the strong absorption of light stems mainly from
off-resonance enhancement and also from resonance contribution.
By optimally tuning the core radius, the shell thickness, and the
shell refractive index, we have obtained ∼102% increase of the
photocurrent.

Index Terms—Fano effect, leaky-mode resonances (LMRs),
light trapping, off-resonance, single coaxial nanowires.

I. INTRODUCTION

L IGHT trapping is a powerful means to enhance the light
absorption of solar cells [1]–[5]. In commercial crystalline

Si solar cells, light trapping is typically realized by using
the pyramidal textured surface to increase the effective path
length of light in the cells [1]. Plasmonics, an emerging field
for guiding and localizing light at subwavelength scale, has
been becoming a new method for light trapping in thin film
solar cells [2]. For nanowire (NW) solar cells, particularly Si
NWs with radial p-n junctions [6], although they have been
thought to reduce both required quality and quantity of Si due
to their intrinsic structure that will orthogonalize the directions
of light absorption and charge collection [7], [8], effective
light trapping in NW solar cells has not been much studied to
date. Recently, there have been some effective light trapping
techniques reported in Si microwire arrays [3] and in ordered
Si NW arrays [4]. However, light trapping in single NWs still
remains unexplored.

It has been shown [5] that one can engineer the resonant
property inside single NWs by tuning the radius so that the
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Fig. 1. (a) αabs versus λ. (Inset) Schematic coaxial NW. Yellow (blue) stands
for Si core (shell). m0 (air), m1 (shell), and m2 (core) are the refractive
indices. Thick arrows indicate incident light. See text for dashed boxes.
(b)–(c) Cross-sectional |E|2/|E0|2 distributions, shown only inside the core,
at (b) off-resonance and (c) on-resonance: (Left) No shell and (right) SiO2 shell
of the same dimension as in (a).

light absorption can be enhanced at resonance regions, so
called the leaky-mode resonance (LMR) enhancement [9]. This
enhancement effect, however, is rather limited for photovoltaics
due to its restriction to resonance regions. On the other hand, the
off-resonance absorption enhancement has been known to be
more important than the resonance counterpart for photovoltaic
applications due to the large wavelength range of the solar
spectrum [1]. In this letter, we propose an effective light trap-
ping method in single semiconductor NWs by combining both
the LMR and the off-resonance absorption enhancements. We
have investigated this effective light trapping and correspond-
ing photocurrent enhancement in coaxial NWs that consist
of semiconductor NWs such as Si NWs (core) and coated
nonabsorbing dielectric materials such as SiO2, Si3N4, and
Ta2O5 (shell).

II. THEORETICAL METHOD

As in the inset in Fig. 1(a), we have calculated the light
absorption of such coaxial NWs in the framework of the
Lorenz–Mie light scattering theory [10], where coaxial NWs
are treated as infinitely long cylinders, normally illuminated
by a plane wave with an incident propagation vector k0. The
cross sections of scattering (Csca) and extinction (Cext) for
transverse-electric (TE, electric field perpendicular to the axis
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96



46 IEEE ELECTRON DEVICE LETTERS, VOL. 32, NO. 1, JANUARY 2011

of the wire) and transverse-magnetic (TM, electric field parallel
to the axis) polarized lights are given by

CTE
sca =

4
k0

{ ∞∑
n=−∞

|an|2
}

CTM
sca =

4
k0

{ ∞∑
n=−∞

|bn|2
}

(1a)

CTE
ext =

4
k0

Re

{ ∞∑
n=−∞

an

}
CTM

ext =
4
k0

Re

{ ∞∑
n=−∞

bn

}
(1b)

where an and bn are far-field scattering coefficients, and the
electric field amplitude E inside coaxial NWs can be readily
obtained by solving Maxwell’s equations with the boundary
conditions at the core/shell and shell/air interfaces [10]. If the
incident light is unpolarized, like sunlight, we can express the
absorption cross section (Cabs) of coaxial NWs as [10]

Cabs =
(
CTE

ext + CTM
ext

)
/2−

(
CTE

sca + CTM
sca

)
/2. (2)

Note that the volume absorption coefficient αabs, a measure
of light absorption ability in coaxial NWs, can be given
as Cabs/Vcore, where Vcore is the core volume that is used
since the band gaps of the dielectric shells under investigation
(310–1100 nm) in this letter are over 4.0 eV (∼310 nm) so that
the shells have no contribution to the light absorption. It should
be noted that, although the light absorption is usually realized
along the axial direction in NW array solar cells [3], [4], we
consider only the normally incident light in this letter since
the light absorption practically occurs along the perpendicular
direction in single NW photovoltaic devices [5], [7].

III. RESULTS AND DISCUSSIONS

In Fig. 1(a), we show the wavelength (λ) dependence of
αabs in coaxial NWs with Si cores of radius r = 150 nm
and shells of thickness t = 30 nm for SiO2 (refractive index
m1 = 1.5), Si3N4 (m1 = 2.0), and Ta2O5 (m1 = 2.3) in air.
Without-shell αabs is shown for comparison. The absorption
in the coaxial NWs is clearly enhanced at both resonance and
off-resonance regions for short λ < λc ∼ 480 nm. However,
the latter enhancement is twice as much as the former: e.g.,
24.6%, 51.7%, or 61.4% at off-resonance (λ ∼ 440 nm) but
14.9%, 27.1%, or 29.5% at resonance (λ ∼ 450 nm) for SiO2,
Si3N4, or Ta2O5, respectively. In contrast, the light absorption
appears to be comparable for long λ > λc, resulting in no
contribution to the photocurrent enhancement. Note that λc is
a characteristic wavelength, below which the light absorption
enhancement always occurs due to the shells, and can be
readily determined for given r, t, and m1, as found in the inset
in Fig. 2(e).

The absorption behavior in Fig. 1(a) can be described in
terms of the field distribution inside coaxial NWs. Without
loss of generality, due to the similarity of TM and TE spectra
[5], we can consider the field (intensity) pattern only for TM.
The (normalized) field intensity can be defined as |E|2/|E0|2,
where E0 is the incident electric field amplitude. Note that the
light absorption in NWs αabs is proportional to the product of
the field intensity and the imaginary part of the silicon refractive
index that roughly goes as 1/λ [10]. For λ < λc, the field
intensity at off-resonance is certainly increased in coaxial NWs
with SiO2, as shown in Fig. 1(b), leading to the strong off-

Fig. 2. (a)–(d) αabs versus λ and r. (e) IV versus r, resulting from (a)–(d).
(Inset) λc versus r. See text for circles and dashed lines.

resonance absorption enhancement previously discussed. Note
that, for this short-wavelength region, the resonance absorption
enhancement in with-shell NWs also results from the increase
of the field intensity at resonance, but it is clearly smaller than
the off-resonance enhancement previously discussed. For λ >
λc, although the field intensity of with-SiO2 NWs is stronger
than that of without-shell NWs as shown in Fig. 1(c), the
resonance absorption in without-shell NWs is slightly bigger
than that in with-shell NWs, as can be seen at λ ∼ 710 nm
in Fig. 1(a), since the resonance in without-shell NWs occurs
at the smaller wavelength than that in with-shell NWs. Note
here that both off-resonance and resonance field intensities of
with- and without-shell NWs, as in Fig. 1(b) and (c), show the
same patterns that are typical modes inside Si NWs due to the
excitation of LMRs [5]. This can allow us to deduce that coaxial
NW (with shell) resonances also arise from the excitation of
LMRs. As a result, the light absorption in coaxial NWs (with
shell) can be enhanced at a desired wavelength by tuning the
core radius, likewise in Si NWs.

The absorption behavior in Fig. 1(a) can be understood by
means of the Fano effect [11] that is an interference effect
arising from the incident light and the localized reemitted LMR
light due to the core of subwavelength size in coaxial NWs.
The Fano interference effect is, however, of different origin
from that in conventional antireflection coating, where the in-
terference occurs due to the incident light and the phase-shifted
reflected light. Recently, the Fano effect has been observed
in spherical core/shell nanoparticles [12]. Note that, the lower
the field intensity, the weaker the LMRs. For strong LMRs
(λ > λc), as in Fig. 1(c), such a thin shell (t = 30 nm) does not
play much role in the light absorption enhancement, since both
with- and without-shell absorptions are comparable. However,
for weak LMRs (λ < λc), as in Fig. 1(b), the incident light
(λ ∼ 430 nm) at given subwavelength scales (r = 150 nm and
t = 30 nm) appears to be localized via constructive interference
with the reemitted light, resulting in the strong enhancement of
the field intensity.

Furthermore, one can see the effects of the refractive index
m1 on the absorption enhancement in coaxial NWs in Fig. 1(a).
The light absorption is significantly increased with increasing
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Fig. 3. (a)–(c) IV versus r and t. (d) Optimal t versus r, resulting from IV in
(a)–(c). (e) IV versus r, corresponding to optimal t in (d). (f) IV enhancement
versus r, calculated from IV in (e).

m1 for λ < λc due to the enhancement of the field intensity
inside the Si core with increasing m1. In addition, the size
of m1-driven red shifts of resonance peaks, as highlighted by
the dashed boxes, becomes large with increasing λ, resulting
from the increased phase shift of the interference between the
incident light and the reemitted light with increasing λ.

Now, we discuss the core size dependence of αabs. In
Fig. 2(a)–(c), we present 2-D αabs of coaxial NWs as a function
of λ and r for SiO2 (t = 150 nm), Si3N4 (t = 110 nm), and
Ta2O5 (t = 100 nm), respectively. Note that we used different
shell thicknesses, selected from optimal regions that will be
clarified later. Fig. 2(d) also shows without-shell αabs for
comparison. The absorption in coaxial NWs is clearly enhanced
at the off-resonance regions (see circles located at the same
spot). Note here that there are common characteristics between
with- and without-shell NWs: The number of resonant peaks is
augmented with increasing r [see the two dashed lines at 50 and
150 nm in Fig. 2(d)], and these resonant peaks clearly tend to
show substantial red shifts with increasing r (r-driven red shift).
These common characteristics further imply that the resonance
property of coaxial NWs is determined by the core radius.

Under the standard solar spectrum AM1.5G, we can calculate
the photocurrent or short-circuit current per unit volume (IV ) as
Iv(r,R) = q

∫
Γ(λ)αabs(λ, r,R)dλ, where q is the elementary

charge and Γ is the photon flux density, and 100% collection
efficiency is assumed to evaluate the ultimate photocurrent. As
can be seen in Fig. 2(e), with-shell IV is certainly increased for
the entire region, but r ∼ 10 nm. The increased amount of IV ,
for example, at r = 24 nm is 25.7%, 48.4%, or 69.4% for SiO2,
Si3N4, or Ta2O5, respectively. At r ∼ 10 nm, the characteristic
wavelength λc (see inset) is so small (λc ∼ 370 nm) that the
photocurrent can be hardly enhanced, since the light absorption
in the coaxial NWs is mainly enhanced for λ < λc, but the solar
irradiance is very weak for λ < 370 nm.

Finally, combining the effects of the thickness of shells (t)
with those of the core size (r) and the refractive index of shells

(m1) on the light absorption, we present in Fig. 3(a)–(c) the
2-D IV in coaxial NWs as a function of r and t for SiO2,
Si3N4, and Ta2O5, respectively. All the contributions of r, t,
and m1 to the photocurrent IV fully emerge in these figures:
IV periodically changes in the shell thickness, resulting from
the interference behavior of the Fano effect; IV has maximal
values at the small core radius regions, consistent with [5];
and IV favors dielectric shells of a high refractive index, as
previously mentioned. Fig. 3(d) illustrates the optimal t as
a function of r, yielded from Fig. (a)–(c). In Fig. 3(e) and
(f), we present optimal IV and its enhancement (the ratio of
with- to without-shell IV ) for different r’s, corresponding to
the optimal t in Fig. 3(d). Except for the weak enhancement
of IV around r = 10 nm, as previously discussed, a large
IV enhancement is clearly observed in the coaxial NWs. The
maximum enhancement of IV is 54.1%, 100.1%, or 102.2%
for the optimal core/shell NWs of Si (r = 25 nm)/SiO2 (t =
70 nm), Si (r = 159 nm)/Si3N4 (t = 180 nm), or Si (r =
24 nm)/Ta2O5 (t = 124 nm), respectively.

IV. CONCLUSION

We have demonstrated an effective light trapping method in
single coaxial NWs by coupling the off-resonance enhancement
with the LMR enhancement. From the light absorption calcula-
tions, we have found that the light absorption in coaxial NWs
can be significantly enhanced by tuning their core radius, shell
thickness, and refractive index. This strong enhancement read-
ily allowed us to obtain the photocurrent enhancement of up to
102%, implying that this effective light trapping technology can
be utilized for high-efficiency NW photovoltaic devices.
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Abstract
We have carried out detailed investigations on the light absorption mechanism in single
crystalline silicon (c-Si) (core)/amorphous Si (a-Si) (shell) coaxial nanowires (NWs). Based on
the Lorenz–Mie light scattering theory, we have found that the light absorption in the coaxial
NWs relies on the leaky mode resonances and that the light absorption can be optimized
towards photovoltaic applications when the a-Si shell thickness is about twice the c-Si core
radius. The photocurrent has been found to be enhanced up to ∼560% compared to c-Si NWs,
and to be further enhanced up to ∼60% by coating the nonabsorbing dielectric shells.

(Some figures in this article are in colour only in the electronic version)

Coaxial nanowires (NWs) of crystalline silicon (c-Si or Si
hereafter) core and amorphous Si (a-Si) shell have been
proposed as one of the promising building blocks for high-
efficiency photovoltaic (PV) cells [1–3] as they have the
advantage of the long charge carrier diffusion lengths of
Si (>200 μm) [4] and at the same time the superior light
absorption properties of a-Si [5]. In such Si/a-Si coaxial NW
PV cells, the Si core can play a role as an efficient charge
collector [6] to compensate for short diffusion lengths of a-
Si (∼100 nm) [4], whereas the a-Si shell can be used as an
excellent energy absorber to overcome poor light absorption of
Si [5], and also as an excellent surface passivator [7]. Recently,
single Si/a-Si coaxial NW PVs [1, 2] have been demonstrated
to have significantly enhanced photocurrent density (3.5 →
23.9 mA cm−2, i.e. ∼580%) while retaining almost the same
open-circuit voltage, compared to Si NW PVs [8]. Also, the
light absorption in Si/a-Si coaxial NW arrays has recently been
measured to display extremely high absorption rates (85 to
95% at short wavelengths) [3]. Nonetheless, the fundamental
mechanism of the light absorption enhancement in Si/a-Si
coaxial NWs has never been reported to date.

In this paper, we have employed the Lorenz–Mie light
scattering theory [9] to investigate the light absorption in single

3 Author to whom any correspondence should be addressed.

Si (core)/a-Si (shell) coaxial NWs. We have found not only
that our calculated results are in good agreement with the
above-mentioned experimental reports [1, 3], but also that the
light absorption in the Si/a-Si coaxial NWs is governed by
the excitations of leaky mode resonances (LMRs) [10], which
is our newly found light absorption mechanism in Si/a-Si
coaxial NWs. Also, we have found from this light absorption
mechanism that the light absorption can be optimized for PV
applications when the thickness of the a-Si shell is about twice
the radius of the Si core. In fact, the photocurrent of the Si/a-Si
coaxial NWs can be enhanced up to ∼560% compared to Si
NWs. In addition, we have also found that a further increase
of the photocurrent (up to ∼60%) can be realized by coating
nonabsorbing dielectric shells on the Si/a-Si coaxial NWs.

A schematic of the cross section of Si/a-Si coaxial NWs is
shown in the inset of figure 1(a). Si/a-Si coaxial NWs can be
characterized by the core radius r of Si, the shell thickness t of
a-Si, and the total radius R = r + t . We have calculated the
light absorption in such coaxial NWs within the framework of
the Lorenz–Mie light scattering theory, where NWs are treated
as infinitely long cylinders, which has been well applied to
describing the light scattering and absorption of various single
NWs [10–12]. We have employed perpendicular incident light
to the NW axis, as indicated by thick arrows in the inset, the
wavelength range of 300–1800 nm covering the major solar
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Figure 1. Qabs versus λ in coaxial NWs for various shell thicknesses
t at fixed (a) core radius r = 50 nm and (b) total radius R = 150 nm,
together with the bulk Si and the bulk a-Si for comparison. Inset
in (a): schematic of the cross section of coaxial NWs with thick
arrows representing the incident light. Inset in (b): scaled absorption
efficiency qabs versus t at λ ∼ 810 and 940 nm, where
qabs = Qabs(t)/Qabs (t = 150 nm). Note that Qabs (t = 150 nm) is
the absorption efficiency in a-Si NWs of radius 150 nm.

spectrum (AM 1.5 G), and the complex refractive indices of
Si and a-Si taken from [5]. The absorption efficiency Qabs,
defined as the ratio of the absorption cross section to the
geometrical cross section of NWs [9], has then been calculated
to examine the light absorption capability of the coaxial NWs.
For unpolarized sunlight, both Qabs = (QTM

abs + QTE
abs)/2 and

the electric field amplitude E can be readily obtained by
solving Maxwell’s equations with the boundary conditions at
the core/shell and shell/air interfaces [9, 12]. Here, QTM

abs and
QTE

abs are the absorption efficiencies for transverse-magnetic
(TM, electric field parallel to the axis) and transverse-electric
(TE, electric field perpendicular to the axis) illuminations,
respectively.

In figure 1(a), we show the wavelength (λ) dependence of
Qabs in coaxial NWs of a fixed r = 50 nm for t = 0, 25, 50,
and 100 nm in air. From the figure, one can see clear absorption
resonances whose λ-positions and amplitudes exhibit strong
dependence on t . Compared to Si NWs (t = 0 nm) that have
a sharp absorption peak at λ = 423 nm, the coaxial NWs have
a similar light absorption at short wavelengths (λ < 423 nm),
whereas they have greatly enhanced light absorption at long
wavelengths (λ > 423 nm), obviously resulting from a strong
light absorption enhancement due to the a-Si shell.

In figure 1(b), we show the Qabs spectra in coaxial NWs
of a fixed R = 150 nm for t = 0, 10, 50, 100, and 150 nm
in air, and also show their counterparts in the bulk Si and a-
Si. Note that Qabss of these bulk materials can be readily

obtained by considering surface layers of the same thickness
as the diameter (2R) of coaxial NWs [10]. For increasing t ,
the number of resonance peaks decreases due to the fact that
Si NWs have more resonance peaks than a-Si NWs of the
same radius since the imaginary part of the complex refractive
index is smaller in Si than a-Si [5]. More importantly, also for
increasing t , the light absorption is quickly enhanced, and then
becomes saturated for t > 100 nm. In fact, as shown in the
inset of figure 1(b), in which we present a scaled absorption
efficiency qabs = Qabs(t)/Qabs (t = 150 nm) as a function
of t at two representative wavelengths, i.e. at λ∼810 nm
(off-resonance) and λ ∼ 940 nm (resonance), the absorption
efficiency of coaxial NWs reaches ∼90% of that of a-Si NWs
(90.1% for λ ∼ 940 nm and 88.3% for λ ∼ 810 nm) at
t = 100 nm (=2r ).

It should be noted here that although there is a slightly
higher light absorption for t > 100 nm, the performance of
those coaxial NW PVs may be degraded due to the poor charge
collection of a-Si whose diffusion length is ∼100 nm. Thus,
the t-dependent light absorption property, i.e. the saturating
behavior of the absorption efficiency, may allow us to construct
single Si (core)/a-Si (shell) coaxial NW PVs of enhanced
light absorption (owing to the a-Si shell) with still high
charge collection (owing to the Si core). Moreover, in
comparison with the bulk Si and a-Si, the light absorption in the
coaxial NWs is significantly enhanced especially at resonance
wavelengths, implying that higher photocurrent densities can
be induced in the coaxial NWs than their bulk counterparts,
which turned out to be so as will be presented later.

The absorption behavior presented above can be
understood in terms of the LMRs that may occur in
subwavelength structures such as NWs [10, 12] and
nanospheres [13]. In NWs, it has been known that the incident
light interacts with the re-emitted light, leading to the electric
field intensity being resonantly enhanced inside NWs when the
wavelength of the incident light matches up with one of the
LMRs supported by NWs. The LMRs can be expressed as
TMml or TEml , where m and l are the azimuthal mode number
and the radial order of the resonances, respectively [10]. In
figure 2(a), we show the Qabs spectra in coaxial NWs of r =
50 nm and t = 100 nm under TM (TE) polarized illumination.
We also show, in the insets of the figure, the distributions
of the electric field intensity |E |2 inside the coaxial NWs at
corresponding resonance peaks, designated by arrows. All
those resonance peaks can be labeled in terms of the LMRs as
TM12 and TE21 (non-degenerate) near λ = 730 nm, TM21 and
TE11 (exactly degenerate) at λ = 940 nm, and TM11 and TE01

(approximately degenerate) at λ ∼ 1400 nm. This indicates
that the absorption resonances in the coaxial NWs originate
from the LMRs as in other single NWs [10, 12], due to the
nearly identical real parts of the complex refractive indices of
Si and a-Si. Also, since the amplitudes of the electric field
are clearly stronger in the a-Si shell than the Si core except
TE11, the absorption enhancement inside the coaxial NWs
arises mainly in the a-Si shell.

In figures 2(b) and (c), we show two-dimensional (2D)
Qabss as a function of R and λ at a fixed f = t/r = 2
for TM- and TE-polarized illuminations, respectively. These
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Figure 2. (a) Qabs versus λ for a coaxial NW of r = 50 nm and
t = 100 nm under TM (TE) polarized illumination. Insets:
distribution of the electric field intensity |E |2 (normalized to the
incident light) inside the coaxial NW for the corresponding peaks
indicated by arrows. (b) and (c) 2D Qabss as a function of R and λ at
a fixed f = 2 for TM- and TE-polarized illuminations, respectively.
The white dashed lines represent the results shown in (a). Important
absorption peaks are also labeled with corresponding LMR modes.
See text for λc, R1, and R2.

2D Qabs spectra provide an extensive tunability of the coaxial
NW absorption in terms of r , t , and R. The location of each
absorption peak can be labeled in terms of the LMRs as shown
in the figure, again indicating that the absorption resonances in
the coaxial NWs are attributed to the LMRs. Note here that
sufficiently small coaxial NWs (R < 25 nm) support only
the TM01 mode but no TE modes, consistent with in other
single NWs [10, 12]. Also, at a given R, the coaxial NWs
show relatively high absorption at short wavelengths (λ < λc),
where λc depends on R, e.g. λc = 940 nm at R = 150 nm as
indicated with an arrow in figure 2(b). Such a high absorption
behavior at short wavelengths has also been reported in Si
(core)/a-Si (shell) coaxial NW arrays [3]. Moreover, it is
clear that the light absorption can be optimized when the light
absorption spectrum includes the strongest TM01 or second
strongest TM11 mode that corresponds to 5 < R1 < 25 nm or
40 < R2 < 85 nm, respectively, as indicated in figure 2(b). In
fact, we have found that the photocurrent, which is proportional
to the light absorption, is strongly enhanced due to TM01 or
TM11 modes, as discussed below.

Now, let us discuss a potential benefit of the coaxial
NWs for PV applications. We have calculated the ultimate
photocurrent density or short-circuit current density Jsc by
integrating the product of Qabs, elementary charge q , and

the known AM 1.5 G solar flux � as Jsc(R, f ) =
q

∫ 1800 nm
300 nm Qabs(λ, R, f )�(λ) dλ. In figure 3(a), we present 2D

Jsc in coaxial NWs as a function of R and f . As can be seen in
the figure, Jsc is strongly enhanced with increasing f , and then
starts to show a saturating behavior for f > 2 (i.e. t > 2r ),
in particular for R > 50 nm, to such an extent that Jsc( f =
2) = 93.6% of Jsc( f → ∞) at R = 150 nm. In figure 3(b),
we show R-dependent Jsc in coaxial NWs at a fixed f = 2,
together with those in Si NWs, and bulk Si and a-Si, having
the same volume of materials, for comparison. It is very clear
that the coaxial NWs can produce much larger photocurrent
than their counterparts. In particular, the coaxial NWs yield
Jsc = 28.2 mA cm−2 at R = 150 nm (or r = 50 nm and
t = 100 nm), which is a significant enhancement compared
to 8.5 mA cm−2 in Si NWs. Note here that this calculating
result (Jsc = 8.5 → 28.2 mA cm−2 at R = 150 nm) is in
good agreement with a recent experimental observation (Jsc =
3.5 → 23.9 mA cm−2 at a similar size) [1, 2, 8]. It should be
also noted that the open-circuit voltage in that experiment was
observed not to drop much (0.29 → 0.26 V), implying that
Si (core)/a-Si (shell) coaxial NWs can have almost the same
electrical properties as Si NWs due to the Si core.

We further show in figure 3(c) the photocurrent
enhancement factor (PEF) as a function as R. Here, the
PEF is defined as (Isc,cNW/VcNW − Isc,cp/Vcp)/(Isc,cp/Vcp), where
Isc,cNW(VcNW) and Isc,cp(Vcp) are the photocurrents (volumes)
for the coaxial NWs ( f = 2) and the counterparts (Si NWs,
and bulk Si and a-Si), respectively. The PEFs with respect to
the bulk materials exhibit a series of local maxima at certain
Rs, as indicated with down arrows in figure 3(c), resulting from
the effects of the corresponding LMRs, i.e. TM01, TM11/TE01,
TM21/TE11, and TM12/TE21, from the left to the right. These
corresponding PEFs with respect to the bulk Si (a-Si) are 30.1
(4.1), 13.0 (1.7), 8.5 (1.2), and 7.2 (1.0) for R = 11, 55, 125,
and 165 nm, respectively. Also, the PEF with respect to Si
NWs ranges between 2.1 and 5.6 for the entire R investigated.

Finally, we consider the effect of nonabsorbing dielectric
shells (only SiO2 in this paper) on Jsc in coaxial NWs.
In figure 3(d), we show the dielectric shell thickness d
dependence of Jsc in coaxial NWs for four representative Rs
(11, 55, 125, and 165 nm) at a fixed f = 2. As clearly seen
from the figure, Jscs sharply increase and reach their maxima
of 21.8 (d = 28 nm), 40.7 (d = 102 nm), 46.9 (d = 134 nm),
and 47.9 mA cm−2 (d = 132 nm) for R = 11, 55, 125, and
165 nm, respectively, indicating that the light absorption and
the photocurrent in single Si (core)/a-Si (shell) coaxial NWs
can be further enhanced by coating nonabsorbing dielectric
shells. These further enhancement factors can be 10, 58, 59,
and 61% for R = 11, 55, 125, and 165 nm, respectively, by
coating SiO2 of the appropriate ds presented above. Note that a
thorough analysis of the effect of nonabsorbing dielectric shells
on the light absorption in Si NWs can be found in our recent
study [12].

In summary, from calculations whose results are consis-
tent with recent experiments [1–3], we have demonstrated that
the LMRs play a fundamental role in the light absorption in
Si (core)/a-Si (shell) coaxial NWs so that the light absorption
can be significantly enhanced by tuning the dimensions of the
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Figure 3. (a) 2D Jsc in coaxial NWs as a function of f and R. The white dashed line indicates the case of f = 2, replotted in (b). (b) Jsc

versus R in coaxial NWs for f = 2, and in Si NWs, the bulk Si, and the bulk a-Si for comparison. (c) The photocurrent enhancement factors
(PEFs) versus R with respect to Si NWs, the bulk Si, and the bulk a-Si. See text for arrows. (d) Jsc versus d at f = 2 for R = 11, 55, 125, and
165 nm. d is the thickness of the nonabsorbing SiO2 shell. Inset: schematic of the cross section of coaxial NWs with a nonabsorbing SiO2

shell.

Si core and the a-Si shell while retaining excellent charge car-
rier pathways. We have also shown that such enhanced light
absorption can be further improved by coating nonabsorbing
dielectric shells. Therefore, Si (core)/a-Si (inner shell)/SiO2

(outer shell) coaxial NWs could be a strong candidate for use
in constructing high-efficiency NW PV cells.
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The optical properties have been numerically investigated in crystalline Si (c-Si)/hydrogenated

amorphous Si (a-Si:H) core/shell nanowire (CSNW) arrays for various structural parameters. We

have demonstrated that the light absorption can be greatly enhanced in c-Si/a-Si:H CSNW arrays

especially for the weak absorption solar band (1.5–2.5 eV) of crystalline silicon nanowire

(c-SiNW) arrays. We have also obtained the optimal parameters for photovoltaic applications, at

which the photocurrent enhancement factors have been achieved to be 14% and 345% per volume

material compared to in c-SiNW arrays and c-Si films, respectively. Furthermore, the underlying

mechanism of the absorption enhancement in CSNW arrays has been discussed. VC 2011 American
Institute of Physics. [doi:10.1063/1.3615297]

Crystalline silicon nanowire (c-SiNW) arrays incorpo-

rated with the radial p–n junction have great potential for

photovoltaic applications.1 These c-SiNW array solar cells

have not only short charge collection lengths due to the ra-

dial junction structure, but also strongly enhanced light

absorption compared to the bulk counterpart.2–6 This strong

absorption enhancement in c-SiNW arrays, however, rapidly

diminishes for the low photon energy (<2.5 eV) due to the

indirect bandgap nature of c-Si,2 which includes the most im-

portant solar band (1.5–2.5 eV) of c-Si for photovoltaics.7

Hence, it may be important to consider additional light trap-

ping that can reinforce the weak absorption in c-SiNW

arrays. Such light trapping can be achieved with readily-

obtainable core/shell nanowire (CSNW) arrays, consisting of

c-Si cores and hydrogenated amorphous Si (a-Si:H) shells, in

which the a-Si:H shells may compensate for the weak

absorption in c-SiNW arrays since the a-Si:H can be consid-

ered to have a direct optical energy gap. In fact, these c-Si/a-

Si:H CSNWs have recently been demonstrated to show

extremely high light absorption.8 Nonetheless, the optical

properties and their underlying mechanism in such hetero-

structured CSNWs have not been much studied to date.

In this Letter, we numerically study the optical properties

of c-Si/a-Si:H CSNW arrays, by employing the rigorous

coupled-wave analysis (RCWA) method9,10 that is a fre-

quency-domain simulation to compute electromagnetic dif-

fraction in periodic structures such as c-SiNW arrays.6 We

show that the weak absorption of c-SiNW arrays for the low

photon energy (1.5-2.5eV) can be greatly reinforced by coat-

ing the a-Si:H shell and also that the absorption of the CSNW

arrays can be optimized for photovoltaic applications.

In Figs. 1(a) and 1(b), we show the schematic drawings

of c-Si/a-Si:H CSNW square arrays and the top view of an

individual CSNW, respectively. CSNW arrays can be char-

acterized by the pitch p, the length L, the core radius r of c-

Si, the total radius R (or the a-Si:H thickness t¼R–r), and

the filling ratio f that is defined as pR2/p2. For all the RCWA

simulations, we have employed the complex refractive indi-

ces of c-Si and a-Si:H taken from Ref. 11, the transverse-

electric (TE) and transverse-magnetic (TM) polarized lights

at an incident angle of h with respect to the nano wire (NW)

axis in the x–z plane, and the light energy of 1.0–4.0 eV cov-

ering the major solar spectrum.

We show absorptance and reflectance as a function of

the photon energy in CSNW arrays of p¼ 200 nm, r¼ 50

nm, and L¼ 1.0 lm at h¼ 0� for various a-Si:H thicknesses

(t¼ 0–50 nm, corresponding to the filling ratio f¼ 0.196–

0.785), in Figs. 2(a) and 2(b), respectively. As shown in Fig.

2(a), the absorption is clearly enhanced for the high photon

energy (>2.5 eV) in c-SiNW arrays (t¼ 0) compared to in c-

Si films, consistent with the previous results.2–5 This absorp-

tion enhancement may be associated with intrinsically lower

reflection in NW arrays than c-Si films, as can be seen in

Fig. 2(b). The NW array structure has a large open area, nat-

urally leading to low reflection that perhaps results in high

absorption. Also, its comparable dimensions (the NW diame-

ter and the pitch) to the wavelength of incident light renders

the optical length prolonged through the interwire light

FIG. 1. (Color online) Schematics of (a) c-Si/a-Si:H CSNW arrays of the

pitch p and the length L and (b) the top view of an individual CSNW. The

red arrow indicates the incident light at an angle h in the x–z plane.

a)Author to whom correspondence should addressed. Electronic mail:

wzshen@sjtu.edu.cn.
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scattering,5,12 leading to an effective light trapping. In spite

of the strong absorption enhancement for the high photon

energy, the absorption in c-SiNW arrays remarkably

decreases for the energy range of 1.5–2.5 eV, as shown in

Fig. 2(a). This absorption decrease is attributed to the indi-

rect bandgap nature of c-Si that leads to a poor capability to

absorb low energy photons (<2.5 eV).2 Note that although

this low energy absorption suppression has been known to be

to some extent improved by increasing the NW length, the

NW diameter, or/and the pitch, its improvement is rather

limited.2–4 The light absorption in c-SiNW arrays for the low

energy (1.5–2.5 eV), however, is greatly boosted by coating

a small amount of a-Si:H (t¼ 10 nm), as can be seen in the

figure. This absorption enhancement in CSNW arrays can

readily be understood by the fact that the imaginary part of

complex refractive index that is proportional to the absorp-

tion coefficient is �10 times bigger in a-Si:H than c-Si for

the low energy; e.g., it is 0.217 (0.022) for a-Si:H (c-Si) at

2.0 eV.11 As the shell thickness is increased to 30 nm, the

light absorption is further enhanced mainly through distinct

absorption resonances. For a further increase of the shell to

50 nm, the intensity of the overall absorption is, however,

smaller than that for t¼ 30 nm since a larger material filling

ratio for t¼ 50 nm leads to a smaller open area which then

results in a larger reflection as can be seen in Fig. 2(b).

Here, we want to discuss the observed absorption

resonances that are clearly a major source of the absorption

enhancement in CSNW arrays for the low photon energy. In

addition to a large open area and the interwire light scatter-

ing as mentioned above, there can be another important

source of the absorption enhancement due to the leaky-mode

resonances (LMRs) in NWs.13,14 The LMRs, resulting from

the interaction between the incident light and the reemitted

light in subwavelength structures, have been well-studied in

various single NWs.13–16 These subwavelength resonances

are physically different from Fabry-Pérot resonances caused

by phase interference between multiple reflections of light.

This phase interference effect is typically observed in bulk

c-Si films as the gray curve of a regular interference pattern

in Fig. 2(a). In our recent work,16 we have reported a detailed

study on the LMRs in both single c-SiNWs and CSNWs,

especially showing that the amplified LMRs due to the a-Si

shell mainly lead to a significant absorption enhancement in

single CSNWs compared to in single c-SiNWs. Also, a recent

study has demonstrated that the coupled LMRs can lead the

absorption enhancement in bi-SiNWs (i.e., two SiNW sys-

tem),17 although there is still a lack of investigation of the

LMRs in the NW array system, theoretically and experimen-

tally. Nonetheless, we show absorption resonances occurred

in c-SiNW arrays of r¼ 80 nm, some of which are indicated

with red arrows in Fig. 2(c). These absorption resonances are

clearly enhanced in CSNW arrays of R¼ 80 nm and t¼ 30

nm denoted by green arrows in Fig. 2(c), reminiscent of the

amplified LMRs (Ref. 16) and coupled LMRs (Ref. 17). Note

that the number of resonance peaks is more in c-SiNW than

CSNW arrays, consistent with the result in Ref. 16.

To evaluate the aforementioned absorption enhancement

in CSNW arrays for photovoltaic applications, we have cal-

culated the short-circuit photocurrent density JSC as

JSC¼ $qF(E)A(E)dE, where q is the electron charge, A(E)

energy-dependent absorptance, and F(E) the spectral photon

flux density corresponding to AM 1.5 spectrum.7 In Fig.

2(d), we present the f-dependent (or t-dependent) JSC for

CSNW and c-SiNW arrays of p¼ 200 nm and L¼ 1.0 lm.

One can see that JSC for CSNW arrays has the maximum of

17.0 mA/cm2 at the optimal filling ratio f¼ 0.5 (or t¼ 30

nm) corresponding to the highest light absorption in Fig.

2(a), at which JSC¼ 11.3 mA/cm2 (8.5 mA/cm2) for c-SiNW

arrays of the same dimensions (c-Si film of 1.0 lm thick).

Thus, the photocurrent can be enhanced by �50% (�100%)

in the CSNW arrays of p¼ 200 nm and L¼ 1.0 lm at the

optimal filling ratio, as compared to in c-SiNW arrays (c-Si

film).

Now, let us vary the pitch p at the optimal filling ratio

f¼ 0.5. Figs. 3(a)–3(c) show absorptance, reflectance, and

transmittance as a function of the photon energy in CSNW

arrays of f¼ 0.5, r/p¼ 1/4, and L¼ 1.0 lm at h¼ 0� for vari-

ous pitches (p¼ 100–900 nm), respectively. As can be seen

in Fig. 3(a), the absorption spectra exhibit a clifflike behavior

with high plateaus (60%–87%). Note here that an experimen-

tal result also showed high absorption (85%–95%) in similar

but disordered CSNWs (Ref. 8), where the even higher pla-

teaus come from the randomness of disordered CSNW sys-

tem that is known to lead to stronger light scattering than

ordered NW system.5 Nevertheless, the disordered CSNW

system does not gain an additional absorption enhancement

owing to the absorption resonances, whereas our ordered

CSNW system clearly does so as shown in Figs. 2(a), 2(c)

and 3(a). For our smallest pitch (p¼ 100 nm), a strong

absorption occurs in the high photon energy region (>2.0 eV

that is so called the absorption cliff edge). As the pitch is

increased to 600 nm, the absorption resonances strongly

occur along the cliff hills as in Fig. 3(a), and the absorption

cliff edge clearly becomes shifted to the low energy (e.g., the

cliff edge is �1.5 eV for p¼ 600 nm), reminiscent of the di-

ameter-driven red-shift of LMRs (Ref. 14). Note that the

NW diameter grows as the pitch is increased for a fixed fill-

ing ratio. This diameter-driven absorption edge shift has also

been observed in c-SiNW arrays.3,4 For a further increase of

FIG. 2. (Color online) (a) Absorptance and (b) reflectance versus the photon

energy in CSNW arrays of p¼ 200 nm, r¼ 50 nm, and L¼ 1.0 lm at h¼ 0�

for various a-Si:H thicknesses t. (c) Absorptance versus the photon energy in

CSNW arrays of R¼ 80 nm (t¼ 30 nm) and c-SiNW arrays of r¼ 80 nm,

both having p¼ 200 nm and L¼ 1.0 lm, at h¼ 0�. (d) JSC versus the filling

ratio f in CSNW (r¼ 50 nm) and c-SiNW arrays of p¼ 200 nm and L¼ 1.0

lm and c-Si film of 1.0 lm thick.
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the pitch to 900 nm, the intensity of the overall absorption

(transmission) evidently decreases (increases) compared to

the case of p¼ 600 nm, due to the less interwire light scatter-

ing for the larger dimensions of CSNW arrays. It should also

be noted that although the reflection highly depends on the

filling ratio as shown in Fig. 2(b), it is insensitive to the pitch

of CSNW arrays for the same filling ratio, as can be seen in

Fig. 3(b).

In order to obtain the optimal pitch of CSNW arrays for

photovoltaic applications, we have calculated the p-depend-

ent JSC in CSNW arrays, as shown in Fig. 3(d), where JSC’s

for c-SiNW arrays and 1.0 lm-thick c-Si film are also pre-

sented. It is clear from the figure that JSC in CSNW arrays

reaches the maximum of 18.9 mA/cm2 at p¼ 600 nm,

mainly owing to the absorption enhancement in the low

energy. For an increase of the pitch above p¼ 600 nm, how-

ever, JSC in CSNW arrays slightly decreases due to the over-

all enhanced transmission above�1.5 eV, as shown in Fig.

3(c). At p¼ 600 nm, on the other hand, JSC¼ 16.6 mA/cm2

(8.5 mA/cm2) for c-SiNW arrays (c-Si film of 1.0 lm thick).

Thus, the photocurrent in c-Si/a-Si:H CSNW arrays can be

enhanced by �14% (�122%) at the optimal pitch, as com-

pared to in c-SiNW arrays (c-Si film). Note here that the

practical photocurrent enhancement in CSNW arrays can be

�345% compared to in the c-Si film, if the same volume ma-

terial is concerned.

With the optimal filling ratio (f¼ 0.5) and pitch (p¼ 600

nm), we have calculated the L-dependent JSC in CSNW

arrays, as shown in Fig. 4(a). JSC is sharply increased as L
varies from 0.1 to 5.0 lm and then shows a gradually grow-

ing behavior for a further increase of L. Finally, we consider

the effect of the incident angle h of light on the photocurrent

or the absorption. In Fig. 4(b), we present the h-dependent

JSC in the 1.0 lm-length CSNW arrays of the optimal config-

uration (f¼ 0.5 and p¼ 600 nm) for both the TE and TM

polarizations. We also present the JSC for the unpolarized

light calculated by averaging those for TE and TM since we

only consider the incident light in the x–z plane. Note that

the absorption difference between the cases of the incident

light in and out-of the x–z plane is known to be negligible.2

It is very clear that the photocurrent is maintained at a high

constant (�20 mA/cm2) over a large range of the incident

angle of light (h¼ 0�–70�), indicating a strongly omnidirec-

tional light absorption in c-Si/a-Si:H CSNW arrays.

In summary, we have performed a numerical simulation

study on the optical properties in c-Si/a-Si:H CSNW arrays.

We have shown that these heterostructured NW arrays not

only retain the superior absorption property of c-SiNW

arrays to the bulk counterpart due to their nanostructural ben-

efits, but are able to greatly enhance the weak absorption of

c-SiNW arrays, mainly attributed to the absorption resonan-

ces. These resonances appear to come from both the ampli-

fied (due to the highly absorptive a-Si:H shell) and coupled

(due to the array nature) LMRs in the CSNW arrays, how-

ever, a further study needs to be performed for clarity. Also,

we have found out the optimal parameters to maximize the

optical absorption in the CSNW arrays, thus providing a use-

ful developing tool for highly efficient NW photovoltaic

devices. Lastly, we want to note that the photogenerated car-

rier distribution in the CSNW array structure which is of crit-

ical importance for designing photovoltaic devices cannot be

yielded by the simulation program adopted in this work;

however, it has been well-studied in the NW array structure5

and can be obtained by other simulation methods.4,18
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FIG. 3. (Color online) (a) Absorptance, (b) reflectance, and (c) transmit-

tance versus the photon energy in CSNW arrays of f¼ 0.5, r/p¼ 1/4, and

L¼ 1.0 lm at h¼ 0� for various pitches p. (d) JSC versus the pitch p in

CSNW and c-SiNW arrays and c-Si film of 1.0 lm thick.

FIG. 4. (Color online) (a) L-dependent JSC in CSNW arrays of f¼ 0.5 and

p¼ 600 nm at h¼ 0�. (b) h-dependent JSC in CSNW arrays of f¼ 0.5,

p¼ 600 nm, and L¼ 1.0 lm for TE, TM, and the unpolarized light.
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Abstract
The spatial heterogeneities and temporal instabilities in the anodic growth of TiO2 tubes are
very important for nanostructure fabrication, but few ordered cases have been reported. In this
work, we represent a new current oscillation with pore morphology evolution in the formation
of anodic TiO2 tubes. Small (less than 8.0% of the minimum value) and fast (period ∼ 100 s)
current oscillation was formed under static conditions in a wide range, while significant
morphological change such as periodical narrowing, abruption and small pits appeared in the
pore with characteristic length scale of 101–102 nm. Surprisingly, the roughness in the pore
would be totally eliminated instead of being enhanced by high speed stirring or periodically
modulated voltage with the current oscillation still being enhanced, which indicates an
important involvement of the ion transport process. It has also been found that the growth rate
could be significantly accelerated by tuning the stirring rate or the periodical modulation of the
voltage. The mechanism has been described with consideration of the local reactions and the
ion transport with a key involvement of the convection process, which can be strongly
influenced by the mechanical stirring and the modulated voltage.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The nanostructures of metal oxides from valve metals (Al,
Hf, Nb, Ta, Ti, W, Zr) have attracted tremendous attention
over the past years due to their rich physical and chemical
properties with widespread novel applications. Among them
anodic TiO2 tubes have received considerable interest since
they were reported by Zwilling et al [1]. Due to their wide
band semiconductivity with high aspect ratio and catalytic
properties with a large efficient surface, the TiO2 tubes have
become very useful in water splitting [2], dye-sensitized solar
cells (DSSCs) [3, 4], electrochromic display devices [5],

1 Author to whom any correspondence should be addressed.

photocatalysis [6] and some biomedical uses [7–9]. In
recent years, electrochemical anodization under potentiostatic
or galvanostatic conditions has been widely applied not
only to the growth of long-range ordered TiO2 nanotube
arrays [10–14], but also to the nanostructure fabrication
of other materials, for example porous anodic aluminum
oxide [15–17].

Normally, two tasks are very important in the synthesis of
the anodic nanostructures: (1) the controlled growth of tubes
with high quality and growth rate; (2) the development of new
functional structures. Many experiments have been carried
out for the first issue and many valuable experimental results
have been discovered. These results include the involvement

0957-4484/11/155603+12$33.00 © 2011 IOP Publishing Ltd Printed in the UK & the USA1
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Figure 1. Schematic description of the experimental setup: (a) apparatus with stirring, cross-sectional view; (b) apparatus with the agitator,
top view; (c) structure of the anode, cross-sectional view. (1) Ti plate, (2) copper electrode, (3) copper plate, (4) rubber O-ring, (5) outer shell.

of separated factors (anodic voltage, water content and pH
value) [18–22], the application of organic electrolyte [23–26],
quality improvement by a second anodization [27] and the
gravity effect on tube growth [28]. For the second issue,
some new structures have been created with several key factors
being modified [29–31], such as nanolaces and ‘bamboo-type’
structures [32]. New applications of these structures have also
been studied [33].

Based on those extensive results, deeper studies on more
complicated behaviors under coaction of the key factors in a
realistic reaction process have become possible in recent years.
One of the most interesting phenomena is the spontaneous
oscillation behavior in the electrolysis systems. For instance,
slow (characteristic time tc ∼ 100 min) voltage oscillation was
discovered in the galvanostatic anodic TiO2 formation [34],
which was claimed to be related to the detachment of the tube
array from the substrate surface [34–36]. Another example is
the faster (tc ∼ 100–101 s) current oscillation in the porous
Al2O3 formation under potentiostatic conditions [37], which
was claimed to be related to the oxidation process controlled
by diffusion throughout the pore. Such phenomena have
revealed remarkable characteristics of the anodization systems
of Ti and other valve metals, which should be related to some
more detailed processes. Consequently, processes such as the
local reactions, diffusion and field-aided transport processes
of the species (F−, O2−, TiO2) are considerable for these
systems which are far from equilibrium [30, 38, 39]. With
comprehension of the mechanism, the whole process can be
better controlled in some sense by tuning the key factors.

In this paper, we report a new kind of spatio-temporal
oscillatory behavior in the TiO2 anodic growth under
potentiostatic conditions. It generally consists of small current
oscillation in a short characteristic timescale (tc ∼ 100 s) with
low magnitude (<8.0% jmin) and the morphological change in
the pore area with characteristic length scale of ∼101–102 nm.
This phenomenon can exist under a wide range of conditions,

which can be an important factor that has influenced the quality
of the fabricated tube arrays.

Moreover, the ordering and magnitude of the oscillation
could be effectively influenced when tuning the macroscopic
experimental conditions (the stirring rate and modulation of the
voltage) in a certain way. One interesting phenomenon is that
when enhancing these conditions, the spatial heterogeneity in
the pore area of the tubes could be totally eliminated instead
of being enhanced. Furthermore, the mechanical stirring
and periodically modulated voltage can also significantly
accelerate the tube growth. The mechanism during the whole
process has been discussed with consideration of the reaction
and diffusion processes of the reaction species [38, 39]. As a
general result, an effective control of the tube formation can
be realized by tuning the stirring rate and modulated voltage,
which function as tunable ion pumps. Very ordered, smooth
and straight TiO2 tube arrays with quite thin wall thickness can
be fabricated with a high growth rate, which can be useful in
a broad range of applications. Additionally, TiO2 tubes with
a certain periodicity in the pore could also be synthesized by
this controlling method, which might be applied as a functional
material or a template for nanostructure synthesis.

2. Experimental section

The substrates are round Ti discs with diameter of 20 mm,
which were originally cut from a Ti plate (thickness 0.25 mm,
Sigma-Aldrich, 99.7%). These discs were chemically cleaned
with an ultrasonic bath in methanol, acetone and isopropanol,
followed by subsequent rinsing in de-ionized water and drying
with air.

Electrochemical anodization was performed in a two-
electrode configuration as shown in figures 1(a) and (b), using a
direct current power supply (Agilent 5720) and a Keithley 2400
sourcemeter to measure the resulting current. The Ti discs were
mounted in the anode chamber sealed by two O-rings, as shown
in figure 1(c), with an area of about 1.767 cm2 exposed to the
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electrolyte. The stirring was driven by an external motor that
rotates the electrolyte between the electrodes, with the stirring
rate adjusted from 0 to 820 rpm by an electronic controller.
The anodization was started with an initial voltage ramping and
then kept at a certain constant voltage for 1 h.

In order to investigate the universality of the results,
experiments were carried out at temperature between −5
and 15 ◦C. Experiments on the influence of the stirring
rate and the voltage were mostly conducted at 5 ◦C. The
applied electrolyte was ethylene glycol with 0.09 M NH4F and
different water concentrations (specified in different figures).
After the anodization, the fabricated TiO2 tube arrays were
examined by the field emission scanning electron microscopes
(FE-SEM, XL30FEG from Philips and SIRION200 from FEI)
and the transmission electron microscope (TEM, JEM2100
from JEOL).

3. Results and discussion

3.1. The current oscillation and the pore morphological
change in the formation of the anodic TiO2 nanotubes

During the anodic growth of TiO2 nanotubes under poten-
tiostatic conditions in ethylene glycol, a new type of current
oscillation was discovered. This oscillation had quite small
amplitude (less than 8.0% minimum current density) and
high frequency (∼10−1 Hz), and appeared at both high and
low anodization potentials. At high voltage, the oscillation
period remained almost constant at about 5.0–6.0 s during the
growth, as shown in figure 2(a). Its magnitude was about 0.9–
1.1 mA cm−2, which was 1.3–1.8% of the minimum current
density. At low voltage, as shown in figure 2(b), the period of
the oscillation changed from ∼9.0 s at the beginning to ∼7.0 s
at the end. In the mean time, the magnitude of the oscillation
was only 3.4 × 10−3–6.8 × 10−3 mA cm−2, which was about
0.17–0.25% of the minimum current density. Generally, the
overall characteristic timescale of the current oscillation was
4.0–9.5 s, about two orders of magnitude smaller than the
voltage oscillation in titanium anodization under galvanostatic
conditions [36]. The period of the oscillation has only slightly
changed during the long period of the anodization with quite
small amplitude (less than 8.0% of the minimum current
density), which is also significantly different from the current
oscillation in the potentiostatic anodization of aluminum [38].

Although the amplitude of the current oscillation is
small, significant pore morphological change can exist in
the anodic TiO2 nanotubes, as shown by the TEM images
in figures 2(c)–(f). In the meantime, no significant spatial
changes were observed in the copper cathode surface, therefore
only the titanium substrate in the anode became the site
of interest. Different structures could be formed in the
pore of the TiO2 tubes, such as the periodical narrowing
(figure 2(c)), abruptions (figure 2(d)) and small pits on the
inner surface (figure 2(e)), normally with a characteristic
length scale of ∼101–102 nm. These spatial changes in the
pore are not significantly correlated to the ‘bamboo-type’
structure with certain periodicity outside the tubes in previous
reports [32, 40], as shown with the pore images by TEM in

figure 2(f). Apparently, some intrinsic relationship might exist
between the current and morphological behaviors, as indicated
in figure 2. However, no significant synchronization could be
detected between the j–t curve and the pore morphology in
most situations. Therefore, it is necessary to study the origin
and properties of such phenomena in more detail.

Before more detailed investigation, it is important to
choose the key controlling factors. The previous studies have
shown that the tube growth could be significantly influenced by
many factors such as the pH value, temperature, water content,
anodic voltage and stirring conditions [18, 20–33, 37]. Among
these factors, the mechanical stirring and the anodic voltage
are the most controllable ones that can be easily modulated
in a short timescale (∼100 s). On one hand, as an often
applied method in electrochemical systems, stirring is helpful
to study the possible origins of the current oscillation and the
pore morphology change, for example the outer mechanical
vibrations. On the other hand, the anodic voltage with
modulations can also help to diagnose possible involvement
of electrical factors, for example noise in the electronic
instruments. Therefore, mechanical stirring and anodic voltage
are quite suitable factors to investigate the oscillatory behavior
in the TiO2 anodic system.

3.2. The effect of mechanical stirring on the current
oscillation and the pore morphology

Experiments on the influence of mechanical stirring have
been generally carried out under high field conditions in
order to obtain a high growth rate. Figures 3(a) and (b)
have shown interesting results of the current oscillation and
the pore morphological change with different stirring rates
at a constant voltage. When the stirring rate � was zero,
the current oscillation still existed but with a quite low
amplitude (∼0.1% jmin). As the stirring rate was increased
(for example, at � = 160 rpm), the amplitude of the
current oscillation rose up and its ordering became gradually
better, as shown in figure 3(b). When � = 410 rpm, the
current oscillation became most ordered with higher amplitude
(∼2.9% jmin). When the stirring rate reached 512 rpm, the
current oscillation rapidly turned chaotic with further increased
amplitude (∼4.4% jmin). With higher stirring rate (for example
� = 820 rpm), the current oscillation became more chaotic
and its amplitude became even stronger. In the mean time, the
average current density decreased with the increasing stirring
rate. The overall characteristic timescale of these oscillations
remained within the range of 4.0–9.5 s, almost two orders of
magnitude higher than the period of stirring (∼0.1 s).

The morphological studies have shown quite sophisticated
results, as demonstrated by the TEM images presented in
figure 3(b). As the mechanical stirring was applied, the inner
morphological change became less chaotic. When the stirring
rate reached the medium value (� = 410 rpm), some spatial
periodicity appeared in the inner surface of the tubes together
with ordered current oscillation, as also shown in the TEM
images in figure 2. However, when the stirring rate was further
increased (� = 512 rpm), the roughness on the pore surface
began to vanish drastically. Finally, the inner surface of the
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Figure 2. The current oscillation and pore morphological change in the potentiostatic anodization of TiO2 tubes in ethylene glycol (0.09 M
NH4F) at 5 ◦C. (a), (b) j–t curve at 210.0 V and 70.0 V, respectively, stirring rate � = 410 rpm. (c)–(e) TEM images showing the
morphology in the pore area: (c) periodical narrowing (220.0 V, 1.0 vol% H2O), � = 410 rpm, with growth rate 9.0 nm s−1; (d) periodical
separating (180.0 V, 2.2 vol% H2O), � = 410 rpm, with growth rate 14.6 nm s−1; (e) shallow pits on the inner surface (230.0 V, 2.2 vol%
H2O), � = 410 rpm, with growth rate 3.0 nm s−1. (f) TEM image, showing the inner and outer morphology (190 V, 1.0 vol% H2O),
� = 205 rpm, with growth rate 6.0 nm s−1.

TiO2 tube wall became totally smoothed when the stirring
rate became very high (� = 820 rpm). Generally, the
rough inner surface of the tubes still existed even with the
weak current oscillation without stirring, whereas very smooth
pore surface would exist with very strong current oscillation.
This phenomenon has clearly indicated that there is no simple
correlation between the total current oscillation and the pore
morphology change of the TiO2 tubes.

The above results have shown how the oscillatory behavior
changed with constant stirring rates. A ‘switching experiment’
was then carried out to investigate the changes taking place
in the oscillation (oscillation ordering, magnitude and average
current density) with rapidly switched stirring conditions, as
shown in figure 4. In the beginning, the anodization was started
at a constant voltage without stirring. When the current was
stable, the stirring was quickly switched on, and then kept at
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Figure 3. The current oscillation and corresponding inner morphology at different stirring rates, with the anodization time ta = 3600 s, at
210.0 V, 5 ◦C. (a) The j–t curve in different stirring rates; (b) the TEM images of the bottom area of the TiO2 tubes at different stirring rates,
cross-sectional view.

Figure 4. The j–t curves from the ‘switching experiment’,
T = 5 ◦C. The solid and dashed arrows indicate the switching on
and off of the stirring, respectively. The red and blue curves represent
the results from experiments under different conditions (1.0 vol%
H2O at 210.0 V and 2.2 vol% H2O at 180.0 V). (1) First procedure
with � = 410 rpm, (2) second procedure with � = 820 rpm.

constant values for 3 min before being turned off. Such an
operation was repeated three times in two procedures (marked
by braces 1 and 2 in figure 4) with the stirring rate at 410 rpm
and 820 rpm, respectively. The same experiment was carried

out under different conditions (180.0 V, 2.2 vol% H2O) to
detect its universality, and similar behavior was found.

When the stirring was switched on in the first
procedure, the oscillation was immediately better ordered
with significantly higher amplitude (∼0.9 mA cm−2) and the
average current density remained almost unchanged. However,
in the second procedure, the oscillation became disordered
with stronger amplitude (∼1.7 mA cm−2) as soon as the
stirring was switched on. In the mean time, the average
current density slowly dropped. The minimum current density
during each operation was similar to the current density in
an anodization under the same voltage at constant stirring
rate (820 rpm). Furthermore, the switching on of the stirring
resulted in different time responses in the change of the
oscillation characteristics (ordering and magnitude) and the
average current density, respectively. On one hand, the
ordering and magnitude of the oscillation changed almost
instantly as the stirring was turned on. On the other hand, the
average current density dropped to the minimum much more
slowly (several minutes) after the stirring was switched on.

Compared to the other oscillation phenomena in
TiO2 [27, 28] and Al2O3 systems [37], this system shows
some significant differences. Firstly, the stirring can enhance
the current oscillation instead of eliminating it in this fast
oscillation. Secondly, the inner surface of the tubes becomes
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Figure 5. The effect of the modulated voltage on the pore morphology of the TiO2 tubes, in ethylene glycol (0.09 M NH4F, 1.0 vol% H2O), at
5 ◦C, � = 450 rpm. (a), (b) The j–t curve with different modulation amplitudes under low field and high field conditions, respectively.
(c)–(g) TEM images taken at the same height at different modulated voltages: (c) 210.0 V; (d) 210.0 ± 0.5 V; (e) 210.0 ± 2.0 V;
(f) 70.0 ± 1.0 V; (g) 70.0 ± 4.0 V.

very smooth instead of being rougher with high enough stirring
rate, though the current oscillation is chaotic and strong.
Furthermore, when the stirring is switched to very high rotation
rate (820 rpm), the current slowly drops instead of rising.
Finally, when the stirring is switched on, the time responses
of the consequent changes of the oscillatory behavior and the
average current density are significantly different. In general,
a consideration of the transport processes of the ionic species
(F−, O2−, H+) in this system becomes necessary [29, 30, 41].

Therefore, the involvement of the electric field should also
be taken into account and the following experiments with
modulated anodic voltages were also conducted.

3.3. The effect of periodical voltage modulation on the current
oscillation and the pore morphology

Figure 5 shows the results from the experiments with
periodically modulated voltages. The modulation voltage

6
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was triangular shaped and its period was set to 5 s, which
was similar to the period in the current oscillation under
potentiostatic conditions. The modulation amplitude was much
smaller (0–4.0 V) than the average voltage (>70.0 V). As
shown in figures 5(a) and (b), the current density curve shows
similar oscillation behavior to the voltage. Surprisingly, when
the periodical potential was applied, the inner surface of the
TiO2 tubes became smoother than that in the potentiostatic
situation, as shown in figures 5(c)–(g). This effect became
more significant under higher anodic potential. With higher
modulation amplitude of the voltage, the inner surface of the
tubes became smoother and the wall thickness became thinner.

Compared to the current oscillation and the pore
morphology change mentioned in sections 3.1 and 3.2, no
significant pore morphological heterogeneities were induced
under the artificially modulated voltage with similar short
period (5.0 s). On the contrary, the roughness of the inner
surface of the TiO2 tubes could be totally eliminated with
application of the voltage modulation. Considering this result
with the result from the stirring experiment, it indicates that the
current oscillation and pore morphological change described
in section 3.1 are apparently spontaneous. This has further
shown that an electric method like modulation of voltages
could significantly suppress the roughness in the inner surface
of the tube induced by the spontaneous oscillation. It is
also interesting to compare this result with the other results
using modified voltages [31–33], which normally resulted in
significant morphological heterogeneities. Finally, a general
mechanistic description of the whole system could then be
established based on all these results.

3.4. The mechanism of the current oscillation and the pore
morphology evolution in the formation of TiO2 nanotubes

From the previous sections, several important phenomena
have been presented. First, fast current oscillation can
spontaneously exist during the anodic growth of TiO2 tubes,
together with various morphology changes inside the tubes.
Beside this, there is no simple correlation between the current
oscillation and the pore morphological change. Secondly,
the current oscillation and the pore morphology can be
significantly influenced by the mechanical stirring and the
anodic voltage. The switching on of the stirring can induce
an instant change in the ordering and magnitude of the current
oscillation but a slow decrease of the average current when the
stirring rate is very high.

Existing works from the other groups have found that
other factors such as the water content, the temperature and the
pH value have played an important role in the tube formation
in anodization of TiO2 and other materials [20–33, 37].
However, the temperature, which plays an important role in
the oscillation in the Al2O3 system [37], is seemingly not a
main factor in the oscillatory behavior in this system. This
is because the temperature change on the anode is only a few
degrees centigrade, and takes place much more slowly than the
oscillation in this system. Moreover, the changing of water
content apparently does not play a main role in this system due
to its low level in this system. Finally, previous experiments

have pointed out a key enrollment of the convection layer,
which is adjacent to the tubes, in the stirring effect during TiO2

tube growth [28, 30]. Additionally, some investigations on the
capillary tubes have indicated that the transport inside the tubes
might also be important for the stirring effects [42]. Therefore,
a number of processes should be considered together for the
mechanistic description, namely the local reactions of the
reactants, the diffusion of the ionic species (O2−, F−, H+) and
the transport of these species by the outer forces.

Generally, the TiO2 formation consists of the following
well known processes:

Ti + 2H2O = TiO2 + 4H+ + 4e (1)

TiO2 + 4H+ + 6F− = [TiF6]2− + 2H2O. (2)

Equations (1) and (2) represent the oxidation of Ti and the
dissolution of TiO2, respectively, in which the O2− and F− ions
play an important role [41]. Equation (1) actually contains the
generation of O2− (which takes place mostly adjacent to the
oxide layer) [30] and its consumption process (which takes
place between the oxide layer and the Ti substrate). Both
processes are much faster than the diffusion process [29, 30].
The field-aided transport is also considered [30] due to the
influence of the modulated voltage on the whole system.
Furthermore, the involvement of the [H+] species (therefore
the pH value) should be weak in this system with only small
water content (�2.2 vol%) due to its relatively much faster
diffusion from the reaction site compared to other species as
the F− and O2−.

To simplify the model, we define ( ∂[TiO2]
∂ t ) as the change

of TiO2 quantity versus time, in which TiO2 is treated as one
particle for simplification. z is an additional parameter defined
as the depth of the ions into the oxide regardless of its position
along the tube. Hence the terms ( ∂[TiO2]

∂ t )z=0 and ( ∂[TiO2]
∂ t )z=d

correspond to the change of the TiO2 amount at the inner
surface and outer surface of the tube, respectively (normally
( ∂[TiO2]

∂ t )z=0 � 0 and ( ∂[TiO2]
∂ t )z=d � 0). In the area where

0 < z < d , both the oxidation and dissolution processes
are inhibited, hence the change of the TiO2 thickness �d is
normally proportional to |( ∂[TiO2]

∂ t )z=d | − |( ∂[TiO2]
∂ t )z=0|. The

relative positions of the inner surface (z = 0) and outer surface
(z = d) to the center of the tube bottom are influenced by
different factors. The position of the inner surface is mainly
influenced by [F−], while the position of the outer surface is
more strongly influenced by interstitial Ti4+ and thus is limited
by the anodization voltage [29].

At the bottom of the tube, assume that a stable tube growth
is already established (step 1 in figure 6(a)). Stable gradient
profiles of the O2− and F− anions will then be formed [30],
and a balance between the oxidation at the inner and outer
surface of the TiO2 wall will be built. As a result, the oxide
thickness remains constant. However, this balance is easy to
break. When there is a positive perturbation dU in the voltage
drop over the sample layer (indicated between step 1 and step 2
in figure 6(a)), an initial rapid increase of the F− concentration
will be immediately induced at the inner surface of the tube.
This change will then lead to an increase of |( ∂[TiO2]

∂ t )z=0|, i.e.,
the dissolution of the TiO2 at the inner surface of the tube is
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Figure 6. Schematic diagram of the oscillation mechanism: formation of tube spatial periodicity and corresponding current behavior under
different conditions: (a) without stirring; (b) at medium stirring rate; (c) at high stirring rate or with periodic modulated voltage. The arrows
with gradient represent motion of ion species (F−, O2−) in the solution and through the oxide. The red arrow in (a) indicates the effect of
perturbation. TF indicates the periodical F− compensation from the convection layer to the tubes by the stirring or the modulated voltage.

accelerated. However, the change in |( ∂[TiO2]
∂ t )z=d | is much

smaller due to much lower [F−] near the outer surface of the
tube bottom. As a result, the tube inner diameter increases

at the bottom of the tube and the oxide thickness decreases

(from step 1 to step 2 in figure 6(a)). With the decrease of
the oxide thickness, on the one hand, [F−] at the inner surface
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(z = 0) begins to decrease due to the consumption of F− by
the dissolution process indicated by equation (2). On the other
hand, the O2− anions will be enriched at the outer surface of
TiO2 due to stronger diffusion and transport through the thinner
oxide wall. As a result, the current will begin to increase until
it reaches the maximum, as shown in step 2 in figure 6(a).

Secondly, the decrease of the F− concentration reduces
the value of |( ∂[TiO2]

∂ t )z=0|. Therefore, the inner diameter of
the tube decreases (from step 2 to step 3 in figure 6(a)) and
the oxide thickness increases. Compared to the initial state,
the inner tube diameter would be slightly smaller due to lower
[F−] at the inner surface with the tube growth. The increase
of the oxide thickness induces a decrease of [O2−] at the outer
surface, which results in a decreasing current. Furthermore,
the voltage drop over the tube layer will increase due to the
same reason, so [F−] at the inner surface is also increased by
the field-aided transport. This process continues until both the
pore diameter and the current reach the minima, as indicated
by step 3 in figure 6(a).

Afterward, due to the enrichment of F− anions at the inner
surface in the bottom of the tubes, |( ∂[TiO2]

∂ t )z=0| is increased.
Therefore, the inner diameter of the tube increases and the
oxide thickness decreases again. In the meantime, the number
of the O2− anions moving through the oxide increases again
with the decreasing oxide thickness, so the current rises again
(from step 3 to step 4 in figure 6(a)). Finally, the oxide
thickness reaches the minimum and the current reaches the
maximum, as shown in step 4 in figure 6(a). Due to the F−
consumption during this process, another cycle from step 2 to
step 4 will be started afterwards.

If the initial perturbation is negative, the above process
will take place vice versa. This means that, after a rapid initial
drop of the F− concentration, the pore diameter first decreases,
and then increases with enriched F−. Finally, it decreases
again due to the consumption of F− anions. In the meantime,
the current will be inverse to that with the positive initial
perturbation, which is shown in figure 6(a). Nevertheless, the
above discussions have only described the situation in a single
tube. Both situations should be considered for a total result
during a long time growth over the whole substrate. On one
hand, these cycles can survive for a long period due to the
reduced mobility of the ionic species by the highly viscous
electrolyte and the thin TiO2 tubes. On the other hand, the
above processes can take place on the whole substrate by local
fluctuations or perturbations from the neighboring tubes, which
can be negative or positive. Hence, as a general result, a
continuous but weak and chaotic current oscillation is formed
together with morphological change in the pore area of the
tubes.

When the mechanical stirring is applied, more F− anions
will be periodically transported into the convection layer which
is adjacent to the tubes [28, 30]. Then they will soon be
transported into the top of the tubes, as indicated by TF− in
figure 6(b). Afterwards, the F− anions will move to the bottom
of the tubes by the diffusion and field-aided transport. These
ions can compensate the consumption of the F− anions from
the dissolution process. The F− anions in the bottom of the
tubes will be consumed again soon after each time of such

compensation due to the relatively much faster dissolution
process inside the tubes compared to the diffusion. Therefore
a stable and continuous concentration profile of F− anions
will not result. On the contrary, a periodical compensation of
the F− anions will be established from the top of the tubes
(marked by TF− on top of the figures in figure 6(b)) to the
bottom. As a result, the [F−] at the tube bottom would also
change periodically, but the period will be longer than the
period of the stirring due to the slow diffusion process inside
the tubes. The change of [F−] in this situation is stronger
than that without stirring, which induces stronger influence
on the change of the wall thickness. Consequently, the
amplitude of the current oscillation becomes higher, while the
ordering of the oscillation and the pore morphological change
become better. The ordering of the current oscillation and
the morphological change will both become the highest when
the period of the top-down compensation is so high as to be
comparable to the period of the spontaneous cycles discussed
in previous paragraphs when no stirring is applied.

When the stirring rate continues to increase (figure 6(c)),
on one hand, the motion of O2− will be accelerated. On
the other hand, a time mismatch is established between the
period of the top-down compensation and the period of the
spontaneous cycles when no stirring is applied. Therefore
the change of O2− concentration will become stronger but
more chaotic. As a consequence, the current oscillation
becomes chaotic with higher amplitude. Furthermore, with
the increasing stirring rate, the F− anions at the inner surface
of TiO2 are enriched not only near the tube bottom but also
in the area above it. As a result, the previously generated
spatial heterogeneities such as the narrowing and the abruption
will be dissolved. When a periodically modulated anodic
potential is applied, the F− concentration is significantly
increased by stronger field-aided transport, which will also
lead to strong dissolution on the inner wall above the tube
bottom. Consequently, the roughness in the inner surface will
be diminished. This smoothing effect of the inner surface
will become stronger if the modulation amplitude is further
increased, as shown in figure 5.

The different time responses of the oscillation state and
the average current to a sudden ‘switching-on’ of the stirring,
as mentioned in section 3.2, are apparently attributed to
different origins. On one hand, the switching-on of the stirring
can immediately induce the redistribution of anions in the
convection layer above the tube array [28]. This process
induces a rapid change in the local electric field, and then
changes the state of the current oscillation in a short time. On
the other hand, at very high stirring rate, the temperature at
the reaction site in the tube arrays is slowly decreased by the
high speed stirring, which will slowly decelerate the oxidation
process. Therefore, when the stirring is switched on to a very
high value, the average current will slowly decrease.

3.5. Applications of the controllable oscillation in
nanostructure fabrication

In this work, we have investigated the characteristics and
mechanism of the oscillatory behavior in TiO2 nanotube
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Figure 7. TiO2 tube growth versus stirring rate and modulation amplitude of the anodization potential, with the anodization time ta = 3600 s,
at 5 ◦C. (a) Tube growth with different stirring rates, in ethylene glycol under different conditions (1.0 vol% H2O, 180.0 V and 2.2 vol% H2O,
210.0 V); (b) tube growth at different modulation amplitudes; (c)–(h) SEM images of the TiO2 tubes anodized at different modulation
amplitudes under high and low field conditions, in ethylene glycol (1.0 vol% H2O, 0.09 M NH4F): (c) 70.0 V, (d) 70.0 ± 1.0 V,
(e) 70.0 ± 4.0 V, (f) 220.0 V, (g) 220.0 ± 0.5 V, (h) 220.0 ± 1.0 V.

formation. It has been found that the pore morphology
of the TiO2 tubes can be significantly affected in a certain
way by simply changing the parameters of the mechanical
stirring or the voltage modulation. Therefore it is likely
to be useful to control the oscillatory behavior in various
applications.

Firstly, straight tubes with smooth inner surface can be
fabricated with the inhibition of the roughness generation in
the pore area of the tubes. These tubes may have better
absorption ability for dye molecules or nanoparticles, and may
improve their performance in the opto-electronic devices. The
inhibition of the pore roughness could be realized by applying
high stirring rate or modulating the anodization voltage with
relatively higher amplitude, according to our previous results
in figures 3–5.

Secondly, from the discussion in section 3.4, it is likely
that tube growth could be also accelerated due to strengthened
ion compensation at the bottom with the smoother tubes.
This is supported by the results represented in figures 7(a)
and (b). On one hand, when the stirring was applied, the
TiO2 tubes were grown faster with higher stirring rate in
a certain range in a fixed anodization time (in this work
the period is 1 h), as shown in figure 7(a), and with
different water content in the electrolyte the monotonicity
of the growth rate versus the stirring rate was different
under various conditions. With higher water concentration

(2.2 vol%), the growth rate increased monotonically with
the increasing stirring rate. However, with lower water
concentration (1.0 vol%), it first increased and then slowly
decreased with the increasing stirring rate. On the other hand,
when a periodically modulated potential was applied, the tube
growth was generally accelerated, as shown in figure 7(b).
Furthermore, the tube length in a constant growth time
(1 h) increased monotonically with the increasing modulation
amplitude �V under low field conditions (70.0 V), but under
high field conditions (220.0 V) it first increased and then
decreased again with increasing �V . Additionally, the quality
of the tubes was also improved with the modulated voltages, as
shown in figures 7(c)–(h).

As a result, a combination of the mechanical stirring
and modulated voltage is likely to further improve the tube
growth rate with smooth surface in the pore, which might
be useful in fabrication of high efficiency solar cells or other
devices [2–9]. Furthermore, according to previous results,
TiO2 tubes with some certain periodicity in the pore area may
also be fabricated when the stirring is limited in a moderate
rate (∼410 rpm) at high voltages (normally between 160.0 and
220.0 V). These tubes may be applicable as templates [37]
or functional materials for other physical and biochemical
devices [22] due to their own semiconducting and catalytic
properties.
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Table 1. A general summary of the current oscillation and the pore morphological evolution under different stirring and voltage modulation
conditions.

Mechanical stirring � Voltage modulation �U

No stirring
Low stirring
(0–300 rpm)

Medium stirring
(300–512 rpm)

Strong stirring
(�512 rpm) �U = 0 �U > 0

Oscillation amplitude Very small Small Medium High Mediuma Proportional to �U
Oscillation ordering Chaotic Less chaotic Ordered Chaotic Ordereda Ordered, similar to

the modulation
Surface in the pore Rough Rough With certain

periodicity
Smooth Not smootha Smooth

Change of the
growth rate

0b >0 >0 >0 0b >0

a States as references, taken under constant stirring rate ∼450 rpm. b Default states as a reference for comparison.

4. Conclusions

In this paper, we have introduced a new kind of current
oscillation with pore morphological change in the growth of
anodic TiO2 nanotubes which is controllable by stirring and
anodic voltage. The characteristic timescale of the oscillation
is about 100 s and its amplitude is less than 8.0% of the
minimum current. The morphological change (the narrowing,
abruption and shallow pits) in the pore area of the tubes
has a characteristic length scale of ∼101–102 nm. These
properties indicate a latent relationship with the previously
observed morphological heterogeneities during the normal
anodic growth of TiO2. It has been found in further
investigation that this oscillatory behavior can be controlled
by a few key macroscopic experimental factors, namely the
stirring rate and the voltage modulation amplitude. For
instance, ordered current oscillation with a certain periodicity
in the pore could be obtained by limiting the stirring around
the medium value (∼410 rpm). Moreover, the inner surface
of the tubes could be smoothed by high speed stirring or
periodically modulated anodic voltage, though the current
oscillation became stronger and more chaotic. Finally, stirring
with higher rate and voltage with small modulation amplitude
can lead to a significantly higher growth rate, which can be
about two to three times faster than the tube growth without
control. These phenomena have been exhibited in table 1 to
give a general summary.

Based on the experimental results, the mechanism has
been discussed with the consideration of the local reactions
and transport processes of the main reaction species. Under
this interpretation, the current oscillation and the morphology
change in the pore are attributed to the redistribution of the
ionic species by the fluctuation in the tube layer when there
is no stirring. They can be significantly influenced by the
convection above the tube layer and the slow transport process
(diffusion and field-aided transport) in the tubes with the
existence of mechanical stirring or voltage modulation. The
smoothing effect of the tube inner surface and the acceleration
of the growth are due to the redistribution of the F− anions
in the bottom of the tubes, which is influenced by the stirring
and modulated voltage via the slow transport process. Hence,
besides the direct applications of the results, this work has
also probed a way to investigate the nanostructure formation,
which can hopefully help the development of nanostructure
fabrication methods in general.

Acknowledgments

This work was supported by the National Major Basic
Research Project 2010CB933702, Natural Science Foundation
of China, under contracts 10734020 and 11074169.

References

[1] Zwilling V, Darque-Ceretti E, Boutry-Forveille A, David D,
Perrin M Y and Aucouturier M 1999 Surf. Interface Anal.
27 629

[2] Fujishima A and Honda K 1972 Nature 238 37
[3] O’Regan B and Grätzel M 1991 Nature 353 737
[4] Mor G K, Shankar K, Paulose M, Varghese O K and

Grimes C A 2006 Nano Lett. 6 215
[5] Kitao M, Oshima Y and Urabe K 1997 Japan. J. Appl. Phys. 1

36 4423
[6] Albu S P, Ghicov A, Macak J M and Schmuki P 2007 Nano

Lett. 7 1286
[7] Tsuchiya H, Macak J M, Müller L, Kunze J, Müller F, Greil P,

Virtanen S and Schmuki P 2006 J. Biomed. Mater. Res. A
77A 534

[8] Balaur E, Macak J M, Tsuchiya H and Schmuki P 2005
J. Mater. Chem. 15 4488

[9] Grimes C A and Mor G K 2009 TiO2 Nanotube Arrays:
Synthesis, Properties and Applications (New York:
Springer) p 318

[10] Macak J M and Schmuki P 2006 Electrochim. Acta 52 1258
[11] Macak J M, Tsuchiya H, Taveira L, Aldabergerova A and

Schmuki P 2005 Angew. Chem. Int. Edn 44 7463
[12] Wang J and Lin Z Q 2008 Chem. Mater. 20 1257
[13] Prakasam H E, Shankar K, Paulose M, Varghese O K and

Grimes C A 2007 J. Phys. Chem. C 111 7235
[14] Nagaveni K, Hegde M S, Ravishankar N, Subbanna G N and

Madras G 2004 Langmuir 20 2900
[15] Masuda H and Fukuda K 1995 Science 268 1466
[16] Huang Z, Zhang X, Reiche M, Liu L, Lee W, Shimizu T,
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[37] Lee W, Kim J-C and Gösele U 2009 Adv. Funct. Mater. 20 21
[38] Haken H 1978 Synergetics: Introduction and Advanced Topics

(Berlin: Springer) pp 275–304
[39] Imbihl R and Ertl G 1995 Chem. Rev. 95 697
[40] Zhang F, Chen S G, Yin Y S, Lin C and Xue C R 2010 J. Alloys

Compounds 490 247
[41] Ghicov A and Schmuki P 2009 Chem. Commun. 20 2791
[42] Backofen U, Hoffman W and Matysik F-M 1998 Anal. Chim.

Acta 362 213

12

118

http://dx.doi.org/10.1002/smll.200600426
http://dx.doi.org/10.1016/j.electacta.2009.02.098
http://dx.doi.org/10.1149/1.2737544
http://dx.doi.org/10.1016/j.elecom.2008.05.016
http://dx.doi.org/10.1016/j.jelechem.2008.01.005
http://dx.doi.org/10.1016/j.cossms.2007.08.004
http://dx.doi.org/10.1021/ja076092a
http://dx.doi.org/10.1002/anie.200704144
http://dx.doi.org/10.1021/ja805201v
http://dx.doi.org/10.1149/1.2172566
http://dx.doi.org/10.1149/1.2749091
http://dx.doi.org/10.1002/pssa.200461187
http://dx.doi.org/10.1002/adfm.200901213
http://dx.doi.org/10.1021/cr00035a012
http://dx.doi.org/10.1016/j.jallcom.2009.09.169
http://dx.doi.org/10.1039/b822726h
http://dx.doi.org/10.1016/S0003-2670(98)00036-1


PROGRESS IN PHOTOVOLTAICS: RESEARCH AND APPLICATIONS

Prog. Photovolt: Res. Appl. 2011; 19:275–279

Published online 19 July 2010 in Wiley Online Library (wileyonlinelibrary.com). DOI: 10.1002/pip.1018
RESEARCH ARTICLE
High efficiency screen printed bifacial solar cells on
monocrystalline CZ silicon

L. Yang1*, Q.H. Ye1, A. Ebong2, W.T. Song3, G.J. Zhang3, J.X. Wang3 and Y. Ma3
1

Solar Energy Institute of the Physics Department, Shanghai Jiao Tong University, Shanghai, PR China

2
University Center of Excellence for Photovoltaic Research and Education, School of Electrical and Computer Engineering,

Georgia Institute of Technology, 777 Atlantic Drive, Atlanta, GA 30332-0250, USA
3

Solarfun Co., Ltd, Linyang Road 666, Qidong, Jiangsu, China
ABSTRACT

We present industrialized bifacial solar cells on large area (149 cm2) 2 cm CZ monocrystalline silicon wafers processed

with industrially relevant techniques such as liquid source BBr3 and POCl3 open-tube furnace diffusions, plasma enhanced

chemical vapor deposition (PECVD) SiNx deposition, and screen printed contacts. The fundamental analysis of the paste

using at boron-diffused surface and the bifacial solar cell firing cycle has been investigated. The resulting solar cells have

front and rear efficiencies of 16.6 and 12.8%, respectively. The ratio of the rear JSC to front JSC is 76.8%. It increases the

bifacial power by 15.4% over a conventional solar cell at 20% of 1-sun rear illumination, which equals to the power

of a conventional solar cell with 19.2% efficiency. We also present a bifacial glass–glass photovoltaic (PV) module with

30 bifacial cells with the electrical characteristics. Copyright # 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The search for a continued reduction of the cost of

photovoltaic (PV) electricity has led to considerable effort

on the reduction of silicon (Si) consumption via the use of

thin Si wafers. Wafers below 180mm in thickness

introduce a number of challenges. Device efficiencies

(Eff) become increasingly dependent on surface condition-

ing and passivation requiring surface engineering. In

addition, during thin wafer large volume manufacturing

wafers become susceptible to warping and breakage during

both cell and module manufacturing.[1,2] To realize the

theoretical efficiency limit of a silicon solar cell, the

backside aluminum must be replaced with dielectric and

local contacts.[3] To accomplish this, boron becomes an

alternative material to provide the back surface field (BSF)

for p-type substrate and p-n junction on n-type silicon solar

cells.[4,5] Also, the bowing of the conventional full

aluminum rear surface is the critical problem that needs to

be solved.[6] The use of boron BSF can avoid the bowing

and set the stage for higher efficiency.
Copyright � 2010 John Wiley & Sons, Ltd.
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Bifacial solar cell is of great interest because of the higher

efficiencypotential and the need to improve solar cell power

generation.[7] The bifacial structure having metal gridlines

on both surfaces can receive sunlight from both sides and

create under certain conditions 20% more power than the

single sided counterpart. An additional advantage of

the bifacial solar cell over the conventional is the reduction

in cell temperature due to the reduced heat absorption in

the absence of the Al back metallization. This is important

in field operation of the module with bifacial cells, which

can run at lower temperature than the conventionalmodules,

and upholds higher maximum power.

This work presents an industrialized low-cost screen-

printed process that yields bifacial solar cells on CZ

monocrystalline substrates (Figure 1). Progress on research

has also been achieved in this area recently.[8,9] The

primary challenges associated with screen-printed CZ

bifacial solar cells are the BBr3 boron diffusion, boron-

diffused surface passivation, and metallization. It is known

that junction depth, surface carrier concentration, sheet

resistance, and diffusion uniformity control the dark
275



Figure 1. Schematic diagram of the bifacial solar cell with pþpnþ structure.

Screen printed high efficiency bifacial solar cells L. Yang et al.
saturation current density J0 and the effective lifetime in

silicon solar cells.[10] As part of this work boron diffusion

conditions have been tailored in order to achieve critical

cell physical parameters necessary for bifacial operation.

Furthermore, we have shown that plasma enhanced

chemical vapor deposition (PECVD) silicon nitride layer

can mask against cross-diffusion during the boron and

phosphorus diffusion processes.
Table I. Processing sequence for bifacial solar cells.

Process

sequence

Process description

I Substrate chemical polish/RCA standard clean

II BBr3 boron diffusion (face to face)

III SiN deposition on boron-diffused side (pþ side)

IV Alkaline texturing

V POCl3 diffusion (back to back)

VI SiN deposition on phosphorus-diffused

side (nþ side)

VII Screen-printing of AgAl paste on pþ surface

and drying

VIII Screen-printing of Ag paste on nþ surface

IX Co-firing of the contacts

Figure 2. Boron and phosphorus carrier concentrations deter-

mined by SRA.
2. EXPERIMENTAL

We need to diffuse two different impurities phosphorus and

boron into front and rear surface separately to achieve the

bifacial solar cell pþpnþ or pþnnþ structure. Boron and

phosphorus diffusions were performed in a tube furnace

employing liquid sources: BBr3 liquid source for boron and

POCl3 liquid source for phosphorous. To achieve

comparable junction characteristics, boron diffusion in

Si requires much higher diffusion temperatures than

phosphorus diffusion in Si.[11,12] As a means to assure

optimum boron and phosphorus diffusion conditions

minimizing their impact on the post-diffusion wafer

lifetime, we measured the effective minority carrier

lifetime as a function of the excess minority carrier

density Dn (at 1015 cm�3 injection level) using the quasi-

steady-state photoconductance (QSS-PC) technique.[13]

In this work, we used 200mm thick 2V cm p-type

Czochralski silicon wafers. After saw damage removal,

substrates were cleaned by standard ratio corporation of

America (RCA) clean. Next, boron diffusion was

performed in a conventional tube furnace using BBr3
liquid source at a set temperature of 1020 8C. This was

followed by the boron glass removal and deionized (DI)

water rinse before the PECVD SiNx anti-reflection coating

and masking layer was deposited; layer thickness was

optimized to guarantee the adequate masking of the

subsequent phosphorus diffusion. Afterwards, the front

side alkaline texturing was performed prior to phosphorus

diffusion using POCl3. The rest of the process steps are

outlined in Table I. The diffusion profiles were measured

using spreading resistance analysis (SRA) with 1mm x-
step increments to understand the surface concentration

and junction depths (Figure 2).
276 Prog.
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Understanding the back and front conductor paste

properties and their interaction with the co-firing step is

critical to getting high quality screen-printed contacts. The

contact resistance at the front and rear must be low. Thus,

the use of an appropriate rear contact conductor paste and

optimized firing cycle is critical to proper solar cell

operation.[14] To achieve this we used a co-firing condition

for conventional Al–BSF cells. Since aluminum surface for

a standard Al–BSF cell and the SiNx dielectric for the
Photovolt: Res. Appl. 2011; 19:275–279 � 2010 John Wiley & Sons, Ltd.
DOI: 10.1002/pip



Figure 3. Comparison diagrams of the measured bifacial solar cell firing curve and the conventional Al–BSF solar cell at same firing

process condition. (a) Zooms into the firing peak temperature profile indicating the differences in temperature during the firing of the

bifacial and conventional cells fabricated in this study. (b) SEM image of the silver–aluminum paste at the boron-diffused silicon surface

after metal etching showing a large density of Ag–Si crystallites.

L. Yang et al. Screen printed high efficiency bifacial solar cells
bifacial cell design have different heat absorption

coefficients, the monofacial and bifacial solar cells will

experience different peak temperatures for the same set

points as shown in Figure 3. Silver–silicon island size and

distribution are heavily impacted by paste formulation and

the firing process and play a critical role in defining contact

resistance.[15,16] Figure 3b shows SEM surface image of

the boron-diffused surface after contact formation and

subsequent metallization etching displaying a high-density

of small silver–silicon islands. A high rear illumination fill

factor (FF) has been realized, although such high FF could

also be a result of the lower short circuit current under rear

illumination.
Figure 4. Front and rear electrical parameters and I–V curve of t

Technology, under terrestrial stan

Prog. Photovolt: Res. Appl. 2011; 19:275–279 � 2010 John Wiley & Sons, Ltd
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3. RESULTS AND DISCUSSION

Figure 2 shows the boron and phosphorus diffusion profiles

at different drive-in temperatures. The carrier concen-

tration after the boron diffusion (drive-in at 1020 8C) was
�6.5� 1019 cm�3 and junction depth was �0.7mm. The

junction depth for the phosphorus diffusion (driven-in at

950 8C) is �0.4mm with a surface carrier concentration of

�2.0� 1020 cm�3. We measured an implied Voc value of

635mV and effective lifetime (teff) of 45ms after the

diffusion steps.

The electrical parameters and I–V curves for the bifacial

solar cell are presented in Figure 4. Our fabricated bifacial
he bifacial solar cell, measured at UCEP, Georgia Institute of

dard testing conditions (STC).
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Figure 5. Front and rear internal quantum efficiency (IQE) and

reflectance of the bifacial solar cells.

Figure 6. Appearance of the glass–glass, 30 bifacial cells PV

module fabricated for this study.

Screen printed high efficiency bifacial solar cells L. Yang et al.
solar cell on a 2V cm substrate produced front and rear

energy conversion efficiencies of 16.6 and 12.8%,

respectively. The ratio of the rear JSC to front JSC is

76.8%. The conversion efficiency of the bifacial cell under

rear illumination is lower than the front because of lower

short circuit currents (JSC) because of a higher rear surface
reflectance (Figure 4). Recall that the silicon nitride

thickness was not optimized for ARC but tailored to mask

against phosphorus diffusion. Moreover, there is a 3%

more metal coverage on the back side than the front, which

adds to the total reflectance. Since upon rear illumination

the junction is far from the sunward side, minority carriers

generated near the rear of the device (blue and green

spectral response) require long diffusion lengths in order to

contribute to the short circuit current. In summary, the

effective minority carrier lifetime, non-optimum silicon

nitride layer, and 3% more metal coverage on the rear side

are all responsible for the significantly lower rear

illumination JSC. The shunt resistance for both front and

rear illuminations is high, indicative of the efficacy of the

silicon nitride masking during phosphorus diffusion.

We have sacrificed the rear shading area by using the

silver–aluminum paste for screen-printing the dilated

fingers (final finger width is around 130mm after firing

process) at the pþ surface to balance the contact resistance

and gridline resistance. The open circuit voltage (Figure 4)

is consistent with 45-V/sq emitter in conjunction with Al–
Table II. Electrical parameters for the bifacial PV module in this

study.

Electrical performnce Front surface Rear surface

Pmax (W) 57.182 44.066

Voc (V) 17.863 16.837

Isc (A) 4.680 3.600

Vpm (V) 13.931 13.927

Ipm (V) 4.057 2.990
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BSF structure. To realize the potential of the bifacial cell

with higher Voc, more work is needed to understand how to

tailor the boron diffusion profile and its associated SiNx

surface passivation to decrease the back saturation current

(Job).
Reflectance and internal quantum efficiency (IQE)

curves under front and rear illuminations are presented in

Figure 5. The difference between front and rear IQE in the

short wavelength region is mainly due to the effect of bulk

lifetime on minority carriers generated away from the

collecting junction. As stated, rear reflectance is higher

than that of the front side due to a 3% higher metal

coverage as well as a non-optimized rear silicon nitride

thickness on a planar rear surface.

Thirty bifacial solar cells were used to fabricate a glass–

glass module. Table II shows the electrical parameters of

the bifacial PV module, and the appearance of the module

is shown in Figure 6. Outdoor performance of the bifacial

PV module is now under monitoring and the cumulative

performance will be reported in the future.
4. CONCLUSION

We have presented a screen-printed bifacial solar cell

fabricated on p-type CZ monocrystalline silicon substrate.

By optimizing the co-firing condition, high-density of

silver crystallites at the AgAl/Si interface was obtained,
Photovolt: Res. Appl. 2011; 19:275–279 � 2010 John Wiley & Sons, Ltd.
DOI: 10.1002/pip
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which produced low contact resistance. Fill factors of

0.772 for front illumination and 0.782 for illumination

were measured. An open circuit voltage of 618mV was

obtained from front illumination, which matched the

conventional Al–BSF solar cell with 45-V/sq emitter. An

effective boron back surface field has been achieved using

a silicon nitride effective in masking the phosphorus front

emitter. The high shunt values achieved for both front and

rear illuminations further supported the efficacy of the

masking of the silicon nitride against phosphorus diffusion.

We have thus obtained an efficiency of 16.6% from front

illumination and 12.8% from the rear. To increase the

efficiency ratio between the rear and front, more work is

needed to understand the effect of boron diffusion depth,

surface concentration, and passivation.
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a b s t r a c t

This work investigates the change of the morphology and the structural characteristics of the anodic
TiO2 nanotubes under complex conditions (the temperature and the applied potential difference). Opti-
mal growth for small tubes with specific sizes has been realized during this investigation, for example,
high quality uniform ultrasmall (outer diameter D ∼ 10 nm, wall thickness d ∼ 3 nm) tubes can be grown
without sacrifice of the growth rate (0.3–0.4 �m h−1). A mechanistic description to the nonmonotonous
morphology change under low temperatures has been approached with reaction–diffusion method con-
sidering the local reaction, diffusion and field drift processes of the main reaction species. We have also
investigated the details of the partial crystallization in the as-prepared TiO2 tubes and discovered its
strong relationship with the temperature. Due to its similarity to the thermo annealing up to several
hundred centigrade but much smaller length scale, this phenomenon is named as “micro-annealing”
effect.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

TiO2 nanotubes fabricated by anodic oxidation have received
tremendous attention for their excellent optical and electronic
characteristics and photocatalytic ability, making them a suit-
able material for wide spread range of applications such as
dye-sensitized solar cells (DSSCs) [1,2], photocatalysis [3,4], elec-
trochromic display devices [5], and biomedical uses [6]. It has been
found that the morphological and structural characteristics of the
TiO2 tube arrays can significantly modify their optical or electronic
properties and thus influence their performance in devices. For
example, the band gap of TiO2 may shift several 10−1 eVs with the
existence of small crystal grains inside, while when grains are small
enough, certain quantum size effect may also be induced as a result
[7–10]. Furthermore, in real applications, the conversion efficiency
can be significantly increased with smaller TiO2 nanotubes in DSSCs
[11,12].

Such findings on the characteristic modification of the nanos-
tructured TiO2 materials indicate the importance to study the
controlling method and detailed mechanism during the fabricat-

∗ Corresponding author. Fax: +86 21 54747552.
E-mail address: wzshen@sjtu.edu.cn (W.Z. Shen).

ing process, and for such purpose many results have been obtained
[13–18]. As a preliminary helpful basis, the application of vis-
cous organic electrolyte and slow initial potential ramping has
greatly improved the quality of the TiO2 nanotube arrays with
ultrahigh aspect ratio [19–22]. The size (in- and outer diameter,
wall thickness, pore distances, etc.) controlling has been studied
from different ways, such as the electrolyte type [23,24], the water
effect [22,25–27] and the applied potential difference [28–30].
Some new morphological and structural behaviors have also been
found under different conditions, such as the “bamboo type” struc-
ture between the tubes and the “nanolace” structure [31,32]. More
recently, it has been reported that nanocrystal grains were formed
during the anodization under certain condition [33,34,46] without
the conventional thermo annealing of TiO2 up to several hundred
centigrade for anatase phased crystal structure [33,35].

However, in the realistic self-organized systems, the struc-
ture formation is always cooperation of different factors under
quite complicate boundary conditions on the substrate. Therefore
adjustment with combined different factors will be needed for
the optimized growth of tubes with specific size (in- and outer
diameter, wall thickness) and adequate quality. Furthermore, more
details in the mechanistic description on the TiO2 tube growth
remain still unclear, such as the morphological behavior of the tube
formation under realistic conditions (temperature, applied poten-
tial, boundary condition of the substrate, etc.). Consequently, it is

0013-4686/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2011.02.029
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necessary to probe the system in some different way. Fortunately,
the reaction–diffusion method has been proved a good tool to
investigate the self-organized systems with complicate boundary
conditions and employed in electrochemistry and heterogeneous
catalysis [36–39]. Dynamical studies have also shown that beside
the anodic potential and the electrolyte, the temperature is also
an important factor that significantly influences the diffusivity and
reaction rate in the system [36,40–42], thus might also conse-
quently influence the tube formation.

In this work, the anodic growth of TiO2 nanotubes in ethylene
glycol (E.G., containing 1.0 vol.% H2O) has shown nonmonotonous
morphological changes when varying the temperature and the
applied potential difference in a wide range. Small tubes can also be
formed at high applied potential difference under low temperature,
with much faster growth rate than the normal low voltage growth
at room temperature where the tube size is approximately lin-
early proportional to the applied potential difference [20,43]. Thus
the optimized conditions to grow small TiO2 tubes with specific
sizes are determined through tuning of the temperature and the
applied potential. A mechanistic explanation of the general behav-
ior is approached by applying the reaction–diffusion method with
consideration of the reaction, diffusion, and field drift processes of
three key species: F−, O2− and TiO2.

Structural characterization has also been carried out to inves-
tigate the as-prepared TiO2 tubes under such conditions. The
partial crystallization discovered in the as-prepared TiO2 tubes
shows strong relationship with the total heat effect from the
reaction and the current flow and the temperature gradient
from the anode cell to the electrolyte. Due to its similarity to
the annealing to several hundred centigrade but much smaller
length scale, this phenomenon is named “micro-annealing”, which
might be useful in general nanostructure fabrication. Consid-
ering those phenomena, it is expectable to fabricate uniform
small TiO2 tubes with high growth rate and as-grown structural
ordering in some degree by properly controlling some simple con-
ditions.

2. Experimental

The titanium foils we used in this study are 0.25 mm thick
and 99.7% purity (Sigma–Aldrich and Alfa-Aesar). Before the
anodization, they were cleaned with ultrasonic bath in acetone,
isopropanol, methanol, and ethanol, respectively, followed by sub-
sequent rinsing in de-ionized water and drying with air. The anodic
oxidation was performed in a two-electrode configuration using a
direct current power supply (Agilent 5720), in which a copper plate
was used as the cathode and a Keithley 2400 sourcemeter to mea-
sure the resulted current. Anodizing was undertaken in quiescent
solution of 0.09 M NH4F in de-ionized water and E.G. To obtain high
aspect ratio and tube quality, the water concentration in the solu-
tion was 1.0 vol.% and the applied potential difference was ranged
from 0 to 330 V. All electrolytes were prepared from reagent grade
chemicals. The anodization includes an initial potential ramping
and afterwards a constant applied potential for 1 h, with constant
stirring rate at 400 rpm. Finally, the accurate temperature control
was conducted by a thermostatic bath.

The as-prepared TiO2 nanotube arrays were rinsed with de-
ionized water and dried in air spontaneously after the experiments.
Their morphology and structure were characterized by a field-
emission scanning electron microscope (FE-SEM; Philips XL30FEG)
with an accelerating voltage of 5 kV. The detailed microstructures
of the tubes were studied by a transmission electron microscopy
(TEM, JEOL JEM2100), with 200 kV accelerating voltage. The crys-
talline information is also studied by Raman spectroscopy in a Jobin
Yvon LabRAM HR 800UV micro-Raman system. The Raman spec-

tra were recorded in backscattering configuration using an exciting
wavelength of 514.5 nm from an Ar+ laser.

3. Results and discussion

3.1. Morphological study of the TiO2 nanotube formation under
complex conditions

In order to approach more realistic TiO2 electrochemical growth,
we have carried out a new systematic morphological investigation
under complex conditions (the temperature and the total applied
potential difference �V) below room temperature (defined as
20 ◦C). The first significant phenomenon is the shift of the boundary
conditions for the tube formation. With decreasing temperature,
the upper limit of �V at which tubes can be formed significantly
shifted to higher voltage side, which is interesting compared to the
TiO2 experiments normally carried out near or above room temper-
ature [14–18,27,29,31,33]. The upper limit of the applied potential
difference is indicated as the edge of the valleys in upper right side
in Fig. 1(a)–(c), which have shown the �V–T diagrams of tube outer
diameter (D), wall thickness (d), and tube length (L) (grown in 1 h),
respectively. As an example, at 15 ◦C, the upper limit of �V was
210 V, while at 5 ◦C, it became 330 V.

Secondly, the morphology of the tubes has some sophisticated
change under the complex conditions in a wide range. At con-
stant temperature, the tube outer diameter D and wall thickness
d did not change monotonously with the applied potential differ-
ence, as shown in the diagrams in Fig. 1(a). When the temperature
became lower, this behavior became more significant. For example,
at 5 ◦C, the tube outer diameter first increased with �V, reached
maximum (∼320 nm) at 210 V, and then again decreased with the
increasing �V, as also shown by SEM images in Fig. 1(d)–(i). This
is different compared to the monotonous behavior of diameter
D versus the applied potential difference at room temperature,
which has been described by D = 2fgrowth�V, with the growth
factor fgrowth = tfilm/�U′ (tfilm is the compact oxide thickness in
Ti at a certain voltage drop �U′) [11,20,43]. Beside the outer
diameter, the tube wall thickness and tube length also changed
nonmonotonously with the applied potential difference at low tem-
peratures, also different from the result at room temperature for the
system with the same electrolyte concentration.

Moreover, the morphological change of the system becomes
more complicate at fixed applied potential difference �V, but the
general tendency can still be extracted out. The tube diameter and
wall thickness were generally less at lower temperature, as shown
in Fig. 1(a) and (b). At low enough �V (∼10 V) and temperature
(∼0 ◦C), the tube size reached minimum (D ∼ 10 nm and d ∼ 3 nm).
In the meanwhile, the nanotube still grew quite fast under tempera-
tures around 0 ◦C, as shown in Fig. 1(c). And under some conditions
the growth rate can even be higher than that at room tempera-
ture, for example, under 5 ◦C at 210 V, the tube length can reach
∼113 nm, longer than the length obtained under room tempera-
ture at the same applied potential. Considering the negative effect
of low temperature on reaction rate and diffusivities of species,
it will be interesting to study the mechanism of the anodization
process under low temperature.

The above facts have suggested a way to grow ultrasmall tubes
(D ∼ 10 nm, d ∼ 3 nm) with fast growth rate (0.3–0.4 �m h−1) by
controlling the temperature and the applied potential difference
�V together properly. With controlled complex conditions, small
tubes (50–90 nm) can be also grown with fast growth rate at high
�V due to the nonmonotonous size evolution versus �V under
fixed low temperature. For example, tubes with D ∼ 80 nm and
d ∼ 30 nm are normally obtained at 30 V under room temperature
and at 40 V under 5 ◦C with the growth rate less than 2.5 �m h−1,

125



Author's personal copy

H. Liu et al. / Electrochimica Acta 56 (2011) 3905–3913 3907

Fig. 1. Behavior of the TiO2 tube formation at low temperature region versus the applied potential difference �V in ethylene glycol, 0.09 M NH4F, 1.0 vol.% H2O, and 1 h
anodization time. (a)–(c) Phase diagrams versus temperature and the applied potential difference: (a) outer diameter D, (b) wall thickness d, and (c) tube length L. (d)–(i)
Nonmonotonous size evolution with increasing applied potential difference, shown by SEM images of TiO2 tubes formed at 5 ◦C: (d) 20 V, (e) 150 V, (f) 210 V, (g) 240 V, (h)
280 V, and (i) 280 V, showing the total length.

while the same tubes can also be fabricated with thinner wall
(∼15 nm) at growth rate ∼6 �m h−1 by 280 V at 5 ◦C, as exhibited by
the SEM images in Fig. 1(h) and (i). It can also be noticed that those
behaviors have shown quite intricate nature of the TiO2 anodic
system, whose mechanism might therefore need consideration of
more detailed factors, such as, the temperature influence on activa-
tion energy of reaction and diffusion, the diffusion of ion species in
the tubes, and the field drift of the species by the anodic potential.

3.2. Micro-annealing effect of the TiO2 tubes with temperature
controlling

According to the experiments mentioned in Section 3.1, the
TiO2 anodic oxidation system has shown interesting morpholog-
ical behavior in a wide condition range. It is therefore necessary
to investigate if there is possible structural change. As normally
known, the as-prepared TiO2 nanotubes are normally formed as
amorphous TiO2 at room temperature [19,33,35]. However, as
being recently reported, some nanocrystal grains can be formed in
the as-prepared anodic TiO2 tubes [33,34], but the detailed behav-
ior and decisive factors are still not very clear.

In our experiments, it was confirmed that this phenomenon is
reproducible, and is very likely to be related to the temperature. It
was found that when temperature was getting down, more small
TiO2 grains with ordered microstructure were formed inside the
tube wall. As shown in Fig. 2(a), tubes under 15 ◦C were still mostly
amorphous, while in some places marked by red arrows, atoms
tended to become organized. However, at lower temperatures, for
example, 5 ◦C as shown in Fig. 2(b), many small grains with the
size normally of 2–10 nm almost occupied the tube wall with the
atomic distance 0.35–0.38 nm, which is close to the lattice constant
of anatase (a: 0.378 nm, c: 0.951 nm) [44]. When temperature was
further lowered, even more grains would be formed that can almost
occupy the tube walls.

Since the detection area of TEM is somehow limited to a
small scale, it is necessary to use technique like Raman spec-
troscopy to detect information of larger scales. Fig. 2(c) represents
the Raman spectra for the TiO2 tubes under different temper-
atures. They clearly shows that at higher temperature (15 ◦C),
the TiO2 is mostly amorphous like, while at lower temperature,
the characteristic Raman peaks become significantly stronger,
which are mostly related to nanocrystal TiO2 grains [45]. The
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Fig. 2. “Micro-annealing” and ordering effect under low temperatures. High resolution TEM images of TiO2 tubes under (a) 15 ◦C and (b) 5 ◦C at 210 V, showing formation of
small grains with decreasing temperature, the inset is the whole view. (c) Raman spectra of TiO2 tubes obtained at different temperatures of −5 ◦C, 5 ◦C, 10 ◦C, and 15 ◦C at
210 V. (d)–(h) SEM images showing ordering and smoothness change with different temperatures of (d) 15 ◦C, (e) 10 ◦C, (f) 5 ◦C, (g) 0 ◦C, and (h) −5 ◦C at 70 V.

structures at 155, 492, and 624 cm−1 under 10 ◦C, 155, 495, and
624 cm−1 under 5 ◦C and 154, 502, and 622 cm−1 under −5 ◦C
are due to the anatase phased grains, and those of 409 cm−1

under 10 ◦C, 414 cm−1 under 5 ◦C and 412 cm−1 under −5 ◦C
from the rutile phased ones The significant enhancement of the
Raman intensity from 10 to −5 ◦C clearly indicates the increase

of the nanocrystal grains versus the amorphous contents inside
those tubes, accompanied by the slight shift of the peak posi-
tions. In addition, beside the changes in the microstructure in
the tube walls, the quality of tubes in the array is also improved
with decreasing temperature. The tubes are normally better
organized under lower temperatures, as shown in Fig. 2(d)–(h),
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Fig. 3. Schematic illustration of “micro-annealing” effect in as-prepared TiO2 tubes
under low temperature: (a) overview of the anode structure: 1 – opening window,
2 – Ti plate, 3 – copper electrode, 4 – copper plate, 5 – outer shell, 6 – rubber O-ring.
(b) The “micro-annealing” process. V is the potential applied on the anode, b1 and
b2 indicate the boundaries between the formed grains, Q is the heat produced by
the reaction and current flow that activate the crystallization, Q′ is the heat released
when local crystallization is finished, the bar to the right side shows the temperature
(T) gradient, and (i)–(iii) represent the key steps.

which will be helpful in the realistic application in optoelectronic
devices.

The experimental results indicate that the temperature has
played an important role in the formation of ordered structures
in the TiO2 tube walls. Hence we will interpret the process with
consideration of the heat effect and structure of the anode. First of
all, the anodic growth of TiO2 nanotube is a non-equilibrium sys-
tem, so the heat will be continuously generated until the growth is
stopped. Secondly, according to the structure of the anode shown
in Fig. 3(a), one side of the Ti plate is in contact with the Cu elec-
trode surrounded by plastic chamber wall with relatively lower
heat conductance than Ti and Cu metal and another side of the Ti
plate is open to the electrolyte kept at constant low temperature.
Therefore the temperature distribution over the oxide layer and Ti
substrate will not be homogeneous even across such a small length
scale (∼0.25 mm). From the electrolyte side to the electrode side,
the temperature gradient will be positive.

The joule heat during the whole process may come from two
origins: the reaction and the current flow I, so the total heat can
be described by Q =

∑
�Hi + �Va I, where

∑
�Hi is the sum of the

enthalpies from the chemical reactions and �Va is the potential
drop over the near-anode region [46]. The direct calculation of the
total joule heat is difficult because of two reasons: first, the detailed
elementary steps of all the reactions are still unclear; second, the
ohmic resistance of the path that the current flow through is chang-
ing during the tube growth. However, the overall heat effect can be
detected during the experiments. During the reaction, there was a

significant temperature rise (∼60 ◦C at 160 V) in the anode, while
the side of Ti plate exposed to the electrolyte was kept at low tem-
perature by constant stirring. This is just the heat effect that has
been transferred out to the surface of the plastic anode chamber.
It means at the sample layer with very thin thickness (�0.25 mm),
there can be more energy distributed to the as-formed amorphous
TiO2 per mole, which is enough for the activation energy for crys-
tallization.

As shown in Fig. 3b, the process may consist of several main
steps (i)–(iii). Firstly, the titanium atoms are initially oxidized to
interstitial Ti4+ cations by the anodic electric field [29], which are
excited from their original position in the Ti lattice, as shown in step
(i) of Fig. 3(b). In the step (ii), the Ti4+ cations are combined with the
O2− anions that diffuse through the oxide layer, thus amorphous Ti
oxide is formed and certain heat is generated by the reaction. In
the mean time, the current flow through the sample also produces
heat. During a short time period, the total heat Q will be distributed
to the local as-formed amorphous Ti oxide. The amorphous oxide
is excited to overcome the activation energy for annealing, then
it releases certain heat (Q′) and become crystallized due to the
relatively lower temperature at the electrolyte/TiO2 interface, as
indicated in Fig. 3(b) by step (iii). At lower electrolyte tempera-
ture, the crystallization will be enhanced. And since the TiO2 grains
were soon surrounded by the low temperature electrolyte and the
heat conductance of TiO2 is low, the size of the grains is therefore
limited.

Overall, the temperature plays an important role in two fac-
tors: (1) the local temperature rise by heat released from reaction
and current, which gives energy to the as-formed amorphous Ti
Oxide to overcome the activation energy for the crystallization;
(2) the gradually decreasing temperature from the inside of the
anode to the electrolyte, which induces the crystallization and
limit the size of the crystal grains. Due to the existence of the
F− ions that dissolve part of the formed TiO2 and form tubu-
lar structure, the formation and partial crystallization of TiO2
will continue until all Ti is consumed or the growth is manu-
ally stopped. It is the reason to induce a macroscopic effect that
small grains can fill the whole tube array despite that the crys-
tallization itself is localized. Consequently, we name this effect
“micro-annealing” effect due to the important role of tempera-
ture and the small length scale compared to the thermo annealing
up to several hundred centigrade. It indicates a way to improve
the ordering in the microstructure of nanostructure material by
electrochemical method in the early steps during the fabrica-
tion.

3.3. Mechanistic description of the anodic growth of TiO2
nanotubes with reaction–diffusion method

In the experimental studies of this work, the TiO2 anodic system
has shown quite sophisticated morphological behaviors, especially
the nonmonotonous change in size (in- and outer diameter, wall
thickness) and growth rate with varied applied potential difference
and temperature (below room temperature). For the mechanism
explanation, more detailed steps are possibly necessary to be con-
sidered. As well known, during the growth of TiO2 nanotubes by
anodization, there are two main general reactions:

Ti + 2H2O → TiO2 + 4H+ + 4e− (1)

TiO2 + 4H+ + 6F− → TiF6
2− + 2H2O (2)

For a more detailed description of the process, we considered
the reaction–diffusion model which has been applied for systems
of heterogeneous catalysis and electrolysis [36–39], in which the
concentration of the species at a certain position in real space is
determined by local chemical reaction, diffusion of the species and
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Fig. 4. Schematic diagram of TiO2 tube formation at different temperatures and applied potential differences (�V): (a) room temperature and low �V, where O is the center
of coordination, r is the coordinate vector, r0 is the inner radius, P is the point to investigate, and z is the depth of P through the oxide layer. Two dashed curves indicate the
change of the TiO2 inner and outer surface with a rise in �V; (b) room temperature and high �V. The irregular dashed curves in the wall indicate the side etching on the
tube wall that forms porous structures; (c) low temperature and low �V; and (d) low temperature and high �V. Inner and outer dashed curves indicate the change of the
TiO2 inner and outer surface with a rise in �V. The big and small arrows with gradients denote the flow of F− ions in- and outside of the tube. The dashed curved arrows in
the tube and the substrate indicate the distributed electric field in the oxide layer and substrate.

the field-assisted drift. Thus the following reaction–diffusion equa-
tions are built:

∂[F−]
∂t

= −k1R1([TiO2], [F−]) + DF−∇2[F−] + �F− [F−]∇E (3)

∂[O2−]
∂t

= −k2R2([Ti4+], [O2−]) + DO2−∇2[O2−] + �O2− [O2−]∇E (4)

∂[TiO2]
∂t

= 1
2

k2R2([Ti4+], [O2−]) − 1
6

k1R1([TiO2], [F−]) (5)

Here the water effect has not been considered since the system
in the present work only contains small H2O content (1.0 vol.% H2O)
[22,25–27]. The process is schematically illustrated in Fig. 4(a)–(d).
The bottom of the tube is the mostly important part in the discus-
sion of the tube morphological behavior. In this model, we apply a
special 1D coordination system due to the symmetric shape of the
tube bottom. The origin of coordination is the center of curvature of
the inner surface of the tube bottom (point O in Fig. 4 (a)). Since the
tube bottom is approximately round shaped, the center of curva-
ture of the bottom is unique at a certain time. The coordinate vector
r starts from the center to the point under investigation (point P),
as shown by the red arrow in Fig. 4(a). Then the whole bottom of
the tube can be described by a series of 1D system with different
pointing angles with the reference frame moving along with the
growth of the tube.

Eqs. (3)–(5) denote the concentration change of the species F−,
O2−, and TiO2 at a certain position in the oxide layer, respectively,

and for simplification, TiO2 is treated as single particle. The first
terms in Eqs. (3) and (4) represent the reaction rates of the TiO2
dissolution and Ti oxidation process with rate coefficient k1 and
k2, respectively. R1([TiO2], [F−]) and R2([Ti4+], [O2−]) are two func-
tions of reactant concentrations whose actual forms depend on the
elementary steps of the Ti anodic oxidation and TiO2 dissolution
processes, which are still not clear according to current researches.
The second terms in Eqs. (3) and (4) stand for the diffusion terms
of the ions through the oxide with DF− and DO2− the diffusion coef-
ficients. The third terms in Eqs. (3) and (4) represent the ion drift
by electric forces, with �F− and �O2− the ionic mobility in the elec-
trolyte or in the oxide. In the 1D coordination system applied here,
vectors have only two directions: toward or away from the center
of coordination O. Therefore the gradient of the potential �E can be
scalarized with their sign representing the direction of the field drift
effect on the ions. Eq. (5) indicates the change of the local TiO2 con-
centration determined by the oxidation (first term) and dissolution
(second term) processes, with TiO2 treated as one whole particle.
Eqs. (3)–(5) can normally only be numerically simulated due to the
normally nonlinear reaction terms inside. Due to the lack of actual
forms of the reaction terms by current knowledge, it is still dif-
ficult to make simulations with mathematical tools. However, we
can consider an already stable tube growth and study the change of
parameters induced by the key experimental factors, thus a mech-
anistic description of some general phenomena is possible to be
sketched out.
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For the rate coefficient k1, there is normally a relationship
k1 ∼ exp(−Ea/kBT), where Ea is the activation energy of the dissolu-
tion process. And for the oxidation process, there is a relationship
k2 ∼ exp(−Ea

′/kBT)exp(ˇnF�Vs/kBT) according to previous works
from Bessler [36], where Ea

′ is the activation energy for the oxi-
dation, ˇ is the symmetry factor, n is the number of transferred
electrons per oxidized Ti atom, F is the Faraday’s constant and �Vs

the overpotential on the sample. It indicates that compared to the
dissolution process, the oxidation process is more sensitive to the
change of the applied potential difference. Consider the diffusion
term, as well known, the diffusion coefficient normally has the form
D0exp(−Ead/kBT) [42], with Ead the activation energy for diffusion.
Furthermore, the viscosity of ethylene glycol changes quite sensi-
tively with decreasing temperature. For example, the viscosity of
pure ethylene glycol at 20 and 0 ◦C are 0.021 and 0.063 kg m−1 s−1,
respectively, as calculated from scientific resource [47]. As a result,
the ionic mobility �F− and �O2− are strongly influenced by the tem-
perature change [48].

Assume that a stable growth has already been established, then
tubes grow with a certain inner and outer diameter, thus also a
stable thickness d. In the moving frame coordination, the relative
position of the inner and outer surface of TiO2 with the coordination
center is fixed, thus the intersection point of coordinate vector r
with those surfaces is fixed. Define z as the distance of the point to
be investigated (point P in Fig. 4(a)) from the intersection point of
the coordinate vector r with the tube inner surface, then the inner
and outer surface can be represented by z = 0 and z = d, respectively.
Suppose the inner radius at the certain stable growth is r0, then
z = r − r0 (in the 1D frame r is scalarized), as shown in Fig. 4(a). The
derivatives in Eqs. (3)–(5) remain unchanged with z due to its linear
relationship with r. At the inner surface where z = 0, the generation
of TiO2 is normally zero, therefore:(

∂[TiO2]
∂t

)
z=0

= −1
6

k1R1([TiO2], [F−]) (6)

At the outer surface of TiO2 where z = d, the dissolution normally
takes place above the bottom area, and in is weak near the bottom
area. Hence in the outer surface, the change of TiO2 amount can be
approximately described by:(

∂[TiO2]
∂t

)
z=d

= 1
2

k2R2([Ti4+], [O2−]) (7)

When the tube growth is stable, both (∂[TiO2]/∂t)z=0 and
(∂[TiO2]/∂t)z=d will be constant. The changes of the TiO2 layer by
alternated conditions will be then represented by the changes of
these two terms. Under room temperature, there are two situ-
ations in different voltage regimes. When the applied potential
difference �V is lower than the upper limit (mentioned in Sec-
tion 3.1), giving a small increase to �V, the values of k2, [F−] and
[O2−] will increase according to their forms. As a result, the term
(∂[TiO2]/∂t)z=d increases by the increase of k2 and [O2−] accord-
ing to Eq. (7), while the absolute value of term (∂[TiO2]/∂t)z=0 also
increases but more weakly only by the increase of [F−] according to
Eq. (6), as shown in Fig. 4(a). Therefore the dissolution of the TiO2
at the inner surface and generation of TiO2 are both enhanced by
the increasing applied potential difference. And due to the weaker
increase of the absolute value of (∂[TiO2]/∂t)z=0, the net growth
of the TiO2 thickness �d is also positive. As a result, the tube size
(outer diameter and wall thickness) and the growth rate increase
monotonously at low applied potential difference, as indicated by
the two dashed curves in Fig. 4(a). This is consistent with the rela-
tionship D = 2fgrowth�V mentioned in Section 3.1. Secondly, when
�V is increased to too high value where no tubes can be formed, as
shown in Fig. 1(a)–(c), the side etching begin to appear due to the
enrichment of highly mobile F− ions (compared to low tempera-

tures) at the side of tubes. Before reaching the bottom, the F− ions
are accelerated by distorted electric field in the radial direction, as
shown in Fig. 4(b). As a result, destruction of tube array is induced
and irregular porous structure is formed.

Under lower temperature, there are also two situations accord-
ing to the applied potential difference. In the low voltage regime,
the morphological behavior is also monotonous versus increasing
applied potential, as shown in Fig. 4(c). But compared to the situa-
tion under room temperature at the same potential difference, k1
and k2 are both reduced, and the potential drop on the sample layer
is lower than that under room temperature due to higher resistance
of the electrolyte from lower ionization rate. Therefore the modu-
lus of both (∂[TiO2]/∂t)z=d and (∂[TiO2]/∂t)z=0 are reduced at two
interfaces, so the tube sizes are smaller with lower temperature at
fixed low �V. However, since the etching at the end of the tubes
is also reduced, the growth rate will not be significantly sacrificed
and can be compensated by slightly increasing applied potential
difference.

When the applied potential difference �V is increased to high
enough value, significant enrichment of F− anions begins to take
place near the outer surface of the tube bottom by field drift at high
potential difference according to Eq. (3), as shown in Fig. 4(d). In
the mean time, the motion of F− ions in the radial direction are lim-
ited by the electrolyte at lowed temperature according to Eq. (3),
which inhibits the side etching effect that could lead to destruction
of tube formation at room temperature. Due to the F− enrichment
outside of the tube bottom, the dissolution also takes place near the
bottom in the area between the tubes, thus the term (∂[TiO2]/∂t)z=d

is no longer in the form of Eq. (7), but Eq. (5). Hence (∂[TiO2]/∂t)z=d

is strongly reduced and tube walls shrink backward with higher
�V. As a result, the tube outer diameter decreases with increasing
�V, as indicated by the outer dashed curve in Fig. 4(d). In the mean
time, due to the redistribution of F− anions to the outside, the [F−]
near the inner surface of TiO2 will be reduced. Therefore the abso-
lute value of (∂[TiO2]/∂t)z=0 can decrease according to Eq. (6), and
the inner diameter will decrease with increasing applied potential
difference, as shown by the inner dashed curve in Fig. 4(d). The
wall thickness will decrease with increasing �V due to the general
enrichment of F− anions at the bottom position of the tube array.
Furthermore, the increased �V also enhances the process (3) at the
end of the tube through stronger drift, thus the net tube growth is
reduced due to stronger dissolution at the top and weaker oxidation
at the bottom. The inhibition of the side etching effect induces the
increase of the upper limit of �V to form tubular TiO2 structures,
as shown in Fig. 1(a)–(c). As the inhibition of side etching will be
stronger at lower temperature, the tubes can be formed at higher
applied potential difference.

According to the above discussion, the optimized condition to
form small tubes could be realized by simply tuning the applied
potential difference �V and the temperature T. Firstly, as �V
is lowered, influence from the electric field in the radial direc-
tion becomes relatively weaker than from the temperature which
decides the diffusion and mobility of the ions. If only �V is reduced,
as the vertical motion of ions toward the bottom weakened by
reduced vertical drift, the radical motion is still significant by dif-
fusion (second terms in Eqs. (3) and (4)), thus the size reduction in
radial direction is limited. If �V is further decreased, the tube bot-
tom becomes more and more flat, until finally grow simply compact
oxide layer. But secondly, if the temperature also declines while
decreasing �V, the oxide growth in radial direction will be further
reduced, then smaller tubes can be achieved. Nevertheless, when
the temperature is too low, the oxide dissolution is inhibited, thus
the tubes also cannot be formed. Therefore, the optimal condition
of the temperature and the applied potential difference to form
ultrasmall tubes will be certain medium values in the middle left
region in the phase diagrams in Fig. 1(a)–(c).
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Fig. 5. Approaching ultrasmall TiO2 tubes with varied temperature and applied potential difference, in ethylene glycol with 1.0 vol.% H2O, 0.09 M NH4F, shown by SEM
cross-sectional images, under temperatures: (a) 15 ◦C, (b) 10 ◦C, (c) 5 ◦C, (d) 0 ◦C, and (e) −5 ◦C. (f) TEM image of the ultrasmall TiO2 tube at 0 ◦C and 10 V, the arrow in the
lower left quarter indicates the area where atoms tend to be organized. (g) Raman spectrum of the as-prepared smallest TiO2 tube at 0 ◦C, 10 V.

3.4. Optimal growth of ultrasmall TiO2 tube arrays

As exhibited in previous sections, the TiO2 tube growth
has shown some unconventional size evolution in a wide con-
dition range, and in the mechanism discussion where the
reaction–diffusion method has been applied, the optimal condition
to form ultrasmall (∼10 nm) tube arrays has been discussed. It has
also been found that temperature controlling could induce signif-
icant “micro-annealing” effect in the as-prepared TiO2 tubes. Now
we show in Fig. 5(a)–(e) more detailed experimental approach to
realize the optimized growth of ultrasmall tube arrays with good
quality and fast growth rate.

On one hand, under constant temperature, the tube size
decreases with decreasing applied potential difference �V until the
lower limit is reached and only oxide layer is formed. For exam-
ple, in E.G. (with 1.0 vol.% H2O and 0.09 M NH4F), the smallest
tubes at 15 ◦C were obtained at 30 V with the size of outer diam-
eter D = 90 nm, which indicated the reduction of the tube size is

limited if only the applied potential difference is reduced. On the
other hand, at constant �V, the tube diameter generally decreased
with the decreasing temperature from 15 to 0 ◦C. When the tem-
perature decreased from 0 to −5 ◦C, the tube size continued to
decrease when �V ≥ 10 V, but when �V < 10 V, no significant tube
arrays were detected except oxide films. Thus it can be concluded
that the optimal temperature regime is ∼0 ◦C to grow uniform
ultrasmall (D ∼ 10 nm) TiO2 tubes under low applied potential
difference, as shown in Fig. 5(d). Compared to the previously fab-
ricated tubes with similar sizes [21,31], these ultrasmall tubes are
better ordered, with thin wall thickness (∼3 nm) and high growth
rate (∼0.3–0.4 �m h−1).

Afterwards, detailed structural studies on these as-prepared
ultrasmall TiO2 tubes have been carried out by TEM and Raman
scattering spectroscopy. The nanometer-sized grains with well
ordered structure previously studied in larger tubes (shown in
Fig. 3(b)) were hard to be detected in these ultrasmall tubes, as
shown by the high resolution TEM image in Fig. 5(f). However,
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atoms have begun to be organized in some area (indicated by red
arrow) as shown in Fig. 5(f), and the Raman spectrum in Fig. 5(g)
has indicated existence of small grains in a larger scale, with peaks
at 159 and 610 cm−1 which are related to the nanocrystal TiO2 with
anatase and rutile phases, respectively [10,45]. Above results have
shown that although the nanometer-sized grains are not easily
found due to possible size limit by the very thin tube wall (∼3 nm),
the as-prepared ultrasmall nanotubes are quite ordered in gen-
eral and have some organized microstructures already. Generally
combined adjustment of the temperature and the applied poten-
tial is suitable to control the TiO2 tube sizes, and to reach optimal
conditions (∼0 ◦C, ∼10 V) for ultrasmall tubes with more ordered
microstructure by reducing the applied potential difference with-
out changing other factors like the electrolyte concentration.

4. Conclusions

To summarize this paper, we have systematically investigated
the complex behavior (size, growth rate, and ordering) of the TiO2
tube formation in the anodic oxidation system in highly viscous
electrolyte (E.G., with 1.0 vol.% H2O and 0.09 M NH4F) with varied
applied potential difference and temperature. The morphological
properties of the system, such as the nonmonotonous change of
size and growth rate versus the applied potential difference and the
temperature have been carefully investigated in a very wide exper-
imental range. Such behaviors have been in general qualitatively
discussed with a reaction–diffusion model including the reaction,
diffusion, and field drift processes of three main species (F−, O2−

and TiO2). Moreover, evidences have shown that the formation of
small (∼2–10 nm) crystal grains with anatase or rutile structure can
be enhanced in the as-prepared TiO2 tube wall under decreasing
temperatures. Due to its relationship to the temperature and sim-
ilarity to the annealing at higher temperatures of several hundred
centigrade, we name this phenomenon “micro-annealing”, which
might be useful in general electrochemical fabrication method of
the TiO2 material [7–10].

Finally, the optimized growth under complex conditions for
small tubes with specific size has been realized, for example,
the ultrasmall (outer diameter D ∼ 10 nm, wall thickness d ∼ 3 nm)
and small (D ∼ 50–90 nm, d ∼ 15 nm) TiO2 tubes have been fabri-
cated with high growth rate and structural quality. Introduction of
the reaction–diffusion method to the nanotube formation process
appeared to be helpful to understand more details in the nanos-
tructure formation of TiO2. The experimental results will be helpful
to develop devices based on TiO2 tubes with controllable sizes and
nanocrystal structures for certain properties, for example, the tubes
formed at low temperatures have shown interesting cathodolumi-
nescence properties [49].
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摇 摇 认识及控制多晶硅中杂质行为对于实现低成本尧高效率多晶硅太阳电池有着重要的意义援 利用红外光谱技术

研究了定向凝固多晶硅锭中不同部位材料热处理前后的氧浓度尧碳浓度变化袁结合少子寿命尧光电转换效率尧内量

子效率等电池性能袁探索不同含量的氧尧碳杂质对电池性能影响的物理机制援 提出一种考虑碳影响的氧沉淀生长模

型袁并模拟了热处理后氧沉淀的尺寸分布和数量援 研究发现袁碳除了使利用硅锭顶部材料制备得到的电池转换效率

降低外袁还是决定氧沉淀作用的重要因素援 由于碳含量多造成中部材料氧沉淀的尺寸大尧数量多袁引起缺陷袁增加复

合袁而碳在底部材料中含量不大袁造成氧沉淀的尺寸小尧数量少袁有吸杂作用袁可以提高电池转换效率援 进一步利用

两步热处理方法证实了硅锭不同部位材料中这种复杂的氧尧碳行为袁并指出两步热处理方法仅适用于提高多晶硅

锭底部材料制备得到的电池转换效率援
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员郾 引 言

多晶硅作为一种低成本材料占据了目前 缘园豫
以上的商业化晶体硅太阳电池市场援 多晶硅太阳电

池光电转换效率可达 员源豫要员苑豫 袁低于直拉单晶硅

太阳电池 员豫要圆豫 援 而多晶硅中大量的位错尧晶界

等缺陷以及氧尧碳等杂质是导致其电池转换效率低

于单晶硅的主要原因援 目前袁定向凝固法依仗其高

产和低价的优势已成为太阳电池级多晶硅材料的

主要生产方式援 因此袁研究定向凝固多晶硅中的杂

质行为对于多晶硅太阳电池实现低成本尧高效率具

有重要的意义援
氧尧碳作为多晶硅锭中的主要杂质袁已成为近

年来的研究热点之一援 间隙氧是非电活性的袁但它

在硅锭凝固以及电池制作过程中所产生的各种电

活性氧化物渊沉淀尧施主等冤却可以降低电池的少子

寿命咱员暂 援 同时袁适量的氧沉淀又可以起到吸除金属

杂质的作用袁进而提高电池转换效率咱圆袁猿暂 援 因此袁氧

对太阳电池转换效率的影响是比较复杂的援 替位碳

也是非电活性的袁但是高浓度碳所造成的碳化硅沉

淀会损害电池的电学性能咱源要苑暂 援 同时袁在一定条件下

碳还会成为氧沉淀的成核中心袁促进氧的沉淀咱愿袁怨暂 援
电池的转换效率与氧沉淀量及碳沉淀量有关袁

而不同浓度的氧尧碳在不同退火温度及时间下相互

间会产生不同的影响袁有着复杂的行为援 当退火温

度小于一定值时袁碳所造成的晶格收缩可以吸引氧

原子沉淀袁形成氧的成核中心袁氧的沉淀量依赖于

碳含量的多少援 当退火温度大于一定值时袁碳对氧

沉淀不起作用咱愿暂 援
在定向凝固多晶硅锭中袁不同部位的氧含量及

碳含量不同袁氧含量的分布从底部向顶部依次降

低袁碳含量则相反咱缘袁员园要员源暂 援 高浓度的氧杂质会降低

硅片的少子寿命咱缘袁员园暂 袁使得硅锭底部硅片的少子寿

命低于中部硅片的少子寿命咱员圆袁员猿暂 援 然而袁 近发现

有着高氧含量的硅锭底部硅片制备得到的太阳电

池的转换效率较其他部位制备得到的太阳电池的

转换效率高咱员圆暂 援 这说明在电池制作过程中袁多晶硅
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经历的热处理很可能改变了其内部的氧沉淀量袁进
而影响了 终的电池转换效率援 同时袁碳在电池制

作的热处理过程中亦会发生变化袁除了自身会产生

沉淀袁影响电池性能外袁碳浓度的不同也会对氧沉

淀起到不同的作用咱愿暂 援 碳的作用有可能使得硅锭底

部有着高浓度氧的多晶硅片制备得到的电池反而

取得了较高的转换效率援
本文利用红外光谱技术测量了多晶硅锭顶部尧

中部尧底部硅片的氧含量和碳含量以及它们在扩散

条件下热处理后的变化情况袁比对硅锭不同部位硅

片的少子寿命 子尧光电转换效率 浊尧外量子效率

渊耘匝耘冤和内量子效率渊 陨匝耘冤等电池性能参数袁利用

改进的 月藻糟噪藻则鄄阅觟则蚤灶早 渊月阅冤方程咱员缘袁员远暂对以扩散条件

实施热处理后的氧沉淀分布进行模拟计算袁并考虑

碳在氧沉淀过程中起到的成核中心作用袁详细探讨

造成硅锭不同部位硅片制备得到的电池转换效率

不同的原因援 研究表明袁在电池制作过程中多晶硅

经历的热处理改变了其内部的氧沉淀量和碳沉淀

量援 硅锭顶部较多的碳沉淀成为电池转换效率较低

的主要原因袁硅锭中部和底部的碳杂质相对较少袁
但其对氧沉淀的促进作用导致硅锭底部的氧沉淀

少于硅锭中部的氧沉淀袁使得硅锭底部少量氧沉淀

起到吸杂作用袁有利于电池性能的提高袁而硅锭中

部氧沉淀形成的复合中心使得电池转换效率降低援
在制作电池前袁分别对多晶硅锭中不同部位的

硅片进行不同温度的两步热处理袁以改变其内部氧

沉淀量和碳沉淀量袁验证不同部位的氧尧碳对电池

性能的影响援 我们的研究表明袁以往不分部位使用

统一的工艺来制作多晶硅太阳电池的方法应该改

变援 在处理硅锭底部硅片时袁通过两步热处理而适

当增加氧沉淀可以提高电池转换效率袁但在处理硅

锭顶部和中部的硅片时袁这一方法所增加的碳沉淀

和氧沉淀却对电池转换效率不利援 所以袁对多晶硅

锭不同部位的材料采用不同的处理方法对于提高

电池转换效率会更有效援

圆郾 实 摇 验

实验采用厚度为 圆园园 滋皂 的 责 型定向凝固多晶

硅片袁硅片取自同一个硅锭袁以紧邻的两片为一组袁
视为具有相同的氧尧碳浓度袁在硅锭的顶部尧中部尧
底部各取三组援 每组各取一片袁分别命名为样品栽鄄葬袁
栽鄄遭袁栽鄄糟袁样品 酝鄄葬袁酝鄄遭袁酝鄄糟袁样品 月鄄葬袁月鄄遭袁月鄄糟援 然

后切成 员缘远 皂皂 伊 苑愿 皂皂袁经过制绒尧清洗尧磷扩散尧
刻蚀尧镀氮化硅膜尧印刷尧烧结等步骤袁制成太阳电

池援 每组中的另一片命名为样品 栽鄄葬忆袁栽鄄遭忆袁栽鄄糟忆袁
样品 酝鄄葬忆袁酝鄄遭忆袁酝鄄糟忆袁样品 月鄄葬忆袁月鄄遭忆袁月鄄糟忆援 然后切

成 员 糟皂 伊 员 糟皂袁双面抛光袁采用与磷扩散条件相同

的 愿远园 益退火 员 澡袁用 晕蚤糟燥造藻贼 晕藻曾怎泽 愿苑园 型傅里叶变

换红外光谱仪在室温下测量退火前后的氧浓度和

碳浓度渊红外吸收光谱分辨率为 圆 糟皂 原员冤袁以研究硅

片制成电池前后氧浓度的变化 驻悦韵 及碳浓度的变

化 驻悦悦 援 样品在制成电池前后均使用 杂藻皂蚤造葬遭 公司

生产的 宰栽鄄圆园园园 型微波反射光电导衰减仪 渊 滋鄄
孕悦阅冤测量少子寿命 子渊测量使用的原始硅片未经钝

化处理冤援 为了更深入地研究电池的性能变化袁进一

步利用陕西众森电能科技有限公司生产的 载允悦酝鄄怨
型单片电池测试仪对电池进行转换效率的测量袁利
用 韵责贼则燥灶蚤糟 蕴葬遭燥则葬贼燥则蚤藻泽 公司生产的 韵蕴苑缘园 型自动

分光辐射测量系统对电池的 耘匝耘 进行测量袁利用

灾葬则蚤葬灶 公司生产的 悦葬则赠 缘园园园 哉灾鄄灾陨杂 型分光光度计

对电池的表面反射率 砸 进行测量袁并使用 宰栽鄄圆园园园
型 滋鄄孕悦阅 的光束诱导电流配件进行二维 陨匝耘 的

表征援
在两步热处理实验中袁我们从相同的硅锭上袁

自顶部尧中部尧底部再各取紧邻的 源 片袁分别命名为

样品 栽鄄源鄄员袁栽鄄源鄄圆袁栽鄄源鄄猿袁栽鄄源鄄源袁样品 酝鄄源鄄员袁酝鄄源鄄圆袁
酝鄄源鄄猿袁酝鄄源鄄源袁样品 月鄄源鄄员袁月鄄源鄄圆袁月鄄源鄄猿袁月鄄源鄄源援 将样

品 栽鄄源鄄员袁栽鄄源鄄圆袁栽鄄源鄄猿袁样品 酝鄄源鄄员袁酝鄄源鄄圆袁酝鄄源鄄猿袁样
品 月鄄源鄄员袁月鄄源鄄圆袁月鄄源鄄猿 也切成 员缘远 皂皂 伊苑愿 皂皂袁先在

员圆园园 益下预退火 员 澡袁再对样品 栽鄄源鄄圆袁酝鄄源鄄圆袁月鄄源鄄圆
及样品 栽鄄源鄄猿袁酝鄄源鄄猿袁月鄄源鄄猿 分别在 远缘园 和 怨缘园 益下

退火 源 澡袁用 匀云 去除表面氧化层后制成电池援 对电

池进行同样的转换效率尧耘匝耘 以及表面反射率的测

量援 另外将样品 栽鄄源鄄源袁酝鄄源鄄源袁月鄄源鄄源 切成 员 糟皂 伊员 糟皂
的小片袁先在 员圆园园 益下预退火 员 澡袁以熔解铸锭过程

中产生的少量氧沉淀及碳沉淀袁再分别在 远缘园袁愿远园袁
怨缘园袁员园缘园 和 员员缘园 益下进行 源 澡 的第二步退火处理袁
用 匀云 去除表面氧化层援 利用上述的红外光谱技术

测量退火后的氧浓度和碳浓度援

猿郾 氧浓度尧碳浓度与少子寿命及电池

转换效率的关系

摇 摇 铸锭过程中进入硅中的氧尧碳杂质会影响原始

硅片的少子寿命袁硅锭不同部位的氧浓度和碳浓度
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不同会使原始硅片的品质有所差异援 为了探究它们

的关系袁我们首先利用红外光谱技术对不同部位硅

片的氧浓度和碳浓度进行测量袁并用 滋鄄孕悦阅 测出初

始的少子寿命 子园 进行比对援 图 员 为硅片顶部尧中部

及底部各三个样品的平均红外吸收谱袁本征硅渊杂蚤冤尧
间隙氧渊韵蚤冤和替位碳渊悦泽冤的光学特征吸收峰分别

位于 远员圆袁员员园苑 和 远园缘 糟皂 原员处援 由于特征吸收谱的峰

图 圆摇 硅锭顶部尧中部及底部样品的少子寿命分布摇 渊葬冤样品 栽鄄糟忆袁渊遭冤样品 酝鄄糟忆袁 渊糟冤样品 月鄄糟忆

高表征元素的浓度袁从图 员 可以清楚看出氧浓度及

碳浓度在硅锭顶部至底部的分布趋势院在定向凝固

多晶硅锭中袁氧浓度的分布是由底部向顶部递减曰
相反袁碳浓度的分布由底部向顶部递增援 图 圆 为样品

栽鄄糟忆袁酝鄄糟忆袁月鄄糟忆在切片前的少子寿命分布援 图 圆渊葬冤
中样品 栽鄄糟忆的少子寿命 小值为 园郾 愿圆 滋泽袁 大值为

员郾 怨圆猿 滋泽袁平均值为 员郾 源园远苑 滋泽曰图 圆渊遭冤中样品 酝鄄糟忆
的少子寿命 小值为 员郾 圆远缘 滋泽袁 大值为 员郾 愿猿圆 滋泽袁
平均值为 员郾 缘源愿园 滋泽曰图 圆渊糟冤中样品 月鄄糟忆的少子寿

命 小值为 员郾 园缘猿 滋泽袁 大值为 员郾 远员员 滋泽袁平均值为

员郾 源员缘园 滋泽援 由此可知袁硅锭顶部样品中较高浓度的

碳杂质和底部样品中较高浓度的氧杂质使得这两

部分硅片的少子寿命均低于杂质浓度较少的中部

硅片袁高浓度杂质降低了这两部分的硅片质量援
氧浓度及碳浓度影响原始硅片的少子寿命袁同

样也会影响其制备得到的电池性能援 我们研究了不

同部位的氧浓度和碳浓度与电池性能的关系援 利用

吸收谱的峰高可以定量地计算出元素浓度

图 员摇 硅锭顶部样品渊栽鄄葬忆袁 栽鄄遭忆袁 栽鄄糟忆冤尧中部样品渊酝鄄葬忆袁 酝鄄遭忆袁
酝鄄糟忆冤及底部样品渊月鄄葬忆袁 月鄄遭忆袁 月鄄糟忆冤的红外吸收光谱渊三个样品

平均值冤

晕 越 噪琢责袁
其中 噪 为校正因子袁计算氧浓度和碳浓度时所使用

的 噪 值分别为咱员苑暂 猿郾 员源 伊 员园员苑和 园郾 愿圆 伊 员园员苑曰琢责 为元

素对应吸收峰的峰值袁吸收系数 琢 可表示为 琢 越
圆猿郾 园猿

凿 造早 栽遭
栽贼则葬灶

渊其中 凿 为样品厚度袁单位为 皂皂袁 栽遭 为

透射谱基准线的值袁 栽贼则葬灶 为测量得到的透射谱线

值冤援 图 猿渊葬冤为原始硅片热处理前的初始氧浓度 悦韵
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和碳浓度 悦悦袁图 猿渊遭冤为对应硅片制成的电池转换

效率 浊援 我们发现院对于碳浓度较高的硅锭顶部渊样
品 栽鄄葬袁栽鄄遭袁栽鄄糟冤袁转换效率随碳浓度的增加而降低袁

图 猿摇 硅锭顶部样品渊栽鄄葬袁栽鄄遭袁栽鄄糟冤尧中部样品渊酝鄄葬袁酝鄄遭袁酝鄄糟冤和底部样品渊月鄄葬袁月鄄遭袁月鄄糟冤的各项

参数比较摇 渊葬冤初始氧浓度 悦韵 和碳浓度 悦悦袁渊遭冤电池转换效率 浊袁渊糟冤在 愿远园 益下退火 员 澡 后氧浓

度的变化 驻悦韵 和碳浓度的变化 驻悦悦袁渊凿冤制成电池前后的少子寿命 子园 和 子糟藻造造

氧浓度对转换效率的影响不大援 而在硅锭中部和底

部硅片中袁氧浓度开始影响电池的转换效率援 在硅

锭中部渊样品 酝鄄葬袁酝鄄遭袁酝鄄糟冤袁转换效率随氧浓度的

增加而降低曰在硅锭底部渊样品 月鄄葬袁月鄄遭袁月鄄糟冤袁转换

效率却随氧浓度的增加而升高援
氧尧碳对电池转换效率的影响来源于氧尧碳杂

质在电池制作过程中形成的沉淀咱员袁员园暂 援 我们进一步

将进行了与电池制作过程中磷扩散工序相同的热

处理后的硅片氧浓度变化量 驻悦韵 及碳浓度变化量

驻悦悦 视为氧尧碳杂质的沉淀量援 图 猿渊糟冤给出了不同

样品的氧浓度变化量 驻悦韵 和碳浓度变化量 驻悦悦 援 从
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图 猿渊糟冤可以看到袁虽然硅锭底部硅片的氧含量较中

部高袁但是氧沉淀却远不及硅锭中部袁这是由于碳

在氧沉淀中起到了成核中心的作用咱远袁员愿暂 援 由于硅锭

中部硅片的碳含量大于硅锭底部袁使得以碳作为成

核中心的氧沉淀增多袁并且氧沉淀的尺寸也较大袁
这将在下面的模拟计算中进行详细讨论援 硅锭中部

大量的大尺寸氧沉淀在硅片中产生形变应力袁在制

作电池的热处理过程中袁结合外加应力作用袁使原

生缺陷发展为二次缺陷袁影响了电池转换效率袁故
电池转换效率随氧沉淀的增多而下降援 相反袁由于

硅锭底部硅片的氧沉淀量较少袁而较少的氧沉淀可

以起到吸除金属杂质的作用咱圆袁猿暂 袁对电池转换效率

有益袁故电池转换效率随氧沉淀的增多而提高援 在
硅锭顶部袁氧沉淀较少袁较多的碳沉淀起到了影响

电池电学性能的主要作用袁故电池转换效率随碳沉

淀的增多而迅速下降援
同时袁我们在图 猿渊凿冤中给出了电池制作前后样

品的少子寿命 子园 和 子糟藻造造 援 从图 猿渊凿冤可以清楚地看

到袁原始硅片的少子寿命以硅锭中部样品为 高袁
原因是硅锭顶部硅片中高浓度碳及硅锭底部硅片

中高浓度氧降低了硅片的少子寿命袁因为硅锭顶部

和底部硅片的少子寿命分别随着碳浓度和氧浓度

的增加而下降援 而制成电池后发现袁硅锭底部硅片

制备得到电池的少子寿命反而高于硅锭中部袁且少

子寿命随氧浓度的增加而增加袁表明在制作电池过

程中硅锭底部硅片中形成的少量氧沉淀确实吸除

了部分杂质袁提高了电池的少子寿命援
对于氧沉淀和碳沉淀在电池内部的作用袁还可

以通过电池的 陨匝耘 来反映援 氧尧碳杂质集中在材料

的体内袁可以用被吸收的波长范围为 源缘缘要怨圆园 灶皂
的光子表征电池中的少子体复合援 陨匝耘 不受电池表

面反射的影响袁相比 耘匝耘 更能正确地说明电池内部

的杂质对电池性能的影响援 利用测量得到的 耘匝耘 及

表面反射率 砸袁通过 耘匝耘 与 陨匝耘 的比值等于 员 原 砸
的关系可以计算出电池的 陨匝耘援 图 源 所示为样品

栽鄄葬袁栽鄄遭袁栽鄄糟袁样品 酝鄄葬袁酝鄄遭袁酝鄄糟袁样品 月鄄葬袁月鄄遭袁月鄄糟
的 陨匝耘援 对比图 猿渊糟冤可以看到院硅锭顶部样品电池

的 陨匝耘 随碳沉淀的增多而下降曰硅锭中部样品电

池的 陨匝耘 随氧沉淀的增多而下降曰硅锭底部样品

电池则相反袁氧沉淀多的样品 月鄄葬 的 陨匝耘 高袁
陨匝耘 随氧沉淀的增多而上升援 同时袁我们注意到硅

锭中部和底部样品电池的 陨匝耘 在长波区域差别更

为明显袁而该波段表征的是靠近背场区域的体复

图 源摇 硅锭底部样品渊月鄄葬袁月鄄遭袁月鄄糟冤尧中部样品渊酝鄄葬袁酝鄄遭袁酝鄄糟冤
和顶部样品渊栽鄄葬袁栽鄄遭袁栽鄄糟冤的 陨匝耘摇 渊葬冤 样品 月鄄葬袁月鄄遭袁月鄄糟曰 渊遭冤
样品 酝鄄葬袁酝鄄遭袁酝鄄糟曰渊糟冤 样品 栽鄄葬袁栽鄄遭袁栽鄄糟

合援 这是因为在高温扩散过程中硅片内部会产生

大量空位袁在之后的自然冷却过程中被野冻结冶在

晶体内部袁而扩散过程中磷从硅片表面进入袁使得

未被磷占据的近背场区域的空位远多于扩散区

域袁过饱和的空位 灾 可以与氧形成 韵圆鄄灾 对袁加快氧

沉淀的生成咱员怨暂 袁导致样品体内的间隙氧更多地沉

淀于空位较多的近背场处袁影响了长波区域的

陨匝耘援 图 缘 为底部三个样品渊样品 月鄄葬袁月鄄遭袁月鄄糟冤电

池在激发光波长为 愿苑愿 灶皂 下的二维 陨匝耘 分布援 如
上所述袁氧沉淀就是聚集在该波长表征区域的周围袁
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图 缘摇 激发光波长为 愿苑愿 灶皂 时硅锭底部样品的二维 陨匝耘 分布摇 渊葬冤样品 月鄄葬袁 渊遭冤样品 月鄄遭袁渊糟冤样品 月鄄糟

氧沉淀的增多提高了硅锭底部样品电池的 陨匝耘援 陨匝耘
实验测量结果再次证明氧沉淀在硅锭底部与在硅锭

中部的作用不同援 硅锭底部的氧沉淀有吸杂作用袁减
少了少子复合袁陨匝耘 有所提高曰而硅锭中部的氧沉淀

过多袁形成缺陷袁增加了少子复合援

源郾 氧沉淀尺寸分布的模拟计算

以上实验结果表明袁硅中氧沉淀的行为对硅电

池的性能有很大的影响袁利用理论模型来模拟计算

氧沉淀的成核尧长大尧熔解过程对研究电池中氧沉

淀的作用很有帮助援 成核的经典理论是建立在标准

的 月阅 方程或改良的 月阅 方程上的援 标准的 月阅 方程

无法使系统中总的氧原子数守恒袁而改良的 月阅 方

程可以解决这一问题咱员缘暂 袁因此本文采用改良的 月阅
成核方程援

从热力学的角度分析袁氧沉淀的成核可以看作

是一个个 杂蚤韵 单分子聚集形成球形聚合物的过程援
一个拥有 灶 个单分子的聚合物的自由能为咱圆园袁圆员暂

宰灶 越 灶驻郧忆 垣 渊猿远仔冤员 辕 猿增圆 辕 猿员 灶圆 辕 猿滓袁 渊员冤
其中 驻郧忆是一个体积为 增员 的单分子的吉布斯自由

能袁 增员 可以由每摩尔分子物质所具有体积 增 得到袁灶
是聚合物中的单分子数袁滓 是单位面积的界面能援

驻郧忆 越 原 噪月栽造灶渊悦韵袁 贼 辕 悦藻择冤袁
其中 悦藻择 是一定温度 栽 的热力学平衡态下间隙氧的

浓度袁 悦韵袁 贼 是 贼 时刻间隙氧的浓度袁它随着氧的聚集

成核而慢慢减少援 用 粤灶 表示具有 灶 个氧原子的聚合

物袁 粤员 表示单个氧单体袁那么 粤灶垣员 的形成过程可以

看作 粤灶 与 粤员 的结合咱圆园暂 袁
粤灶 垣 粤员

噪 垣
灶

噪 原
灶垣员

俊俊抗扛 粤灶垣员 援 渊圆冤
这里 噪垣

灶 表示有 灶 个氧原子的聚合物中加入一个氧

原子的速率袁 噪原
灶垣员 表示有 灶 垣 员 个氧原子的聚合物中

失去一个氧原子的速率援
我们定义 贼 时刻 灶 个氧原子组成的聚合物个数

为 晕灶渊 贼冤袁则 晕员渊 贼冤 越 悦韵袁 贼 援 随时间演化的聚合物尺

寸分布可以由一组常微分方程给出咱员缘暂 袁即
凿晕员凿贼 越 原 噪垣

员 晕员 垣 噪原
圆 晕圆 原 鄱皂

灶 越 圆
渊噪垣

灶 原 噪 原
灶 冤晕灶袁渊猿葬冤
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凿晕灶凿贼 越 噪垣
灶原员晕灶原员 原 渊噪垣

灶 垣 噪原
灶 冤晕灶 垣 噪原

灶垣员晕灶垣员袁渊猿遭冤
凿晕皂凿贼 越 噪 垣

皂原员晕皂原员 原 渊噪垣
皂 垣 噪原

皂冤晕皂 援 渊猿糟冤
这里的 皂 为组成一个聚合物所需的氧原子数的

大值袁皂 值的选取是使 晕皂达到足够小的值曰得到与

失去一个氧原子的速率表示为

噪垣
灶 渊 贼冤 越 渊源仔冤圆 辕 猿渊猿增员灶冤员 辕 猿阅糟渊 贼冤

伊 藻曾责 原 啄宰灶圆噪月栽
⎛
⎝⎜

⎞
⎠⎟
袁 渊源葬冤

噪 原
灶垣员渊 贼冤 越 渊源仔冤圆 辕 猿渊猿增员灶冤员 辕 猿阅糟渊 贼冤

伊 藻曾责 垣 啄宰灶圆噪月栽
⎛
⎝⎜

⎞
⎠⎟
袁 渊源遭冤

其中 啄宰灶 越 宰灶垣员 原 宰灶袁阅 为硅中间隙氧的扩散

系数援
根据经典成核理论袁聚合物中的氧原子数大于

临界原子数 灶糟 的沉淀才能长大袁而小于临界原子数

灶糟 则会收缩溶解援 这里的临界原子数 灶糟 由下式计算

得到院
灶糟渊栽冤 越 猿圆仔滓猿增圆员猿 驻郧忆 猿 援 渊缘冤

实验结果表明袁硅中的碳杂质可以促进氧沉淀的生

成援 这是因为碳在硅中有着类似空位的作用袁可以

提供硅间隙子一个位置袁所以在氧沉淀的过程中成

为了成核中心袁使得硅和氧的结合更加容易援 这里

碳的成核速率 允园 可以表示为咱圆圆暂

允园 越 源仔则圆糟悦糟渊阅悦韵袁 贼 辕 姿冤在 辕 灶糟袁 渊远冤
其中 则糟 为氧沉淀的临界半径袁由 源

猿 仔则猿糟 越 增员灶糟 给出曰
悦悦 为作为成核中心的碳浓度曰姿 为氧原子的跃迁距

离袁 在 为 在藻造凿燥增蚤糟澡 因子袁是一个拟合参数袁其作用是

使计算所得的氧浓度变化量与实验结果相符咱圆员暂 援 考
虑到碳在氧沉淀过程中的作用袁将表示包含 灶 个氧

原子的聚合物的沉淀速率公式渊猿遭冤修正为

凿晕灶凿贼 越 噪 垣
灶原员晕灶原员 原 渊噪 垣

灶 垣 噪原
灶 冤晕灶

垣 噪原
灶垣员晕灶垣员 垣 允园啄渊灶 原 灶糟冤 援 渊苑冤

摇 摇 将实验测得的原始硅片中的氧浓度及碳浓度

作为初始条件袁用渊猿葬冤袁渊猿糟冤和渊苑冤式进行模拟计

算袁可以得到在 愿远园 益下热处理 员 澡 后沉淀的尺寸

分布援 模拟计算中所使用的参量取值如下咱员缘袁圆园暂 院
增 越 圆园郾 愿 糟皂猿窑皂燥造 原员袁 滓 越 园郾 源愿 允窑皂 原圆袁 姿 越 园郾 圆员缘
灶皂袁 悦藻择 越 圆郾 圆 伊 员园圆员藻曾责 耘员

噪月栽
⎛
⎝⎜

⎞
⎠⎟
糟皂 原猿袁 阅 越

圆郾 员远 伊 员园 原远藻曾责 耘圆
噪月栽

⎛
⎝⎜

⎞
⎠⎟
糟皂圆窑泽 原员袁 其中取 耘员 越 原 员郾 园猿

藻灾袁取 耘圆 越 原 员郾 缘缘 藻灾援 贼 时刻的沉淀浓度 字渊 贼冤可以

由沉淀尺寸分布函数得到袁
字渊 贼冤 越 鄱皂

灶 越 灶糟
晕灶渊 贼冤 援 渊愿冤

同时袁贼 时刻的氧浓度的变化 驻悦韵 可表示为

驻悦韵 越 鄱皂

灶 越 灶糟
灶晕灶渊 贼冤 援 渊怨冤

图 远摇 硅锭中部及底部样品在 愿远园 益下退火 员 澡 后氧沉淀尺寸分

布的模拟结果摇 渊葬冤样品 月鄄葬袁月鄄遭袁月鄄糟曰渊遭冤 样品 酝鄄葬袁酝鄄遭袁酝鄄糟

摇 摇 图 远 为样品 酝鄄葬袁酝鄄遭袁酝鄄糟 和样品 月鄄葬袁月鄄遭袁月鄄糟
在 愿远园 益下退火 员 澡 后的氧沉淀尺寸分布模拟计算

结果援 因为氧沉淀过程与初始氧浓度有关袁故硅锭

底部样品由于初始氧浓度较为接近袁所得的氧沉淀

尺寸分布差别较小曰而硅锭中部样品间的初始氧浓

度变化较底部明显袁使得氧沉淀尺寸分布差别较显

著援 研究表明袁由于硅锭中部作为成核中心的碳含

量较底部多袁尽管其氧含量较硅锭底部的氧含量

少袁其中的氧沉淀尺寸远比硅锭底部的氧沉淀尺寸

大袁大尺寸的氧沉淀会产生形变应力袁在制作电池

的热处理过程中袁结合外加应力作用袁使原生缺陷
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发展为二次缺陷袁影响到电池的转换效率援 而硅锭

底部由于碳含量较少袁使得其中的氧沉淀尺寸较

小袁能量较低的氧沉淀具有很强的吸除金属杂质的

作用袁进而提高了硅锭底部材料制备所得电池的性

能援 由此可知袁氧沉淀的尺寸决定了氧沉淀对电池

转换效率的作用援 但是袁将图 远 中的氧沉淀尺寸分布

与图 猿渊遭冤中对应的电池转换效率作比较后可以发

现袁大尺寸氧沉淀的尺寸大小并没有影响电池的转

换效率援 那么袁很可能是氧沉淀浓度影响了电池的

转换效率援

图 苑摇 硅锭中部及底部样品在 愿远园 益下退火 员 澡 后氧沉淀浓度

字尧氧浓度变化 驻悦韵 的模拟计算值和实验测量值摇 渊 葬冤样品 月鄄葬袁
月鄄遭袁月鄄糟曰渊遭冤 样品 酝鄄葬袁酝鄄遭袁酝鄄糟

图 苑 给出了模拟计算得到的各样品的氧沉淀浓

度 字尧氧浓度变化 驻悦韵 的模拟计算值与实验测量值

的比较援 从图 苑 可以看出袁模拟得出的氧浓度变化与

实验测量值较为符合援 将图 苑 所示的硅锭中部尧底部

各样品的氧沉淀浓度 字 与图 猿渊遭冤中对应的电池转

换效率作比较袁发现沉淀浓度与电池转换效率有

关援 比较硅锭底部的样品袁氧沉淀浓度 高的样品

月鄄葬 的转换效率 高袁氧沉淀浓度 低的样品 月鄄糟
的转换效率 低援 比较硅锭中部的样品袁氧沉淀浓

度 低的样品 酝鄄葬 的转换效率 高袁氧沉淀浓度

高的样品 酝鄄糟 的转换效率 低援 由此可以认为袁当
氧沉淀大于一定尺寸后袁氧沉淀将引发缺陷袁降低

电池转换效率袁此时起主要作用的不再是氧沉淀的

尺寸袁而是氧沉淀的浓度援

缘郾 两步热处理对电池性能的影响

在单晶硅太阳电池研究中袁制作电池前进行两

步高温热处理会产生各类具有内吸杂能力的热缺

陷袁尤其是氧沉淀可以提高电池的转换效率咱圆猿暂 援 从
上述讨论中已经知道袁多晶硅内的氧尧碳杂质有着

复杂的行为特性袁多晶硅锭中不同部位硅片制备所

得的电池性能变化应该远比单晶硅太阳电池的情

形复杂援 为了更好地理解氧沉淀及碳沉淀对多晶硅

太阳电池性能的影响袁这里我们尝试在制作电池前

对多晶硅锭中各个部位的硅片进行不同温度的两

步热处理袁改变其内部的氧沉淀量及碳沉淀量袁观
察其对电池性能的影响援

研究两步热处理中氧尧碳行为对电池性能的影

响袁在选择热处理的温度时袁需首先研究硅锭不同

部位的硅片在不同温度退火下的氧浓度和碳浓度

的变化援 在 员圆园园 益下经历 员 澡 的第一步预退火处理

渊以熔解铸锭过程中产生的少量氧尧碳沉淀咱员园暂 冤的

基础上袁再进行 源 澡 不同温度的第二步退火处理后

多晶硅锭顶部尧中部尧底部样品渊样品 栽鄄源鄄源袁酝鄄源鄄源袁
月鄄源鄄源冤的氧浓度及碳浓度变化如图 愿 所示援 我们发

现袁在经历第二步退火处理后所有样品的氧浓度和

碳浓度均有所下降援 氧浓度和碳浓度的减少可以看

作形成了沉淀援 图 愿 显示袁样品 栽鄄源鄄源袁酝鄄源鄄源袁月鄄源鄄源
在 远缘园 和 怨缘园 益温度下进行退火处理袁氧浓度和碳

浓度都有所下降袁 且在 怨缘园 益下退火时氧浓度和碳

浓度会下降更多援 故选取 远缘园 和 怨缘园 益两个温度点

分别对硅片进行第二步退火处理袁研究由于两步热

处理而形成不同程度的氧沉淀和碳沉淀对之后制

成的电池性能的影响援
以只经过一步预退火处理渊员圆园园 益袁员 澡冤的硅

片制备得到的太阳电池渊样品 栽鄄源鄄员袁酝鄄源鄄员袁月鄄源鄄员冤
的转换效率作为标准袁观察在 远缘园 益 渊样品 栽鄄源鄄圆袁
酝鄄源鄄圆袁月鄄源鄄圆冤或 怨缘园 益 渊样品 栽鄄源鄄猿袁酝鄄源鄄猿袁月鄄源鄄猿冤
下经历了 源 澡 第二步退火处理后的硅片制备得到的

太阳电池转换效率的变化援 我们发现袁硅锭底部的

样品 月鄄源鄄圆 和样品 月鄄源鄄猿 的转换效率分别有了

圆郾 园豫和 圆郾 怨豫的提高袁而硅锭中部的样品 酝鄄源鄄圆 和
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图 愿摇 样品中的氧浓度和碳浓度随第二步退火温度的变化摇 渊 葬冤样品 栽鄄源鄄源 的氧浓度袁 渊遭冤 样品 栽鄄源鄄源 的

碳浓度袁 渊糟冤样品 酝鄄源鄄源 的氧浓度袁 渊凿冤样品 酝鄄源鄄源 的碳浓度袁 渊藻冤样品 月鄄源鄄源 的氧浓度袁 渊枣冤样品 月鄄源鄄源 的

碳浓度

样品 酝鄄源鄄猿 的转换效率则分别下降了 园郾 愿豫 和

圆郾 猿豫 援 对比图 愿 中的氧浓度和碳浓度的变化可以看

到袁尽管硅锭中部的氧浓度低于硅锭底部袁但其中

的碳浓度比硅锭底部高袁在碳的促进下氧浓度的变

化量要远高于硅锭底部的样品援 结合上述的模拟计

算可知袁该部分大尺寸的氧沉淀是降低电池转换效

率的重要因素袁所以氧沉淀更多的样品 酝鄄源鄄猿 的转

换效率比样品 酝鄄源鄄圆 的转换效率下降更多援 由此可

知袁两步热处理对硅锭中部硅片制备得到的电池转

换效率是有害的援 对于硅锭底部样品袁作为成核中

心的碳较少袁使得氧沉淀尺寸小尧数量少袁不会影响

电池的性能援 氧沉淀较多的样品 月鄄源鄄猿 的转换效率

较样品 月鄄源鄄圆 的转换效率提高较多袁说明硅锭底部

的氧沉淀对电池转换效率有提高作用援 而位于硅锭

顶部的样品 栽鄄源鄄圆 和样品 栽鄄源鄄猿袁由于受到碳沉淀的

影响袁转换效率随着碳沉淀的增多而分别下降了

园郾 猿豫和 园郾 远豫 援
从图 怨 也可以看到袁经过第二步退火处理后袁硅

锭底部材料制备得到的电池 陨匝耘 有了明显的提高袁
且由于样品 月鄄源鄄猿 的氧沉淀多于样品 月鄄源鄄圆 的氧沉

淀袁其 陨匝耘 也优于样品 月鄄源鄄圆 的 陨匝耘袁说明第二步退

火处理由于氧沉淀的作用使得电池的体复合有所

减少援 而硅锭中部和顶部材料制备得到的电池 陨匝耘
在第二步退火处理后均有所下降袁说明这里的氧沉

淀和碳沉淀使得电池体内的复合增多援 由此可以知

道袁两步热处理对硅锭中不同部位的硅片所制成的
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图 怨摇 硅锭顶部尧中部尧底部的硅片在 员圆园园 益下经过 员 澡 一步预

退火处理以及在经过第一步预退火处理渊员圆园园 益袁员 澡冤的基础上

再在 远缘园 或 怨缘园 益下进行 源 澡 第二步退火处理后所制成电池的

陨匝耘摇 渊葬冤顶部样品渊栽鄄源鄄员袁栽鄄源鄄圆袁栽鄄源鄄猿冤所制备的电池袁渊遭冤 中

部样品 渊酝鄄源鄄员袁酝鄄源鄄圆袁酝鄄源鄄猿冤 所制备的电池袁 渊 糟冤 底部样品

渊月鄄源鄄员袁月鄄源鄄圆袁月鄄源鄄猿冤所制备的电池

电池有不同的作用袁我们的实验结果清楚地揭示了

两步热处理方法只适用于多晶硅锭中靠近底部的

硅片袁其根源在于各部分不同浓度的碳的作用援 硅
锭顶部的大量碳杂质形成的碳沉淀直接损害了电

摇 摇 摇 摇 摇

池的性能曰硅锭中部较多的碳杂质促进了大尺寸的

氧沉淀生成袁形成了复合中心曰只有在硅锭底部由

于碳含量较少袁可以形成尺寸较小的具有吸除金属

杂质作用的氧沉淀袁有利于电池转换效率的提高援

远郾 结 摇 论

本文利用红外光谱技术袁结合少子寿命尧光电转

换效率和 陨匝耘 等电池性能袁详细研究多晶硅锭中不

同部位氧浓度及碳浓度的差别以及热处理形成

的氧沉淀和碳沉淀对电池转换效率造成的不同

影响援 研究表明袁碳是导致这一现象的重要因素 援
一方面袁大量碳沉淀直接使得多晶硅锭顶部材

料制备得到的电池性能下降曰另一方面袁与初始氧

浓度相比袁碳浓度更能影响到氧沉淀的尺寸和数

量袁是造成多晶硅锭中部材料较多大尺寸氧沉淀和

底部材料较少氧沉淀的主要原因援 正是硅中氧沉淀

尺寸和数量的差别使得氧沉淀在硅锭中部硅片制

备得到的电池中增加了复合中心袁而在底部硅片制

备得到的电池中发挥了吸杂作用袁对两部分材料制

备得到的电池转换效率产生了不同的影响援 基于碳

对氧沉淀的影响袁我们利用改良 月阅 方程模拟计算

氧沉淀尺寸的分布袁结果证实了多晶硅锭中部和底

部硅片中的氧沉淀尺寸及数量上的区别袁与实验结

果相符合援 进一步在制作电池前进行两步热处理以

增加氧沉淀和碳沉淀袁确认了硅锭不同部位的氧沉

淀和碳沉淀在电池中的不同作用援 研究表明袁两步

热处理方法只能使靠近硅锭底部的材料制成的电

池转换效率有所提高援 结果表明袁由于多晶硅中复

杂的氧尧碳行为特性袁对硅锭中不同部位的硅片使

用不同的工艺袁才能使提高多晶硅太阳电池转换效

率的方案更有效援
感谢江西赛维太阳能高科技有限公司和上海交大林洋

太阳能光伏研发中心分别为本文工作提供多晶硅片和制作

太阳电池袁同时感谢江苏林洋新能源有限公司和上海交大泰

阳绿色能源有限公司为本文工作提供部分电池性能的测试
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displacement†
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We report a facile and efficient method, nanochannel-confined

galvanic displacement, to fabricate uniform and controllable

CuInSe2 nanotube arrays using the porous Au-coated anodic

aluminium oxide template with a narrow ring-shaped Al foil

surrounding on its outside edge. This method provides a new

approach for fabricating nanotube arrays.
In the face of energy shortage and environmental pollution, solar cells

are attractive candidates for the demand of clean and renewable

power.1,2 In recent years, improved photoelectric properties such as

high light-trapping, enhanced carrier collection have been reported in

Si nanowire arrays,3,4 CdS nanopillar arrays,5 ZnO nanowire6 or

nanotube arrays,7 TiO2 nanotube array dye-sensitized or solid-state

heterojunction solar cells,8,9 and so on. As a vital material for the

absorption layer of thin-film solar cells, CuInSe2 (CIS) has been the

center of much research due to its high optical absorption coefficient

(105 cm�1), good radiation stability and desirable conversion effi-

ciency.10–15 Some efforts based on solvothermal methods,16,17 vapor–

liquid–solid techniques,18 solution–liquid–solid,19 solid-state reac-

tions20 and other chemical approaches21 have been devoted to fabri-

cate CIS nanowires with random distribution on the substrate. CIS

nanowire arrays were firstly fabricated by porous anodic aluminium

oxide (AAO) template-assisted pulse electrodeposition techniques,

while only about 60% channels of AAO templates were filled with

CIS nanowires.22 CIS nanotube arrays growing on the conducting

glass substrate have also been realized via gradual ion-exchange and

replacement reactions by using ZnO nanorod arrays as sacrificial

templates, but with a cap layer covered on the top of nanotubes.23

However, it remains a great challenge to develop a facile and efficient

method for controllable synthesis of CIS nanotube (or nanowire)

arrays.

Recently, Meng et al.24 reported an effective approach—redox

reaction to synthesize metal nanowires (Au, Pt, Pd and so on) in
aLaboratory of Condensed Matter Spectroscopy and Opto-Electronic
Physics, and Key laboratory of Artificial Structures and Quantum
Control (Ministry of Education), Department of Physics, Shanghai Jiao
Tong University, Shanghai, 200240, People’s Republic of China. E-mail:
mjzheng@sjtu.edu.cn; Fax: +86 021 54741040
bSchool of Chemistry & Chemical Technology, Shanghai Jiao Tong
University, Shanghai, 200240, People’s Republic of China

† Electronic supplementary information (ESI) available: Full
experimental details, SEM images, EDS spectra, XRD patterns,
Raman spectra and TEM analyses. See DOI: 10.1039/c1jm13651h
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AAO templates. Here, based on the nanochannel-confined galvanic

displacement, we have successfully fabricated uniform, diameter and

wall thickness-controllable ternary CIS nanotube arrays using the

tunable porous Au-coated AAO template with a narrow ring-shaped

Al foil surrounding on its outside edge (see the ESI† for experimental

details). The galvanic displacement provides the driving force to

overcome the geometrical restrictions of inserting metallic ions into

very deep nanochannels finally to the bottom porous Au film.

Furthermore, the porous structure of the Au film and nanochannel-

confined growth from the AAO template are responsible for tubular

habits andmake size-controllable (diameter, wall-thickness) synthesis

of CIS nanotubes possible by tuning the pore size of the porous Au

film and AAO template. Compared with conventional template-

assisted electro-22,25 or electroless deposition techniques,26 this method

does not require electric power, especially complicated sensitization

processes and complexing agents but with nearly 100% pore fill factor

of AAO templates, and can achieve nearly pure chalcopyrite CIS

nanotube arrays. Such pure chalcopyrite CIS nanotube arrays with

adjustable size are expected to have important applications in high

light-trapping and enhanced carrier collection solar cells. This

nanochannel-confined galvanic displacement technique can also be

employed to prepare other kinds of nanotube array materials.

The fabrication process is shown schematically in Fig. 1.When the

porous Au-coated AAO template (with a narrow ring-shaped Al foil

surrounding on its outside edge) was immersed in the aqueous

solution (a mixture of CuCl2, InCl3 and SeO2) under room temper-

ature, the Al foil would initiate redox reactions on the top surface of

the exposed Al foil and the bottom porous Au film to form CIS,

because of the more negative redox potential of Al3+/Al0 (E0 ¼
�1.67 V vs SHE (standard hydrogen electrode)) than Cu2+/Cu0 (E0¼
0.337 V vs SHE), In3+/In0(E0 ¼ �0.342 V vs SHE) and SeO3

2�/Se0

(E0¼�0.366 V vs SHE).27 Since the free energy of CIS formation has

been shown to be about 10–80 kJ more stable than the codeposition

of themixture of binaries Cu2Se + In2Se3,
28 the possible total galvanic

displacement reaction to the formation of CIS can be represented as

follows:
3Cu2+(aq.) + 3In3+(aq.) + 6SeO3
2�(aq.) + 13Al0(s) + 36H+(aq.)

/ 3CuInSe2(s) + 13Al3+(aq.) + 18H2O (1)

The galvanic displacement reactions for the top galvanic cell occur

on the top surface of the exposed Al foil, where some locations of the
J. Mater. Chem., 2011, 21, 17091–17093 | 17091
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Fig. 1 Schematic diagram of the fabrication process for CIS nanotube arrays via nanochannel-confined galvanic displacement. (a) The two-way AAO

template with a narrow ring-shaped Al foil surrounding on its outside edge. (b) The porous Au film sputtered on one surface of the AAO template for the

formation of galvanic contact to the Al foil. (c) Galvanic displacement reactions for both the bottom and top galvanic cells. (d) Parallel growth of CIS on

the porous Au film and along pore walls of the AAO template, producing CIS nanotube arrays.

Fig. 2 FE-SEM images of (a) the porous Au film sputtered on the

surface of the AAO template with average pore diameter of 30 nm and (b)

CIS nanotube arrays (the inserts are enlarged images). (c) The EDS

spectrum of CIS nanotube arrays embedded in the AAO template. (d)

TEM image, HRTEM image and SAED pattern of the as-deposited CIS

nanotube.
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Al foil act as anodes and are oxidized into Al3+, then at some other

locations of the Al foil (as cathodes), metallic ions in the solution can

gain electrons (come from the anode and through the Al foil itself) to

form CIS on the cathodes and followed by diffusing away from the

Al foil and into channels of the AAO template because of the

concentration gradient. Meanwhile, metallic ions on the porous Au

film can also gain electrons and be reduced to form CIS from the

bottom galvanic cell where the Al foil serves as the anode and the

porous Au film (with good electrical contact with the Al foil) acts as

the cathode. In this bottom galvanic cell, both electrons (generated

from the anode-Al foil) andmetallic ions (in the solution or channels)

move to the cathode, resulting in continuous growth of CIS upward

the channels of the AAO template. With increasing duration of

immersion, the diffusing CIS (from the top galvanic cell) reaches the

tips of CIS nanotubes (from the bottom galvanic cell) and combines

with them, leading to the formation of longer CIS nanotube arrays

confined in channels of the AAO template.

As CIS nanotube arrays grow on the porous Au film and are

confined in channels of the AAO template, their outer diameters and

wall thicknesses are completely dependent on the pore size of AAO

templates and porous Au films. Fig. 2(b) shows a FE-SEM image of

CIS nanotube arrays on the porous Au film after partial removal of

the AAO template. The lengths of CIS nanotube arrays are about

2.4 mm–2.85 mm with immersing time of 1 h. The average outer and

inner diameters of nanotubes are 70 nm and 30 nm (wall thickness of

20 nm), in agreement with the pore diameter of the AAO template

(ESI, Fig. S1(a)†) and the porous Au film (Fig. 2(a)). The EDS

spectrum of Fig. 2(c) indicates that the deposited samples are near-

stoichoimetric CuInSe2 nanotube arrays with the Cu, In and Se

atomic ratio of 4 : 5 : 8.9. The broadened diffraction peaks in the

XRD pattern (see ESI, Fig. S1(b)-b†) of the as-deposited sample can

be indexed to chalcopyrite CIS and porous Au films. TEM analyses

(Fig. 2(d)) also confirm the formation of chalcopyrite CIS nanotube

arrays composed of nanocrystals with an average grain size of 10 nm

at room temperature. The characteristic A1 modes (Raman peak of

177.3 cm�1) of CIS were also observed on the micro-Raman spectra

(see ESI, Fig. S2(a)†) for different locations of the as-deposited

sample, which further demonstrates the formation of chalcopyrite

CIS phase.17,29 A very weak peak at 261 cm�1 on the micro-Raman

spectrum for the location c may be ascribed to the presence of minor

binary CuxSe phase,
29 indicating that the as-deposited sample is not

completely uniform. After the annealing process, the average grain

size in CIS nanotubes increases to 20 nm and the crystallinity of

nanotubes is improved according to the XRD pattern (see ESI,

Fig. S1(b)-c†), HRTEM image, SAED analysis (see ESI, Fig. S1(c)†)
17092 | J. Mater. Chem., 2011, 21, 17091–17093
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and Raman spectrum (see ESI, Fig. S2(b)†). In addition, the influ-

ence of the distance from the Al ring on the lengths of CIS nanotubes

has also been investigated (see ESI, Fig. S3†). It is found that the

closer the location is to the ring-shaped Al foil, the longer the CIS

nanotubes would be achieved in the corresponding positions, which

may be caused by the shorter diffusion length of CIS from the top

galvanic cell. It should be noted that the porous structure of Au films

is critical to tubular habits, if the sputtered Au film is thick enough to

almost completely cover pores of the AAO template, CIS nanowire

arrays would be achieved (see ESI, Fig. S4†).

The fabrication process of nanotube arrays allows the outer

diameter and wall thickness of nanotubes to be tuned systematically

by controlling the pore diameter of AAO templates and porous Au

films. Based on our previous high-field technique,30 we can achieve

desirable AAO templates with large diameters, which can help us

adjust outer and inner diameters (or wall thickness) of nanotubes

over a large range. As an example, Fig. 3(a) and (b) show FE-SEM

images of CIS nanotube arrays uniformly embedded in AAO
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 FE-SEM images of CIS nanotube arrays with the same outer diameter of 180 nm and length about 2.4 mm–2.85 mm (with immersing time of 1 h),

but different wall thicknesses of (a) 20 nm, (b) 30 nm and (c) 7 nm.
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templates (the inserts are enlarged images) with the average outer

diameter of 180 nm and different inner diameters about 140 nm (wall

thickness of 20 nm) and 120 nm (wall thickness about 30 nm), which

are consistent with the pore size of the AAO template (see ESI,

Fig. S5(a)†) and porous Au films (see ESI, Fig. S5(b) and (c)†),

respectively. Based on this method, we can also realize the fabrication

of ultrathin CIS nanotube arrays (Fig. 3(c)) with nearly porous-wall

(average wall thickness of 7 nm) by controlling the pore diameter of

the porous Au film close to the pore size of the AAO template (see

ESI, Fig. S5(d)†), whichmay have potential applications in enhanced

carrier collection efficiency because of minimal radial transport

pathways for photo-generated carriers.7,8

In summary, we develop a facile method—nanochannel-confined

galvanic displacement—for large-scale fabrication of uniform and

size-controllable CIS nanotube arrays. The CIS nanotube arrays

fabricated by this method are almost pure chalcopyrite CIS nano-

crystals at room temperature, and with nearly 100% pore fill factor in

the AAO template. The outer and inner diameters (or wall thickness)

of CIS nanotubes can be tuned via modulating the pore diameter of

AAO templates and porous Au films. Such uniform and size-tunable

CIS nanotube arrays can support the design of high-efficiency nano-

structured solar cells. Using this method, other nanotube array

materials (with higher redox potential than Al) can also be realized

(see ESI, Fig. S6 for Co and Fig. S7† for CuSe nanotube arrays),

which may open a new branch of nanofabrication.
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Mechanical properties of self-scrolling binormal nanohelices with a rectangular cross-section are

investigated under uniaxial tensile and compressive loads using nanorobotic manipulation and

Cosserat curve theory. Stretching experiments demonstrate that small-pitch nanohelices have an

exceptionally large linear elasticity region and excellent mechanical stability, which are attributed to

their structural flexibility based on an analytical model. In comparison between helices with a circular,

square and rectangular cross-section, modeling results indicate that, while the binormal helical

structure is stretched with a large strain, the stress on the material remains low. This is of particular

significance for such applications as elastic components in micro-/nanoelectromechanical systems

(MEMS/NEMS). The mechanical instability of a self-scrolling nanohelix under compressive load is

also investigated, and the low critical load for buckling suggests that the self-scrolling nanohelices are

more suitable for extension springs in MEMS/NEMS.
1. Introduction

Nanohelices can provide a wide range of enhanced functional-

ities for micro-/nanoelectromechanical systems (MEMS/

NEMS)1–3 due to their helical shape,4,5 superelasticity,6–8 pie-

zoresistive and piezoelectric properties,9–11 as well as other

characteristics.12 Recently, strain-induced self-scrolling nano-

helices have attracted considerable attention due to their highly

controllable fabrication method that combines bottom-up thin

film growth with top-down lithographic patterning.13–15 This

fabrication technique can create hybrid 3-D structures composed

of metal, dielectric, and polymeric materials as well as semi-

conductor heterostructures.16–20 More recently, small-pitch SiGe/

Si and SiGe/Si/Cr nanohelices have been obtained.21,22
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For nanohelices to serve as components for MEMS/NEMS or

nanomechanical devices, their mechanical properties must be

well understood. The mechanical properties of nanohelices under

tensile loading have been investigated for several different

materials, including carbon,6 ZnO,7 Si3N4
8 and InGaAs/GaAs.23

Their mechanical stretching behavior was modeled using clas-

sical elasticity theory and the Kirchhoff rod model assuming an

inextensible and unshearable rod. One report on the mechanical

instability of a nanohelix under a compressive load demonstrated

a nonlinear response of a buckling carbon nanohelix with

a circular cross-section.24 Though it is common to synthesize

nanohelices with non-circular cross-sectional shapes, e.g. binor-

mal helices, using top-down or bottom-up approaches,2,13,25,26

a systematic study of the mechanical properties of these types of

nanohelices under a uniaxial load has not been conducted.

In this paper, nanorobotic manipulation is used to examine the

mechanical properties of a small-pitch SiGe/Si/Cr nanohelix

under tensile and compressive loads. An analytical model based

on Cosserat curve theory27–29 is developed to explore the

mechanical properties of both normal and binormal nanohelices

with a rectangular cross-section, which are compared to helices

with a circular or square cross-section. A primary advantage of

Cosserat curve theory is that it assumes the materials are

extensible and shearable. Among the four different types of the

cross-sectional shapes, the binormal helix shows the largest linear

elasticity under axial deformation. By quantitatively analyzing

uniaxial loading experiments and modeling, three regions are

identified: the final helical shape and the critical tensile force that

causes fracture, the critical compressive force that causes buck-

ling, and the spring constant between these two critical loads.
Nanoscale, 2011, 3, 4301–4306 | 4301
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2. Results and discussion

2.1. Self-assembly of a nanohelix on an AFM tip for

nanorobotic manipulation

Small-pitch nanohelices were fabricated based on self-scrolling

ribbons composed of stacked SiGe/Si/Cr thin films, as shown in

Fig. 1(a). Nanorobotic manipulation in an SEM was used to

investigate the mechanical properties in which one end of the

nanohelix is glued on a manipulator probe and the other end of

the helix manipulated by an AFM tip (Fig. 1(b)). When the

distance between the manipulator probe and the AFM tip is less

than approximately 0.45 mm, the inner wall of the free end of

a nanohelix is attracted to the AFM tip (Fig. 1(c) and (d)) mainly

by electrostatic forces. If the nanohelix is pulled away from the

AFM tip along its helical axis, it is initially stretched and then

detaches from the AFM tip when the applied force is over ca.

17 nN (Fig. 1(e) and (f)). Attaching a nanohelix to an AFM tip

was performed with varied misalignment angles. An example is

shown in Fig. 1(g)–(k). The results show that the attachment of

the nanohelix on the AFM tip does not require precise alignment.

The nanohelix was then firmly clamped onto the AFM tip using

electron beam induced deposition (EBID) for manipulation.

Fig. 2 (a–d) Tensile test of the nanohelix between the AFM cantilever

and the tungsten probe. (e) Schematic illustration of a normal helix. (f)

Schematic illustration of an unloaded binormal helix HI with a rectan-

gular cross-section. (g) Configuration of the binormal helix HF after

stretching by a tensile force F along its helical axis. (h and i) Configu-

ration of a binormal helix after stretching to its limit.
2.2. Nanohelices under tensile load

Fig. 2(a)–(d) show the reproducible sequential elastic deforma-

tion and recovery process of a SiGe/Si/Cr nanohelix under tensile

loading and unloading along its helical axis. In the experiment,

the helix was elongated more than 170% of its original length. It

then spontaneously detached from the AFM tip due to the large

tensile force, and no plastic deformation was observed.

Based on Cosserat curve theory,30 an analytical model is

developed to explore the mechanical behavior of the normal and

binormal helices, as shown in Fig. 2(e) and (f). The modeling

results show that the load F and the geometry parameters of the

radius (a0 for the undeformed helix and a for the deformed one),

and pitch (b0 for the undeformed helix and b for the deformed
Fig. 1 (a) SEM images of an as-fabricated SiGe/Si/Cr nanohelix teth-

ered on a Si substrate. (b–f) The nanohelix was attached to a manipulator

probe and moved towards and away from the AFM tip. All frames have

the same scale bar. (g–k) A sequence of frames shows the self-assembly of

the misaligned nanohelix on the AFM tip. All frames have the same

scale bar.
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one), shown in Fig. 2(f) and (g), are related to the intermediate

Euler angles f0, q0, j0 and f, q, j:�
1

E2

� 1

E1

�
cos q sin qF 2 þ sin qF � Cj

�2
0ðcos q� cos q0Þsin q

þEI1½1� ðD� 1Þdi2�j
�2
0ðsin q� sin q0Þcos q ¼ 0 (1)
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sin q0

j
�
0

; b0 ¼
2pcos q0

j
�
0

; (2a)

a ¼ 1

j
�
0

��
F
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cos qþ 1

�
� F

E1

cos q

�
sinq;

b ¼ 2p

j
�
0

�
F

E1

sin2
qþ

�
F

E3

cos qþ 1

�
cos q

�
(2b)

where Dh I2/I1, i¼ 2 (or i¼ 1) for a binormal (or normal) helix,

di2 is the Kronecker delta, E1 ¼ E2 ¼ KGtw, E3 ¼ Etw, A ¼ EI1,

B ¼ EI2, and C ¼ 4GI1I2/(I1 + I2) according to the scaled

torsional stiffness.31 The parameters w and t (w > t) are the width

and the thickness of the curved nanobelt, respectively. K is the

Timoshenko shear coefficient which is related to Poisson’s ratio n

through K ¼ (5 + 5n)/(6 + 5n).32 E and G ¼ E/2(1 + n) are the

Young’s and shear moduli of the nanobelt, respectively. I1 ¼ w3t/

12 and I2 ¼ wt3/12 are the moments of inertia. (Details on

modeling are available in the ESI†.)

The analytical model is compared to loading experiments of

the SiGe/Si/Cr nanohelix, a typical binormal helix with
This journal is ª The Royal Society of Chemistry 2011



a rectangular cross-section shape.33,34 Fig. 3(a) shows the

dependence of the tensile load on the elongation of the nanohelix,

in which the squares are from the experimental data and the solid

curve is from the modeling. The relation between the applied

force and elongation remains linear as the nanohelix is elongated

to approximately 189%. In comparison with that of the nano-

helices with a circular cross-section, e.g. 72% for the Si3N4

microcoil8 and 15% for the carbon nanocoil,6 the small-pitch self-

scrolling nanohelix with a rectangular cross-section exhibits

a much larger linear elastic range. The modeling result is from

eqn (1) and (2) with parameters a0 ¼ 1.5 mm, b0 ¼ 1.6 mm, t ¼
40 nm, w ¼ 0.8 mm, effective turns N ¼ 9, E ¼ 140 GPa, nSiGe ¼
nSi ¼ 0.27, and vCr ¼ 0.21.35,36 The modeling results agree with

experiments well, which imply that the Cosserat curve model can

also be used to analyze binormal helices under uniaxial load.

Following the linear elastic domain of the nanohelix, a larger

load is required to extend the nanohelix into a taut configuration.

The nonlinear relationship between the elongation and the load

shows that there is a huge change of the strain in this domain.

The modeling results also indicate that the linear elasticity region

of the nanohelices is significantly influenced by the cross-

sectional shape of the helix. Fig. 3(b) shows the dependence of

the tensile load on elongation for helices with four different

cross-sectional shapes, i.e. rectangle (normal and binormal),

square and circle, from eqn (1) and (2). We assume that, except

for the cross-sectional shape, the four types of helices have the

same parameters as those of the fabricated SiGe/Si/Cr nanohelix,

including the area of the cross-section, the radius, the pitch, the

number of turns, and the material parameters. The plot shows

different linear regions of load versus elongation (solid line) for

those four types of helices: the binormal helix possesses the

largest elasticity linear region of ca. 220%, while the normal helix

has the least of ca. 10%. The linear elasticity regions for the helix
Fig. 3 (a) Experimental data of tensile load in the low-strain regime

(squares) and theoretical calculation (solid curve) of load in the entire

stretching region. (The experimental error, considered in the square, is

attributed to the uncertainty in the position of the nanohelix.) (b) Tensile

load and (c) relative materials stretch versus elongation for four types of

helices with different shapes of the cross-section: (I) rectangle (binormal

helix), (II) circle, (III) square and (IV) rectangle (normal helix). (d)

Theoretical calculation of the spring constant versus elongation in the

entire stretching region of the SiGe/Si/Cr nanohelix.

This journal is ª The Royal Society of Chemistry 2011
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with a circle-shaped cross-section and a square-shaped cross-

section are similar, ca. 100% and ca. 87%, respectively. The

varied linear elasticity region of helices with different cross-

sectional shapes is mainly due to the difference in the material

stretch (l) of the helical ribbon or the helical filament under axial

load. This can also be deduced by using the Cosserat curve

model. The material stretch of a helix is given by

l ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F 2

E2
1

sin2
qþ

�
F

E3

cos qþ 1

�2
s

(3)

Fig. 3(c) illustrates the dependence of the relative stretch

(DLS ¼ l � 1) of the four types of helices on their elongation in

which the binormal helix presents the smallest DLS for the same

elongation. The results imply that for helices under axial loading

situation the binormal helix is most stable under large defor-

mation compared to the other three types of helices. Further-

more, unlike a helix with a circular cross-section, two different

helical shapes of a stretched binormal helix can occur under

a large tensile load if both ends are fixed. As shown in Fig. 2(g), x

is defined as the distance between two adjacent exposed edges of

the nanobelt along its width direction, which is expressed by

x ¼ 2abffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2aÞ2þðb=2Þ2

q � w: (4)

When a binormal helix is stretched to its limit, the sides of the

ribbon are almost parallel to the helical axis and the relationship

w2 þ ð2paÞ2þb2 ¼ 2

2
64ð2aÞ2þ

0
@b

2
þ
w

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2aÞ2þðb=2Þ2

q
4a

1
A

2375 (5)

is satisfied. If the geometry parameters from eqn (5) lead to x $

0 in eqn (4), the binormal helix can reach its elongation limit

(Fig. 2(h)), similar to that of a helix with a circular cross-section.

A tubular-like shape forms25 as the edges of the adjacent turns of

the helical ribbon touch each other (x# 0), as shown in Fig. 2(i).

The final helical state of the binormal helix can be derived from

eqn (4) before fracture. In combination with eqn (1) and (2), one

can determine that the SiGe/Si/Cr nanohelix retains a helical

shape with a radius of 0.4 mm, and a pitch of 9.2 mm when

stretched to its limit by a critical force of 979 nN. The corre-

sponding relative stretch is 0.02%, much smaller than 0.30% for

Si3N4 and 2.30% for carbon nanocoils with a circular cross-

section.28

The spring constant for the normal and binormal helices can

be calculated by:

k ¼ � P1P4

NðP3P4 þ P2Þ
(6)

where

P1h
h
j
�
=2p

i��
1þ 2Fcos q

�
1

E3

� 1

E1

��
;

P2h2

�
1

E3

� 1

E1

�
cos q sin qF þ sin q;
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Fig. 3(d) presents the spring constant of the SiGe/Si/Cr nanohelix

in the entire stretching region before fracture, obtained using eqn

(6) and (7). In the linear elasticity region of the SiGe/Si/Cr

nanohelix, the spring constant k is a constant and the average

value is calculated as 5.5 � 10�3 N m�1, which agrees with

experimental data. In the high strain regime of the helix, the

spring constant increases rapidly and eventually reaches a critical

value of 1.4 � 10�1 N m�1 before fracture.

2.3. Nanohelices under compressive load

One application of nanohelices is as a wirelessly controlled probe

for micromanipulation in fluid. For example, helical swimming

microrobots such as artificial bacterial flagella (ABF) have been

realized using a corkscrew motion for propulsion.37,38 Investi-

gating the mechanical instability of this helical micromachine is

important in understanding its performance limits as a manipu-

lation tool. An axial compressive force was applied on a SiGe/Si/

Cr nanohelix using a manipulator probe to investigate the

buckling of the nanohelix, as shown in Fig. 4(a)–(d). The results

indicate that initially the nanohelix is compressed along its helical

axis, however, when the compressive force reaches approxi-

mately 6 nN, the helical structure becomes mechanically unstable
Fig. 4 (a–d) A series of SEM images showing the deformation of the

nanohelix under an increasing compressive load. (a) Axial compression

with a force smaller than the Fcr. (b–d) Buckling of the nanohelix. All

frames have the same scale bar. (e) Illustration of a binormal helix under

an axial compression in which F < Fcr. (f) Illustration of a binormal helix

under the critical load Fcr.
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and buckling occurs, as shown in Fig. 4(b). The buckling

becomes more severe as the applied force increases by translating

the tungsten probe towards the AFM tip, as shown in Fig. 4(c)

and (d). In contrast to a helix under a tensile force, in which the

spring constant of the helix increases with a large stretch, the

spring constant of a helix under compression shows the opposite

effect in the buckling regime. The diagram in Fig. 5(a) shows the

dependence of the compressive load on the deformation of the

SiGe/Si/Cr nanohelix in which experimental results are marked

by squares and the modeling results by the solid line. The

deformation of the helix under compression, measured from the

SEM images, is defined as the shortened length of the helix

between its fixed end on the manipulator probe and the AFM tip.

When the compressive force (F) is smaller than the critical load

Fcr (dashed line), the relation between the deformation and the

compressive load can be predicted using the Cosserat curve

model. To estimate the critical load Fcr of the SiGe/Si/Cr nano-

helix, we define the corresponding length as lcr with the decrease

of Dcr, and x the pitch angle, as schematically shown in Fig. 4(e)

and (f). The critical load of a buckling slender body is given by:39

Fcr ¼
p2a0

l2cr
(8)

For a helical body, the bending rigidity can be obtained by

a0 ¼
sin x

1þ sin2
x

2EI2
þ 1� sin2

x

2GJ
Fig. 5 Experimental data (squares) and theoretical calculation (solid

line) of (a) load and (b) spring constant versus deformation in the axial

compression and buckling regime. (The experimental error is attributed

to the uncertainty in the position of the nanohelix. In (b), it is considered

in the square.)
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and lcr ¼ l0 � Dcr with

Dcr ¼
2pNa30ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2

x
p �

sin2
x

EI2
þ 1� sin2

x

GJ

�
Fcr:

Since the pitch angle x is small sin x ¼ lcr/s0 with the total length

of the helical ribbon s0 ¼ 2pNa0, and sin2x ¼ 0. Eqn (8) can then

be rewritten as:

Fcr ¼
p

Na0

�
1

EI2
þ 1

GJ

��
1� 2pNa30

GJ
Fcr

� (9)

And the critical value of Fcr is given by:
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�
2pNa30
GJ

(10)

Using eqn (10) and the geometry parameters of the SiGe/Si/Cr

nanohelix, the critical load Fcr ¼ 6 nN is determined, which is

consistent with experimental results. When the compressive load

is larger than Fcr, the nanospring is mechanically unstable and

buckling occurs. Fig. 5(b) shows the spring constant of the

nanohelix in the compression regime. The spring constant,

derived from eqn (6), remains a constant in the axial compression

domain (solid line), and decreases linearly from 3 � 10�3 N m�1

to approximately zero with increasing load in the post-buckling

regime (squares). The reason for the linear decrease of the spring

constant in the post-buckling region is unclear, but a similar

phenomenon was also reported in a carbon nanocoil when an

axial compressive force is loaded.24 The nanospring recovers to

its initial shape from the post-buckling state when the compres-

sive load is removed.

3. Conclusions

We have investigated the mechanical properties of nanohelices

with a rectangular cross-section under tensile and compressive

loads. Based on the Cosserat curve theory, a comprehensive

model for normal and binormal helices is proposed. The model

and experiments reveal that a binormal helix with a rectangular

cross-section, such as a self-scrolling nanohelix, has a large linear

elasticity regime and is more mechanically stable due to a lower

stretch of materials under large axial deformation. A tubular-like

shape can also be formed from binormal helices under a large

stretch. Finally, the mechanical instability of a self-scrolling

nanohelix under compressive load is investigated. With knowl-

edge of the mechanical properties of self-scrolling nanohelices,

this work provides a reference for further design and fabrication

optimization of normal and binormal helices for potential

applications in MEMS/NEMS and as tools for

micromanipulation.

4. Experimental section

4.1. Fabrication

Small-pitch SiGe/Si/Cr nanohelices were fabricated by the

following procedure. The SiGe/Si hetero-film with a thickness of

11/8 nm was grown by ultrahigh vacuum chemical vapor
This journal is ª The Royal Society of Chemistry 2011
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deposition (UHV-CVD) on a Si(001) substrate. The Cr layer

with a thickness of 21 nm was deposited by e-beam evaporation.

Subsequently the small-pitch nanohelix was formed by wet

chemical etching in an alkaline solution (3.7% NH4OH). The

fabrication of small-pitch nanohelices with pitch angles less than

10� can be achieved in a highly controllable fashion, when the

edge effect dominates the coiling process of these ribbon-like

patterned thin films.21,22 Finally, the samples were dried in

a supercritical point dryer to eliminate the capillary force.
4.2. Nanorobotic manipulation

To perform mechanical property characterization experiments,

a SiGe/Si/Cr nanohelix with a radius of 1.5 mm, a pitch of 1.6 mm,

a number of turns of 10 and a nanobelt width of 0.8 mm was

assembled between a tungsten probe (Picoprobe, T-4-10-1 mm)

and an AFM tip (Mikromasch, CSC38/Ti–Pt, stiffness 0.03 N

m�1). Controlled by the manipulator, the tungsten probe was

prepared by dipping the tip into a silver conductive tape and then

used to break and pick up the as-fabricated nanohelix from its

tethered end. The free end of the nanohelix was then transported

close to the AFM tip. When the distance between the manipu-

lator probe and the AFM tip is sufficiently small, the inner wall

of the nanohelix free end is attracted to the AFM tip. For the

study of mechanical properties after the self-assembly step, the

free end of the helix was clamped onto the AFM tip using elec-

tron-beam-induced deposition (EBID).4 The manipulation

processes were performed by translating the manipulator tung-

sten probe toward and away from the AFM tip, hence, uniaxial

load was applied and the applied force was measured by the

deflection of the AFM cantilever.
Acknowledgements

We thank B. H. Zhao (Zhejiang University) for technical support

of the UHV-CVD facility, the FIRST lab of ETH Zurich for

technical support of microfabrication, and X. J. Huang (Dong-

hua University) for the simulated three-dimensional helices

diagram. Some SiGe/Si bilayer samples were prepared at the Paul

Scherrer Institute; the authors thank Dr J. Gobrecht and Dr D.

Grutzmacher for their support. Funding for this research was

partially provided by open funding (grant no. SKL 2009-4) of the

State Key Laboratory of Zhejiang University, P. R. China, Sino-

Swiss Science and Technology Cooperation (SSSTC, grant no.

EG 08-092009) and Natural Science Foundation of China (grant

no. 10734020).
References

1 P. X. Gao, Y. Ding, W. J. Mai, W. L. Hughes, C. S. Lao and
Z. L. Wang, Science, 2005, 309, 1700.

2 B. A. Korgel, Science, 2005, 309, 1683.
3 Y. G. Sun and J. A. Rogers, J. Mater. Chem., 2007, 17, 832.
4 L. X. Dong, L. Zhang, B. E. Kratochvil, K. Y. Shou and B. J. Nelson,
J. Microelectromech. Syst., 2009, 18, 1047.

5 L. Zhang, J. J. Abbott, L. X. Dong, K. E. Peyer, B. E. Kratochvil,
H. X. Zhang, C. Bergeles and B. J. Nelson, Nano Lett., 2009, 9, 3663.

6 X. Q. Chen, S. L. Zhang, D. A. Dikin, W. Q. Ding, R. S. Ruoff,
L. J. Pan and Y. Nakayama, Nano Lett., 2003, 3, 1299.

7 P. X. Gao, W. J. Mai and Z. L. Wang, Nano Lett., 2006, 6, 2536.
8 C. B. Cao, H. L. Du, Y. J. Xu, H. S. Zhu, T. H. Zhang and R. Yang,
Adv. Mater., 2008, 20, 1738.
Nanoscale, 2011, 3, 4301–4306 | 4305



9 K. Hjort, J. Soderkvist and J. Schweitz, J. Micromech. Microeng.,
1994, 4, 1.

10 Y. W. Hsu, S. S. Lu and P. Z. Chang, J. Appl. Phys., 1999, 85, 333.
11 G. Hwang, H. Hashimoto, D. J. Bell, L. X. Dong, B. J. Nelson and

S. Schon, Nano Lett., 2009, 9, 554.
12 Y. Furuya, T. Hashishin, H. Iwanaga, S. Motojima and

Y. Hishikawa, Carbon, 2004, 42, 331.
13 V. Y. Prinz, V. A. Seleznev, A. K. Gutakovsky, A. V. Chehovskiy,

V. V. Preobrazhenskii, M. A. Putyato and T. A. Gavrilova, Phys.
E., 2000, 6, 828.

14 O. G. Schmidt and K. Eberl, Nature, 2001, 410, 168.
15 A. Cho, Science, 2006, 313, 164.
16 O. G. Schmidt, N. Schmarje, C. Deneke, C. Muller and N. Y. Jin-

Phillipp, Adv. Mater., 2001, 13, 756.
17 L. Zhang, E. Deckhardt, A. Weber, C. Schonenberger and

D. Grutzmacher, Nanotechnology, 2005, 16, 655.
18 R. Songmuang, C. Deneke and O. G. Schmidt, Appl. Phys. Lett.,

2006, 89, 223109.
19 Y. F. Mei, D. J. Thurmer, C. Deneke, S. Kiravittaya, Y. F. Chen,

A. Dadgar, F. Bertram, B. Bastek, A. Krost, J. Christen, T. Reindl,
M. Stoffel, E. Coric and O. G. Schmidt, ACS Nano, 2009, 3, 1663.

20 V. Luchnikov, O. Sydorenko and M. Stamm, Adv. Mater., 2005, 17,
1177.

21 L. Zhang, L. X. Dong, D. J. Bell, B. J. Nelson, C. Schoenenberger and
D. Gruetzmacher, Microelectron. Eng., 2006, 83, 1237–1240.

22 L. Zhang, E. Ruh, D. Grutzmacher, L. X. Dong, D. J. Bell,
B. J. Nelson and C. Schonenberger, Nano Lett., 2006, 6, 1311–1317.

23 D. J. Bell, L. X. Dong, B. J. Nelson, M. Golling, L. Zhang and
D. Grutzmacher, Nano Lett., 2006, 6, 725–729.
4306 | Nanoscale, 2011, 3, 4301–4306
153
24 M. A. Poggi, J. S. Boyles and L. A. Bottomley, Nano Lett., 2004, 4,
1009–1016.

25 R. Oda, I. Huc, M. Schmutz, S. J. Candau and F. C. MacKintosh,
Nature, 1999, 399, 566–569.

26 E. D. Sone, E. R. Zubarev and S. I. Stupp, Angew. Chem., Int. Ed.,
2002, 41, 1705–1709.

27 A. B. Whitman and C. N. Desilva, J. Elasticity, 1974, 4, 265–
280.

28 L. Dai and W. Z. Shen, Nanotechnology, 2009, 20, 465707.
29 L. Dai and W. Z. Shen, J. Appl. Phys., 2009, 106, 114314.
30 E. Cosserat and F. Cosserat, Theorie des corps deformables, Hermann,

Paris, 1909.
31 Z. C. Zhou, P. Y. Lai and B. Joos, Phys. Rev. E: Stat., Nonlinear, Soft

Matter Phys., 2005, 71, 052801.
32 A. E. H. Love, Treatise on the Mathematical Theory of Elasticity,

Cambridge University Press, Cambridge, 1982.
33 A. Goriely and P. Shipman, Phys. Rev. E: Stat. Phys., Plasmas,

Fluids, Relat. Interdiscip. Top., 2000, 61, 4508.
34 A. F. da Fonseca, C. P. Malta and D. S. Galvao, Nanotechnology,

2006, 17, 5620.
35 W. A. Fate, J. Appl. Phys., 1975, 46, 2375.
36 L. Zhang, L. X. Dong and B. J. Nelson, Appl. Phys. Lett., 2008, 92,

143110.
37 L. Zhang, J. J. Abbott, L. X. Dong, B. E. Kratochvil, D. Bell and

B. J. Nelson, Appl. Phys. Lett., 2009, 94, 064107.
38 L. Zhang, K. E. Peyer and B. J. Nelson, Lab Chip, 2010, 10, 2203–

2215.
39 S. Timoshenko and J. Gere, Theory of Elastic Stability, McGraw-Hill,

New York, 1961.
This journal is ª The Royal Society of Chemistry 2011



Published: March 18, 2011

r 2011 American Chemical Society 6415 dx.doi.org/10.1021/jp2005716 | J. Phys. Chem. C 2011, 115, 6415–6422

ARTICLE

pubs.acs.org/JPCC

A Facile Chemical Conversion Synthesis of ZnO/ZnS Core/Shell
Nanorods and Diverse Metal Sulfide Nanotubes
X. M. Shuai and W. Z. Shen*

Laboratory ofCondensedMatter Spectroscopy andOpto-Electronic Physics, andKeyLaboratory of Artificial Structures andQuantumControl
(Ministry of Education), Department of Physics, Shanghai Jiao Tong University, 800 Dong Chuan Road, Shanghai 200240, China

1. INTRODUCTION

In recent years, considerable effort has been devoted to the
design and controlled fabrication of core/shell structured mate-
rials as well as hollow structures in physics, chemistry, and
material science communities due to their specific structures
and unique properties.1�11 The core/shell structured materials
usually demonstrate an improvement in physical and chemical
properties for electronics, magnetism, optics, catalysis, me-
chanics, and others.1�7 Hollow nanomaterials possess the unique
properties of special hollow geometrical shapes, low density, high
specific surface area, and distinct optical properties, showing
great potential in many fields, including solar cells, catalysts,
sensors, photonic crystals, nanoscale chemical reactors, energy-
storage media, and drug-delivery carriers.8�11 Over the past
decade, there have been immense efforts to fabricate a variety
of core/shell and hollow structures, such as noble-metal, hydro-
xide, semiconductor, organic, and inorganic materials with
tailored structural, optical, and surface properties.12�24 Particu-
larly, scientific and technological interests have been considered
to the semiconductor metal sulfide core/shell nanorods and
nanotubes, as well as their potential applications.21�24

So far, among various strategies for synthesizing semiconduc-
tor core/shell nanorods and nanotubes, the template-based
techniques turn out to be a powerful method, where the widely
employed templates include carbon nanotubes, inorganic�or-
ganic composite nanowires, and anodic aluminum oxide
membranes.25�27 However, the template-assisted approach al-
ways requires extremely complicated synthetic procedures and
increases the production cost.28 In addition, removal of the
template has also increased the complexity of the process and

inevitably affects the purity of the materials.29 Therefore, it is
desirable to develop a facile, versatile synthetic pathway to
fabricate semiconductor metal sulfide core/shell nanorods and
nanotubes of various compositions. In fact, chemical conversion
and cation exchange have been demonstrated as effective ways to
convert the chemical compositions of nanostructures without
destroying the original morphology.30 Our previous studies on
the transformation of composition in the core/shell micro-
spheres (from ZnO/ZnS to ZnO/Ag2S and ZnO/CuS)31 and
in the hollow microspheres (from ZnS to other various metal
sulfides)32 have indicated the significance of chemical conversion
and cation exchange. Nevertheless, little has been devoted to the
development of a general and low-cost synthetic method to
realize the conversion from one kind of semiconductor metal
sulfide nanorods/nanotubes to others to broaden their potential
applications.

In this Article, we demonstrate the successful fabrication of
ZnO/ZnS core/shell nanorods and ZnS nanotubes by conver-
sion from ZnO nanowires via hydrothermal process at low
temperatures. We have further realized the first synthesis of
various metal sulfide nanotubes (Ag2S, CuS, PbS, and Bi2S3)
transformed from the ZnS nanotubes. The key point of the
method is to utilize the large difference in solubility between ZnS
and the other metal sulfides for the effective transformation.
On the basis of the structural, morphological, and systematic
optical investigation, we have proposed the preliminary growth
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ABSTRACT: We report a simple chemical conversion ap-
proach to fabricate ZnO/ZnS core/shell nanorods and various
metal sulfide nanotubes such as ZnS, Ag2S, CuS, PbS, and Bi2S3.
The formation mechanisms of the ZnO/ZnS core/shell nano-
rods and ZnS nanotubes are due to the sulfidation conversion
and the Kirkendall effect, respectively, in a low-temperature
hydrothermal growth through the reaction of ZnO nanowires
and thioacetamide. The successful chemical conversion of the
ZnS nanotubes into the other metal sulfide nanotubes is to
utilize the large difference in solubility between ZnS and the
other metal sulfides for the effective transformation. In addition to the perfect maintenance of the morphology after conversion, we
have shown that the yielded metal sulfide nanostructures possess good crystalline qualities with high optical and sensing
performances. The present chemical conversion technique is expected to be employed in a broad range of applications to fabricate
innovative semiconductor core/shell and hollow structures with various compositions and shapes for unique properties.
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mechanism. Moreover, in comparison with ZnO nanowires,
enhanced ultraviolet (UV) emission and superior sensing prop-
erties of ZnO/ZnS heteronanorods have been observed and
explained from the passivated nonradiative recombination sites21

and improved conductance variation33,34 points of view, respec-
tively. The presented strategy is effective and economic with the
advantages of simplicity (without any special equipments or
templates), low growth temperature (90 �C), and high yield
(near 100% morphological yield), and can be developed as a
general method to fabricate functional semiconductor core/shell
and hollow structures with various compositions and shapes for
unique properties.

2. EXPERIMENTAL SECTION

Synthesis of ZnONanowires. In a typical experiment, 0.2 g of
ZnCl2 and 20 g of Na2CO3 were added into a 50 mL Telfon-lined
stainless steel autoclave and filledwith distilledwater up to 90%of its
volume. After vigorous stirring for 30 min, the autoclave was
maintained at 140 �C for 12 h, followed by cooling naturally to
room temperature. Finally, ZnOnanowires were obtained as awhite
powdery product after systematic centrifuging and cleaning.
Synthesis of ZnO/ZnS Core/Shell Structured Nanorods

and ZnS Nanotubes. Silicon or glass slide substrates with
ZnO nanowires on them were transferred into a Pyrex glass
bottle containing 0.2 M thioacetamide (TAA) aqueous solution.
The sulfidation was carried out at 90 �C for 1�9 h in a
conventional laboratory oven. The final products on the sub-
strates were washed with deionized water repeatedly to remove
the possible impurities and then dried at room temperature.
Synthesis of Other Metal Sulfide Nanotubes. Synthesis of

other metal sulfide nanotubes was achieved by a chemical
conversion process using the prefabricated ZnS nanotubes on
silicon or quartz substrates as sacrificial templates. In a typical
synthesis of Ag2S, PbS, CuS, and Bi2S3 nanotubes, the aqueous
solutions used were 50mMAgNO3, 50mMPb(NO3)3, 100mM
Cu(NO3)2, and 100 mM Bi(NO3)3, respectively. To the latter
two solutions was also added 70 mM tartaric acid because Cuþ

and Biþ are apt to hydrolyze in water. After treating at 90 �C for
proper times, the final products on the substrates were washed
thoroughly using deionized water to remove any coprecipitated
salts and then dried in air at 50 �C.
Characterization. The general morphology of the products

was characterized by field-emission scanning electron micro-
scopy (FE-SEM, Philips XL30FEG) with an accelerating voltage
of 5 kV and a high-resolution transmission electron microscopy
(HRTEM; JEOL JEM-2100F). Energy dispersive X-ray (EDX)
analysis was also performed during the FE-SEM observation, and
the selected area electron diffraction (SAED) was processed
during HRTEM measurements. The crystal structure and com-
position of the samples were characterized by X-ray diffraction
(XRD, D/max-2200/PC) with high intensity Cu KR radiation
(λ = 1.5418 Å). Raman and photoluminescence (PL) spectra
were measured at room temperature on a Jobin Yvon LabRAM
HR 800UV micro-Raman/PL system. Raman spectra were
recorded at the backscattering configuration under the excitation
of a He�Cd laser (325.0 nm) for ZnO nanowires, ZnO/ZnS
core/shell nanorods (6 h), ZnS nanotubes, as well as Ag2S
nanotubes, but Arþ laser (514.5 nm) was used for the other
metal sulfides. PL spectra of ZnO nanowires, ZnO/ZnS core/
shell nanorods (6 h), and ZnS nanotubes were taken under the
He�Cd laser excitation.

Sensing Property Measurements. For fabricating gas sen-
sors of the ZnOnanowires and ZnO/ZnS core/shell nanorods (6
h), the as-prepared products were dispersed into a certain
amount of ethanol to form a paste, then were coated onto a
ceramic tube (the coating thickness is about 0.25 mm) on which
a pair of gold electrodes was previously printed. A Ni�Cr alloy
was inserted into the ceramic tube to provide the operating
temperature. The gas sensors were dried and aged for 10 days
before the first measurement to improve their stability. Measure-
ments on gas response have been performed with a static test
system (HW-30A) made by Henan Hanwei Electronics Co. Ltd.,
China. Detecting gas, such as H2S, was injected into a test
chamber and mixed with air. With this measuring system, the
steady-state value of resistance can be reached, and the sensor
response is repeatable over time. The gas sensitivity (response
magnitude) in this Article was defined as S = Ggas/Gair, where
Ggas andGair were the conductances of a sensor in a test gas and in
air, respectively. The working temperature is kept at 350 �C
during the test process.

3. RESULTS AND DISCUSSION

Structural and Compositional Characterization of ZnO
Nanowires, ZnO/ZnS Core/Shell Nanorods, and ZnS Nano-
tubes. In our experiments, ZnOnanowires were first prepared by
a hydrothermal process. Figure 1a shows the FE-SEM image of
the as-prepared nanowires; their diameters are about
70�100 nm with an aspect ratio over 150. In the following, to
realize ZnO/ZnS core/shell nanorods and ZnS nanotubes, we
transfer the silicon or glass slide substrates with ZnO nanowires
on them into a solution containing 0.2 M TAA. In the reaction
system, TAA as S source hydrolyzes and releases H2S under
90 �C, and then H2S reacts with ZnO at the interface of
nanowires to form ZnS.23 Figure 1b,c presents the FE-SEM
images of two samples obtained at different sulfidation times (1
and 6 h). If the sulfidation time is very short (1 h), some ZnS
nanoparticles on the ZnO nanowires were observed because ions
exchange happens as S2� reacts with Zn2þ slowly dissolved from
the surface of ZnO nanowires to form initial ZnS shells, as
depicted in Figure 1b. As the sulfidation time is increased to 6 h,
the ZnS shells become thicker as more and more ZnS nanopar-
ticles pile up on the initial ZnS shells, and the shells are robust
enough to form ZnO/ZnS core/shell nanorods (Figure 1c).

Figure 1. FE-SEM images of (a) ZnO nanowires; (b) ZnO/ZnS core/
shell nanorods, 1 h; (c) ZnO/ZnS core/shell nanorods, 6 h; and (d) ZnS
nanotubes, 9 h. (e) The corresponding XRD of initial ZnO nanowires,
ZnO/ZnS core/shell nanorods (1 and 6 h), and pure ZnS nanotubes.
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Finally, when further prolonging the sulfidation time to 9 h under
hydrothermal conditions, all ZnO nanowires change to ZnS
nanotubes. Figure 1d shows the FE-SEM image of the obtained
ZnS nanotubes. One can see that some of the shells have an
irregular open tip, clearly demonstrating the hollow nature of the
prepared nanotubes. The formationmechanism of the ZnS nano-
tubes can be explained by the Kirkendall process, which normally
refers to comparative diffusive migrations among different atom-
ic species in metals and/or alloys under thermally activated con-
ditions.35

The corresponding XRD patterns in Figure 1e give clear
evidence for the FE-SEM observation of the samples obtained
through various reaction times. From curve a0, the typical
diffraction peaks of hexagonal ZnO structure (PDF no. 36-
1451) indicate that the nanowires consist of pure single-crystal-
line ZnO before reacting with TAA solution. When the reaction
time is 1 h, the diffraction peak of ZnO is still very strong with a
very weak peak of cubic ZnS (PDF no. 05-0566), as demon-
strated in curve b0. As the sulfidation time is increased to 6 h, the
ratio of the characterization peaks of ZnS/ZnO increases (curve
c0), implying that more and more ZnO was changed into ZnS
with the reaction time increasing. While the sulfidation time is up
to 9 h, all of the XRD characterization peaks of ZnO disappear.
Only the diffraction peak of ZnS can be found in the XRD pattern
of the final product (curve d0), demonstrating that all of the ZnO
nanowires were converted into ZnS nanotubes.
We have further investigated the crystal structures and che-

mical compositions of the as-prepared products by TEM and
EDX techniques. Figure 2a shows the TEM image of the initial
ZnO nanowires, where the prepared ZnO nanowires appear to
be smooth on the surface. Figure 2b presents the TEM image of
ZnO/ZnS core/shell nanorods obtained at 1 h. One can notice
that the outer layers were composed of nanoparticles with amean
size of 18 nm.With the increase of the sulfidation reaction time to
6 h, the TEM in Figure 2c reveals that every nanorod was formed
with a solid core and a shell. The apparent contrast between the
inner core and the outer shell suggests the existence of a core/
shell structure. Figure 2d is a representative TEM image of
the obtained ZnS nanotubes. The strong contrast difference in
the nanotubes with a light inner center and a relative dark edge
confirms that the yielded ZnS nanotubes are all hollow. The
diameter of the nanotubes is about 70 nm with a shell as thick as

16�20 nm. It is also noticed that these products are shorter in
length as compared to ZnO nanowire precursors while the
diameter is nearly the same, indicating that ZnO nanowires have
broken into smaller sections during the chemical conversion
process.
Accordingly, the EDX spectrum of ZnO nanowires, shown in

Figure 2a0, indicates that the obtained nanowires are composed
of only Zn and O elements. The signal of Si originates from the
substrate. After the sulfidation reaction in TAA, we can observe
the successful incorporation of S element into the ZnO nano-
wires in the compositional information of the EDX spectrum in
Figure 2b0, and the S/O stoichiometric ratio becomes quite high
with the increase of the reaction time shown in Figure 2c0, where
Zn, O, and S were the primary elements due to the fact that more
and more O atoms were replaced by S atoms with the sulfidation
reaction processing. Further sulfidation reaction will yield pure
ZnS nanotubes, which can be unambiguously confirmed by the
EDX spectrum in Figure 2d0. There are only Zn, S, and Si
elements without any O element.
HRTEM observation can give deep insight into the structural

features of the as-prepared products. Figure 3a presents the TEM
image of a well-developed ZnO nanowire with width of 70 nm.
The typical HRTEM image, recorded from a certain nanowire, is
shown in Figure 3a0, where the crystal lattice fringes are clearly
observed and the average distance between the adjacent lattice
planes is 0.256 nm, corresponding to the (0002) plane lattice
distance of hexagonal-structured ZnO. This observation demon-
strates that ZnO nanowires prepared in the present method grow
along [0001] direction. The SAEDpattern of the nanowire (inset
of Figure 3a0) also proves its single crystal nature and growth
direction along c-axis. Figure 3b displays the TEM image of the
ZnO/ZnS nanorods obtained by sulfidation time of 6 h, where
the core/shell structure can be clearly observed. The HRTEM
investigations (Figure 3b0) of an individual ZnO/ZnS nanorod
taken at the marked region of Figure 3b show that another set of
lattice planes were formed on the surface, revealing the poly-
crystalline nature of the ZnS shell. The corresponding SAED
pattern (inset in Figure 3b0) exhibits a spotted pattern that
corresponds to the ZnO single crystal, and a set of diffraction
rings that are consistent with the polycrystalline ZnS nanopar-
ticles, confirming the core/shell structure. Figure 3c is a repre-
sentative TEM image of the as-prepared ZnS nanotube obtained

Figure 2. TEM images of (a) ZnO nanowires; (b) ZnO/ZnS core/shell nanorods, 1 h; (c) ZnO/ZnS core/shell nanorods, 6 h; and (d) ZnS nanotubes,
9 h. The corresponding EDX of (a0) initial ZnO nanowires, (b0 and c0) ZnO/ZnS core/shell nanorods with two different reaction times, and (d0) pure
ZnS nanotubes.
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at sulfidation time of 9 h. Figure 3c0 presents a HRTEM image
taken on the edge of the ZnS nanotube; only polycrystalline
nature of ZnS nanotubes can be observed. The inset of Figure 3c0

is the corresponding ring-like SAED pattern without spotted
pattern taken on a single nanotube, also providing evidence for
the polycrystalline nature of ZnS nanotubes. The diffraction rings
can be outward indexed to (111), (220), and (311) crystal planes
of the cubic ZnS, respectively.24,31

According to the experimental results described above, we
propose the possible formation mechanism of ZnO/ZnS core/
shell nanorods and ZnS nanotubes as illustrated in Figure 3d. At
the beginning of sulfidation reaction of ZnO nanowires in TAA,
S2� released from the decomposition of TAA reacts with the
Zn2þ slowly dissolved from the surface of ZnO nanowires to
produce ZnS nanoparticles around the ZnOwires. A nonuniform
shell composed of ZnS nanoparticles is formed gradually sur-
rounding the ZnO core (step 1). As the sulfidation time is
increased, more and more ZnS nanoparticles are produced and
piled up to form a uniform and dense ZnS shell, leading to the
formation of ZnO/ZnS core/shell nanorods, as shown in step 2.
With the further sulfidation reaction processing, the ZnS shell
separates the inner ZnO core from the outer sulfur ion and
prevents further direct chemical reaction between the two
reactants, which induces the concentration gradient of Zn2þ

and S2� from the solution outside the ZnS shell to the surface of
the ZnO core inside the shell. Under the driving force of the
concentration gradient, the Zn2þ will diffuse outward through
the ZnS shell to its outside, while the S2� in the solution will
diffuse inward through the ZnS shell to its inside surface (step 3).
According to the Kirkendall effect, the outward transport rate of
Zn2þ is much faster than the inward transport rate of S2� species
through the formed ZnS shell,8 and a gap is gradually formed
between the ZnO core and the ZnS shell. As a result, the size of
ZnO core will become smaller and smaller due to the consuming
of inside Zn2þ, and the ZnO/ZnS core/shell structures will
completely transform to ZnS nanotubes when the reaction time
reaches 9 h (step 4). We notice that a process analogous to the

Kirkendall phenomenon has been successfully developed recently
for nanoscale fabrication of a variety of hollow crystals.9�11 Other
metal sulfide (Ag2S, CuS, PbS, and Bi2S3) nanotubes can be
further synthesized after treating the prepared ZnS nanotubes in
solutions containing the corresponding metal cations by a simple
chemical conversion technique32 utilizing the large difference in
solubility between ZnS and other metal sulfides (step 5). We will
describe this transformation in detail later.
Optical Properties of ZnONanowires, ZnO/ZnS Core/Shell

Nanorods, and ZnS Nanotubes. To investigate the optical
properties of these novel semiconductor nanostructures, we have
performed room-temperature PL and Raman scattering mea-
surements. Figure 4a presents the PL spectra of the initial ZnO
nanowires, ZnO/ZnS core/shell nanorods sulfidation for 6 h,
and ZnS nanotubes obtained at 9 h. Two emitting bands,
including a narrow UV emission peak at 380 nm along with a

Figure 3. TEM images of (a) ZnO nanowire, (b) ZnO/ZnS core/shell nanorods, 6 h, and (c) ZnS nanotube, 9 h. HRTEM images of (a0) ZnO
nanowire, (b) ZnO/ZnS core/shell nanorods, 6 h, and (c) ZnS nanotube, 9 h, together with the corresponding SAED patterns shown in the insets. (d)
Schematic illustration of growth mechanism of ZnO/ZnS core/shell nanorods, ZnS, Ag2S, CuS, PbS, and Bi2S3 nanotubes.

Figure 4. Room-temperature (a) PL and (b) Raman spectra of ZnO
nanowires, ZnO/ZnS core/shell nanorods, 6 h, and ZnS nanotubes, 9 h.
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broad green emission centered around 502 nm, have been
observed in ZnO nanowires. It is reported that the UV emission
originates from the recombination of free excitons in the near-
band edge of the wide band gap ZnO, and the broad visible
luminescence has commonly been attributed to the singly
ionized oxygen vacancy in ZnO and results from the recombina-
tion of a photogenerated hole with the single ionized charged
state of the defect.36�38 The PL spectrum of ZnO/ZnS core/
shell nanorods shows a distinctly enhanced UV emission with a
small red-shift (about 12 nm) and a reduced green emission, as
compared to that of pure ZnO nanowires. The red-shift of the
UV emission can be attributed to the strain caused by the lattice
mismatch between ZnO and ZnS. Theoretical work has already
predicted that the strain in the ZnO/ZnS interface is strong
enough to reduce the total system band gap.39 Moreover, a wider
band gap semiconductor material (ZnS) coated on the ZnO
passivates the surface electronic states of the ZnO cores, resulting
in an obvious enhancement in the UV luminescence. Such an
enhancement in the emission has also been observed in the coaxial
CdS/ZnS nanowires.21 In contrast, the PL spectrum of ZnS
nanotubes exhibits only a broad weak peak centered at about
492 nm, similar to the reported PL characteristics of other ZnS
nanostructures.40,41 The periodic ripples are due to the interferom-
eter effect from the filter in the experimental system. From the above
observation, we can conclude that the intensity of UV emission was
obviously enhanced after a thin layer of ZnS was coated on ZnO
nanowires. Therefore, these ZnO/ZnS core/shell nanorods are
more applicable for the fabrication of optoelectronic devices, such as
UV light-emitting diodes and diode lasers.
Figure 4b shows the corresponding Raman spectra of these three

typical samples, which give further evidence for the crystallization,

structural disorder, and defects. We have observed two strong
peaks centered at 575 and 1150 cm�1 for ZnO nanowires, which
can be attributed to the A1[longitudinal optical (LO)] and
A1(2LO) phonon modes, respectively,42 indicating that the
ZnO nanowires are of fine quality. In addition to the A1(LO)
and A1(2LO) phonon modes of ZnO, there are three other
Raman peaks in the ZnO/ZnS nanorods synthesized after
sulfidation time of 6 h. The Raman peaks located at 350, 699,
and 1045 cm�1 correspond well to the first-, second-, and third-
order LO phonon modes in ZnS, respectively,43 demonstrating
the formation of the core/shell structure. Clearly, the Raman
spectrum of ZnS nanotubes obtained at 9 h shows only the three
resonant Raman peaks at 350, 699, and 1045 cm�1, revealing that
all of the ZnO nanowires have been converted into ZnS
nanotubes. The observation of multiple resonant Raman peaks
indicates that the yielded ZnS nanotubes possess good optical
quality.42 This is also confirmed by the fact that there are few
defects on the surface of the ZnS nanotubes, because we cannot
detect any peaks corresponding to the surface optical phonon
modes in the Raman spectrum.44

Hydrogen Sulfide-Sensing Properties of the ZnO/ZnS
Core/Shell Nanorods. It is well-known that H2S is a toxic and
flammable gas, which is badly harmful to the human body and the
environment. The detection of H2S is very crucial to protect
human health and environmental safety. We show in Figure 5a
the response of ZnO/ZnS core/shell nanorods to 100 ppm H2S
vapor in air at an operating temperature of 350 �C. For
comparison, we also present the response curve of uncoated
ZnO nanowires measured at the same conditions. From the real-
time responses toward H2S, the sensitivities (S = Ggas/Gair) of
ZnO nanowires and ZnO/ZnS core/shell nanorods increase
obviously as the target gas is injected, and the sensitivities return
back to the initial state when the detected gas is released by dry air
flow, as marked in Figure 5a. In contrast, the sensitivity of ZnO/
ZnS core/shell nanorods reaches 5.0 for 100 ppm H2S, which is
much higher than that of ZnO nanowires (1.7). The responses of
ZnO nanowires and ZnO/ZnS core/shell nanorods sensors to
H2S vapor (350 �C) are depicted in Figure 5b as a function of gas
concentration. It is found that, at any concentration ofH2S vapor,
the ZnO/ZnS core/shell nanorods have a much higher sensitiv-
ity than do the uncoated ZnO nanowires. The response of ZnO/
ZnS core/shell nanorods sensing to 500 ppm H2S gas is more
than 14 times larger than that of ZnO nanowires. Clearly, the
ZnO/ZnS core/shell nanorods feature an improved H2S-sensing
performance such as high sensitivity as compared to the uncoated
ZnO nanowires.
The mechanism of the ZnO-based gas sensors has been

discussed since 1979, and the most widely accepted model is
based on themodulation of the depletion layer by oxygen adsorp-
tion.45,46 Oxygen from the ambient adsorbs on the exposed
surface of ZnO, extracts an electron from the ZnO conduction
band, and ionizes to O� or O2� (O� is believed to be domi-
nant).45 Consequently, depletion layers are formed in the surface
area of ZnO, causing the carrier concentration and electron
mobility (due to scattering) to decrease. When exposed to such
reducing gases as H2S, the H2S molecules will react with the
adsorbed O�, releasing the trapped electron back to the con-
duction band, and then both the carrier concentration and the
carrier mobility of ZnO increase. Such a variation in the
conductance of ZnO can be used to detect both reducing and
oxidizing gases,46 and the gas sensitivity of a ZnO sensor can be
improved by enhancing its conductance variation. Recently, the

Figure 5. (a) Response of ZnO nanowires and ZnO/ZnS core/shell
nanorods (6 h) to 100 ppmH2S vapor in air. (b) H2S-sensing properties
of ZnO nanowires and ZnO/ZnS core/shell (6 h) nanorods at various
concentrations of H2S vapor in air. Working temperature is 350 �C.
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adsorption�desorption process of oxygen has also been found to
occur on the surfaces of ZnS nanostructures.33 Thus, the advantages
of the ZnO/ZnS core/shell structures are 2-fold. On the one hand,
oxygen molecules in air should deplete electrons in both ZnO core
and ZnS shell. On the other hand, electrons may be scattered by the
interface between ZnO and ZnS in ZnO/ZnS heterostructure.34 A
high electric resistance in air is therefore expected in ZnO/ZnS core/
shell nanorods. As exposed to H2S vapor, the H2S reacts with the
adsorbed oxygen species, and the extracted electrons can be released
from both ZnO core and ZnS shell, resulting in a much improved
sensitivity of the ZnO/ZnS core/shell nanorods (Figure 5), as
compared to that of bare ZnO nanowires.
Structural and Compositional Characterization of Ag2S,

CuS, PbS, and Bi2S3 Nanotubes.Here, we show the realization
of various metal sulfide nanotubes transformed from the ZnS
nanotubes. As the first example, Ag2S nanotubes were success-
fully synthesized by transferring ZnS nanotubes into aqueous
silver nitrate solution for 30 min at 90 �C. Figure 6a shows the
FE-SEM image of the as-prepared products; there are no signifi-
cant morphological changes as compared to ZnS nanotubes
(Figure 1d), confirming the realization of morphology transfer
from ZnS nanotubes to the others. XRD measurements have
been carried out to identify the composition and to analyze the
crystalline properties of the prepared samples. Curve a in
Figure 6e shows that only diffraction peaks originating from
monoclinic Ag2S (PDF no. 14-0072) are detected, demonstrat-
ing that the ZnS (PDF no. 05-0566) nanotubes have been
completely converted into Ag2S ones. The EDX spectroscopy
was also introduced to analyze its chemical composition (curve a0

in Figure 6f), from which we note that there are only Ag, S, and Si
elements without any Zn element, further confirming the total
transformation from ZnS to Ag2S.
We propose the conversion mechanism as follows. Once the

obtained ZnS nanotubes were transferred into silver nitrate
solution, cation exchange began at the interfaces between the
ZnS nanotube surfaces and solution. With the increase in the
reaction time, Zn2þ was gradually substituted by Agþ, resulting
in Ag2S nanotubes. The driving force for the cation exchange is
provided by the large difference in solubility between ZnS and
Ag2S [solubility product constant (Ksp) of ZnS is 2.93 � 10�25,
whereas Ksp of Ag2S is 6.69 � 10�50].47 The above conversion
mechanism reveals that the ZnS nanotubes can act as both

reactants and templates during the cation exchange process.
We have extended successfully this chemical conversion ap-
proach to synthesize the other metal sulfide (such as CuS, PbS,
and Bi2S3) nanotubes under the condition that those yielded
metal sulfides have lower Ksp values than that of ZnS by
transferring the ZnS nanotubes into solutions containing the
corresponding metal cations. Figure 6b�d shows the FE-SEM
images of these yielded metal sulfide nanotubes, where the
morphologies of the ZnS nanotubes are all preserved during
the cation exchange process and the hollow nature of these

Figure 6. FE-SEM images of (a) Ag2S, (b) CuS, (c) PbS, and (d) Bi2S3 nanotubes. The corresponding (e) XRD and (f) EDX of Ag2S, CuS, PbS, and
Bi2S3 nanotubes.

Figure 7. TEM images of (a) Ag2S, (b) CuS, (c) PbS, and (d) Bi2S3
nanotubes. HRTEM images of (a0) Ag2S, (b0) CuS, (c0) PbS, and (d0)
Bi2S3 nanotubes, together with the corresponding SAEDpatterns shown
in the insets. (e) Room-temperature Raman spectra of the synthesized
metal sulfide nanotubes.
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nanotubes is clearly evidenced by the irregular open tips of the
obtained nanotubes. XRD measurements have been performed
to identify the microstructural transformation (Figure 6e). It is
found that all diffraction peaks are consistent with the corre-
sponding metal sulfides (CuS, PDF no. 06-0464; PbS, PDF no.
65-9496; and Bi2S3, PDF no. 65-2435). EDX spectra have also
been provided to check the chemical compositions of the yielded
metal sulfide nanotubes (Figure 6f). No impurities are detected
in any of these samples, further demonstrating the successful
transformations from ZnS nanotubes to the other metal sulfide
nanotubes. Therefore, a facile and versatile method has been
proposed and realized to synthesize metal sulfide nanotubes.
Figure 7a�d shows TEM images of as-obtained metal sulfide

(Ag2S, CuS, PbS, and Bi2S3) nanotubes, showing that these pro-
duced samples have uniform tube-likemorphologywith diameters of
70�75 nm and shells as thick as about 10�30 nm. These metal
sulfide nanotubes apparently consist of tiny primary nanocrystallites,
indicating a polycrystalline nature of the nanotubes. HRTEM
analysis provides further insight into the structures of those nano-
tubes. Figure 7a0�d0 presents theHRTEM images taken on the edge
of the metal sulfide nanotubes, which display many nanocrystallites
with clear lattice fringes. The corresponding SAEDpatterns shown in
the insets also confirm the polycrystalline feature of these nanotubes,
consistent well with the HRTEM observation. The SAED pattern
(inset in Figure 7c0) of PbS nanotubes exhibits indistinct polycrystal-
line diffraction rings, which may be due to the larger diameter of the
nanocrystallites.
Raman Properties of Ag2S, CuS, PbS, and Bi2S3 Nano-

tubes. Raman spectroscopy is an effective method for materials
structure investigation. However, there is little workup until now
reported on the application of Raman characterization for metal
sulfide nanotubes. Figure 7e shows the room-temperature Ra-
man spectra of the yielded metal sulfide nanotubes recorded
between 50 and 1300 cm�1. The Raman spectrum of the Ag2S
nanotubes exhibits three distinct vibrational peaks at about 320,
573, and 1135 cm�1, which are similar to the previously reported
results for Ag2S hollow microspheres.32 A strong and sharp band
at 474 cm�1 in CuS nanotubes, revealing that the lattice atoms
are aligned in the periodic array, agrees well with the observation
for CuS thin films by Sukarova.48 The Raman spectrum of the
PbS nanotubes indicates seven bands in the range of
50�1300 cm�1, located at around 90, 139, 174, 274, 433, 600,
and 970 cm�1. The peak at ∼90 cm�1 resembles a confined
transversal optical mode,49 while the strong band centered at
139 cm�1 originates from the combination of longitudinal and
transversal acoustic modes.50 The weak band at ∼174 cm�1 is
attributed to the fundamental LO phonon mode49�52 and those
at 433 and 600 cm�1 to its first and second overtones (2LO and
3LO), respectively.49,50 It was reported that the small peak at
∼274 cm�1 was due to two-phonon processes in PbS
nanocrystals.51 The band centered at 970 cm�1 is consistent
with the reported values for PbS dendritic structures.53 The
Raman spectrum of the Bi2S3 nanotubes contains bands at about
110, 123, 139, and 237 cm�1. These lattice vibrations at 110, 123,
139, and 237 cm�1 may all be related to the surface phonon
modes, in accord with the previously reported results in Bi2S3
nanowires,54 nanorods,55 and thin films.56

4. CONCLUSIONS

In summary, ZnO/ZnS core/shell nanorods and ZnS nano-
tubes have been successfully synthesized by a low-temperature

hydrothermal growth through the reaction of ZnO nanowires
and TAA. The formation mechanisms of the ZnO/ZnS core/
shell nanorods and ZnS nanotubes are due to the sulfidation
conversion and the Kirkendall effect, respectively. We have
further demonstrated the successful chemical conversion of
ZnS nanotubes into the other metal sulfide nanotubes such as
Ag2S, CuS, PbS, and Bi2S3 by the aid of the large difference in
solubility. It is revealed that the yielded ZnO nanowires, ZnO/
ZnS core/shell nanorods, and metal sulfide nanotubes (ZnS,
Ag2S, CuS, PbS, and Bi2S3) are of good crystalline structures with
high optical and sensing properties. The ZnO/ZnS core/shell
nanorods exhibit a distinct UV enhancement in luminescence as
compared to that of the uncoated ZnO nanowires as a result of
the passivated nonradiative recombination sites. Moreover, the
ZnO/ZnS core/shell nanorods have much better sensitivity to
H2S than do the bare ZnO nanowires due to the improved
conductance variation. Although the present work focuses on
ZnO/ZnS core/shell nanorods and diverse metal sulfide nano-
tubes, other ZnO-based core/shell and metal sulfide hollow
structures are also expected to be realized on the basis of
ZnO/ZnS core/shell and ZnS hollow structures with the corre-
sponding shapes as the precursors during the chemical conver-
sion process. Furthermore, in addition to ZnS, other micro- and
nanostructured semiconductor materials with large Ksp values
can also be employed as the original reactants in the proposed
chemical conversion technique. Therefore, this strategy might
open up an opportunity for extensive study of the physical and
chemical properties of other semiconductor core/shell and
hollow structures with various compositions and morphologies,
broadening their potential applications in electronics, magnet-
ism, optics, catalysis, mechanics, electrochemistry, sensors, etc.
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Nonlinear absorption (NLA) of hydrogenated nanocrystalline silicon (nc-Si:H) has been investigated through the
open aperture Z-scan method for the photon energy of the incident irradiance slightly less than the bandgap of
the sample. NLA responses have been observed to be highly sensitive to the wavelength and intensity of the incident
irradiance as well as to the bandgap of the sample, indicating greatly tunable NLA of nc-Si:H. The band tail of
nc-Si:H appears to play a crucial role in such NLA responses. © 2011 Optical Society of America
OCIS codes: 160.4236, 190.0190, 230.1150, 250.5590, 320.7130.

Hydrogenated nanocrystalline silicon (nc-Si:H), silicon
nanocrystals (Si-ncs) embedded in a disordered amor-
phous Si:H (a-Si:H) matrix, has great potential in opto-
electronic applications [1–6]. Since it can be grown by
plasma-enhanced chemical vapor deposition (PECVD),
nc-Si:H is readily able to be integrated with most Si-based
devices [7,8]. Although there have been a great number of
studies of nc-Si:H, including linear optical [9], electrical
[10], and quantum confinement [11] properties, nonlinear
optical properties, especially critical to photonic applica-
tions such as all-optical switching [8,12], have not been
much investigated to date.
Here, we show greatly tunable nonlinear absorption

(NLA) responses of nc-Si:H thin films with the incident
irradiance and the bandgap, observed by open aperture
(OA) Z-scan measurements [13] with the photon energy
of the incident irradiance slightly less than their band-
gaps. We also show these NLA responses can be well-
described by the modified third-order NLA differential
equation [14,15]. In addition, we propose that band
tail states may be responsible for the NLA behavior of
nc-Si:H.
nc-Si:H thin films were grown on glass substrates by

PECVD at a radiofrequency (rf) of 13:56MHz, a total
gas (SiH4 þ H2) flow rate of 150 sccm, a chamber pres-
sure of 150Pa, and a temperature of 250 °C. The silane
content was kept constant at ∼1% while the rf power
density was controlled between 0.17 and 0:61W=cm2

to achieve different grain sizes corresponding to different
bandgaps. Figure 1(a) shows an X-ray diffraction (XRD)
pattern of one of the samples measured by Bruker D8
Discover X-ray diffractometer. From this XRD pattern,
the mean crystalline grain size was calculated to be
6:0nm by using the Scherrer formula. It was also con-
firmed by a high-resolution transmission electron micro-
scopy (HR-TEM, CM200, Philips), as shown in the inset in
Fig. 1(a). Although the data are not shown here, we found
the crystalline volume fraction of ∼37% from micro-
Raman spectroscopy measurements.
We employed n& k Analyzer 1280 spectrophotometer

to measure the wavelength-dependent transmission
spectrum (λ ¼ 200–1000 nm, not shown) from which we

extracted the film thickness L (¼1:65 μm) and the optical
constants including the linear refractive index n and
extinction coefficient k. The λ-dependent k is shown in
Fig. 1(b), which is an important parameter to calculate
the transmittance in Eq. (2). Also, as shown in the inset
in Fig. 1(b), we exploited a Tauc plot, i.e., ðα0hνÞ1=γ ver-
sus the photon energy hν for γ ¼ 2 (indirect transition)
[9,16] to determine the optical bandgap Eg, where the
linear absorption coefficient α0 ¼ 4πk=λ. This Tauc plot
shows the linearity at the absorption edge, yielding
Eg ¼ 1:63 eV.

For the OA Z-scan technique, we used a mode-locked
Ti:sapphire laser (Spectra-Physics 3960d-X3S), generat-
ing nearly Gaussian shape TEM00 laser pulses of ∼100 fs
duration, 82MHz repetition rate, and tunable wavelength
(λ ¼ 775–800 nm). The transmitted pulses are focused
at the sample space through a lens of 75mm focal
length. The beam waist is ∼25:5 μm. A lock-in amplifier
(PerkinElmer 7265) was also used to regulate both the
light chopper (1kHz) and the signal detector (New Focus
2031) for high signal-to-noise ratio.

We present in Figs. 2(a)–2(d) λ-dependent Z-scan
transmission (T) spectra of the sample of Eg ¼ 1:63 eV
at a fixed incident irradiance I0 ¼ 2:39GW=cm2. Here,
I0 is the intensity of laser pulses at focus excluding
Fresnel reflection loss [13]. As in the figures, this NLA
behavior appears to be highly sensitive to λ. At a long
λ ¼ 800 nm in Fig. 2(a), the absorption decreases
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(i.e., T increases) as the irradiance increases (i.e., jzj de-
creases), showing saturable absorption (SA). With a
small amount of decreased λ to 775 nm, this nonlinear
SA rapidly evolves into reverse SA (RSA) in Fig. 2(d) via
the intermediate NLA responses in Figs. 2(b) and 2(c).
Note that we also carried out Z-scan measurements on
the glass substrate and found no such NLA behavior. This
SA-to-RSA switching driven by λ is our new observation
in silicon materials, although it has been reported
in some other materials, such as azobenzene [17], bis-
phthalocyanine [18], and GaN [19]. As is shown in
Fig. 3(a), the SA-to-RSA switching can be driven also
by I0 as observed in Si-ncs suspended in glycerol [20],
Pt nanoparticles [14], and gold nanoparticle array [21].
The observed NLA behavior can be understood in

terms of the modified third-order NLA differential equa-
tion as in [14,15]:

dI

dz0
¼ αðIÞI ¼

� α0
1þ I=Is

þ βI
�
I; ð1Þ

where I is the beam irradiance, z0 the propagation dis-
tance within the sample, and αðIÞ is the total absorption
coefficient. The latter consists of two NLA components,
i.e., the SA term α0=ð1þ I=IsÞ and the RSA term βI. α0 is
the linear absorption coefficient mentioned earlier, Is the
saturation irradiance characterizing SA, and β the effec-
tive NLA coefficient characterizing RSA. Note that, if
Is ≫ I, the SA term approaches α0, implying that the lar-
ger the Is, the weaker the SA. The transmittance at the
sample position z for OA Z-scan can be expressed as

TðzÞ ¼
Rþ∞

−∞

dt
Rþ∞

0 Ioutrdr
expð−α0LÞ

Rþ∞

−∞

dt
Rþ∞

0 Iinrdr
; ð2Þ

where I in is the Gaussian shape input irradiance as in
[15] and Iout the output irradiance that can be expressed
in an infinite polynomial series from solving Eq. (1)
by using the Adomian decomposition method (ADM)
[15]. As clearly seen in Figs. 2(a)–2(d), the calculated
transmittance (red solid curves) excellently fits the ex-
perimental Z-scan results (black open circles). Note that
the first five terms of the Adomian polynomials were ta-
ken into account for the fitting process. The λ-dependent
nonlinear coefficients Is and β are presented in Figs. 2(e)
and 2(f), resulting from the best fits. At λ ¼ 800 nm, Is is
0:19GW=cm2 and β is nearly 0, indicating a nearly pure
SA. As λ decreases, both Is and β overall increase,
implying that SA becomes weakened while RSA does
enhanced. Finally, at λ ¼ 775 nm, Is is 52GW=cm2

(≫I0 ¼ 2:39GW=cm2) and β is 3:5 × 103 cm=GW, indicat-
ing a nearly pure RSA.

Now, we want to discuss the physical origin of the NLA
behavior in Fig. 2. In our measurements, the photon en-
ergy of the incident irradiance varied from 1.55 to 1:60 eV
(i.e., λ from 800 to 775 nm), slightly less than the bandgap
(Eg ¼ 1:63 eV) of the sample. Since nc-Si:H is known to
have the exponential band tail of the width ∼60meV
[22,23], excited electrons upon the below-bandgap inci-
dent irradiance may transit from the valence band to
the conduction band tail through a phonon-assisted one-
photon absorption (1PA) process as depicted in Fig. 2(g),
leading to the absorption saturation of band tail states,
i.e., SA, as in Fig. 2(a). As the photon energy of the inci-
dent irradiance becomes closer to the bandgap (i.e., for
a shorter λ) at a given I0, it is more difficult to reach
an absorption saturation since the number of band
tail states increases with increasing energy. As a result,
the SA effect should abate with decreasing λ, as in
Figs. 2(b)–2(d). This abating behavior of SA is reflected
in Fig. 2(e). At the same time, the RSA effect is apparently
more distinct as the photon energy of the incident irra-
diance becomes closer to the bandgap, as in Fig. 2(f).
Two kinds of two-photon absorption (2PA) processes
may be responsible for RSA: phonon-assisted 2PA via
a virtual intermediate state and 1PA-induced free carrier
absorption (FCA). The latter process appears to induce
the observed RSA, since more electrons are allowed to
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exist in the conduction band tail for the larger photon
energy of the incident irradiance, likely resulting in a
higher chance of FCA. The former process, however,
may be responsible for RSA in the case of the far-
below-bandgap incident irradiance as observed in GaN
[19]. Considering these two feasible processes, β can be
written as [24]

β ¼ β0 þ σFCα0τ0=hν; ð3Þ

where β0 is the 2PA coefficient characterizing the former
process, σFC is the FCA cross section, and τ0 the laser
pulse duration. Since β0 can be neglected in our RSA
case, σFC is proportional to β and one can estimate that
σFC ∼ 6:8 × 10−15 cm2 at 775 nm.
We have also performed Z-scan measurements on the

sample of Eg ¼ 1:63 eV for different incident irradiances.
Figure 3(a) shows I0-dependent Z-scan transmission
spectra (black open circles) at a fixed λ ¼ 790 nm
(i.e., 1:57 eV), which are apparently well-described by
Eq. (2) (red solid curves). For a low irradiance I0 ¼
0:96GW=cm2, although SA and RSA both appear to be
weak since Is is big and β is small, as shown in the inset
of Fig. 3(a), SA appears to dominate the NLA. As I0 in-
creases, Is decreases but β increases, implying that SA
and RSA both become stronger. However, RSA clearly
dominates the NLA with increasing I0.
Finally, in Fig. 3(b), we show the bandgap Eg depen-

dence of the NLA. As seen, these Eg-dependent NLA re-
sponses are again well-described by Eq. (2). By tuning
Eg from 1.67 to 1:60 eV at fixed λ (hc=λ < Eg) and I0,
we again observe the SA-to-RSA switching via an inter-
mediate NLA state. This Eg-driven switching is essen-
tially of the same origin as the λ-driven one in Fig. 2,
since a decrease of Eg at a fixed λ is effectively the same
as an decrease of λ at a fixed Eg. Nonetheless, the Eg-
driven switching demonstrates nc-Si:H to be an excellent
candidate for NLA applications, since its bandgap can be
easily tuned during the growing process.
In summary, we have used the OA Z-scan technique to

observe NLA responses of nc-Si:H greatly tunable with
the incident irradiance (its wavelength and intensity)
and the bandgap of the sample. These NLA responses
have turned out to be well-described by the modified
third-order NLA equation, suggesting that the NLA me-
chanism of nc-Si:H may rely on its band tail states. These
greatly tunable NLA responses can be utilized for devel-
oping highly sensitive photonic devices.
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We have performed a detailed structural and optical investigation of hydrogenated nanocrystalline

silicon (nc-Si:H) thin films prepared by plasma-enhanced chemical vapor deposition. The

microstructural properties of these thin films are characterized and interpreted physically based on

the growth mechanism. Infrared spectroscopy reveals that the bonded hydrogen in a platelet-like

configuration, which is believed to be located at grain boundaries, greatly affects oxygen incursions

into nc-Si:H thin films, whereas electron spin resonance observations link these incursions to the

introduction of dangling bond defects. Consequently, we propose that in nc-Si:H thin films, high

bonded-hydrogen content in grain boundaries is of great importance in forming hydrogen-dense

amorphous tissues around the small crystalline grains, i.e., compact grain boundary structures with

good passivation. Such structures effectively prevent post-deposition oxidation of grain boundary

surfaces, which might lead to the formation of dangling bond defects. VC 2011 American Institute of
Physics. [doi:10.1063/1.3638712]

I. INTRODUCTION

Hydrogenated nanocrystalline silicon (nc-Si:H) is a

mixed phase material consisting of nanometer grains embed-

ded within a hydrogenated amorphous silicon (a-Si:H) host

matrix.1 This material holds great promise as a low-cost,

high-efficiency photovoltaic thin film suitable for tandem

cell applications.2 Extensive optical and electrical investiga-

tions of nc-Si:H thin films have been performed3–5 that

revealed good properties such as high electron mobility3,4

and strong optical absorption with a large photocurrent.5

It is generally believed that the optical and electrical

properties of nc-Si:H thin films are strongly affected by the

bonding configuration of hydrogen as well as its content in

the films.6 Bonded hydrogen in nc-Si:H thin films has been

systematically investigated in several studies,7–10 and the

hydrides with stretching mode at around 2033 cm�1 are

indentified as hydrides in a platelet-like configuration at

grain boundaries resulting from the reaction of H-induced

crystallization of a-Si:H during film deposition.9,10 However,

the role of these hydrides within nc-Si:H thin films remains

to be further investigated.

In contrast, previous works on microcrystalline silicon

thin films have indicated that the post-deposition oxidation of

the films, arising from the porosity at grain boundaries, is

linked to the introduction of dangling-bond (DB) defects at the

Si-O=Si interface (Pb center defects).11 A reduction in the so-

called red response of photovoltaic devices has been

observed,12 and thus such porous structures should be avoided.

Nonetheless, post-deposition oxidation of nc-Si:H in which

grain boundaries not only are unavoidable but also makeup a

large volume fraction is still unclear; only recently has a strong

correlation been reported between the deep-defect density with

oxygen and hydrogen content in nc-Si:H.13

In our study, we have performed a detailed structural

and optical investigation of nc-Si:H thin films, focusing on

bonded hydrogen in a platelet-like configuration at grain

boundaries and post-deposition oxidation of the films. We

emphasize in this paper the effect of bonded hydrogen in

platelet-like configurations on the prevention of the post-

deposition oxidation. This arises due to the formation of a

hydrogen-dense compact grain boundary structure with good

passivation in nc-Si:H thin films. In combination with micro-

structural characterizations of the films, we discuss the de-

pendence on deposition condition for platelet-like hydrides

in terms of the growth mechanism.

II. EXPERIMENTS

The intrinsic nc-Si:H thin films with thicknesses of

0.6–3.0 lm were prepared on both glass and double-sided-pol-

ished intrinsic single crystalline silicon (c-Si) substrates under

a radio-frequency (rf, 13.56 MHz) capacitively coupled

plasma-enhanced chemical vapor deposition (PECVD) from

silane (SiH4) and hydrogen (H2) at a temperature of 250 �C, a

total gas flow rate of 150 sccm, and a chamber pressure of

150 Pa. The percentage content of silane [SiH4=(SiH4þH2)]

was kept constant at about 1%. The rf power density (PW)

ranged from 0.17 to 0.61 W=cm2 at 0.08–0.09 W=cm2 incre-

ments; the samples were denoted sequentially RF100, RF150,

RF200, RF250, RF300, and RF350 (see Table I).

The microstructure and optical properties of these nc-

Si:H thin films have been characterized by x-ray diffraction

(XRD), Raman, and optical transmission measurements. The

respective measurements were performed on a Bruker D-8

XRD system with a Cu Ka radiation (40 kV, 60 mA), a Jobin

Yvon LabRam HR800 UV micro-Raman spectrometer in
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backscattering configuration mode using an Ar ion laser

(514.5 nm), and a Jobin Yvon 460 monochromator in the

spectral range of 400–900 nm (0.5 nm resolution). Atomic-

scaled micrographs and selected area electric diffraction

(SAED) patterns of the nc-Si:H thin films were obtained by

transmission electron microscopy (TEM, CM200, Philips).

To obtain detailed information on bonded hydrogen and

oxygen within these thin film samples, we performed infra-

red (IR)-absorption measurements between 400 and 4000

cm�1 with a Nicolet Nexus 870 Fourier transform infrared

spectrometer of films deposited on double-sided-polished

intrinsic c-Si wafers. Electron spin resonance (ESR) meas-

urements were performed to estimate the defect density of

the films in the X-band using a Bruker EMX-8 ESR spec-

trometer operation at 9.8 GHz. The microwave power used

in the ESR measurements was 1 mW, and the powdered

samples used were peeled from the thicker films. Moreover,

a Dektak 6M profilometer was used to measure the thick-

nesses of the films. All these measurements were conducted

at room temperature about 3 mo after sample preparation.

III. RESULTS AND DISCUSSION

Figure 1(a) shows a typical high resolution TEM

(HRTEM) image of sample RF100. The micrograph verifies

the presence of approximately 6 nm-sized silicon nanocrys-

tallites with the embedded in an amorphous matrix. The inset

provides the SAED pattern, showing the diffraction rings of

the (111) and (220) planes of silicon. The HRTEM and

SAED enable us to have atom-scaled images of the two-

phase-mixture to ascertain the nature of nc-Si:H thin films.

To obtain structural details of the nc-Si:H films, we per-

formed Raman, XRD, and optical transmission measurements

at room temperature; typical results corresponding to sample

RF100 are illustrated in Figs. 1(b) to 1(d). As shown in Fig.

1(b), the experimental Raman spectrum (open circles) is

decomposed into three Gaussian phonon bands from the amor-

phous silicon contribution [viz., a longitudinal acoustic (LA)

band centered at 300 cm�1, a longitudinal optical (LO) band

at 380 cm�1, and a transverse optical (TO1) band at 480

cm�1], and one asymmetric transverse optical (TO2) band at

around 520 cm�1 from the crystalline silicon contribution cal-

culated from the strain-incorporated three-dimensional pho-

non confinement model.14 The Raman crystalline fraction (Xc)

of 44.9% is deduced by using the relationship Xc¼ Ic=
(Icþ cIa),

15 in which Ic is the integrated intensity of TO2

Raman mode whereas Ia is the integrated intensity of TO1

Raman mode and c(L0)¼ 0.1þ exp(-L0=25) with L0 the aver-

age defect distance of 5.6 nm.

Figure 1(c) presents the experimental XRD pattern that

displays peaks typical of Si atoms in an ordered lattice. The

diffraction peaks located at 2h¼�29.0�, 2h¼�47.5�, and

2h¼�57� correspond to the (111), (220), and (311) planes

of silicon, respectively. In accord with the strongest diffrac-

tion peak intensity, the (111) plane is considered to be the

preferential growth orientation for these films. The large dif-

fraction peak broadening manifests the nanometer-sized

grains that appear in the films; for sample RF100 an average

grain size (d) of 6.1 nm has been obtained using Lorentzian

fitting of the (111) peak as well as the Scherrer formula.16

Figure 2(a) shows the grain sizes obtained from XRD (111)

peak for all the studied samples.

Also for sample RF100, Fig. 1(d) displays the experi-

mental optical transmission spectrum (open circles) and the

result (solid curve) calculated by the envelop method17 from

which two important parameter values can be obtained,

namely the refractive index in the long wavelength limit

TABLE I. Parameters for the nc-Si:H thin films prepared under different power densities. PW is the power density, Rd the growth rate obtained from step profi-

lometer measurements, Xc the crystalline fraction calculated from Raman spectra, d the average grain size derived from XRD (111) peaks, n1 the refractive

index in the long wavelength limit deduced from optical transmission spectra, CH and CO the bonded hydrogen and oxygen content studied from IR absorption

spectra, respectively, and NS the spin density estimated from ESR measurements.

Samples No. PW (W=cm2) Rd (Å=s) Xc (%) d (nm) n1 CH (at. %) CO (at. %) NS (1016=cm3)

RF100 0.17 0.36 44.9 6.1 3.177 8.7 7.4 11.9

RF150 0.26 0.36 48.5 6.5 3.184 9.1 7.7 11.8

RF200 0.35 0.37 52.0 7.0 3.287 7.0 10.1 14.5

RF250 0.43 0.47 48.7 6.1 3.141 12.5 3.6 7.5

RF300 0.52 0.66 45.0 5.6 3.085 12.3 4.3 9.0

RF350 0.61 0.49 45.6 5.7 3.062 14.4 5.1 10.7

FIG. 1. (Color online) Typical results obtained from the nc-Si:H thin film

sample RF100. (a) HRTEM image with SAED pattern shown in the inset.

(b) Experimental (open circles) and fitted (solid curves) Raman spectra. (c)

Experimental XRD spectrum showing diffraction peaks of (111), (220), and

(311). (d) Experimental (open circles) and fitted (solid curve) transmission

spectra.
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(n1) of 3.177 and the film thickness of 0.839 lm. n1 is an

important wavelength-independent optical parameter related

to mass density and atomic structure of the film and is dis-

cussed further in the following. Meanwhile, a good agree-

ment has been achieved between film thicknesses derived

from both the envelope method analyses and step profilome-

ter measurements.

It is well known that nc-Si:H is a two-phase-mixed ma-

terial with nanocrystallites embedded in an amorphous ma-

trix. However, nanometer-sized voids also exist in nc-Si:H

thin films; these should not be neglected when characterizing

the microstructure of nc-Si:H.18,19 Thus, based on Brugge-

man’s effective media approximation (BEMA),20 we calcu-

late volume fractions of crystalline silicon (pc), amorphous

silicon (pa), and voids (pv) of the films by using the crystal-

line fraction (Xc, from Raman analysis) and the refractive

index (n1, from transmission analysis).21 The variation of

these three volume fractions with increasing power density

are presented in Fig. 2(b).

It is clear that the rf power density plays an important

role in the microstructure of the nc-Si:H thin films during

their depositions by PECVD. The change in power density

results in a variation of the kinetic energy both for SiHx

(x¼ 0–3, mainly for x¼ 3) precursors and for atomic hydro-

gen, that can be divided into two stages. During the initial

period, stage I, in which the power densities are below 0.35

W=cm2, the surface diffusion length of the film precursors is

enhanced as the power increases that leads to the formation

of an atomically flatter growing surface.22 Such processes

result in a decrease in the void volume fraction. Meanwhile

the H-induced crystallization of a-Si:H8,9,23,24 is also rein-

forced, leading to the increases of crystalline volume fraction

as well as grain size. Additionally, the growth rates (Rd) of

the films listed in Table I remains unchanged because the

source gas SiH4 is considered to be completely depleted

within the power density range of our experiments.25

During the final period, stage II, at still higher power

densities, a large number of H atoms and ions on the growing

surface with excessively high kinetic energies enhance the

H-abstraction reaction, which reduces the surface diffusion

length of film precursors,26,27 thus clearly increasing the

growth rate. High power densities also bring about excessive

silicon etching, which together with the H abstraction reac-

tion causes not only decreases in crystallization and grain

size but also increases in voids within the film.28 In particu-

lar, under power densities as high as 0.61 W=cm2, extremely

strong silicon etching dramatically influences film growth by

decelerating the growth rate and reducing both amorphous

and crystalline volume fractions, resulting in further

increases in the void volume fraction.

Aside from its effects on microstructure, the rf power

also largely affects hydrogen content and its bonding config-

uration in nc-Si:H thin films.3 Therefore we have employed

room-temperature IR-transmission measurements to better

understand hydrogen incorporation of the nc-Si:H thin film

samples we studied. Figure 3 shows the IR-absorption spec-

tra of the samples prepared under different power densities,

in which absorption peaks of the Si-H rocking-wagging

mode, bending mode, and stretching mode can be observed

at around 630 cm�1, 880 cm�1, and 2090 cm�1,29,30 respec-

tively. Also, we see an absorption peak at 1000-1200 cm�1

related to the Si-O stretching mode,31,32 which indicates the

unwelcomed incorporation of oxygen in the samples. The

bulk oxidation was considered to be linked to the introduc-

tion of Si-O=Si interface DB (Pb center) defects11 as well as

a reduction in the so-called red response of photovoltaic

devices.12 A strong dependence of the deep defects on oxy-

gen content has also been observed in our nc-Si:H thin films;

this will be discussed later.

The bonded-hydrogen content CH is obtained by numeri-

cal integration of the Si-H rocking-wagging mode at around

630 cm�1. The complete procedure29,33 can be expressed as:

FIG. 2. (Color online) (a) Grain sizes and (b) volume fractions within the

nc-Si:H thin films under different power densities.

FIG. 3. IR-absorption spectra of the nc-Si:H thin films prepared under differ-

ent power densities as marked; the spectra are shifted vertically for clarity.
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CH ðat: %Þ ¼ AW

NSi

ð
t=w

aðtÞ
t

dt (1)

where a(�) stands for the absorption coefficient of the film at

the wave number �, �=w the rocking-wagging bands around

630 cm�1, and NSi¼ 5� 1022 cm�3 the atomic density of

pure silicon. We fixed the proportionality constant as

AW¼ 2.1� 1019 cm�2 to determine the hydrogen content.34

Similarly, the bonded-oxygen content CO can be deduced

from the numerical integration of the fitted band of the Si-O

stretching mode at 1000-1200 cm�1 with AW¼ 2.8� 1019

cm�2.30,31

From the hydrogen and oxygen content of the nc-Si:H

samples listed in Table I, an interesting inverse correlation

has been found in which higher oxygen content appears in

films with lower hydrogen content and vice versa. Similar

results have been found recently,13,35 although no further

investigation leading to a convincing explanation for such

phenomenon had been conducted. The variation of the crys-

talline volume fraction was suggested to be a possible factor

that influences the hydrogen and oxygen content;13 neverthe-

less, our experimental data provide no evidence for such a

conclusion. Hence to better understand the correlation

between the bonded hydrogen and oxygen in nc-Si:H thin

films, we turn to investigate the stretching mode of Si-H at

around 2090 cm�1, which provides detailed information

about the different bonding configurations of hydrogen.

Figure 4(a) presents the IR-absorption spectrum (open

circles) of sample RF100 in the range of the hydride stretch-

ing modes; five modes can be identified that relate to the

hydrides in different bonding configurations. The stretching

mode frequency position of a hydride in the bulk depends on

the unscreened eigen-frequency of the hydride, bulk screen-

ing, local hydride density, and possible mutual dipole inter-

actions of the hydrogen incorporation configuration.36 The

low stretching mode (LSM), in the range 1980-2010 cm�1,

and the high stretching mode (HSM), in the range 2070-2100

cm�1, originate from the a-Si:H tissue of nc-Si:H thin film,

in which the monohydrides in vacancies contribute domi-

nantly to the LSM, whereas both the monohydrides and the

dihydrides on void surfaces contribute significantly to the

HSM.7 The extreme HSM (EHSM), between 2140 and 2150

cm�1, arises from the trihydrides in the film deposited under

high hydrogen dilution condition.8 The stretching mode at

�2250 cm�1 (OxSi-Hy SM) corresponds to the hydride OxSi-

Hy vibration in which the oxygen atoms are back-bonded to

silicon atoms,37 and thus, together with the Si-O stretching

mode at 1000-1200 cm�1, reflect the bulk oxidation of the

film. The middle stretching mode (MSM) at �2033 cm�1 is

due to hydride vibrations located in a platelet-like configura-

tion at the amorphous-crystalline interfaces, i.e., the grain

boundaries.8–10

Figure 4(b) illustrates the integrated absorptions of the

LSM (I2000), MSM (I2033), and HSM (I2090) for all the sam-

ples studied; these are deduced from the decomposition of

the stretching bands illustrated in Fig. 4(a). Let us first dis-

cuss the evolutions of I2000 and I2090, which indicate changes

in hydrogen-bonding configurations in the amorphous tissue

of nc-Si:H thin films. In the earlier-mentioned stage I,

decreases of both I2000 and I2090 with increasing power den-

sity have been observed. These can be explained by

decreases in the amorphous volume fraction of the films as

power increases. Moreover, the decrease in I2090, which

reflects the hydride presence on a-Si:H void surfaces, also

corresponds well with the reduced void volume fraction of

the films discussed in Fig. 2. In stage II, the obvious higher

I2090 is considered to be caused by the excessively high ki-

netic energy of H atoms and ions during film deposition. As

depicted in Fig. 2, the excessive silicon etching reaction to-

gether with the H-abstraction reaction leads to a less compact

a-Si:H tissue with more voids in this stage; at the same time,

H atoms and ions with higher kinetic energy enhance the H

diffusion into the bulk, thus more H atoms and ions permeate

into the sub-surface region of the film during its deposition.

Therefore, DBs on the surfaces of the increased voids are

passivated by diffusing H atoms and ions, leading to the

FIG. 4. (Color online) (a) A close-up of the measured Si-H stretching modes (open circles) of the nc-Si:H thin film sample RF100. The solid curve represents

the total fit, whereas the dashed curves are the five Gaussian-shaped stretching modes. (b) Bar graph of integrated absorptions of the LSM, HSM, and MSM.

(c) Integrated absorption of the MSM and oxygen content within the nc-Si:H thin films prepared under different power densities.
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formation of the HSM hydrides. Such processes explain the

dramatically high I2090 as well as the total bonded hydrogen

content listed in Table I in stage II, and both of these inte-

grated absorptions keep increasing as the power density is

further increased. Moreover, more dihydrides are formed in

this stage, which can be reflected by their reinforced bending

mode at around 880 cm�1 (see Fig. 3); these dihydrides are

considered to be responsible for the deterioration of the nc-

Si:H thin film solar cell efficiency stability.38 Similarly, it is

easy to understand the decrease in I2000 that reflects hydrides

located in vacancies of the a-Si:H tissue.

We move our attention next to the MSM corresponding

to the vibration of hydrides in a platelet-like configuration;

so far few studies have focused on this. We start with the for-

mation of those hydrides in such a mode. The process of H-

induced crystallization of a-Si:H by the insertion of H into

the strained Si-Si bonds, both on the surface and in the bulk

of the film, leads to the formation of (a) a bond-centered

hydrogen, where a H atom is present between two Si atoms

and is bonded to both Si atoms, (b) an isolated silicon mono-

hydrides where the H atom is bonded to only one Si leaving

a DB on the other Si after the break of the strained Si-Si

bond, or (c) a Si-Si bond with bond length close to the equi-

librium c-Si bond length (2.35 Å) where the H atom is

bonded to only one Si atom after the relaxation of the

strained Si-Si bond.10,39 Silicon hydrides in a platelet-like

configuration in which the Si-H bonds are present along a

planar defect, i.e., the grain boundaries, are formed just after

the passivation of DBs in condition (b) mentioned above by

H diffusion. Such a platelet-like configuration is similar to

the structures observed in c-Si where Si-H bonds are pre-

dominantly oriented along {111} crystallographic planes.40

Clearly the reactions of H insertion and H diffusion are

fundamental in forming the MSM hydrides. The strikingly

higher I2033 in stage II can be explained in that the H atoms

and ions with higher kinetic energy enhance the H diffusion

into the bulk of film, especially diffusion along the grain

boundaries, which as a result leads to higher hydride content

in a platelet-like configuration. In contrast, the H diffusion

reaction is relatively weak over the power density range

existing in stage I. However, H atoms and ions with

extremely high kinetic energy also turn MSM hydrides into

HSM hydrides by excessive silicon etching, which can be

obviously observed at the power density of 0.61 W=cm2.

Furthermore, we attribute the slight decrease in I2033 during

stage I as power density increases to the increase in grain

size which reduces the grain boundary volume fraction.

It is well known that grain boundaries makeup a large

volume fraction in nc-Si:H because the crystalline fraction

of nc-Si:H is made of nanometer-sized crystalline grains.

Thus we need to investigate further the role of MSM

hydrides located within grain boundaries on nc-Si:H thin

films. As shown in Fig. 4(c), the oxygen content depends

strongly on the integrated absorption of the MSM; a higher

integrated absorption signifies lower oxygen content. To

explain this, we suggest that the MSM hydrides help to form

a hydrogen-dense amorphous tissue around the small crystal-

line grains, i.e., a compact grain boundary structure with

good passivation. Consequently, the permeation of oxygen

into grain boundaries during preservation of the films that

results in the post-deposition oxidation of the grain boundary

surface can be effectively prevented. Moreover, films of

higher integrated absorptions of the MSM have grain boun-

daries with more H molecules adsorbed on the surfaces,

namely H-rich regions within grain boundaries41 that are

also beneficial in preventing post-deposition oxidation.

To relate the unwanted incursion of oxygen in nc-Si:H

thin films to the deterioration in electrical properties, we

employed room-temperature ESR measurements which basi-

cally detect the density of neutral DBs with unpaired spins.

Figure 5(a) shows the ESR spectra of the nc-Si:H samples

prepared under different power densities, each normalized to

the sample mass so that the signal amplitude is proportional

to spin density. All spectra show an asymmetric line shape

believed to be caused by a superposition of several resonan-

ces due to DB types in different environments.42 However,

the identification and location of the possible different

defects, which mainly determines the g-value as well as the

peak-to-peak width of the ESR spectrum, is still a matter of

debate that we will not discuss further. We shall focus here

on the spin density (NS), as compared to a spin standard, of

our nc-Si:H samples calculated from a numerical double-

integration over the entire signal of the spectrum. As illus-

trated in Fig. 5(b), a strong correlation between the spin den-

sity (from ESR) and the oxygen content (from absorption in

Fig. 4) of the nc-Si:H thin films can be observed. This indi-

cates that oxygen incursions result in the formation of DB

defects, the Si-O=Si interface DB defects (Pb center defects)

being the most likely candidates.11 Considering that the den-

sity of DB defects in amorphous tissues is relatively low

[�1015 cm�3 (Ref. 43)] due to the effective passivation by

hydrogen during deposition under a high hydrogen dilution

condition, as well as the induced DB densities caused by the

increased voids in a-Si:H tissue [�1015 cm�3 (Ref. 26)], we

submit that post-deposition oxidation of grain boundary

surfaces mainly results in the increase of DB defects in the

nc-Si:H thin films that we have studied. Verification of this

fact is supported by the clear proportionality between oxygen

content and spin density in Fig. 5(b).

FIG. 5. (a) ESR spectra of the nc-Si:H thin films prepared under different

power densities normalized by sample mass. (b) The correlation between

spin density and oxygen content.
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IV. CONCLUSIONS

In summary, the microstructure of nc-Si:H thin films pre-

pared by PECVD has been identified using Raman spectros-

copy, XRD, optical transmission spectroscopy, and TEM

measurements. IR absorption spectroscopy has been per-

formed to obtain detailed information on bonded-hydrogen

and oxygen content as well as bonding configurations of

hydrogen in nc-Si:H thin films. The evolution of the micro-

structure and bonded hydrogen in terms of content and bond-

ing configuration can be explained by the variation in kinetic

energy of hydrogen atoms and ions during film deposition

under different power densities. Moreover, we have found a

strong correlation between oxygen incursion and bonded

hydrogen in a platelet-like configuration, i.e., hydrides in grain

boundaries, in which more platelet-like hydrides lead to less

oxygen incorporation. We attribute such phenomenon to the

role of bonded hydrogen in platelet-like configurations in the

prevention of post-deposition oxidation by forming a

hydrogen-dense compact grain boundary structure with good

passivation in nc-Si:H thin films where grain boundaries

makeup a large volume fraction. The deterioration in electrical

properties of nc-Si:H thin films from oxygen incursions by the

introduction of DB defects has been further verified using

ESR measurements. Therefore, we submit that hydrides in

grain boundaries are of great importance to the property of nc-

Si:H thin films, special attention of which could provide bene-

fits in improving the performance of nc-Si:H-based thin-film

solar cells. Nevertheless, according to our experimental data,

the higher power densities needed to initiate platelet-like

hydride formations during film deposition also leads to higher

voids volume fractions in amorphous tissues and higher dihy-

dride content, both of which should be avoided in nc-Si:H thin

film solar cell manufacture. Consequently, further investiga-

tion is necessary to determine precise optimal growth condi-

tions that yield nc-Si:H thin films with not only compact grain

boundary structures but also compact amorphous tissues with

less dihydrides.
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Fabrication and ultraviolet photoresponse
characteristics of ordered SnOx (x ≈ 0.87, 1.45, 2)
nanopore films
Changli Li1, Maojun Zheng1*, Xianghu Wang2, Lujun Yao1, Li Ma3 and Wenzhong Shen1

Abstract

Based on the porous anodic aluminum oxide templates, ordered SnOx nanopore films (approximately 150 nm
thickness) with different x (x ≈ 0.87, 1.45, 2) have been successfully fabricated by direct current magnetron
sputtering and oxidizing annealing. Due to the high specific surface area, this ordered nanopore films exhibit a
great improvement in recovery time compared to thin films for ultraviolet (UV) detection. Especially, the ordered
SnOx nanopore films with lower x reveal higher UV light sensitivity and shorter current recovery time, which was
explained by the higher concentration of the oxygen vacancies in this SnOx films. This work presents a potential
candidate material for UV light detector.
PACS: 81.15.Cd, 81.40.Ef, 81.70.Jb, 85.60.Gz.

Keywords: highly ordered tin oxide nanopores films, anodized aluminum oxide(aao), ultraviolet(uv) response, oxy-
gen vacancies

Background
Tin oxide is a wide band-gap (3.6 eV) n-type semicon-
ductor and exhibits unique electrical and optical proper-
ties. It has been used extensively for gas sensors [1-4],
solar cells [5], optoelectronic devices [6], catalysts [7],
lithium-ion batteries [8], and so forth. In the last few
years, intensive attention has been paid to fabricate a
variety of SnO2 nanostructured materials, such as nano-
wires [9], nanobelts [10], nanoribbons [11], nanotubes
[9,12], nanoparticles [13], and nanowhiskers [14]. How-
ever, little attention had been paid to 2D ordered SnO2

porous nanomaterials as electronic and chemical
devices. 2D ordered porous nanostructures with well-
aligned interconnected pores are of great potential appli-
cations due to several distinctive properties such as high
internal surface areas, high gas sorption and separation
capacity, and increased thermal and mechanical stabili-
ties [15]. Herein, we firstly report the fabrication and
UV photoconductivity switching properties of highly

ordered SnOx nanopore films. Figure 1 shows the for-
mation process of the highly ordered SnOx nanopore
films. The recovery time of this ordered SnOx nanopore
films for UV detection is much shorter than that of
SnOx thin films and we also found that the films with
lower x exhibit higher UV sensitivity and faster current
recovery. The results indicate that ordered SnOx nano-
pore film with low x could be as potential candidate
material for UV light sensors.

Methods
The AAO templates were prepared through stable high-
field anodization in a H3PO4-H2O-C2H5OH electrolyte
system [16]. Anodization was carried out in a H3PO4-
H2O-C2H5OH electrolyte system (concentration of
H3PO4, 0.25 M) at 195 V. The temperatures of the elec-
trolytes were kept at -10°C to 0°C with a powerful low-
constant temperature bath. Sn films were deposited on
AAO substrates by direct current (DC) magnetron sput-
tering using a circular tin target (diameter, 60 mm; pur-
ity, 99.99%) at room temperature. The base pressure,
deposition pressure, substrate-target distance, sputtering
power, and the Ar flux were 1 × 10-3 Pa, 0.85 Pa, 6 cm,
30 W, and 10 sccm, respectively. The sputtering time (t)
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was fixed at 3 min. To obtain the ordered porous SnOx

films and to perform its electrical measurements under
UV irradiation, three same samples was annealed at
350°C, 450°C, and 550°C in a quartz tube furnace system
for 120 min at a heating rate of 10°C/min, respectively.
The quartz tube was evacuated to about 50 Pa before
heating and the flow rates of Ar and O2 are both fixed
at 100 sccm during annealing. Then a 300-nm-thick
gold electrodes was evaporated on the surface of SnOx

nanopore films through a shadow mask and copper
wires were connected to the electrodes at two contact
pads by conducting silver glue. The spacing between the
electrodes was 1 mm, and the length of the electrodes
was 5 mm. The device structure is depicted in Figure
1d. What’s more, SnOx thin films UV device on the
quartz substrate were prepared under the same deposi-
tion and post-annealing condition as mentioned above
for the purposes of comparison. Electrical measurements

of all devices were carried out with a Keithley 2400
source-measure unit under ambient conditions. For UV
detection, a xenon lamp was used as the light source
and an excitation filter centered at 254 nm and the bias
voltage was fixed at 1 V. The structural properties were
determined using a D8 DISCOVER X-ray diffractometer
(XRD) with Cu Κa radiation. The growth and surface
morphologies were observed using a field-emission scan-
ning electron microscope (FE-SEM, Philips Sirion 200,
Philips, Holland, Netherlands). The Raman spectra of
the SnOx nanostructures were measured using a Jobin
Yvon LabRam HR 800 UV system with a 325 nm He-
Cd laser.

Results and discussions
Surface topography
Figure 2a, b is the top view and cross-sectional FE-SEM
images of a typical AAO template consisting of a

Figure 1 Schematic diagram of the fabrication process of ordered SnOx nanopore films. (a) AAO template; (b) top view of the ordered tin
nanopores array on top of AAO; (c) annealing at different temperature; (d) ordered SnOx nanopore-film-based UV photodetector.
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hexagonal close-packed arrays formed by the two-step
anodization process. The as-grown AAO film has a
large pore diameter of approximately 170 nm and inter-
pore spacing of approximately 350 nm, the parallel
cylindrical nanochannels can be clearly observed. Figure
2c shows the FE-SEM image of Sn nanopore film on an

AAO substrate. The cross-section (he inset of Figure 2c)
reveals clearly that the Sn nanopores are on top of the
AAO substrates. It is noted that the as-deposited Sn
nanopore films consist of small grains and the obtained
Sn films just reproduce the substrate geometry. While
the pore diameter (approximately 150 nm) of Sn

Figure 2 FE-SEM images of the AAO templates, ordered Sn and SnOx nanopore films. (a) top view of the alumina template prepared by a
two-step anodization method; (b) cross-section view of the resultant highly ordered nanochannel alumina template; (c) ordered Sn nanopore
film prepared at room temperature with P = 30 W and t = 3 min. (d, f) the top images of the ordered SnOx nanopore films prepared at
different annealing temperatures (350°C, 450°C, and 550°C, respectively).
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nanopore film is smaller than the pore size of the AAO
substrate. Figure 2d, e, f show the surface morphology
of the annealed ordered porous Tin films at different
temperatures (350°C, 450°C, and 550°C). It can be seen
that the grain size of the samples annealed at 350°C was
bigger than that of as-deposited Sn films and the neigh-
boring grains seemed to coalescence together as the
annealing temperature rises. The surface of the film
becomes very smooth and the pore size of the film
decreases when annealing temperature was increased to
550°C.

Composition evolution after annealing at different
temperature
Figure 3a shows the XRD patterns of the Sn nanopore
film deposited at room temperature and SnOx films
formed at different annealing temperatures (350°C, 450°
C, and 550°C). It can be seen that the as-prepared Sn
nanopore film consists only of metallic tin, and SnO is
detected with a maximum contribution at 350°C. At the
temperature of 450°C, the diffraction profile can be
indexed by the reflections of SnO phase and Sn2O3

phase. This indicates that the SnO and Sn2O3 are simul-
taneously present at the annealing temperature of 450°
C, and the intergrowth mechanisms may occur at this
thermal oxidizing temperature. When the annealing
temperature further increases to 550°C, the SnO and
Sn2O3 diffraction peaks disappear, demonstrating that
complete SnO2 have been formed. This shows that the
oxygen content of Tin oxide films prepared by annealing
oxidizing is very relative to the annealing temperature.
Figure 3b shows the Raman spectra in the Stocks

frequency range (50 to 1,000 cm-1) for SnOx films. The
Raman spectrum of the sample annealed at 350°C con-
tains strong peaks at approximately 750, 692, 656, 306,
205, and 106 cm-1. The strongest peak at 106 and 206
cm-1, which is typical of SnO, can be assigned to the B1g
(113 cm-1) and A1g (211 cm-1) [17]. The bands peaking
at 306, 692, and 750 cm-1 can be correspond to SnO2

modes Eu(TO), A2u(LO), and Eu(LO) [18]. In addition to
the fundamental Raman scattering peaks of rutile SnO2,
the other Raman scattering peaks, which are at about
656 cm-1, are also observed. The origin of the 656 cm-1

mode, which could not be clearly identified, might indi-
cate other SnOx stoichiometries. For sample annealed at
450°C, the SnO A1g Raman modes disappears and B1g

Raman modes decreases, indicating the increase of oxy-
gen in structures. Furthermore, the 656 cm-1 mode and
SnO B1g mode disappear at the annealing temperature
of 550°C, which shows the pure SnO2 has formed. So
the Raman spectra also demonstrate that the oxygen
content increasing with the annealing temperature. The
EDS analysis during FE-SEM observation reveals that
the SnOx films (prepared at 350°C, 450°C, and 550°C)
have an approximate atomic ratio of tin to oxygen of
1:0.87, 1: 1.45, and 1:2, respectively. This is consistent
with the results of XRD patterns and Raman spectra.

Photoresponse of the SnOx nanopore films under UV
irradiation
The room-temperature current-voltage (I-V) characteris-
tics of the samples all showed a good ohmic behavior
and the conductivity of the SnOx films increase with ris-
ing annealing temperature (i.e., increasing film oxygen

Figure 3 XRD patterns Raman spectra of SnOx nanopore films. (a) XRD patterns of the as-prepared sample and SnOx formed at varying
oxidation temperatures of 350°C, 450°C, and 550°C. The symbol (O) indicates the substrate (Al2O3) reflections. The phases detected in the film
are indicated as follows: I = Sn; V = SnO; asterisk = Sn2O3; T = SnO2. (b) Evolution of the Raman spectra of SnOx nanopore films prepared at
350°C, 450°C, and 550°C.
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content) at preparation. To investigate the photore-
sponse of the ordered SnOx nanopore films under UV
irradiation, the time-dependent measurements of photo-
response were employed to study the rise and decay
time upon switching UV light on and off. After keeping
the sample in the dark for 60 s under the constant vol-
tage (1 V), we turn on the UV light to reach the maxi-
mum of the photocurrent and then turn off the light to

observe its recovery characteristics. The reproducibility
of the sample was tested by repeatedly switching UV
light on and off for the same time intervals. At the last
cycle of the measurement, the photocurrent naturally
returns to original value. Figure 4a, c shows the time
evolution of current under UV lamp irradiation of a
power of I = 50 μW cm-2 at RT in air. The time-depen-
dent photoresponse of sample prepared at 350°C reveals

Figure 4 Time-dependent photoresponse of ordered SnOx nanopore films and SnOx thin films. (a, c) Time-dependent photoresponse of
ordered SnOx nanopore films annealed at 350°C, 450°C, and 550°C, respectively. (d, f) Time-dependent photoresponse of SnOx thin films
annealed at 350°C, 450°C, and 550°C, respectively. The measurements were carried out in dry air under 1-V bias voltage and approximately 50-
μW cm-2 UV illumination.
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a current increase steeply upon switching on UV light of
more than ten times of magnitude (Figure 4a). The
response time, defined as the time needed to reach 90%
of the maximum photocurrent, was therefore about 52
s, and recovery time, defined as the time taken for the
photocurrent to come within 10% of the initial value,
about 270 s. Figure 4b shows the time-dependent photo-
response of the sample prepared at 450°C. The response
time and the recovery time were approximately 70 s and
approximately 1,090 s, the current increase is about two
times of magnitude in this case. For sample prepared at
550°C, a response time of approximately 62 s and a
recovery time of approximately 3,350 s were obtained
and the current increase is no more than one time of
magnitude (Figure 4c). For SnOx thin films, the response
time and recovery time of the samples prepared at 350°
C, 450°C, and 550°C are approximately 80 and 2,850 s,
approximately 32 and 3,010 s, approximately 100 and >
10,450 s, respectively (Figure 4d, e, f). These results
demonstrated that the ordered SnOx nanopore film pre-
pared at lower temperature possess higher UV light sen-
sitivity and shorter current recovery time. What’s more,
the recovery time of ordered nanopore films is much
shorter than that of thin films and reveal a good reversi-
ble switching characteristics with on/off UV exposure.
Compared to SnO2 nanowire-based UV detectors, the
response and recovery performance of our UV detector
(prepared at 350°C) was comparable to the SnO2 nano-
wire array-based UV detector [19] and was still inferior
to single nanowire UV detectors (the response time is
less than 0.1 s) [20]. So there is still much work to do
to further improve the performance of ordered SnOx

nanopore-film-based UV detectors in order to meet the
practical application.
The decreased recovery time of the ordered SnOx

nanopore films compared to the thin films can be
attributed to the increased surface areas. It is known
that the oxygen molecules are absorbed onto SnOx sur-
face by capturing free electrons from the n-type SnOx

[O2(g) + e- ® O2
-(ad)], which decrease the carrier den-

sity in the films and hence the porous films show a
higher resitance. Upon UV illumination, electron-hole
pairs are generated. The holes migrate to the surface
along the potential slope produced by the band bending
and recombine with the negatively charged adsorbed
oxygen ions [h++O2

- ® O2(g)], resulting in an enhance-
ment of photocurrent. When the illumination is turned
off, the films with higher surface area make O2 read-
sorbed on the surface easier, which lead to a shorter
recovery time.
For the sample with a lower annealing, temperature

shows a shorter recovery time, which could be attribu-
ted to below two main processes. First, it is known that
oxygen vacancies in SnOx act as electron donors and

the number of oxygen vacancies is expected to increase
in lower annealing temperature under certain oxygen
flows and annealing time (confirmed by the results of
XRD pattern and Raman spectra above), higher concen-
tration of the oxygen vacancies will give higher probabil-
ity of the adsorption of oxygen molecules onto the
surface of SnOx films, leading to the fast decreasing of
the photocurrent. Second, the increase in the oxygen
vacancies is expected to decrease the bending of the
semiconductor near the surface [21]. Electrons and
holes recombine more easily with less bended band,
inducing a shorter carrier lifetime. So the photocurrent
decay after switching off UV is faster for the sample at
lower annealing temperature.

Conclusions
In conclusion, we firstly report an effective method for
the fabrication of ordered SnOx nanopore films. Anneal-
ing temperature is the key factor to control Sn/O ratio.
Reversible photoconductive switching characteristics of
the films were exhibited by switching UV light on/off,
which is ascribed to the oxygen desorption/reabsorption
on the surface of SnOx film. It is noted that the ordered
SnOx nanopore films with lower x value possess more
excellent ability to detect weak UV light, which could
be attributed to the higher concentration of the oxygen
vacancies in this SnOx films. Especially, this ordered
nanopore films exhibit shorter recovery time compared
to the thin films, which can be attributed to the
increased surface areas. This study presents a new
approach for fabricating UV light sensors based on Tin
oxide films.

Abbreviations
AAO: anodized aluminum oxide; UV: ultraviolet; 2D: two-dimensional; DC:
direct current; XRD: X-ray diffraction; FE-SEM: field-emission scanning
electron microscope; EDS: energy disperse spectroscopy; RT: room
temperature.
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Fabrication and magnetic properties of granular
Co/porous InP nanocomposite materials
Tao Zhou1, Dandan Cheng1, Maojun Zheng1*, Li Ma2 and Wenzhong Shen1

Abstract

A novel Co/InP magnetic semiconductor nanocomposite was fabricated by electrodeposition magnetic Co
nanoparticles into n-type porous InP templates in ethanol solution of cobalt chloride. The content or particle size of
Co particles embedded in porous InP increased with increasing deposition time. Co particles had uniform
distribution over pore sidewall surface of InP template, which was different from that of ceramic template and may
open up new branch of fabrication of nanocomposites. The magnetism of such Co/InP nanocomposites can be
gradually tuned from diamagnetism to ferromagnetism by increasing the deposition time of Co. Magnetic anisotropy
of this Co/InP nanocomposite with magnetization easy axis along the axis of InP square channel was well realized by
the competition between shape anisotropy and magnetocrystalline anisotropy. Such Co/InP nanocomposites with
adjustable magnetism may have potential applications in future in the field of spin electronics.
PACS: 61.46. +w · 72.80.Tm · 81.05.Rm · 75.75. +a · 82.45.Aa

Introduction
The fabrication and magnetic properties of magnetic
nanomaterials or nanocomposites have been the center
of attraction among researchers, due to their potential
applications in high-density data storage devices, mag-
neto-optical sensors, spintronic devices, and interesting
fundamental physical phenomena [1-8]. Particularly, elec-
trodeposition of magnetic nanoparticles, nanowires, and
nanotubes in ordered nonmagnetic templates has
attracted great attention because of its low cost, preferred
yield of order magnetic nanomaterials, and size-adjusta-
ble properties [2,4,5,9-20]. The most popular template is
anodic alumina oxide (AAO) membrane because of its
uniform channel arrays and chemical inertness, which
has been widely used for producing magnetic nanostruc-
tures, including cobalt ferrite nanodot arrays [13], Fe, Co,
and Ni nanowires, nanotubes, and nanoparticles arrays
[5,8,14-19], FeNi ferromagnetic alloy, CoPt nanotubes
[9], and so on. The growth and magnetic properties of
magnetic nanomaterials in AlN, MgO, polymer tem-
plates, and superlattice matrices were also reported

[21-25]. Up to now, both theoretical and experimental
works have focused mainly on insulation templates, while
there has not been much study conducted on the growth
of magnetic nanomaterials in semiconductor templates.
Recently, electrodeposition of Fe, Co, Ni, and FeNi alloy
into porous silicon semiconductor matrix has been
studied [11,26-29]. It was found that the novel magneti-
zation behaviors of these nanocomposite materials
depended on deposits and matrices. For example, Granit-
zer et al. [29] found a new twofold switching of magnetic
hysteresis curve in Ni/porous silicon composites. There-
fore, electrochemical deposition of ferromagnetic metals
into semiconductor templates and investigation of their
magnetic properties may provide a new avenue for nano-
fabrication and have important applications ranging from
magnetic sensing to the field of spin electronics [5,6,29].
In addition, owing to its direct band gap and enhanced

nonlinear optical response, increasing interest has been
focused on porous InP because of its potential applica-
tions in nanoscaled Schottky diodes, waveguides, solar
cells, and for fabricating nanocomposite materials
[30-34]. However, to our knowledge, there are no reports
on the composite between porous InP matrix and mag-
netic materials. Furthermore, as a typical ferromagnetic
materials, Co nanostructures, especially for granular Co,
embedded in nonmagnetic matrices have been widely
studied, where the matrices most focused were of three

* Correspondence: mjzheng@sjtu.edu.cn
1Laboratory of Condensed Matter Spectroscopy and Opto-Electronic Physics,
and Key Laboratory of Artificial Structures and Quantum Control (Ministry of
Education), Department of Physics, Shanghai Jiao Tong University, Shanghai,
200240, People’s Republic of China
Full list of author information is available at the end of the article

Zhou et al. Nanoscale Research Letters 2011, 6:276
http://www.nanoscalereslett.com/content/6/1/276

© 2011 Zhou et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

178

mailto:mjzheng@sjtu.edu.cn
http://creativecommons.org/licenses/by/2.0


kinds: metallic matrices (Cu, Ag and Nb) [35-38]; cera-
mic matrices (Al2O3 and AlN) [5,23,39]; and polymeric
matrices [22,24]. In this article, we report on the electro-
chemical deposition of Co into n-type porous InP semi-
conductor matrix based on organic solution of cobalt
chloride, where the organic solution, i.e., ethanol solu-
tion, was applied to protect Co from oxidization. The
structure and magnetic properties of such Co/InP nano-
composites were also investigated.

Experiment details
Co/InP magnetic semiconductor nanocomposites were
fabricated by one-step electrodeposition of Co particles
onto n-type porous InP templates. Figure 1 shows the
schematic illustration of the fabrication of Co/InP com-
posite structure. First, the n-type porous InP template
was prepared by a two-step etching method [40]. The
starting material was Sn-doped InP (>1 × 1018 cm-3)
wafer, which was first etched at a constant voltage of 8 V
in 7.5% HCl aqueous solution for 30 s. Next, the speci-
men was immersed in a mixture of pure HCl and H3PO4

(HCl:H3PO4 = 1:3 v/v) for a few minutes to remove the
top irregular layer to obtain n-type porous InP templates
with uniform and square pore arrays. This was followed
by electrochemical deposition of Co particles onto por-
ous InP templates, performed using a three-electrode
cell, employing a porous InP template as the working
electrode and a graphite plate counter-electrode. The
reference electrode was a saturated calomel electrode
(SCE), isolated from the solution by a salt bridge. The
deposition bath was 0.1 M/L CoCl2 ethanol solution, pre-
pared by dissolving CoCl2 in ethanol. Before the deposi-
tion of Co, the porous InP template was immersed in the
bath about 1 h to allow the solution completely wet the
inner pore walls. The applied potential was kept at 2.0 V
with respect to SCE. After the deposition of Co, the sam-
ple was cleaned by de-ionized water, dried in N2 atmo-
sphere, and then kept in anhydrous ethanol. All the
experiments were performed at room temperature.
The morphology of Co/InP nanocomposite structures

was subsequently studied by field-emission scanning
electron microscope (FE-SEM). The composition and

crystallographic structure of samples were investigated
by energy dispersive X-ray spectrometer (EDS) system
attached to SEM and X-ray diffraction (XRD) with Cu
Κa radiation (l = 1.54 Å). Physical property measure-
ment system was applied to characterize magnetic prop-
erties of such Co/InP nanocomposites at 300 K with
magnetic field sweeping from -15 to 15 KOe.

Results and discussions
Structure characterization of Co/InP nanocomposites
Figure 2a shows the typical FE-SEM image of n-type por-
ous InP template with nearly uniform and square pore
arrays. In order to study the growth process of Co in por-
ous InP semiconductor matrix, Co/InP nanocomposites
with different deposition times were prepared. The cross-
sectional morphologies of different samples are shown in
Figure 2b, c, d. There is almost no Co in the inner channel
wall of the InP matrix when the deposition time is 30 s, as
shown in Figure 2b. When the deposition time increases
to 90 s, it was found that a small amount of Co nanoparti-
cles uniformly distribute on the whole inner channel walls
of the InP template (Figure 2c). On further increasing the
deposition time, the needle-shaped Co forms on the inner
pore walls of InP as shown in Figure 2d. It is noted that
Co particles prefer to uniformly distribute over the chan-
nel wall surface of the InP template than gather at the bot-
tom of channel, which may result from conductivity of
n-type porous InP template. In other words, the deposition
of metallic Co particles may occur at any position of the
pore sidewall surface of InP template (as shown by the
schematic of Figure 1), which is different from the “bot-
tom-up” growth mechanism in the insulation templates,
such as AAO. Since the channel walls of the insulation
templates are stable and nonconductive in the solution,
the growth by electrodeposition is always from the bottom
to the opening when a conductive layer is fabricated at the
bottom side of the insulation channels [9]. Therefore,
adjustable electrodepositions may be realized by tuning
the conductivity and reactivity of such porous InP matrix,
which may open up a new branch in the fabrication of
nanocomposite materials. A detailed discussion for this is
not given here because it is not the main concern for this

Figure 1 Schematic of fabrication process of Co/InP nanocomposite structure.
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article; similar studies in porous silicon matrix have been
summarized by Ogata et al. [41].
It is also noted that there is oxygen in the first pro-

duct prepared by electrodeposition in aqueous solution
of cobalt chloride under same conditions (this EDS
spectrum is not illustrated in this article), which indi-
cates that Co has been oxidized. Therefore, ethanol
solution is chosen to fabricate Co/InP nanocomposites,
the composition of which is analyzed by EDS as shown
in Figure 3a, where only In, P, and Co exist (without the
presence of oxygen), indicating that the pure Co nano-
particles have been successfully embedded in the porous
InP semiconductor matrix and the ethanol solution
effectively protects Co from oxidization. To further
investigate the structure and composition of such Co/
InP nanocomposites, the XRD pattern has been mea-
sured and shown in Figure 3b, where two strong diffrac-
tion peaks at 2θ = 30.52° and 63.41° are, respectively,
identified as (200) and (400) of the porous InP template
consistent with the previous results [34,40]. The other
four peaks at 2θ = 41.59°, 44.26°, 47.39°, and 75.89°

correspond to hexagonal Co (100), (002), (101), and
(110), respectively. This further confirms that the
obtained sample is that of Co/InP nanocomposites.

Magnetic properties of Co/InP nanocomposites
Figure 4 shows field-dependent magnetization (M-H)
curves of such Co/InP nanocomposites, where the
applied magnetic field is perpendicular to the surface of
the InP template or parallel to the axis of InP channel.
For the deposition time of 30 s, the Co/InP nanocompo-
site presents diamagnetism as shown in Figure 4a, which
is ascribed to the complete diamagnetism of n-type por-
ous InP template according to the above SEM analysis
and the M-H curve of pure InP (Figure 4b). While weak
ferromagnetism is detected for the sample with the
deposition time of 90 s (Figure 4a), with the deposition
time of 5 min, the Co/InP nanocomposite exhibits visible
hysteresis loop as shown in Figure 4b. This indicates that
the Co particles embedded in the InP matrix dominate
the magnetic behavior of this Co/InP nanocomposite
when the content of Co gradually increases due to the

Figure 2 FE-SEM images of the cross section of Co/InP nanocomposite structure with different deposition times of Co: (a) 0 s, (b) 30 s,
(c) 90 s, and (d) 5 min.
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strong ferromagnetism of Co. In a word, the magnetism
of such Co/InP magnetic semiconductor nanocomposite
is completely determined by the deposition time of Co.
The exhibited ferromagnetism under the room tempera-
ture, originating from the Co particles embedded in the
n-type porous InP matrix, is different from that of the
superparamagnetism of Co particles in Cu and dendrimer
matrix [22,36].
Figure 5 shows magnetic hysteresis loops of Co/InP

composite structure with the deposition time of 5 min
for both perpendicular and parallel orientations, where
H// and H⊥ represent the field applied perpendicular and
parallel to the surface of the InP template, respectively.
Typical coercivities with Hc⊥ = 775 Oe and Hc// = 644
Oe are clearly found in the inset of Figure 5, indicating
the enhanced coercivity compared with that of the bulk
Co (10 Oe). The relatively larger coercivity in perpendi-
cular orientation suggests weak anisotropy of the system,
i.e., magnetization easy axis is perpendicular to the

surface of InP template. This magnetic anisotropy of the
system is determined by the relatively strong-shape ani-
sotropy of Co nanoparticle arrays embedded in the por-
ous InP matrix compared with the magnetocrystalline
anisotropy of hexagonal Co particle. Furthermore, both
magnetization curves for perpendicular and parallel are
sheared as shown in Figure 5, indicating the existence of
inter-particle interactions, which is also manifested by
the low squareness ratios, (Mr/Ms)⊥ = 0.34 and (Mr/Ms)//
= 0.36. Similar sheared hysteresis loops were also found
in Co/ZrO2, Co/AAO, and Ni/AAO nanocomposite
materials [2,14,17]. In brief, magnetic anisotropy in the
Co/InP nanocomposite structure with easy axis perpendi-
cular to the surface of InP matrix is compatible with that
of typical magnetic nanostructures such as nanowires
and nanotubes [8,14,16,20,21,29], i.e., the magnetization
easy axis is along the long axis of nanostructures, which
is the result of the competition between the dominant
shape anisotropy and magnetocrystalline anisotropy.

Figure 3 The characterization of the Co/InP nanocomposite structure: (a) EDS spectrum and (b) XRD pattern.

Figure 4 Field-dependent magnetization curves (M-H) of the Co/InP nanocomposite structure, where the magnetic field is applied
perpendicular to the surface of the InP template with different deposition times of Co: (a) 30 s (square) and 90 s (solid line), (b) 5 min
(square), the inset shows the magnetization curve of the n-type porous InP template (square).
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Conclusion
We have reported in this article a novel Co/porous InP
magnetic semiconductor nanocomposite based on electro-
chemical deposition technique in ethanol solution of
cobalt chloride. The ethanol solution effectively protects
Co from oxidization, as confirmed by the XRD and EDS
analyses. Granular Co prefers to uniformly distribute over
the channel walls of the InP templates, which is different
from the “bottom-up” mechanism of ceramic matrix and
thereby may provide a new avenue for nanofabrication.
With the increasing deposition time of Co, the size or con-
tent of granular Co embedded in the InP template
increases, and the magnetic behavior of such Co/InP
nanocomposites shows gradual change from diamagnetism
to ferromagnetism. The comparison of shape anisotropy
effects to magnetocrystalline anisotropy effects helps one
to explain the magnetic anisotropy of this novel Co/InP
magnetic semiconductor nanocomposite, which may lead
to new applications in the field of spin electronics.
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a b s t r a c t

We report on an improved two-step anodization technique through combining the first hard anodization
in C2H2O4 with the second mild anodization in H3PO4, which successfully overcome the drawbacks of
irregular top surfaces in the conventional two-step hard anodization in C2H2O4 and disordered pore
arrays in the two-step mild anodization in H3PO4. The key success of our method is the strong guidance
effect of the first hard anodization on the second mild anodization. Highly-ordered (both top and bottom
surfaces) porous anodic aluminum (PAA) membranes with interpore spacing from 220 to 350 nm have
been realized under anodizing voltages from 100 to 150 V. The interpore spacing is only determined
by the first anodizing voltage, while the pore diameter can be manipulated in the second step by adding
ethanol in the H3PO4 electrolyte, changing the H3PO4 bath temperature, and altering the second anodiz-
ing voltage. The bath temperature for the steady growth of ordered structures can be expanded up to
20 �C, from which the average activation energy can be yielded. The present novel two-step anodization
approach is simple, efficient, and cost-effective. It expands the self-ordering regime of PAA membranes,
which is of great value for applications in diverse areas of nanotechnology.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

While the anodic aluminum has been used as anticorrosion or
decoration coating to improve the mechanical properties of alumi-
num, the porous anodic aluminum (PAA) is now widely employed
in nanoscience and nanotechnology as membrane for its self-
ordered uniform cylindrical pore size and pore density. PAA has
been extensively used as template, mask, or host materials to
synthesize various nanostructures in the form of nanopores [1,2],
nanowires [3], nanotubes [4,5], and nanodots [6], which are all
functional materials for developing nanoscale devices. Besides,
PAA has also been employed in the field of studies on fluidic
dynamics in nanoholes [7,8], separation filters [9], DNA transla-
tions [10], and photonic crystals [11]. These versatile applications
benefit from the special physical characteristics of the PAA films,
which can be fabricated through relatively simple anodization
processes.

However, problems still exist in the current fabrication tech-
niques of the PAA films. In general, there are two typical methods
for the fabrication of PAA films: a pre-patterned anodization [12]
and self-organized two-step anodization [1]. The pre-patterned

anodization leads to an ideal hexagonal, square, and triangle
arrangement of pores in the final structure [13], and the size of
mold/stamp used for aluminum pre-patterning can be designed
by the need of PAA. Nevertheless, the preparation of the master
mold is time consuming and is usually based on expensive lithog-
raphy techniques [12]. On the other hand, the two-step anodiza-
tion is much simple and low-cost. But regular self-ordered pore
structures occur only in quite small processing windows. The
difficulty lies in the limited structural features of PAA such as pore
diameter (DP), interpore spacing (Dint), and regularity, which
strongly depend on the chosen electrolyte and anodizing
conditions. Self-ordered pore formation can be obtained for three
major regimes at the following anodizing voltages: 25 V at H2SO4

for Dint = 60 nm (DP = 22 nm), 40 V at C2H2O4 for Dint = 100 nm
(DP = 45 nm), and 195 V at H3PO4 for Dint = 500 nm (DP = 176 nm)
[1,14–17]. When the anodization of aluminum is carried out
outside those self-ordering regimes, the degree of PAA regularity
will decrease significantly.

It is therefore essential to form well-ordered PAA films with a
wide range of pore diameter and interpore spacing, which can be
manipulated in various ways. The importance of high electric field
for self-ordering of anodic porous alumina has been noticed and
high electric field can induce self-ordering pore arrays [18]. Hard
anodization has been proposed to expand the ordered regime in
H2SO4 at 27–80 V for Dint from 72 to 145 nm (DP from 22 to
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50 nm) [19], and in C2H2O4 at 100–150 V for Dint from 220 to
300 nm (DP from 40 to 60 nm) [20]. Hard anodization in H3PO4 is
different from those in H2SO4 and C2H2O4, which maintains the
anodizing potential at a self-ordering voltage of 195 V while mod-
ulating the current density (1500–4000 A/m2) to obtain highly-or-
dered pore arrays [21]. What is more, highly-ordered cell
arrangements of porous alumina films were realized in malonic
acid at 120 V and tartaric acid at 195 V having 300 nm and
500 nm pore intervals, respectively [22].

However, the PAA films obtained in H2SO4 using hard anodiza-
tion have poor mechanical properties because of a high density of
cracks and structural defects, which are not stable enough for real-
life application [19]. Hard anodization in C2H2O4 results in PAA
films with self-ordered array of uniformly sized parallel channels
with cylindrical shape closed at the pore bottoms [20], where
irregular top surface with ‘‘pore in pore’’ structures [23] cannot
be exclusive in C2H2O4. To obtain ordered arrays with both regular
top and bottom surfaces, the irregular top surface needs to be de-
tached by ion beam polishing which is time consuming and diffi-
cult to control.

We find alternating the electrolyte type in the second anodiza-
tion can reduce the current density to be small enough to avoid the
irregular top surface, where the self-arrangement effect is weak
and the guidance effect of the first anodization will be the leading
factor to keep ordered pore arrays [24]. On that basis, we propose
an improved two-step anodization, taking advantages of hard
anodization for high growth rate and ordered bottom pore arrays
in C2H2O4 for the first step and mild anodization for regular top ar-
rays in H3PO4 for the second one. We have demonstrated that well-
ordered PAA films with Dint from 220 to 350 nm (DP from 90 to
250 nm without pore broadening after pore formation) can be fab-
ricated at anodizing voltages of 100–150 V, taking advantage of the
guidance effect of the first hard anodization for the ordered pore
arrangement in the second mild anodization of H3PO4, and working
temperature as high as 20 �C to enhance the growth rate. We have
carried out a detailed investigation on the effects of ethanol per-
centage, bath temperature, and decoupled anodizing voltages on
the formation of PAA films, from which three easy methods to
manipulate the pore diameter/interpore spacing have been found.

2. Experimental details

2.1. Materials

High purity (99.999% purity) aluminum foils with a thickness of
0.2 mm were used as the starting material. Prior to anodizing a
piece of round aluminum foil with 20 mm diameter was degreased
in acetone and rinsed in distilled water. A working surface of the
sample was 1.5 cm2 and the rest of aluminum plate was insulated.

2.2. PAA films formation under conventional two-step approach

For the normal two-step anodization, the first anodization was
carried out in 0.3 M C2H2O4 with a 1:4 volume mixture of ethanol
and water as solvent at �5 �C, 140 V for 20 min or 5 wt.% H3PO4

water-based electrolyte at 5 �C, 140 V for 3 h, with the second
anodization carried out under the same conditions as the first step.
After removing the remaining aluminum on the backside, detach-
ment of the barrier layer was conducted in a 5 wt.% H3PO4 solution
at 30 �C for 2 h. Both the first and second anodizations were con-
ducted with vigorous stirring in a 2 L large glass beaker, cooled
by a powerful circulating system. A 90 cm2 size graphite electrode
was used as a cathode. The voltage source was an Agilent N5752A
DC power supply, and the real current was recorded by a Keithley
2400 source meter.

2.3. PAA films formation under improved two-step approach

To obtain self-ordered PAA films with continuously tunable
interpore spacings from 220 to 350 nm at anodizing voltages from
100 to 150 V, we propose here an improved two-step technique,
taking advantages of the first hard anodization in C2H2O4 [20]
and the second mild anodization in H3PO4 [17]. The first anodiza-
tion was carried out in the electrolyte of 0.3 M C2H2O4 with a 1:4
volume mixture of ethanol and water as solvent at a constant volt-
age ranging between 100 and 150 V, �5 �C for 20 min. After the re-
moval of the preformed oxide by a mixture of 6 wt.% H3PO4 and
1.8 wt.% H2Cr2O4 at 60 �C for 4 h, the second anodization was per-
formed in 5 wt.% H3PO4 water-based electrolyte or an ethanol–
water mixture with a constant temperature from �5 to 20 �C, un-
der the same or a little differentiated anodizing voltage as used in
the first step for 3 h. Other experimental parameters were the
same as those of the conventional approach.

2.4. Characterization

The morphology of the formed membranes was observed by a
field emission scanning electron microscope (FE-SEM, FEI Sirion
200). The PAA membranes were sputtered with gold for 45 s prior
to characterization. The imageJ software [25] was used for estima-
tion of the interpore spacing, pore diameter, and thickness by ana-
lyzing the FE-SEM images. The current density was the real current
divided by the size of the working surface of anode and the growth
rate was the thickness divided by the anodizing time. Porosity P

was determined by P ¼ pffiffi
3
p Dp

Dint

� �2
; with DP pore diameter and Dint

the interpore spacing.

3. Limitation of the conventional two-step approach

Fig. 1 presents the FE-SEM results and the corresponding cur-
rent density–time characteristics of the PAA films fabricated under
the normal two-step of both the first and the second anodization in
the same C2H2O4 (a–c) or H3PO4 (d–f) electrolytes. Although the
PAA films obtained by the traditional two-step anodization in
C2H2O4 have uniform and ordered bottom surfaces and cross-sec-
tions (Fig. 1a), there are disordered top surfaces with special ‘‘pore
in pore’’ structures as demonstrated in Fig. 1b, and the porosity of
the PAA is only about 3% which is too tiny to fulfill all the requests.
What is worse, the PAA films obtained by the normal two-step
anodization in H3PO4 have both disordered top and bottom sur-
faces as shown in Fig. 1d and e.

The recorded current density–time characteristics in Fig. 1c and
f can account for the irregular pore arrays obtained under the nor-
mal two-step anodization method. For both the first and the sec-
ond anodization in C2H2O4, the rapid drop of the current density
at the beginning indicates the growth of barrier layer, while the
process of the steep increase to the maxima current density corre-
sponds to the pore nucleation and formation, and a nearly expo-
nential decrease to the pore channel elongation (Fig. 1c). The
rapid increase of the strong current density leads to more densely
distributed penetration paths which are the precursors of pores
[21,26]. The strengthened mechanical stress at metal/oxide inter-
face forces the alumina cells to form regular hexagonal bottom
pore arrays in Fig. 1a [27]. Nevertheless, the deep pores, as a result
of rapid film growth deduced from the strong current density,
make the mechanical stress at metal/oxide interface not able to to-
tally compensate the small pores near the top surface. In fact, un-
der the first anodization, the PAA film has already possessed
ordered bottom arrays but irregular top surface. The ordered con-
caves on the aluminum after removing the preformed oxide guide
the film growth in an orderly way under the second anodization.

X.Y. Han, W.Z. Shen / Journal of Electroanalytical Chemistry 655 (2011) 56–64 57

185



Author's personal copy

But the diversified current still result in tiny pores near the top
surface. Therefore, we can observe disordered top surfaces with
spontaneous ‘‘pore in pore’’ structures in Fig. 1b.

In the case of H3PO4 electrolyte, however, the small current
density in the process of pore nucleation and formation (Fig. 1f)
brings about negligible elastic stress. At the initial stage of instabil-
ity corresponding to the pore initiation and self-organization, the
field-assisted dissolution reaction will result in spatially irregular
top pore arrays in the absence of stress due to the wavelength
selection mechanism. The field-assisted dissolution reaction lead
to spatially irregular pore arrays, and when the effect of elastic
stress in the oxide layer is significant, the instability can transform
from the long-wave type to the short-wave type which leads to the
growth of spatially regular and ordered arrays [28]. In the process
of steady anodization the current is still so small that the mechan-
ical stress at metal/oxide interface is not large enough to compel
the bottom pore arrays to grow regularly. So the pore arrays
formed under the first anodization in H3PO4 electrolyte are irregu-
lar, which cannot help the alumina cells forming ordered arrays
under the second anodization. While the small current of the sec-
ond anodization analogous to the first anodization still result in the
irregular top (Fig. 1e) and bottom surfaces (Fig. 1d).

4. Improved two-step approach

Fig. 2a–c shows the schematic diagram of the proposal with the
first and second anodization in different electrolytes. An alumina
membrane was formed with small porosity, irregular top surface
but ordered bottom arrays and cross-sections (Fig. 2a and d) by
the first anodization in C2H2O4. The preformed oxide was removed
leaving ordered concaves on aluminum (Fig. 2b and e). The second
anodization was carried out in H3PO4 on the basis of these concave
structures where ordered pore arrays were formed with larger
porosity (Fig. 2c and f).

Fig. 2f–h presents the FE-SEM images of the final PAA products
under the two different anodizing electrolytes. It is clear that the
improved two-step anodization proposal can achieve self-ordered
pore arrays with regular cross-sections (Fig. 2f), top (Fig. 2g) and
bottom (Fig. 2h) surfaces. The recorded current density–time
curves in Fig. 2i further elaborate the success of the improved tech-
nique. In the conventional two-step method, the nearly same cur-
rent density characteristics of the first and second anodizations
(Fig. 1c) and f) result in a repetition of defects (Fig. 1b and e) as
mentioned before, which can be overcome through distinguishing
reaction environments of the two steps. Under the present

Fig. 1. (a) Bottom-view, cross-sectional view (inset), and (b) top-view FE-SEM images of PAA films anodized in 0.3 M C2H2O4 at 140 V for 20 min, together with (c) the current
density–time characteristics. (d) Bottom-view, cross-sectional view (inset), and (e) top-view FE-SEM images of PAA films anodized in 5 wt.% H3PO4 at 140 V for 3 h, together
with (f) the current density–time characteristics.
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improved two-step anodization, the ordered concaves on the alu-
minum due to the hexagonal bottom pore arrays of the preformed
oxide serve as initial sites for pore formation in the second anod-
ization (like the pre-patterning technique in Ref. [29]). The irregu-
lar top surface resulting from the rapidly changing current density
of the first anodization will not affect the pore formation in the sec-
ond anodization. As no more penetration paths aroused by the
small current of the second anodization, the trend of Al3+ field-
assisted dissolution in the anode is toward the inner corner/elec-
trolyte interface, which implies a higher rate of Al3+ dissolution
at the bottom of the concaves [30]. The oxidation at the pore bot-
tom pushes the gradually forming pore walls upwards on the con-
caves ridges, driving the pore arrays to grow regularly and
mirroring the uniformity of the concaves. Therefore, we can realize
ordered PAA films in spite of the weak mechanical stress as a result
of the small current density in the second anodization. In fact, the
first anodization reinforces the regularity of PAA membranes ob-
tained by the second step.

To further confirm the strong guidance effect of the first anod-
ization, we have extended the anodizing time to achieve PAA with
long pore channels. Although the anodization conditions employed
for the second anodization step are far from the self-ordering con-
dition for phosphoric anodization, we can still obtain ordered PAA
with long pore channels due to the strong guidance effect. For a
short period of time, the PAA is highly-ordered as shown in
Fig. 2f. When the anodization time is extended to 3 h, the regular-
ity maintains well (Fig. 3a). When the length of the membrane is
about 25 lm as presented in Fig. 3b, the regularity is generally
good (see enlarged Fig. 3c and d) except for the bottom part
(Fig. 3e).

Due to stability of the regularity using the improved two-step
approach, some experimental parameters like anodizing voltage,
content of solvent and bath temperature, can be changed to modify
the morphology of the PAA films.

4.1. Effect of anodizing voltage

Fig. 4a–c shows the top-view FE-SEM images of ordered PAA
films formed by the improved two-step anodization at various
anodizing voltages. It is clear that the pore homogeneity increases
with the anodizing voltage, especially when the voltage is higher
than 130 V. The sensitivity of the final PAA films to the anodizing
voltage results from the homogeneity of the bottom channels of
the preformed oxide obtained by the first anodization. As we know,
for the hard anodization in C2H2O4, the most regular PAA films can
be achieved under 120–150 V [20]. This directly leads to different
orders of pre-patterned aluminum after removing the preformed
oxide which affects the pore arrangement of the final PAA.

Fig. 4d presents the evolution of the interpore spacing (Dint) as a
function of anodizing voltage, where a linear relationship has been
clearly observed. Previous studies have revealed that Dint achieved
under ordinary mild anodization and hard anodization depends
linearly on the anodizing voltage with a proportionality constant
of fMA = 2.5 nm/V in H3PO4 [14] and fHA = 2.25 nm/V in C2H2O4

[31], respectively. Our proportionality constant of 2.26 nm/V
(Fig. 4d) is close to fHA, stemming from the limitation of the first
anodization. The concaves left on the aluminum surface impose
restrictions on the pore arrangement. In spite of the trend to form
pore arrays with a proportionality constant of fMA = 2.5 nm/V dur-
ing the second mild anodization, the repulsive interactions are too

Fig. 2. (a–c) Schematic diagram of the proposal with the first and second anodization in different electrolytes, and (d–i) the corresponding experimental results for the
proposal: (d) cross-sectional FE-SEM image of PAA films under the first anodization in 0.3 M C2H2O4 for 20 min at 140 V, �5 �C; (e) top-view of aluminum after removing the
preformed oxide; (f) cross-sectional FE-SEM image of PAA films under the second anodization in 5 wt.% H3PO4 for 1 h at 140 V, 0 �C; (g) top and (h) bottom FE-SEM images of
the final PAA films, together with (i) the current density–time characteristics.
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weak to drive the pore cells to rearrange. This phenomenon further
confirms that the second mild anodization mirrors the uniformity
of the concaves discussed above.

4.2. Effect of the addition of ethanol

It is well known that anodization in H3PO4 electrolyte generates
a lot of Joule heat in the oxide/metal interface which may disturb
the stable growth of the anodic oxide film. In order to accelerate
the diffusion of the heat that evolves from the sample, we can
add some ethanol as coolant for its high effumability and low acid-
ity [21]. Fig. 4e–g displays the top-view FE-SEM images of the PAA
films formed at 140 V and 5 �C in H3PO4 electrolyte with different
volume ratios of water and ethanol. The added ethanol does affect
the morphology to some extent. When the ratio of ethanol and
water is 1:4, the uniformity (Fig. 4f) is slightly better than the
one obtained in the absence of ethanol (Fig. 4e) with Dint and DP

almost unchanged. However, when the ratio reaches 1:2, the
morphology (Fig. 4g) is transfigured, where the size of pore open-
ing decreases significantly.

The deformation of the PAA films is a result of the protecting
effect on the chemical dissolution process caused by the addition

of ethanol. The vaporization of ethanol at the bottom of the chan-
nels due to the high effumability aids the agitation of electrolyte to
take away the heat efficiently, preventing the increase of the local-
ized temperature and retarding the chemical dissolution. Besides,
the extremely low degree of ionization of ethanol enhances the
protecting effect of the chemical dissolution. It is generally
accepted that the pores are broadened by the chemical dissolution
of pore walls by electrolyte during the film growth [32]. The
weaker chemical dissolution will induce the smaller DP and
porosity in the presence of ethanol as shown in the inset of
Fig. 4h. In contrast, Dint is determined by the anodizing voltage of
the first anodization unaffected by the rate of chemical dissolution,
retaining nearly constant under different ethanol/water ratios
(Fig. 4h (inset)). The current density characteristics in Fig. 4h can
further verify the function of ethanol on the growth of PAA. The
weak chemical dissolution due to the addition of ethanol reduces
the migration of ions (O2�/OH�/Al3+) which are related to the
anodizing current and growth rate, leading to the decrease of the
steady current with the addition of ethanol. To ensure the steady
reaction and moderate growth rate, we tend to perform the
anodization in the H3PO4 electrolyte with a 1:4 volume mixture
of ethanol and water as solvent.

4.3. Effect of bath temperature

Previous studies indicate that the anodization in H3PO4 electro-
lyte should be carried out at lower temperature compared to the
anodization in other acid electrolytes [14,17], to maintain steady
growth of ordered pore arrays. We have also carried out a detailed
investigation on the effect of H3PO4 bath temperature on the mor-
phology of PAA films under the optimal C2H2O4 electrolyte circum-
stance. The top-view FE-SEM images of PAA films obtained by the
improved two-step anodization at 140 V, but different H3PO4

electrolyte temperatures ranging from �5 to 20 �C have been
presented in Fig. 5a–d, as well as Fig. 2g and Fig. 4f. We notice that
higher H3PO4 electrolyte temperature does accelerate the chemical
dissolution, resulting in the pore broadening. Nevertheless, the
regularity of the pore arrangement has not been disturbed, keeping
a hexagonal close packing structure, owing to the guiding function
of the ordered pre-textured aluminum.

Fig. 5e presents the dependence of the pore diameter and the
film growth rate (r) on H3PO4 bath temperature (T), where an
exponential increase of the pore diameter and film growth rate is
discernable. As we know, the reaction rate k in chemical reactions
can be well described by the Arrhenius equation of k = A exp
(�Ea/RT) [33], with Ea activation energy and R = 8.31 J/(mol K) gas
constant, which indicates a remarkable increase of the reaction
rate with the temperature. Since the PAA film growth rate is di-
rectly correlated with the reaction rate, we can get the average
activation energy of Ea = 75.2 KJ/mol from the fitted value of the
growth rate curve in Fig. 5e, in good agreement with the previous
calculated value of 78.6 KJ/mol [34]. Likewise the pores are broad-
ened by the chemical dissolution of pore walls by electrolyte
during the film growth, which will also abide by the Arrhenius
equation. Fig. 5e displays the well fitted results for DP, with the
different fitting parameters mainly due to the difference of
mechanism between the film growth (ion migration at the pore
bottom) [27,35] and pore broadening (chemical dissolution of pore
walls) [32].

The effect of the H3PO4 bath temperature on the oxide forma-
tion and growth can be further demonstrated by the current
density–time characteristics of the second anodization shown in
Fig. 5f. The movement of ions is quickened by the increase of tem-
perature, leading to a relatively high rate of oxide layer formation
corresponding to the current climb stage. Besides, the average
steady current density (i) corresponding to the stable growth is

Fig. 3. (a) Cross-sectional view of PAA formed using the improved approach at
10 �C under an anodizing voltage of 140 V for 3 h; (b) cross-sectional view of PAA
formed using the improved approach at 10 �C under an anodizing voltage of 140 V
for 9 h with enlarged cross-section images of the (c) top, (d) middle, and (e) bottom
parts.
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also increased, exhibiting an exponential relation with the H3PO4

bath temperature (see inset of Fig. 5f). The anodizing current is
caused by the migration of ions (O2�/OH�/Al3+) in the barrier layer
[27,35], which is related with the reaction rate. As a result, the
current density has a similar trend with the growth rate, both with
the form of Arrhenius equation. Furthermore, the growth rate (r) is
the thickness of the PAA films (h) divided by the anodizing time,
where the thickness is expected to follow the integrated form of
h ¼ C

R t
0 idt with C a constant [36]. While the evolution shown in

the inset of Fig. 5f is the average steady current density (neglecting
the rapidly changing part), the fitted value of average current
density about the activation energy (Ea/R = 9128.3 K) (Fig. 5f) is
slightly larger than that of the growth rate (Ea/R = 9046.6 K) in Fig. 5e.

In general, higher H3PO4 bath temperature efficiently improves
the growth rate and broadens the pores. Nevertheless, when the
temperature is high enough, the strong chemical dissolution makes
the surface turn into tip bundle structure without segregated pores
[37]. Thus the temperature should be controlled under 20 �C to
preserve the regular porous structure.

4.4. Effect of decoupled anodizing voltages

In the traditional two-step treatment, Lee and Wong [38] have
proposed that the voltage in the second anodization must be the
same as that in the first step because once the ordering by the first
anodization was accomplished, the applied voltage in the second

Fig. 4. Top-view FE-SEM images of PAA films formed using the improved approach in the electrolyte with a 1:4 volume mixture of ethanol and water as solvent at 5 �C under
an anodizing voltage of (a) 110 V; (b) 130 V; (c) 150 V; with (d) dependence of the interpore distance Dint on the anodizing voltage. Top-view FE-SEM images of PAA films
formed at 5 �C and 140 V, in electrolyte with ethanol and water volume ratio of (e) 0:1; (f) 1:4; (g) 1:2; together with (h) current density–time characteristics and dependence
of pore diameter (DP), Dint, and porosity on the ratio of ethanol/water (inset). The anodizing time was 3 h.
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step must produce an interpore spacing that matches the remnant
structures of the first step. However, we show in Fig. 6 that the
anodization under discriminating voltages (decoupled voltages)
can also achieve ordered PAA films to some extent in the present
improved two-step approach. Conditions which lead to a moderate
expansion of the aluminum during oxide formation are most suit-
able for obtaining hexagonal ordered pore arrays, disordered PAA
structures will be yielded if the difference of the two anodizing
voltages is too large due to the volume contraction (Figs. 6a and
b) [27]. However, as already stated in Fig. 2 for our present im-
proved technique, the oriented oxidation at the pore bottom
pushes the gradually forming pore walls upwards on the concaves
ridges, driving the pore arrays to grow regularly, where ordered ar-
rays can still be obtained under decoupled voltages. Proper differ-
ence between the voltages will not bring about significant
influence on the PAA regularity (see Fig. 6c–h).

To further demonstrate the effect of decoupled anodizing volt-
ages, we list in Table 1 the Dint and DP of the PAA films obtained
at different decoupled voltages, where an abnormal evolution is
exhibited with the second anodizing voltage. When we fix the first
anodizing voltage (U1), it is clear that Dint is almost independent of
the second anodizing voltage (U2), while DP decreases with the in-
crease of U2. These are totally different from the wide accepted
phenomenon in the traditional two-step treatment that both Dint

and DP increase with the applied voltages [39,40]. As we know,
the first step is a hard anodization, where the preformed oxide
interpore spacing Dint-1st depends linearly on the anodizing voltage

[Dint-1st(nm) = 2.26U1 � 7.72 in our case and �286(309) nm at
U1 = 130(140) V]. On one hand, the guidance of the remnant con-
caves in the first anodization pushes the cells to form pore arrays
in the second step, the final interpore spacing Dint under different
U2 is therefore all around Dint-1st due to the limitation of the first
anodization. On the other hand, the volume expansion during oxi-
dation increases with the applied voltage according to Jessensky et
al. [27]. In our situation of almost constant Dint under different U2,
the volume expansion can only be realized (see Table 1) by
expanding the oxide inward pores, i.e., the decrease of the pore
diameter DP with increasing U2. It is clear that the present tech-
nique has the ability to manipulate the pore diameters, while keep-
ing constant interpore spacing and regularity, by adjusting the
second anodizing voltage within a certain range.

4.5. Advantages of the improved two-step approach

Based on the above experimental facts and discussion, we can
find that the improved two-step approach has significant advanta-
ges compared to the conventional two-step anodization. Firstly, it
realizes the formation of ordered PAA membranes with the inter-
pore spacing ranging from 220 to 350 nm under the voltages from
100 to 150 V in the H3PO4 electrolyte. It overcomes the ‘‘pore in
pore’’ structure on the top surface caused by the conventional
two-step hard anodization in C2H2O4 and breaks the limitation that
ordered PAA cannot be obtained in H3PO4 electrolyte under anod-
izing voltage smaller than 160 V [17].

Fig. 5. Top-view FE-SEM images of the PAA films fabricated at 140 V under different H3PO4 electrolyte temperatures of (a) �5 �C; (b) 10 �C; (c) 15 �C; (d) 20 �C; together with
(e) dependence of the pore diameter (DP) and the film growth rate (r) on electrolyte temperature (T); (f) current density–time characteristics and the evolution of average
current density (i) of the second anodization as a function of temperature (inset). The anodizing time was 3 h.
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Secondly, due to the highly ordered concaves on the aluminum
in the improved approach, we can change some experimental
conditions to control the parameters of the PAA films without
sacrificing the regularity. We have demonstrated that Dint can be
continuously modulated by changing the first anodization voltage

U1. DP can be easily manipulated with the percentage of ethanol in
the electrolyte, the bath temperature in the second anodization,
and the second anodizing voltage during the growth of oxide. In
contrast, broadening of the pores can only be realized by chemical
dissolution in H3PO4 after the formation of PAA films in the con-
ventional method.

Thirdly, the efficiency of the PAA formation is much im-
proved. It usually takes hours for the first step using mild anod-
ization to obtain ordered arrays, while tens of minutes are
enough for the hard anodizatoin in the present technique. Since
our anodization can be carried out in a wide region of bath tem-
perature from �5 to 20 �C, higher temperature does benefit to
the improvement of the growth rate, and the activation energy
can also be yielded from the evolution of growth rate as a func-
tion of temperature.

Fig. 6. Top-view FE-SEM images of PAA films fabricated using the improved two-step approach under decoupled first anodizing voltage (U1) and second anodizing voltage
(U2): (a) U1 = 130 V, U2 = 90 V, (b) U1 = 130 V, U2 = 100 V, (c) U1 = 130 V, U2 = 110 V, (d) U1 = 130 V, U2 = 120 V, (e) U1 = 130 V, U2 = 140 V, (f) U1 = 140 V, U2 = 110 V, (g)
U1 = 140 V, U2 = 120 V and (h) U1 = 140 V, U2 = 130 V. The anodizing time was 3 h.

Table 1
Effect of decoupled two-step anodizing voltages on Dint and DP.

U2 (V) U1 = 130 V U1 = 140 V

Dint (nm) DP (nm) Dint (nm) DP (nm)

110 284.8 167.3 311.6 239.3
120 287.7 148.9 310.4 156.9
130 286.4 109.2 304.8 128.1
140 283.2 100.2 308.7 117.2
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5. Conclusions

In this study, we have addressed the limitation of the PAA mem-
branes with interpore spacing from 220 to 300 nm yielded by the
conventional two-step anodization approach [20], where hard anod-
ization in C2H2O4 results in irregular top surface with ‘‘pore in pore’’
structure and mild anodization in H3PO4 leads to pore arrays with
both irregular top and bottom surface. An improved two-step anod-
ization technique has been proposed taking advantages of the first
hard anodization in C2H2O4 and second mild anodization in H3PO4.
The hard anodization offers faster oxide growth and improved order-
ing of the bottom pore arrays and the mild anodization keeps the or-
der of the first anodization while overcomes the ‘‘pore in pore’’
structure of the top surface. We have realized efficient growth of
the ordered pore arrays with interpore spacing from 220 to
350 nm via tuning the anodizing voltage from 100 to 150 V in a wide
temperature range from �5 to 20 �C.

We have carried out a detailed investigation on the effects of the
anodizing voltage, addition of ethanol, H3PO4 bath temperature, and
decoupled anodizing voltages. It is found that the interpore spacing
is determined only by the first anodizing, which increases linearly
with the first anodizing voltage by the proportionality of 2.26 nm/
V. The interpore spacing is independent of the second anodizing
voltage, the percentage of ethanol in H3PO4 electrolyte, and the bath
temperature. The addition of ethanol reduces the anodizing current
and the pore size in a way that higher ratio of ethanol weakens the
chemical dissolution thereby decreases the current and the pore
size. The existence of ethanol also strengthens the heat dissipation
to keep the steady growth of the films.

The growth rate and current density are found to be greater at
higher H3PO4 temperature. This is caused by the increased reac-
tion rate as a result of accelerated ion migration. The pore size
is also broadened due to the enhanced chemical dissolution.
Ordered PAA films can further be obtained under decoupled
anodizing voltages. While the interpore spacing is still deter-
mined by the first anodizing voltage, the second anodizing
voltage can manipulate the pore diameter. The pore size
decreases with the increase of the applied second anodizing
voltage due to the enlarged volume expansion under fixed inter-
pore spacing with rising voltage.
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Abstract

The fabrication of three kinds of ZnO nanowire arrays with different structural parameters over Au-coated silicon
(100) by facile thermal evaporation of ZnS precursor is reported, and the growth mechanism are proposed based
on structural analysis. Field emission (FE) properties and wetting behavior were revealed to be strongly
morphology dependent. The nanowire arrays in small diameter and high aspect ratio exhibited the best FE
performance showing a low turn-on field (4.1 V/μm) and a high field-enhancement factor (1745.8). The result also
confirmed that keeping large air within the films was an effective way to obtain super water-repellent properties.
This study indicates that the preparation of ZnO nanowire arrays in an optimum structural model is crucial to FE
efficiency and wetting behavior.

Introduction
ZnO has been considered as one of the most important
electronic and photonic material because of its wide
direct bandgap (3.37 eV) and large exciton binding
energy (60 meV). Extensive researches have been devel-
oped on the growth of quasi one-dimensional (1D) ZnO
nanostructures [1,2] including nanowires, nanotubes,
nanobelts, and nanoneedles. Meanwhile, these 1D ZnO
nanostructures have been widely applied as room tem-
perature UV detector [3], transparent conductive elec-
trodes [4], sensors [1,5-7], and solar cells [8]. Recently,
various inorganic semiconductor nanostructures have
been the focus of the researches on the studies of FE
properties [9] and wetting behavior [10], including the
well-aligned 1D ZnO nanostructured arrays which have
attracted great attention as promising field emission
(FE) sources [1,11-14] due to their negative electron affi-
nity [15], chemical stability, tip geometry, or apex struc-
ture. A crucial factor to influence FE performance
includes the interspacing between individual nanowires
or nanorods, and aspect ratio. The manner in which
these structural parameters could be controlled during
self-organized growth processes has developed into a
challenging and technological problem for nanostructure

fabrication. Too closely and too densely spaced nanos-
tructures are both not favorable to construct FE nanode-
vices. On the other hand, another significant application
of ZnO related to the geometric effects is the wettability
[16,17], which might bring great advantages in a wide
variety of applications in daily life, industry, and agricul-
ture. The vertically aligned nanostructures involving a
large amount of trapped air within the films and their
high roughness have been proved to be potential for the
building of hydrophobic surfaces, various surfaces of
ZnO nanostructured arrays showing lotus-like water-
repellent properties have been prepared in the past
years [16,18,19].
However, many previous efforts in the large-scale

fabrication of ZnO nanowire or nanorod arrays have
been achieved by physical evaporation of the mixture
of ZnO and graphite powders, chemical vapor
deposition using Zn powder as the source materials, or
low-temperature hydrothermal synthesis with the pre-
prepared colloidal ZnO nanocrystals as the grown
seeds. In this article, a novel fabrication of ZnO nano-
wire arrays with different structural parameters over
Au-coated silicon (100) by facile thermal evaporation
of ZnS precursors is reported. The nanowire diameter
and growth speed were controlled by changing the
thickness of coated Au film layer together with
substrate locations. The authors studied the morphol-
ogy-dependent FE performance, and first revealed that
wetting behavior of ZnO nanowire arrays in different
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void ratios, which confirmed that a large amount of air
kept within the films would be an effective way to
obtain super water-repellent properties.

Experimental
The fabrication was performed using a two-end open
quartz tube connected to a rotary vacuum pump and a
gas inlet through a vacuum coupling. The silicon (100)
substrates prepared for samples A, B, and C were soni-
cated in acetone, washed with de-ionized (DI) water,
and dried with nitrogen. Then, Au film layers were
deposited on these substrates by ion sputtering from the
Au target (99.999%) using an ion sputter coater (Hitachi
E-1045, Hitachi Co., Tokyo, Japan.). The target-substrate
distance was about 30 mm, and the pressure of sputter-
ing chamber was pumped down to 6 Pa before deposi-
tion. The coating rate depending on discharge current
was kept at 6 nm/min. The three kinds of above-men-
tioned substrates were sputtered for 50, 50, and 15 s,
respectively. The corresponding thicknesses of Au film
layers are about 50, 50, and 15 Å. Growth procedures
were conducted by thermal evaporation of commercially
available high purity ZnS powder and graphite powder
with equal molar ratio, which was placed at the center
of the quartz tube furnace. Silicon substrates were
placed downstream about 5 cm (samples B and C) and
upstream about 5 cm (sample A) away from the source
materials to collect the products. Subsequently, we
introduced an Ar gas flow of 80 sccm, and a fixed pres-
sure at about 150 Torr was applied. The tube furnace
was then heated to 750°C quickly and maintained at this
peak for 30 min. After it cooled down naturally to room
temperature, all the substrates appeared dark gray indi-
cating the deposition.
The morphology and crystal structures were character-

ized by field emission scanning electron microscope (FE-
SEM, Philips Sirion 200) and X-ray diffractometer (Bru-
ker-AXS system) with Cu Ka radiation (l = 1.5406 Å).
The surface chemical composition of these ZnO nano-
wire arrays was analyzed by XPS (Kratos AXIS Ultra
DLD) with a power of 150 W. A monochromatic Al Ka
X-ray source (1486.6 eV) was operated in a constant ana-
lyzer energy mode. Water contact angle (CA) and sliding
angle were measured using an optical contact-angle
meter system (Data Physics Instrument GmbH,
Germany) at ambient temperature. FE properties were
carried out employing a two-parallel-plate configuration
in an ultrahigh vacuum chamber (5 × 10-7 Pa). In brief,
samples were stuck onto a stainless-steel sample stage
using conducting glue to act as the cathode, while
another parallel stainless steel plate served as the anode
with a fixed cathode-anode distance of 300 μm. The
emission current was monitored via a Keithley 485
picoammeter.

Results and discussions
Structural and compositional characterization of ZnO
nanowire arrays
Figure 1 shows the X-ray diffraction patterns used to
assess the overall structure and phase purity. All posi-
tions of the peaks can be readily indexed to the hexago-
nal wurtzite ZnO with lattice constants a = 3.25 Å and
c = 5.21 Å (JCPDS card No. 80-0075). In particular, we
can see that (002) peak located at about 34.4° is much
stronger than the others for all of the three samples,
which means these nanowire arrays have a preferential
orientations in the c-axis direction. Moreover, it is
clearly seen that the peak intensity of sample B is the
strongest among the three products, whereas the sample
A has the weakest peak intensity. The reason can be
attributed to ZnO film thickness as well as their void
ratios, which can be obtained from Table 1. The sample
B which has a thick film with small void ratio shows
higher peak intensity than the other two samples.
The surface chemical composition of all the three

ZnO nanowire arrays have been characterized by means
of XPS to detect any trace of impurities in the samples
and to assess the vertical compositional homogeneity, as
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Figure 1 XRD patterns of the three kinds of ZnO nanowire
arrays.
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shown in Figure 2. The insets are the high resolution
spectra recorded for the Zn and O regions. Binding
energies were calibrated with respect to the signal for
adventitious carbon with binding energy of 284.6 eV.
The respective binding energies of Zn 2p3/2 and Zn
2p1/2 are all recorded with the peaks at 1021.7 and
1044.8 eV (sample A), 1021.6 and 1044.8 eV (sample B),
1021.7 and 1044.9 eV (sample C). The photoelectron
spectra of O 1s in the as-prepared three samples were
located at 530.6, 530.4, and 530.5 eV, respectively. The
binding energies of the three samples are similar and in
total agreement with the standard values of ZnO. The
above XRD and XPS results revealed that our prepara-
tion method supplied pure surface compositions of all
the three ZnO products, not as the same as the wet che-
mical approaches induced doping type in ZnO nanos-
tructures [20,21].
Figure 3 presents the quite characteristic morphologies

of the three kinds of ZnO nanowire arrays, which pre-
sent the tilted (the up panel) and their corresponding
cross-sectional (the below panel) FE-SEM images of
samples A, B, and C, respectively. The well-aligned
nanowires of samples A and B are shown in large-scale,
every single nanowire was self-aligned perpendicular to
the silicon substrates, and there was no bending or
interconnects between themselves. For the sample C,
some of ZnO nanowires with small diameters with high
aspect ratios are too weak to be standing up, leading to
a little inclined morphology. The detailed structural
parameters of samples A, B, and C are listed in Table 1.
Their average diameters are about 300, 600, and 80 nm,
and the corresponding lengths are 6, 25, and 25 μm,
respectively. The resultant diameters and lengths in dif-
ferent sizes could be attributed to the thicknesses of Au
thin films as well as the substrate locations (shown in
Figure 4a). An underlying mechanism for morphology
derivation and evolution of 1D nanostructures has been
elucidated along with the advancement of preparation
methods and several models that have been proposed in
the previous study [22]. Here, the growth mechanism of
ZnO nanowire arrays using ZnS precursor was involved
based on the conventional vapor-liquid-solid (VLS)
using metal catalyst as a starting material [23,24], and
the schematic diagram is shown in Figure 4b. The
growth stages might be briefly described as follows. Au
film layers coated on Si substrates would crack to Au

Table 1 The structural parameters of the three kinds of nanowire arrays

Sample Diameter (nm) Length (μm) Aspect ratio Density (μm-2) Void ratio (%) Eto (V/μm) b CA

A 300 6 20 1.3 90.8 8.4 1209.5 142.1 ± 1°

B 600 25 41.7 0.57 83.9 5.8 1566.7 94.8 ± 1°

C 80 25 312.5 4.2 97.9 4.1 1745.8 154.3 ± 1°
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Figure 2 X-ray photoelectron spectra of the as-prepared ZnO
nanowire arrays. (a) sample A, (b) sample B, and (c) sample C. The
insets are the corresponding Zn 2p and O 1s spectra.
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nanoparticles with an elevated temperature and serve as
catalyst, and it reacted with ZnS vapor to form Au-Zn-S
alloy liquid droplets. The alloy liquid droplets could
absorb oxygen atoms, or react with oxygen atoms from
air to yield ZnO molecules. Consequently, the formation
of ZnO may be expressed by the corresponding chemi-
cal reaction [24]

ZnS g O g ZnO s SO g( ) ( ) ( ) ( )+ ↔ +2 2 (1)

Figure 4c shows the top-view SEM images of
Au-coated silicon substrates after annealing at 750°C for
30 min in the absence of source materials, but with the
other experimental conditions unchanged. The Au film
layer melted into separated nanoparticles with different
sizes evenly distributed on the surface of Si substrates,
which are about 200-300 nm in diameter for the sam-
ples A and B, but only about 40-50 nm for the sample
C. It illustrates that thicker Au film layer leads to larger

3 m 3 m6 m

3 m 6 m 3 m

Figure 3 The tilted and cross-sectional (in the corresponding below panel) FE-SEM images of (a) sample A, (b) sample B, and (c)
sample C.

(c)

 sample A  sample B  sample C 

Figure 4 The growth of ZnO nanowire arrays. (a) The schematic diagram of experimental setup, (b) growth mechanism of ZnO nanowire
arrays, and (c) top-view SEM images of Au catalyst on Si substrates after annealing at 750°C for 30 min in the absence of source materials. The
Au film thicknesses of samples A, B and C are about 50, 50, and 15 Å, respectively. The scale bars are all 1 μm.
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Au nanoparticles during the initiated growth process, in
agreement with the previous study [14]. According to
the VLS growth mechanism, the nanowire’s diameter is
defined by the Au nanoparticle’s diameter, which was
observed by the fact that the sample B with Au film
layer about 50 Å has the nanowire with larger diameter
than that of the sample C coated with Au film of 15 Å.
However, diameters of all these nanowires were
observed to be larger than the corresponding Au nano-
particle sizes because of the coarsening effect resulting
from the formation of a supersaturated Au-Zn-S alloy
liquid droplets. However, the sample A was located
upstream, although it has the same Au nanoparticle size
formed during the initiated growth as sample B, the
captured ZnS vapor would be less than that located in
the downstream, leading to insufficiency of zinc vapor
so that the growth speed was decreased and the coar-
sening effect would not be remarkable.

FE properties
The FE properties were measured on the three kinds of
ZnO nanowire arrays with different structural para-
meters. They were measured one after the other under
exactly the same conditions. Figure 5a, c, e depicts the
morphology-dependent emission current density J on
the electric field E at cathode-anode distance of 300 μm
for all the measurements. For the sample C, the turn-on
field (Eto) defined as the electric field required for reach-
ing emission current density to 0.1 μA/cm2 (0.001 μA/
mm2) is 4.1 V/μm. It is lower than those of ZnO nanor-
ods (5.3 V/μm) [25] and ZnO nanotubes (7.0 V/μm)
[26], whereas for the samples A and B they are about
8.4 and 5.8 V/μm, respectively. The Eto values can be
clearly read from their corresponding insets. For further
understanding of FE current-voltage characteristics, it is
demonstrated by the Fowler-Nordheim (F-N) equation
[27-29]

J A E B E= − −( / )exp[ ( ) ] 2 2 3 2 1Φ Φ (2)

ln( / ) ln( / ) /J E A B E2 2 3 2= − Φ Φ (3)

where J and E are the current density, and the applied
electric field, respectively. F is the work function of
emitting materials. A and B are constants with the
values of 1.56 × 10-10 AeV/V2 and 6.83 × 103 eV-3/2/μm.
Figure 5b, d, f presents that the F-N lines are all have
nearly linear relationship, indicating that the electron
emission is indeed caused by a vacuum tunneling. b is
the field-enhancement factor defined as the ratio of the
local electric field at the tip of a nanowire to the macro-
scopic electric field, can be estimated from the slope of
F-N plots. Assuming the work function of bulk ZnO to

be 5.3 eV, the estimated b of the samples A, B, and C
are 1209.5, 1566.7, and 1745.8, respectively. Based on
the above discussions, it can be seen that the sample C
has the best FE efficiency including the lowest Eto and
the highest b.
Many former studies have demonstrated that FE per-

formance of ZnO nanostructured arrays can be signifi-
cantly enhanced through either changing geometry
configuration, achieving rational spatial distribution of
the emitting centers, or increasing the aspect ratio
[13,14,30]. The relationship of b and aspect ratio l/r is
proposed by an empirical model [31]

 = + − −b l r h as l( / ) [ exp( / )].0 9 1 (4)

where l, r, and s are the length, radius, and the inter-
spacing of ZnO nanowires, respectively; h is an alter-
able parameter which can be adjusted to fit the
experimental data. It is obvious that the field-enhance-
ment factor b can be decided by the aspect ratio and
the interspacing of nanowires. The sample C has the
nanowires up to 25 μm in length but only tens of
nanometres in diameter; the aspect ratio as high as
312.5 could explain for its excellent FE properties.
However, the aspect ratios of the samples A and B are
20 and 41.7, respectively, indicating that b is not line-
arly increasing with the aspect ratio, which could be
attributed to the screening effect. From the experimen-
tal results, it can be observed that the Eto and b values
were all not proportional to their nanowire densities
(revealed in Table 1), we could conclude that nanowire
density was not the essence in deciding the FE effi-
ciency of nanostructured arrays, and that it was indis-
pensable to consider the aspect ratio including the tip
morphology and the relative void ratio.

Wetting behavior
Wettability was studied by examining water CA on the
surfaces of three kinds of ZnO nanowire arrays. Photo-
graphs of water droplet on the three representative ZnO
films with different surface morphologies are shown in
Figure 6. The DI water droplets of about 5 μL were
placed on the surfaces, and the CAs of the samples A
and B were measured to be about 142.1° and 94.8°,
respectively. However, nearly spherical droplet at the
microscopic level with a measured CA value as high as
154.3° in average was obtained for the sample C, which
reveals the superhydrophobic properties. The surface
presents a stable character in air, with the CA showing
no apparent change for up to 15 min, and the water
droplet eventually evaporates on the surface of the ZnO
nanowire quasi-arrays without any obvious sinking into
the film. To investigate their different wetting behaviors,
surface structure-induced transition may be crucial. The
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authors present the corresponding structural models
according to the three samples (shown in Figure 5, the
below panel), which clearly shows the different void
ratios induced by their different diameters and interspa-
cing of the aligned nanowires. Theoretically, a thorough
understanding of the superhydrophobic phenomenon
can be obtained from the Cassie and Baxter equation
[32], and the CA for a composite surface is influenced

greatly by the fractional areas of solid (f1) versus air
pockets (f2)

cos cos , ( ) = − + =f f f f1 1 2 1 2 1 (5)

Here, θ and θ1 are the corresponding water CAs on
rough and smooth surfaces. Evidently, the CA varies
with the amount of air trapped within the voids among
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these nanowire arrays. The nanostructured films with
high void ratio would keep larger fraction of air trapped
within the voids and greatly increase the air/water inter-
face, the effectively cause the increase of water CA. For
the samples A, B, and C, the void ratios are roughly cal-
culated to be about 90.8, 83.9, and 97.9%, respectively,
using the formula: h = (1 - Nπr2) × 100%, assuming
that those nanowires for each sample have the same
length and cylindrical shape. Here, N and r, respectively,
represent the density (nanowires/μm2) and average
radius of nanowires listed in Table 1. The results
demonstrated a qualitative analysis that larger void ratio
could play an effective approach to increase CA values
for the three sample surfaces which are all ZnO nano-
wire arrays with same preferential orientations in the
c-axis direction. However, decreasing the surface free
energy by coating with low surface energy molecules is
also greatly regarded as the other point to obtain super-
hydrophobic surfaces [33,34], even if the void ratio is
not large enough. The sliding behavior of the sample C
was also performed by fixing the sample on the platform
of OCA CA system, a 5-μL water droplet was dropped
on its surface and the system tilted until the water dro-
plet rolled off. Then a SA of 7.3° in average was
obtained, showing super water-repellent properties.
These properties could be used for self-cleaning func-
tions, antifog, or other fields.

Conclusions
Three kinds of large scale ZnO nanowire arrays with
different aspect ratios and void ratios were fabricated
using facile thermal evaporation route using ZnS source
materials. Experimental results demonstrated that ZnO
nanowire arrays with larger aspect ratio and proper den-
sity have better FE properties including lower turn-on
field and higher field-enhancement factors. Moreover, a
larger void kept within the nanostructured films was
proved to be important for preparation of super water-
repellent surfaces. This study could be a good platform

to elucidate the physical essence of the FE performance
and wetting behavior related to the corresponding
nanostructured arrays.
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This work reports the fabrication of diverse nanostructured alumina films under high-field anodization

in oxalic-acid electrolytes. Different surface morphologies of these alumina films can be obtained by

adjusting reaction parameters, which was ascribed to the anisotropic chemical etching induced by the

reaction heat and the concentration gradient of the oxalic-acid solution along the nanopore channels

during the high-field anodization process. These alumina surfaces without coating low energy materials

show remarkable morphology-dependent wettability. Specially, the alumina surface consisting of

porous underlayer and nanowire pyramids with no chemical modification reveals excellent super water-

repellent behavior for the first time. This study could provide a new approach for designing functional

surfaces with tunable wettability.
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1. Introduction

In natural world, many distinctive behavior characteristics of
plant and animal kingdom are closely related to their special
surface structures, such as hierarchical micro- and nanofibrillar
morphologies on the superhydrophobic surface of lotus leaf and
water strider’ legs [1,2], which has inspired tremendous scientific
interest. It has been understood that high surface roughness with
hierarchical structure at both the micro- and nanoscale together
with a low surface energy of the material are the key factor to
superhydrophobicity [3–5]. The artificial superhydrophobic
surfaces possessing high water contact angle (CA) and low
adhesion have attracted much more attention because of their
wide application ranges in functional microfluidics devices,
water-proof or self-cleaning surfaces of high-quality products.
In recent years, various approaches have been explored to
manufacture roughness in dual-length-scale, such as electro-
spinning, layer-by-layer assembly, solution-immersion method,
and template-based extrusion technique [6–9].

Since Masuda and Fukuda’s study of self-ordered porous
alumina film by a two-step replicating process [10], electrochem-
ically produced porous anodized alumina (PAA) film has became
one of the most common nanotemplates for preparation of one
dimensional nanomaterials with electronic, magnetic and pho-
* Corresponding author. Tel.: +86 021 54743242; fax: +86 021 54741040.

E-mail address: mjzheng@sjtu.edu.cn (M. Zheng).

0025-5408/$ – see front matter � 2011 Elsevier Ltd. All rights reserved.

doi:10.1016/j.materresbull.2011.05.018
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tonic properties [11–16]. Due to the attractive feature for its self-
ordered hexagonal nanopore structure and low-cost processing, it
also has been widely used as humidity sensors [17], filters [18] and
the two-dimensional photonic crystals [19]. However, lots of
other nanostructured alumina surfaces including nanotips,
nanowire arrays or nanowire pyramids [20–22] were also
prepared on porous alumina layers in the past years, and the
researches on their wetting behavior have been developed. Those
nanostructured alumina surfaces were mainly achieved via
chemical acid etching of porous anodized alumina, and their
superhydrophobic surfaces were realized by coating low surface
energy materials, such as peruoro compounds and silicones [23–
25].

In this paper, only the electrochemical anodization was
employed to fabricate diverse nanostructured alumina surfaces
in oxalic-acid electrolyte under high field. The high-field
anodization is more efficient and can generate a larger interpore
distance of PAA films, and a great deal of heat yielded during the
anodization process is beneficial to the self-assembly of diverse
alumina structure. Wetting behavior could be altered within
ranges from Wenzel to Cassie states by changing surface
morphologies. Particularly, the unmodified alumina surface
consisting of porous underlayer and nanowire pyramids demon-
strates both superhydrophobicity and superoleophilicity, which
would be used in self-cleaning functions, separation of water and
oil, and other applicable fields. The physical essence of the
morphology-dependent wettability has been systematically
analyzed.

http://dx.doi.org/10.1016/j.materresbull.2011.05.018
mailto:mjzheng@sjtu.edu.cn
http://www.sciencedirect.com/science/journal/00255408
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2. Experimental

2.1. Preparation of diverse alumina architectures

Round aluminum slice (99.999% purity, 0.25 mm thickness)
was cleaned ultrasonically with acetone and ethanol to get rid of
grease in sequence, washed in deionized water and put into a
tailor-made holder with a circular area of 2 cm2 exposed to
electrolytes. Aluminum slice was firstly electropolished using a
constant voltage of 10 V in a 1:4 volume mixture (5 8C) of
perchloric acid and ethanol for 5 min to improve surface
smoothness before anodization. Two-step electrochemical anodi-
zation was applied for the fabrication, which has been described
everywhere [10,17,20,21]. A large glass beaker (2 L), a powerful
low-constant temperature bath and a vigorous stirrer (400 rpm)
were employed to maintain low temperatures required for the
high-field anodization, a graphite plate was used as cathode.
Anodization was then carried out in a C2H2O4–H2O–C2H5OH
electrolyte system (C2H2O4, 0.3 M) at 120 V. In detail, the first
anodization lasted for 5 min to form regular hexagonal nanopore
arrays, then the foils were immersed in a mixture of 6 wt%
phosphoric acid and 1.8 wt% chromic acid at a temperature of 60 8C
for proper time to dissolve the orderless surfaces. Subsequently,
the second anodization was conducted with some changed
parameters in order to obtain diverse nanostructured alumina
surfaces, as follows: (a) t = 3 min, T = �8 8C (sample A), (b)
t = 3 min, T = 0 8C (sample B), (c) t = 5 min, T = 0 8C (sample C)
and (d) t = 8 min, T = 0 8C (sample D). All the obtained samples
were put into vacuum glove box to avoid contamination.

2.2. Characterization

The surface morphologies were observed by a field-emission
scanning electron microscope (FE-SEM, Philips Sirion 200), and
energy-dispersive X-ray (EDX) microanalysis was applied to
investigate the chemical composition of the as-grown samples.
Fig. 1. Top-view FE-SEM images (a) sample A, PAA films; (b) sample B, alumina nanoti
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CA and sliding angle of water droplet were measured using an
optical contact-angle meter system (Data Physics Instrument
GmbH, Germany) at ambient temperature.

3. Results and discussion

Fig. 1 is the top-view FE-SEM images of diverse alumina films
fabricated in H2C4O2–H2O–C2H5OH system under appropriate
anodizing parameters, exhibiting a dynamic evolution process of
the surface morphologies from nanopores, nanotips, nanowire
pyramids, and then to collapsed nanowire pyramids. Electrochem-
ical anodization of aluminum in the acidic electrolyte leads to the
growth of oxide film according to the following electrochemical
reactions [26–28]:

Cathode:

2Hþ þ 2e ! H2 "

Anode:

Al � 3e ! Al3þ

2Al3þ þ 3O2� ! Al2O3

The morphology and growth mechanism of PAA films on
aluminum has been explained in detail in the former studies
[26,29,30]. Fig. 1(a) shows the SEM image of sample A fabricated at
�8 8C with anodization time of 3 min, the nanopore size is about
180 nm in average. Fig. 1(b) presents the large-scale nanotips
formed on the surface of porous alumina layer by means of
increasing electrolyte temperature. Former studies have revealed
that chemical etching can happen in the oxalic-acid electrolyte
with an increased temperature [13], and nanoporous surface will
be etched into a desirable structures using 5% H3PO4 solution [21].
ps; (c) and (d) samples C and D, alumina nanowire pyramids with different sizes.
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Fig. 2. (a) Sketches of the anisotropic etching characteristic for representing the

formation of nanotips from segment by segment. The oxalic-acid concentration is

higher on nanopore surfaces and then becomes nearly homogeneous with their size

expanding. (b) Cross-sectional schematic diagram of the formation process of

diverse alumina morphologies.

L. Yao et al. / Materials Research Bulletin 46 (2011) 1403–1408 1405
During the high-field anodization process, the anodization current
density of sample B was observed to be as high as 4000 A/m2 due to
an increased electrolyte temperature from �8 8C to 0 8C, lots of
heat yielded and could not diffuse immediately. The chemical
etching process of alumina nanopores in oxalic-acid electrolyte
was actuated by the yielded heat, which would not happen rapidly
if a low-temperature electrolyte system or low-field anodization
was supplied. However, it has been known that chemical acid
etching of PAA films is anisotropic due to the inhomogeneous
distribution of anion concentration in nanopore sidewalls and the
concentration gradient of oxalic-acid solution along nanopore
channels. Many research groups have confirmed that the nanopore
Fig. 3. (a) and (b) The corresponding high-magnification top-view FE-SEM images of sam

images of sample C, an obvious interface was shown between the alumina porous laye

203
sidewalls of PAA are composed of duplex oxide layers: an inner
oxide layer with pure alumina and an outer oxide layer containing
negative ion impurities [19], the outer oxide layer with anion-
incorporated alumina is more prone to be etched under chemical
acid etching process, but the locally dense regions are more
resistant so that only alumina at the trigonal node left. On the other
hand, the morphology evolution characteristic of nanotips can be
attributed to the concentration gradient of the oxalic-acid solution
along the nanopore channels. For a rapid supply rate, the
concentration of oxalic-acid solution around PAA surface could
be higher than that at the bottom of the nanopores, leading to the
quicker dissolution of the porous alumina at the surface than that
at the bottom [31]. Therefore, nanotips can form segment by
segment with a smaller diameter at the top, the schematic diagram
of anisotropic chemical acid etching process of PAA films in
sequence is shown in Fig. 2(a). When the nanopore was widely
expanded, the oxalic-acid concentration along nanopore channels
became nearly homogeneous and the released heat was easily
dissipated, which would slow down the oxalic-acid etching
process. Fig. 1(c) presents a hierarchical alumina structure: a
nanopore structural layer and nanowire pyramids at the surface. It
has been revealed [21] that alumina nanowire pyramid is formed
by the cells within the same ordered region. Self-ordering region of
PAA films indicates that within the same region, the arrangement
of the hexagonal cells is ordered. However, it is not ordered at the
boundaries of these ordered regions due to the occurrence of
defects or distortion in the pore sidewalls, then the alumina cells
dissolved faster than those within the same ordered regions. Cells
at the boundaries are totally dissolved while those within the
ordered regions were partially dissolved, which induce the
formation of alumina nanowires. These nanowires bent down
and leant against each other to form nanowire pyramids due to the
outer gravity field and the stirring influence. The nanowire
pyramids of sample C with no obvious interspace could be directly
attributed to the collapsed alumina nanowires formed by the
further etching of nanotips (sample B). The size of each pyramid is
about 10 mm in average, approximately equal to the size of an
ples B and C. (c) and (d) The low- and high-magnification cross-sectional FE-SEM

r in the below and the surface layer with alumina nanowires.



Fig. 4. EDX spectroscopy recorded on a selected area of sample C.
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ordered region of PAA films. Fig. 1(d) shows the collapsed nanowire
pyramids with small size ranging from 2 mm to 3 mm, and the
interspace is 1 mm in average. Some of these nanowire pyramids
nearly fell down. In this case, we suggested that alumina nanowire
pyramids of sample D originated from those of sample C, which
would be further etched and separated into two or three smaller
pyramids with the high-field anodization processing. A cross-
sectional schematic diagram describing the dynamic evolution of
samples A, B, C and D are distinctly demonstrated in Fig. 2(b). It
should be emphasized that it was the yielded heat which drove the
formation of nanostructured alumina surfaces in oxalic-acid
electrolyte, and some contrastive experimental results show that
these alumina morphologies would not generated if the same
temperature of �8 8C as the first anodization step or a higher
stirring speed larger than 1000 rpm was used. Instead, only PAA
films were obtained and their nanopore sizes might be a little
larger. Therefore, heat-driven dissolution with anisotropic oxalic-
acid etching characteristic was proposed for the nature of the self-
assembly mechanism.
Fig. 5. The water CA photograph
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Fig. 3(a) and (b) is the high-magnification top-view FE-SEM
images of samples B and C. All alumina nanopores were etched into
nanotips with smaller diameters towards the tip, it is clearly seen
that these nanotips stand on the porous layer (Fig. 3(a)). For sample
C, the representative nanowire pyramids located on the surface of
alumina nanoporous layer and consisted of large numbers of
alumina nanowires. The typical cross-sectional FE-SEM images of
sample C are demonstrated in Fig. 3(c) and (d), pyramidal
structures were easily visible and there was an obvious interface
between the alumina porous layer and the surface layer with
destroyed nanopores (shown in Fig. 3(d)), illustrating that the
oxalic-acid etching mainly happened on the nanopore surface of
PAA films because of the anisotropic etching characteristic. Fig. 4
gives a representative chemical composition and stoichiometry
through EDX spectroscopy recorded on a selected area of sample C,
revealing that there were only Al, O and C elements existed in this
nanostructured film, and C element with 7.48% atomic percent
originated from the negative ion impurities C2O4

2� that caused
during the anodization process.

Surface wettability was evaluated by the CA measurement, as
shown in Fig. 5. Contact angles of porous alumina films have been
proved to be little influenced by the depth of nanopore when it
become deeper than 1.7 mm [32], which was also checked by our
experimental results. However, these alumina films prepared in
our work were much larger than 1.7 mm, and their surface
morphologies were considered as the only significant factor
deciding CA values. Sample A shows hydrophilic property with
CA of 71.68 in average, it should be proposed that the measured CA
value is not stable until the time is upto 15 s because of the existed
capillary force. Lots of tiny air bubbles were carefully observed
when a water droplet was placed on sample A, revealing the
penetrating of water into nanopores. For a compact flat alumina
surface with no nanopores, CA is shown to be about 858, less
hydrophilic than sample A. According to the two classical wetting
model, hydrophilicity of a rough surface increases in the Wenzel
state for the primary hydrophilic surfaces. Therefore, wetting state
on sample A should be Wenzel state, water wets the porous
alumina surface and penetrates into each nanopore which has
been directly verified based on the production of air bubbles from
s of samples A, B, C and D.

4



Fig. 6. (a) Photograph of six water droplets with nearly spherical shape located on the surface of sample C. (b) The phenomenon of automatically repelling water which is from

instantaneous ice melting.
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the nanochannels. Sample B with alumina nanotips on the surface
presents hydrophobicity with CA of 138.18, and shows no air
bubble phenomenon. When a water droplet was placed on the
surface of sample B, it possibly stood on this tip-like nanostruc-
tured surface rather than permeating into alumina nanochannels.
The contact way between water droplet and the nanostructured
surface changed from ‘‘area-contact’’ (sample A) to ‘‘point-contact’’
(sample B), so it can make a higher fraction of air/water and then
leads to the increase of CA value. The corresponding water CA on a
hierarchical surface of sample C (Fig. 1(c)) was measured to be
152.48 in average, a typical CA photograph is shown in Fig. 5. It was
obvious when the deionized water droplet about 5 ml was placed
on its surface, it yielded a nearly spherical droplet at the
microscopic level. We notice that the superhydrophobic surface
exhibits a stable character in air with the CA showing no apparent
change, and the water droplet eventually evaporates on the surface
of alumina nanowire pyramids. The previous studies have
demonstrated that the fractal geometry created by nanostructures
on microstructures become a novel approach to construct super-
hydrophobic surfaces as the famous lotus leaf in the natural world.
Accordingly, the surface of sample C has the same fractal geometry
as lotus leaf, the micron-sized alumina pyramids liked the papillae
of lotus leaf and their further component alumina nanowires could
be considered as the branch-like nanostructures of lotus leaf. This
micro- and nanoscale hierarchical structures bring a large contact
area between the air trapped within alumina films and water
droplet, which is essential for obtaining superhydrophobic surface.
Sample D presents a lower CA of 135.88, a remarkable distinction
from the morphology of sample C is the smaller size of the
nanowire pyramids with a little tilted or collapsed construction,
which decreases the fraction of air/water. On the other hand, water
droplet possibly touches the porous alumina layer which may
cause CA decrease due to the capillary force. The above discussion
indicates that rational fabrication of alumina nanowire pyramids
with well-controlled size and interspace will be an effective
approach to realize the well superhydrophobic performance.

The sliding angle which reflects the relationship between
advancing and receding contact angles was measured by tilting the
sample platform of OCA contact angle system until the water
droplet rolled off the fixed sample C. A water droplet easily slides
off its surface when the inclination angle exceeds 9.48. Fig. 6(a)
shows a typical photograph of sample C with six perfect and nearly
spherical water droplet standing upon it, it’s noted that water
droplets are hardly able to stick, providing further evidence for its
super water-repellent properties. The lower sliding angle can be
attributed to the existed interspace between nanowire pyramids
which induced the discrete contact line around water droplets,
consequently resulting in the drastic decrease of sliding angles
[33]. This super water-repellent property could be useful in
practical needs such as self-cleaning function and drag-reduction.
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Automatically repelling water which is from instantaneous ice
melting is further demonstrated in Fig. 6(b). In detail, tiny ice
blocks with arbitrary shape were placed on the surface of sample C
with room temperature, it was interesting to find that the molten
ice block fast agglomerated to form a nearly spherical water
droplet. The water droplets signed in circular loop and quadrate
loop are corresponding to the total and partial molten ice block, the
automatic contraction phenomenon was obvious. Moreover, the
unmodified super water-repellent alumina surface is also super-
oleophilic. When a diesel oil droplet (�5 ml) was dropped on the
surface, it rapidly spread over the micro- and nanostructured
surface with CA value nearly equal to 08, which was different from
previous superhydrophobic surfaces of alumina with post-
modification using low energy hydrophobic materials [23–25].
The unique alumina surface demonstrating both superhydropho-
bic and superoleophilic properties has, to our knowledge, not been
reported to date.

4. Conclusion

The self-assembly of diverse nanostructured alumina films has
been realized under high-field anodization in oxalic-acid electro-
lyte by adjusting anodization parameters. Morphology-dependent
wettability has been observed on the nanostructured alumina
films. The heat-driven anisotropic chemical etching model was
introduced for explaining the formation of different surface
morphologies on the films. Specially, the self-assembled hierar-
chical alumina surfaces exhibit excellent anti-adhesion to water
droplets, automatically repelling water and superoleophilic
properties. To our knowledge, it’s the first time to prepare
superhydrophobic surface of alumina films with no organic
modification. It has advantages over the application in high
temperature ambient and could be applicable in self-cleaning,
functional separation and filtration equipment.
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A novel ZnS hierarchical structure composed of nanorod arrays with branched nanosheets and nanowires
grown on their upside walls, was synthesized over Au-coated silicon substrate via chemical vapor deposi-
tion technique. Contact angle and sliding angle of this hierarchical film with no surface modification were
measured to be about 153.8◦ and 9.1◦ for 5 �l water droplets. Self-cleaning behavior and dynamic water-
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repelling performance were clearly demonstrated. In addition, electrowetting transition phenomenon
from superhydrophobic to hydrophilic state happened when a critical bias ∼7.0 V was applied. Below
this threshold voltage, the contact angle change is little. This work for the first time reports the creation
of ZnS superhydrophobic surface and could enrich its research field as surface functional materials.

© 2010 Elsevier B.V. All rights reserved.

uper water-repellent
lectrowetting

. Introduction

There are vast singular morphologies on biological surfaces
n both the plant and animal kingdom that exhibit super-water-
epellent properties, many intriguing examples are provided by
he sacred lotus or rice leaves, wings of cicada and water strider’s
egs [1–4], which have attracted tremendous scientific interest. A
ombination of surface roughness at both the micro- and nanoscale
ith a low surface energy of the materials has been considered as

he key factors to superhydrophobicity. Many research efforts were
ade towards the creation of artificial water-repellent nanoma-

erials, and it became an attractive goal in some industrial fields
or the removal of undesirable contaminants from the surfaces of
igh-quality products. However, the capacity to control surface
ettability is also a highly desirable attribute in order to their
ide usage range of chemical, biological and electronic applica-

ions, so it is indispensable to develop smart surfaces that are able
o undergo fast wettability changes. These changes cannot be con-
erted by the intrinsic properties of the liquid and should require

xternal inducement for surface wettability response such as light
rradiation [5,6], pH [7], electric field [8,9], heating [10] and solvent
reatment [11]. The electric field across the liquid–solid interface
ill lower the surface tension and cause electrowetting, which has

∗ Corresponding author. Tel.: +86 021 54743242; fax: +86 021 54741040.
E-mail address: mjzheng@sjtu.edu.cn (M. Zheng).

169-4332/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.apsusc.2010.10.098
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already been used for microfluidic switches, display technology,
and lab-on-chip systems.

Recently, various semiconductor nanomaterials involving car-
bon nanotubes, silicon nanowires, ZnO and TiO2 nanostructures
[12–15], have been studied on their superhydrophobic properties
by the help of low energy coating materials. As an important II–VI
semiconductor with wide bandgap of 3.7 eV at room temperature,
ZnS has been widely used in a great variety of applications such
as electroluminescence, field emitters and photocatalysis. Kinds
of ZnS nanostructures including rod, wire, belt, cable, tetrapod
as well as cone-like morphologies [16–19] have been synthesized
in the past. However, there are no reports on the preparation of
superhydrophobic ZnS surfaces to date. In this paper, we presented
the synthesis of a hierarchical ZnS structure consisting of nanorod
arrays with branched nanostructures grown on their upside walls
via chemical vapor deposition technique. We demonstrated the
self-cleaning behavior, the dynamic water-repellent phenomenon
and electrowetting of this hierarchical film. It is the first time to
study wettability of ZnS nanomaterials and could arouse much
interest in extending its applications.

2. Experimental
2.1. Fabrication of ZnS architecture

In a typical experiment, a one-end open quartz tube connected
to a rotary vacuum pump and an Ar gas inlet through a vacuum

dx.doi.org/10.1016/j.apsusc.2010.10.098
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:mjzheng@sjtu.edu.cn
dx.doi.org/10.1016/j.apsusc.2010.10.098
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oupling, was used for the synthesis. The n-type silicon wafer
sed as the substrate was sonicated in acetone, dried with nitro-
en and then was sputterred with a thin layer (∼25 Å) of Au
lm. Commercially available high purity Zn powder, sulfur pow-
er and graphite powder with a molar ratio of 1:2.5:1 was used
s source materials. The additive graphite powder can relax the
hermal evaporation rate and make the carbothermal reduction
f ZnS which could generate on the surface of source materials
nd would not beneficial to the thermal evaporation of Zn and
powders during the growth process. A ceramic boat contain-

ng 2 g mixture powder was loaded at the centre of the quartz
ube furnace, the distance between silicon substrate and reagent
owder was about 6 cm. The tube furnace was firstly evacuated
or 1 h, then Ar was used as carrier gas at a flow rate of 50 sccm
o facilitate the reaction. The furnace temperature was raised to
50 ◦C quickly and held for 30 min. After the system was cooled
aturally, light gray product was deposited on n-type silicon sub-
trate.

.2. Characterization and properties

The morphology of the as-synthesized ZnS products was exam-
ned by field emission scanning electron microscopy (FE-SEM,
hilips Sirion 200) and X-ray diffraction (Bruker-AXS system). The
aman spectrum was recorded at room temperature by a Jobin
von LabRAM HR 800UV micro-Raman system with system under

n Ar+ (5145 Å) laser excitation. Contact angle (CA) and sliding angle
SA) were measured using an optical contact-angle meter system
Data Physics Instrument GmbH, Germany) at ambient tempera-
ure. The static CA values were the averages of three independent
oints.

Fig. 1. (a) The cross-sectional and (b) top-view FE-SEM images of the deposited ZnS pro
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3. Results and discussion

Fig. 1(a) shows the cross-sectional image of the as-synthesized
ZnS product, it is characterized by well-aligned nanorod arrays and
some detailed nanostructures on the tops, the average diameter
and length of the nanorods are around 800 nm and 15 �m. Fig. 1(b)
reveals that nanostructures of the top layer is totally different, and
it mainly consists of nanosheets and slender nanowires. Most of
these nanowires are less than 20 nm in diameter, they tangled with
each other to form a reticular structure. Fig. 1(c) and (d) is the
typical top-view and tilted SEM images of an individual nanorod
with branched nanostructures in high-magnification, respectively.
It was confirmed that these branched nanosheets and nanowires
were mainly grown form the upside walls of the arrayed nanorods,
which could be considered as a hierarchical structure.

Fig. 2(a) is the energy-dispersive X-ray (EDX) spectroscopy
recorded on a selected area of the ZnS architecture, indicating that
it is composed of Zn and S only (Zn:S = 51.93:48.07) and has 1:1
Zn/S composition within experimental error. Here we mainly con-
sidered the stoichiometric ratio of Zn and S elements, so we did not
regard the Au element and removed it from the EDX spectroscopy.
Fig. 2(b) presents the X-ray diffraction, all reflected peaks with pre-
ferred orientation (0 0 2) can be indexed to the hexagonal wurtzite
structure of ZnS with lattice parameters a = 3.80 Å and c = 6.23 Å, in
good agreement with the Joint Committee on Powder Diffraction
Standards (JCPDS) 75-1534 database. We suggest that the growth of

nanorod arrays follows the vapor–liquid–solid (VLS) [20] mode. Zn
vapor and S vapor were rapidly generated at the centre of the quartz
tube furnace at high temperature, transported by the carrier gas and
diffused into Au nanodroplets to form Au–ZnS nanocomposite par-
ticles. On supersaturation, the well-aligned ZnS nanorod in large

duct. (c and d) High-magnification images showing the branched nanostructures.
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ig. 2. (a) EDX spectroscopy recorded on a selected area and (b) XRD pattern of the
nS product.

iameter were deposited. However, with the reaction processing,
ulfur source became less due to its low melting point, which could
ot supply the growth of ZnS nanorod arrays in bulk. In stead, a
self-catalytic liquid solid growth” [21] is much more suitable for
he explanation of growth mechanism. The redundant Zn droplets
ppeared on the surface of ZnS nanorod arrays and would gradually

bsorb sulfur vapor species, which induced the epitaxial growth of
hese branched structure.

Fig. 3 shows the room temperature Raman spectrum of this kind
f ZnS nanostructure excited by 5145 Å line of Ar+ laser. The spec-
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Fig. 3. Raman spectrum of the hierarchical ZnS structure.
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trum is dominated by the longitudinal optical (LO) phonon peak
at 350.0 cm−1 and the weaker peak about 270.1 cm−1 is associ-
ated with the transverse optical (TO) phonon. Compared with the
Raman spectrum of bulk hexagonal ZnS with TO ∼ 274 cm−1 and
LO ∼ 352 cm−1, the peaks of these first-order LO and TO phonons
from our ZnS nanostructure exhibit a shift towards the lower
energy. Meanwhile, the Raman lines show substantial broaden-
ing. Such phonon softening and line broadening [22] of the Raman
peaks could be attributed to quantum confinement effects. It is well
known that when the materials structure reduces to nanosize or the
lattice distortion increases, the wave-vector selection rule for the
first order Raman scattering is relaxed and the photon scattering
will not be limited to the centre of the Brillouin zone, the phonon
dispersion near the centre of Brillouin zone should be considered
as well. Therefore, the combined effects of the relaxation of the
wave-vector selection rule and the photon dispersion resulted in
the Raman shift, as well as the broadening of the TO and LO peaks.
Besides these characteristic peaks, Raman peak about 419.3 cm−1

is also observed. The appearance of this phonon feature can be
attributed to plasmon-enchanced resonant Raman effect [23].

Surface wettability of this hierarchical ZnS nanostructured film
was studied by CA measurements. When deionized (DI) water
droplets about 5 �l were dropped on the surface, it yielded a nearly
spherical shape at the microscopic level (shown in Fig. 4(a)). The
measured CA was about 153.8◦, which was essential difference
from ZnS flat surfaces [24] with hydrophilicity. The ZnS superhy-
drophobic surface exhibited a stable character in air with the CA
showing no apparent change for a long time, the water droplet
eventually evaporated on the surface. Fig. 4(b) and (c) indicates the
consecutive moments that a water droplet slided off the ZnS sur-
face when the inclination angle exceeded 9.1◦, which reflects the
difference between advancing and receding contact angles. The rel-
atively high CA and low SA gives a further evidence for the super
water-repellent properties, indicating that water droplets do not
penetrate into the interstices among the hierarchical architecture
but rather suspend on it. Theoretically, a thorough understanding
of the superhydrophobicity phenomenon can be explained with the
Cassie and Baxter equation [25]. For a composite surface, the water
CA is influenced significantly by the fractional areas of solid (f1)
versus air pockets (f2):

cos � = f1 cos �1 − f2, (f1 + f2 = 1) (1)

where � and �1 represent the water contact angles on rough
and smooth surfaces, respectively. The well-aligned ZnS nanorod
arrays with branched nanowires in thin diameter at the upper
layer contributed to the very large fraction of air trapped within
the interstices, leading to the greatly increased air/water inter-
face which is essential to superhydrophobic and effectively prevent
the penetration of water droplet into the interstices. It is revealed
that the hierarchical and branched structure play an important
role for preparation of super water-repellent surface. The excel-
lent self-cleaning behavior was demonstrated by scattering natural
microparticles from air (the diameter ranging from 1 �m to 40 �m)
over the ZnS surface in appropriate density (shown in Fig. 3(d)),
then the ‘contaminated’ sample was fixed on the sample plat-
form of OCA contact angle system, a water droplet was placed
on the surface and subsequently tilted the system until it slided
off. The photographs of this ZnS nanostructured surface before and
after self-cleaning were presented (Fig. 4(d) and (e)), it was clearly
seen that the contaminated microparticles were well removed. The
interface of the cleaned and uncleaned surface parts is shown in

Fig. 3(f).

Fig. 5 shows a selected time sequence of snapshots of a 8 �l
water droplet free-falling on the ZnS nanostructured surface from
a height of ∼15 mm, the water droplet impacts the surface with a
velocity corresponding to a dimensionless Weber’s index of ∼9.2.
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ig. 4. (a) Photographs of water droplets on the ZnS nanostructured surface and (b
he inclination angle exceeded 9.1◦ . (d and e) Photographs of the nanostructured s
arts are shown in (f).

etailed observation discloses that the shape of water droplet
hanges significantly during the impact process as its kinetic energy
ransforms into the stored energy induced by surface deforma-
ion. In this case, the strong deformation can be attributed to the

igh Weber’s index, signifying the ratio of the arriving kinetic
nergy to the intrinsic surface energy. We carefully find that the
ater droplet undergoes two bounces and the bounced heights

re estimated to be about 7 mm and 3 mm. The arrowlines in the

Fig. 5. Selected snapshots of the impact and rebou

210
the two consecutive moments that a water droplet slided off the ZnS surface when
before and after self-cleaning, the interface of the cleaned and uncleaned surface

snapshots represent its movement direction corresponding to dif-
ferent times. When it fell down, it was hardly able to stick the
nanostructured surface. This dynamic process further illustrates
the superhydrophobic properties.
To investigate the effect of the applied external potential on
the droplet stability and wetting behavior, a schematic diagram
of the electrowetting setup was shown in Fig. 6(a). A platinum
wire was used the counter electrode which was inserted into the

nd of a water droplet with the volume ∼8 �l.
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ig. 6. (a) Schematic illustration of experimental setup for electrowetting, a Pt wire
as inserted into the droplet to serve as the top electrode. (b) CA variation versus

ime for a critical bias of 7.0 V.

ater droplet to create electrical contact, the n-type silicon sub-
trate was coated with conducting silver glue layer to insure the
esistance on each point of the superhydrophobic surface was equal
nd it was connected to the negative voltage, varying voltages were
pplied between the electrodes. First, the initiative voltage was
.0 V and then with an increase of 0.5 V step by step. We observed
he sudden CA changes were not activated unless a threshold volt-
ge was ∼7.0 V. Below or equal to this value, the CA changes was
ess than 5◦. When a critical bias raised up to 7.0 V, the water droplet
hape dynamically change and a transition from superhydropho-
ic to hydrophilic state was shown. Fig. 6(b) demonstrates the CA
ariation versus time in electrowetting process, water CAs become
7.4◦ and keep nearly constant after 12 min. This observed thresh-
ld switching of the water droplet between the Cassie–Baxter state
standing on top of film) and Wenzel state (being penetrated into
he interspace) occurred at a threshold voltage of 7.0 V, and it can
e ascribed to the accumulation of surface charge reaching a point
here it can overcome the high local repulsion force. A comparison

f electrowettability for other surfaces made of various nanostruc-
ures [8,26–28] revealed that our ZnS product had a lower threshold
oltage as well as a larger CA variation. Former study has revealed

hat a sharp tip was beneficial for activating the transition from
uperhydrophobic to hydrophilic state [8]. Therefore, the well elec-
rowettability of our ZnS product was believed to be due to the

aterials feature and the presence of ultra-thin nanowires on the
ops.
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4. Conclusions

We prepared novel ZnS nanostructures over Au-coated silicon
substrate by chemical vapor deposition technique. Measurements
showed that this nanostructured surface had an average CA value
as high as 153.8◦ and a relatively low SA about 9.1◦. The capability of
self-cleaning behavior similar to the lotus effect was demonstrated
and super water-repellent properties were dynamically studied by
a selected time sequence of snapshots. Wettabilities of surfaces
were tested by the application of external voltages. This work pos-
sibly actuates the coming researches on water-repellent properties
of ZnS nanostructures and induced its application in self-cleaning
surface, antifogging or other fields.
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a  b  s  t  r  a  c  t

We  report  a detailed  experimental  and  theoretical  investigation  on  the photocurrent  characteristics  of
nanocrystalline  Si thin  films,  with  the  emphasis  on  the  effect  of  Si dot  size  distribution.  Broader  photocur-
rent  response  has been  observed  in Si quantum  dots  with  larger  size  dispersion  due  to  the  improvement
of  light  harvest.  As  a result  of tunneling  loss  in  the  expanded  energy  distribution,  we have  demonstrated
that  there  is  a tradeoff  between  the  absorption  enhancement  and  reduced  transport  for  the  photocurrent
intensity.  The  present  work  opens  new  strategy  to  maximize  the  photoresponse  through  size distribution
control  for  quantum  dot  solar  cell  application.

© 2011 Elsevier B.V. All rights reserved.

The emergence of semiconductor nanocrystals as the building
blocks of nanotechnology has opened up new ways in next genera-
tion solar cells. Nanocrystalline Si (nc-Si) thin film, a mixed-phase
material consisting of Si quantum dots embedded in amorphous tis-
sue, presents very promising features [1] in solving the unavoidable
disadvantages of low energy conversion efficiency [2] and light-
induced degradation [3] of commercial amorphous Si thin film solar
cells. Size quantization effect allows one to tune the photoresponse
easily, making nc-Si thin film a good light harvester. Strong optical
absorption and high photocurrent have been found in nc-Si films
and attributed to the enhancement of the optical absorption cross
section and good carrier conductivity in the nanometer grains [4].
There are a number of attempts to realize high efficiency and good
stability single-junction [5] and tandem [1,6] third generation nc-Si
thin film solar cells, ready to make a substantial contribution to the
world’s photovoltaic market.

While modulation of band energies through size quantization
effect offers a good way to control the photoresponse and photo-
conversion efficiency of quantum dot solar cells, we present in this
paper a novel strategy to maximize the photoresponse through size
distribution control of the Si quantum dots. In most quantum dot
based optoelectronic devices, it is imperative to achieve good dot
size uniformity because the size variation gives rise to an inho-
mogeneous broadening of optical transitions resulting from carrier
recombination or generation. However, the inherent size distribu-
tion in quantum dot structures can provide a marked improvement
of light harvest for the potential application in quantum dot rain-

∗ Corresponding author.
E-mail address: wzshen@sjtu.edu.cn (W.Z. Shen).

bow solar cells [7,8] to boost the energy conversion limit. Although
expanded energy distribution sacrifices the transport character-
istics of the photogenerated carriers, broad size dispersion will
provide instinctive spread in photoresponse spectra. In our pre-
vious work [9],  we demonstrated that the standard deviation of Si
grain sizes could be well characterized by Raman mapping tech-
nique and the film uniformity versus doping concentration was
correlated in terms of the growth mechanism. Here, we will show
that there is a tradeoff between the absorption enhancement and
tunneling loss for the photocurrent intensity in Si quantum dots,
where a new approach is developed for maximizing light energy
conversion with relatively simple and low cost manufacturing pro-
cess.

The studied nc-Si thin films with thicknesses of ∼3 �m were
grown on lightly p-doped crystalline Si (1 1 1) substrates (with
the resistivity around 101–102 � cm)  at a temperature of 250 ◦C
by radio frequency (13.56 MHz) plasma enhanced chemical vapor
deposition. The percentage content of phosphine dopant gas
(PH3/SiH4) CP ranged from 0 to 20%, while the hydrogen dilu-
tion ratio [H2/(SiH4+H2)] was kept constant at 99%. The film
structure, average dot size, and size distribution have been charac-
terized by room-temperature unpolarized micro-Raman mapping
via a Jobin Yvon LabRam HR800UV spectrometer in backscatter-
ing configuration under an exciting wavelength of 514.5 nm.  The
photocurrent measurements were performed on a Nicolet Nexus
870 Fourier transform infrared spectrometer corrected by a DTGS
TEC detector. Two indium electrodes were formed on both sides
of the nc-Si(n)/c-Si(p) heterostructures, and a variable dc bias was
applied through a Keithley 2400 sourcemeter, where temperature-
dependent current–voltage measurements were also conducted in
an Janis cryostat system.

0169-4332/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.apsusc.2011.04.092
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Fig. 1. Optical, electrical, and optoelectronic properties of intrinsic nc-Si thin
film (CP = 0%). (a) Experimental (scatters) and fitted (curves) Raman spectrum. (b)
Temperature-dependent current–voltage characteristics with the enlarged stair-
cases at 200 K shown in the inset. (c) Energy diagram at different applied biases.
(d) Temperature-dependent normalized photocurrent spectra at a reverse bias of
−3  V; spectra are normalized to the same height, taken equal to unity.

We  start from the optical, electrical, and optoelectronic prop-
erties of the nc-Si thin films. Fig. 1(a) presents the decomposed
average spectrum of total 100 experimental Raman mapping spec-
tra of the intrinsic sample (CP = 0%) at 300 K, which clearly exhibits
the asymmetric Lorentz shaped transverse optical (TO2) band
peak at ∼520.5 cm−1 related to the nanocrystalline silicon and
three Gaussian phonon bands with peaks at 300 cm−1 [longitudinal
acoustic (LA)], 380 cm−1 [longitudinal optical (LO)], and 480 cm−1

[transverse optical (TO1)] from the contribution of amorphous sil-
icon. A crystallinity of 54.8% and an average grain size d of 4.4 nm
have been deduced from the three-dimensional phonon confine-
ment model [10]. Fig. 1(b) shows the temperature-dependent
(20–300 K) current–voltage curves, in which obvious current stair-
cases appear in the bias range from −6 to −9 V at T ≤ 200 K. The
enlarged plot in Fig. 1(b) illustrates a clear current region, which is
a characteristic of the Coulomb blockade structure, demonstrating
the high order of Si quantum dots and electron tunneling behavior
in nc-Si thin films.

It is convenient to explain the staircases by the energy band dia-
gram of nc-Si thin films. As shown in Fig. 1(c), once the ground-state
E1 in nth Si quantum dots, lifted by the applied reverse bias, aligns
with the excited-state E2 in n + 1th Si nanocrystals, resonant tunnel-
ing occurs and the current increases steeply [see Fig. 1(b)]. Before
the ground-state in n + 1th Si quantum dots aligns with the excited-
state in n + 2th Si nanocrystals, tunneling current rises slightly with
the increase of reverse bias due to the Coulomb effect, and there-
fore a flat current region forms. It is the existence of ground- and
excited-states in the Si quantum dots that leads to the appearance
of the Coulomb staircases in the observed current–voltage charac-
teristics.

Fig. 1(d) displays the normalized photocurrent spectra of the
intrinsic sample at a reverse bias of −3 V and temperatures of 300,
50, and 10 K. It is clear that two peaks (at ∼1.2 eV and ∼1.5 eV)
can be observed at 300 K. With the decrease of temperature, the
low-energy peak that is related to the contribution of photoex-
cited transition in Si nanocrystals is blueshifted. This phenomenon
originates from the effect of dilation of lattice and electron-lattice

Fig. 2. Experimental (scatters) and fitted (curves) (a) photocurrent spectra for nc-
Si thin films with different phosphorus doping concentrations CP = 0–20%, (b) peak
positions of the E1- and E2-related transitions with different dot sizes. (c) Shift of
photocurrent peak in the intrinsic sample (CP = 0%) from 1.21 to 1.26 eV with the
reverse bias voltage changed from 0 to −12 V.

interaction in quantum dots [11]. In contrast, the high-energy peak
position changes little, accompanied with its intensity decreased.
This peak mainly comes from the contribution of bandtail transition
of amorphous silicon with thermally activated hopping behavior,
which is frozen with the decrease of temperature and results in the
quenching of the peak below 50 K [12].

Fig. 2(a) shows the room-temperature photocurrent spectra of
the nc-Si thin films doped at different percentage contents of phos-
phine CP. In contrast to the fact that all the six curves exhibit slowly
slide-down shoulder in the high energy region (>1.4 eV) due to the
bandtail absorption of the amorphous silicon, we can observe obvi-
ous distinction in the broadening of photocurrent peaks at ∼1.2 eV.
Since the photocurrent peaks at ∼1.2 eV originate from the contri-
bution of photoexcited transition in Si quantum dots, this variation
reflects the effect of the size distribution of Si nanocrystals on the
photocurrent response. On the basis of the existence of multiple
energy states identified from the current-voltage characteristics in
Fig. 1(b), we can decompose [see Fig. 2(a)] the photocurrent spectra
into three Gaussian-shaped peaks, which are related to the ground-
(E1) and excited-state (E2) of Si nanocrystals, as well as the amor-
phous silicon indicated in the figure. The background photocurrent
from the c-Si substrate is negligible for experiencing an absorption
by thick nc-Si films (∼3 �m in thickness), and has been subtracted
via the method described elsewhere [12].

We plot in Fig. 2(b) the extracted peak positions of E1- and E2-
related transitions as a function of average grain size d deduced
from Raman spectra. It is clear that with the decrease of grain size d,
the two peak positions shift toward high energy side, which reflects
the quantum confinement effect in Si quantum dots. We  can easily
find out the relationship between the transition energies and grain
sizes [13] with the formula of 1.114 + 0.233d−0.674 (E1 transition)
and 1.150 + 0.549d−0.867 (E2 transition), as shown the solid curves
in Fig. 2(b). The relatively weaker confinement with the parame-
ter of ∼−0.674 for the ground-state transition, as compared with
the reported result of −0.89 in Si/SiO2 quantum dot system [14],
is reasonable due to the lower confining potential (∼0.4 eV) of our
amorphous silicon tissue, showing the penetration of wavefunction
into barriers [13]. Further evidence of the assignment on the pho-
tocurrent peaks at ∼1.2 eV to the optical absorption in the ground-
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Fig. 3. (a) Experimental histogram of the grain size d from Raman mapping, together
with the fitted normal distribution (curves). Experimental (scatters) and calculated
(curves) (b) photocurrent peak broadening of the E1- and E2-related transitions, (c)
integrated photocurrent intensity with different size deviations.

and excited-states in Si nanocrystals comes from the blueshift of the
peak position from 1.21 to 1.26 eV with the reverse bias increasing
from 0 to −13 V [see Fig. 2(c)], which can be interpreted by the lift
of the discrete states in Si nanocrystals as a result of energy band
bending, as illustrated in Fig. 1(c).

We now focus on the effect of the size distribution of Si
nanocrystals on the E1- and E2-related photocurrent response,
which will play a key role in the application of nc-Si thin film solar
cells. Fig. 3(a) displays the grain size distribution of the six samples
from the Raman mapping spectra, together with the normal distri-
bution function fitted at the peak position of the average grain size
d. The intrinsic sample (Cp = 0%) has the least dots size deviation of
0.081 nm,  exhibiting the narrowest linewidth in the profile, while
in doped samples, the dots size deviation firstly drops and then
rises with increasing doping concentration. This phenomenon has
been interpreted well in Ref. [9].  The introduction of dopant phos-
phor causes the lattice distortion and results in these microcosmic
disorder and macroscopical nonuniformity in nc-Si thin films. The
coaction of the two different mechanisms determines the size dis-
persion of Si nanocrystals in thin films.

Fig. 3(b) presents the photocurrent peak broadening as a func-
tion of the grain size deviation. It is clear that both the E1- and
E2-related photocurrent peak linewidths increase monotonously
with the size distribution. Theoretical linear relationship between
the size deviation and broadening of optical absorption spectra
has been deduced in quantum dot systems [15,16],  based on the
assumption of infinite potential barriers. Here, we  introduce a semi-
empirical equation of photoexcited transition in quantum dots, and
obtain a more general relationship between the dot size deviation
and photoresponse broadening, as will be discussed below.

We propose to use the phenomenological relation h̄ω = Eg +
A(n)/Rw to represent the photon energy needed for the creation
of an electron–hole pair in quantum dots with radius R [13], where
Eg is the bandgap of bulk material, A(n) is related to the nth tran-
sition in discrete levels, and w is the confinement parameter. The
optical absorption coefficient ˛s of a single spherical quantum dot
with radius R in nth discrete level can be calculated from [17]:

˛s = B

4/3�R3
g(n)ı

[
h̄ω −

(
Eg + A(n)

Rw

)]
(1)

where B is a constant related to the momentum matrix element in
photoexcited transition and g(n) is the degeneracy of energy level.
Considering the normal distribution of dot size P(R) with a standard

deviation DR and an average radius R̄, the optical absorption in the
system can be expressed as:

 ̨ =
∫ ∞

0

P(R)˛sdR = 3B√
32�

g(n)R̄w−2

A(n)w
x(4/w)−2

× exp

(
− R̄2

2D2
R

(
1

x2/w
− 1

)2
)

, (2)

with one dimensionless parameter x2 = h̄ω − Eg/A(n)/R̄w . The
Gaussian peak position is at x = 1 with the photon energy h̄ωpeak =
Eg + A(n)/R̄w . In our samples the relative deviation DR/R̄ is very
small (<0.08), and the photon energy at e1/2 of the maximal
absorption is very close to the peak position. We  can therefore
approximate the broadening of the nth transition peak PB as:

PB∼w
A(n)

R̄w+1
DR = w

R̄

(
h̄ωpeak − Eg

)
DR (3)

The solid lines in Fig. 3(b) are the calculated results with the
obtained data [A(n) and w] from Fig. 2(b). It is obvious that Eq. (3)
can well describe the relationship between the grain size deviation
and the photocurrent response broadening, with a slope of 0.015
for the E1 peak and that of 0.032 for the E2 peak. The obtained slope
of the E2 peak is about two  times larger than that of the E1 peak,
indicating that the photoresponse broadening plays a more notable
role in the higher than lower state transition. Moreover, the slope
w
R̄

(
h̄ωpeak − Eg

)
in Eq. (3) shows that quantum dot systems with

stronger confinement effect (larger index w and higher confine-
ment energy h̄ωpeak − Eg) will cause a wider span of energy level
distribution than those with weaker confinement effect under the
same grain size deviation and average grain size. Therefore, broader
linewidth of photocurrent response will be observed in quantum
dot systems with larger size dispersion and/or stronger quantum
confinement effect.

Although spread absorption is very helpful for the improvement
of solar cell efficiency, the expanded energy distribution will sac-
rifice the transport characteristics of the photogenerated carriers.
The tunneling coefficient (TQD) is highly sensitive to the position
of energy states and its alignment between each other in quantum
dot systems. Fig. 3(c) shows the relation of the integrated photocur-
rent intensity with the size deviation of our samples (scatters). It is
clear that there is a tradeoff between the absorption enhancement
and tunneling loss for the integrated photocurrent intensity under
different grain size dispersion.

Finally, we  can further present a theoretical estimation of the
photocurrent intensity Iph =

∫ ∞
Eg

˛TQDd(h̄ω) to gain more insight.

We use the approximation of rectangular wells with correspond-
ing standard deviation DR in size in nc-Si films for the calculation of
the tunneling coefficient TQD via numerical method [18]. The the-
oretical results in Fig. 3(c) (solid curve) can basically predict the
experimental data, demonstrating that the photocurrent intensity
is determined by the photoresponse broadening in small size fluc-
tuation, while the tunneling transport process will overwhelm the
increase of optical absorption under large size dispersion condi-
tion. As a result, we are able to tune the photoresponse through
size distribution control of the Si quantum dots and suitable size
dispersion is desirable for the real application of semi-conductor
nanomaterials in solar cells to balance the absorption enhancement
and tunneling loss.

In summary, we  have presented a strategy to maximize the
photocurrent intensity through size distribution control of Si quan-
tum dots in nc-Si thin films. Raman mapping technique has been
employed to extract the grain size dispersion within the nc-Si
thin films. With the aid of the existence of multiple energy states
identified from the current–voltage measurements, we are able
to decompose the photocurrent spectra, where the photocurrent
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characteristics (peak position, linewidth, and intensity) have been
well explained by the average dot size and grain size deviation
through the quantum confinement effect. Both the enhancement
of light harvest via the photoresponse broadening and tunneling
loss due to the misalignment of energy levels have been observed
in Si quantum dots with increasing size dispersion. In combination
with the theoretical calculation for the integrated photocurrent
intensity, we have demonstrated the possibility to tune the pho-
toresponse through size distribution control of the Si quantum
dots, indicating that suitable size dispersion is desirable for the real
application of semiconductor nanomaterials in solar cells.
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The quantum phase transition between Mott insulator and superfluid is studied in the two-dimensional Jaynes-
Cummings square lattice in which the counter-rotating coupling (CRC) is included. Both the ground state and
the spectra of low-lying excitations are obtained with use of a sophisticated unitary transformation. This CRC is
shown not only to induce a long-range interaction between cavities, favoring the long-range superfluid order, but
also to break the conservation of local polariton number at each site, leading to the absence of the Mott lobes in
the phase diagram, in sharp contrast with the case without the CRC as well as that of the Bose-Hubbard model.
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I. INTRODUCTION

Quantum phase transitions and related phenomena consti-
tute a field of great interest in the physics of strong correlation.
In recent years, the Jaynes-Cummings lattice (JCL) attracts
much attention in this field, partly because it is a very
good model system for studying strongly correlated polariton
physics and partly because it offers potential use of a quantum
simulator for solid-state Hamiltonians, just like the cold-atom
systems.

The JCL model is composed of a lattice of electromagnetic
microcavities, each coupled to a two-level atom [1], and the
intrasite Jaynes-Cummings (JC) coupling [2] is competed with
the intersite photon hopping. A mean-field treatment of the
model reveals a phase transition from Mott insulator to super-
fluid phase [3,4], resembling in large parts the phase diagram
of the Bose-Hubbard model [5] with an eminent feature of
the Mott lobes at the boundary between the insulating phase
and the superfluid one. Both numerical [6–10] and analytical
[3,4,11] methods have been employed to study the phase
diagram as well as the spectra of low-lying excitations beyond
the mean-field approximation and confirmed the existence of
the Mott lobes.

All those theoretical studies, however, have not been
done on the original JC model but under the rotating-wave
approximation (RWA). To be specific, let us write the original
Hamiltonian H for the JCL as

H =
∑

l

(
H RWA

l + H CRC
l − μN

p

l

) − J
∑

〈l,l′〉
b
†
l bl′ , (1)

with b
†
l (bl) the creation (annihilation) operator of cavity mode

at site l with frequency ω, J the hopping strength between
nearest-neighbor cavities l and l′, and μ the chemical potential
associated with N

p

l (=σ+
l σ−

l + b
†
l bl), the polariton number

operator at site l. The term H RWA
l describes the JC model in

the RWA as

H RWA
l = εσ+

l σ−
l + ωb

†
l bl + g(b†l σ

−
l + σ+

l bl), (2)

with σ±
l the Pauli matrices representing the two-level-atom

system characterized by the level difference ε and g the
atom-photon coupling.

The counter-rotating coupling (CRC) term H CRC
l , neglected

so far in the preceding works, is given by

H CRC
l = g(b†l σ

+
l + σ−

l bl). (3)

It is true that this term contributes very little compared to
the coupling terms in H RWA

l in resonance experiments to
detect real transitions, but virtual transitions contribute much
to the formation of the ground state, making the RWA for the
JCL model less reliable, especially for g of the order of ω

and/or ε. Besides, the Mott lobes in the phase diagram may be
considered as a consequence of the conservation of the local
polariton number in the RWA, or [H RWA

l ,N
p

l ] = 0, but the
CRC breaks this conservation, i.e., [H CRC

l ,N
p

l ] �= 0, implying
a radical change of the phase diagram, once the CRC is
included. Moreover, the CRC induces an additional long-range
interaction between cavities, enhancing a long-range ordering
in the JCL model.

In view of this situation, we study the effect of the CRC
on both Mott insulating and superfluid phases with use of a
unitary transformation to eliminate the CRC term in H . We
obtain a ground-state phase diagram as well as the spectra of
low-lying excitations and find that the Mott lobes are actually
absent in the JCL model.

II. UNITARY TRANSFORMATION

In the single-site JC problem, the ground state can be
found rather trivially in the RWA, but it is not the case if
the CRC is included. In order to overcome this difficulty,
we perform a series of unitary transformations on H under
the same guiding principles as described in Ref. [12] to
obtain H ′ = eS2eS1He−S1e−S2 = H ′

0 + H ′
1 + H ′

2, where S1 is
a displacement transformation

S1 = 1√
N

∑

k

∑

l

g

ωk
ξkσ

x
l (b†−k − bk)e−ik·l, (4)

and S2 is a squeezing transformation [13]

S2 = 1

2

∑

k

ln(τk)(bkb−k − b
†
kb

†
−k), (5)
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where bk is the Fourier transform of bl, N is the total number
of cavities, ωk = ω − μ − zJγ (k) (z the coordinate num-
ber), and γ (k) = [cos(kx) + cos(ky)]/2 for a two-dimensional
square lattice. The actual functional forms for the displacement
ξk and the squeezing τk will be given later.

The calculation along these transformations can be done
straightforwardly to the end and the result is

H ′
0 = N

2
� − NV0 + 1

4

∑

k

ωk
{
τ 2

k (b†−k + bk)2

− τ−2
k (b†−k − bk)2 − 2

}

+ 1

2

∑

l

η�σz
l

{

1 + 1

N

∑

k

2g2ξ 2
k

ω2
kτ

2
k

× (b†kb
†
−k + bkb−k − 2b

†
kbk)

}

− 1

N

∑

l,l′
σx

l σ
x
l′
∑

k

{
g2ξk(2 − ξk)

ωk
−V0

}

eik·(l−l′), (6)

H ′
1 = 1√

N

∑

k

∑

l

gτk(1 − ξk)σx
l (b†−k + bk)e−ik·l

− 1√
N

∑

k

∑

l

gη�

ωkτk
ξkiσ

y

l (b†−k − bk)e−ik·l, (7)

H ′
2 = �

2

∑

l

σ z
l

{

cosh(Xl) − η − 1

N

×
∑

k

2ηg2ξ 2
k

ω2
kτ

2
k

(b†kb
†
−k + bkb−k − 2b

†
kbk)

}

− �

2

∑

l

iσ
y

l {sinh(Xl) − ηXl}, (8)

where the parameters � and η are defined as

� = ε − μ and η = exp

(

− 2

N

∑

k

g2ξ 2
k

ω2
kτ

2
k

)

, (9)

respectively, and the operator Xl is introduced as

Xl = 2√
N

∑

k

gξk

ωkτk
e−ik·l (b†−k−bk). (10)

The last term in H ′
0 is an induced long-range Ising-type

interaction between atoms in different cavities, in which V0,
defined as

V0 = 1

N

∑

k

g2

ωk
ξk(2 − ξk), (11)

is subtracted so as to eliminate a constant self-interaction at
the same site.

The terms in proportion to η in H ′
0 and H ′

1 are exactly
canceled by the corresponding ones in H ′

2, but it is very
important to define H ′

2 in the present form of Eq. (8), as we
shall explain in the following: Basically, the “photon-dressing”
parameter η arises from the rearrangement of the operator
exp(Xl) into the form of normal ordering with respect to the

photon operators:

exp(Xl) = η exp

(
2√
N

∑

k

λke
−ik·lb†−k

)

× exp

(

− 2√
N

∑

k

λke
−ik·lbk

)

, (12)

where λk = gξk/ωkτk. Then, it is easy to see that sinh(Xl) −
ηXl in the second term in H ′

2 consists of the products of at
least three photon operators in normal ordering. (Needless to
say, this photon operator is not a bare one, but an effective one
renormalized by the unitary transformations.) On the other
hand, the dominant contribution to the first term in H ′

2 is
proportional to the operator

∑

l

{

cosh(Xl) − η − 2η

N

×
∑

k

λ2
k(b†kb

†
−k + bkb−k − 2b

†
kbk)

}

because σ z
l is well approximated to be −1, a constant

independent of site index l, as we shall see in the linearized
spin-wave approximation. Then, the predominant contribution
originates from the products of at least four photon operators
in normal ordering.

As a result, one can see that the dominant parts of H ′
2 in

the form of Eq. (8) are composed of terms of three, or a higher
number of, photon operators, which enables us to drop H ′

2
hereafter. Note, however, that this neglect of H ′

2 does not mean
that our calculation is valid only up to second order in g; it is
a well-known fact in the physics of polarons and bipolarons
that the strong-coupling effects on the ground and low-lying
excited states can be included to a satisfactory degree up to
infinite order of g in terms of the photon-dressing parameter
η. Therefore, as long as we employ H ′

0 and H ′
1 in the forms

of Eqs. (6) and (7), respectively, with using η in Eq. (9), we
believe that our calculation scheme of neglecting H ′

2 will work
very well even for the strong-coupling region of g.

For the substantiation of our belief, we have assessed
the accuracy of our scheme by checking the single- and
double-site JC model. (Details are given in Appendices A
and B.) In Fig. 1, we have favorably compared our results
for the ground-state energy Eg of the single-site JC model
[Eq. (A6)] with the exact ones obtained numerically by exact
diagonalization of H in Eq. (1) for the single-site case. We
have also obtained satisfactory agreement between our results
for n as the ground-state-average polariton number per site
[Eq. (A10)] with those in the exact calculation. In addition
to such numerical calculations, we have also calculated the
perturbation contribution of H ′

2 to the ground-state properties
for the single-site JC model in Appendix A and have found
that it is less than 2%, even for the resonant and moderately
strong coupling case of ω = ε = g.

Similar comparison is made in Fig. 2 for the double-site JC
model to confirm enough accuracy of our calculation scheme
in the weak-hopping region. It must be noted here that the
level crossover, which is predicted to occur in the RWA and
constitutes an important ingredient for the emergence of the
Mott lobes, is eliminated by the CRC. Concomitantly, the
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FIG. 1. (Color online) Approximate results in our scheme (solid
curves) as well as those in the RWA (double dotted-dashed lines) for
the ground-state energy Eg and the ground-state-average polariton
number per site n are compared with the corresponding exact ones
(dotted-dashed curves) for the single-site JC model at the resonant
condition ε = ω. Energies are in units of ω.

ground-state polariton number changes continuously in both
the exact and our approximate results, in sharp contrast with
the jump in the excitation number found in the RWA.

In order to estimate the degradation of our approximation
scheme with the increase of J , the hopping parameter between
two cavities, we plot the results of both Eg and n as a function
of J/g for the double-site JC model at ε = g = ω. One
can see that, although the RWA always gives poor results, our
approach provides satisfactory results for Eg and reasonably
good estimates for n, even if J is increased by an order of
magnitude from the case in Fig. 2. Thus, we are confident of
the accuracy of our scheme.

III. INSULATING PHASE

The Pauli matrices in H ′ (≈H ′
0 + H ′

1), σ
z,±
l may be

treated by the linearized spin-wave approximation [14] as

FIG. 2. (Color online) Comparison similar to that in Fig. 1 is
made for the double-site JC model at ε = ω and J = 0.05ω (the
weak-hopping case). Energies are in units of ω.

FIG. 3. (Color online) Similar comparison is made as a function
of J/g for the double-site JC model at ε = g = ω. Energies are in
units of ω.

σ z
l = 2a

†
l al − 1, σ+

l = a
†
l , and σ−

l = al with al and a
†
l bosonic

operators. Then, H ′ is approximated as

H ′ ≈HI = 1 − η

2
�N − NV0 + 1

4

∑

k

ωk
(
τ 2

k + τ−2
k − 2

)

+
∑

k

ωkτ
2
k b

†
kbk +

∑

k

η�a
†
kak

−
∑

k

{
g2

ωk
ξk(2 − ξk) − V0

}

(a†
−k + ak)(a†

k + a−k)

+
∑

k

gτk(1 − ξk)(b†−k + bk)(a†
k + a−k)

−
∑

k

gη�

ωkτk
ξk(b†−k − bk)(a†

k − a−k), (13)

where ak is the running-wave operator of al and τk is the
squeezing function, given by

τ 2
k =

√
1 + 4η�g2ξ 2

k

/
ω3

k. (14)

In Eq. (13), we have kept only the quadratic operator terms,
neglecting all cubic and quartic terms so as to focus on the
ground and low-lying excited states.

We further apply a Bogoliubov transformation to HI as

eS3HIe−S3 = EI
g +

∑

k

ωkτ
2
k b

†
kbk +

∑

k

η�ρ2
ka

†
kak

+
∑

k

g̃Ik(b†kak + a
†
kbk), (15)

with

S3 = 1

2

∑

k

ln(ρk)(a†
ka

†
−k − aka−k), (16)

where g̃Ik = 2gτk(1 − ξk)/ρk, with ρk and ξk given by

ρ2
k =

√
1 − 4[g2ξk(2 − ξk)/ωk − V0]/η�, (17)

ξk = ωkτ
2
k /

(
ωkτ

2
k + η�ρ2

k

)
. (18)
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The ground-state energy of the insulating phase is obtained as

EI
g = 1

2
N (1 − 2η)� − NV0

+ 1

4

∑

k

ωk
(
τ 2

k + τ−2
k − 2

) + 1

2
η�

∑

k

ρ2
k. (19)

Note that, because of the choice of ξk and τ 2
k , eS3HIe−S3 is

of the form of rotating-wave coupling between ak and bk,
allowing us to write the ground state of the form of |GI 〉 =
|{a†

kak = 0}〉|{b†kbk = 0}〉.
Diagonalization of HI determines the excitation energies

of two branches E±
I (k) in the insulating phase as

E±
I (k) = 1

2

(
η�ρ2

k + ωkτ
2
k

) ± 1
2

√(
η�ρ2

k − ωkτ
2
k

)2 + 4g̃2
Ik.

(20)

In Fig. 4, the lower branch E−
I (k) is plotted for the resonant

case of ω = ε and �/g = 1.1. In the weak-hopping situation,
there exists a gap at k = 0 in the excitation spectrum, as can
be seen at zJ/g = 0.08, but the gap disappears at zJ/g =
0.088 76, and for zJ/g > 0.088 76, E−

I (0) becomes negative,
indicating that the insulating phase is no longer stable for this
situation, suggesting that the superfluid phase should occur
instead. Thus, the condition for the presence of the stable
insulating phase may be written as

η�ρ2
0ω0τ

2
0 � g̃2

I0 ⇒ 2G0 � η�, (21)

where G0 = 2(g2/ω0 − V0).
This condition can be used to determine the phase boundary

between the insulating and the superfluid phases, and the result
is shown in Fig. 5. For comparison, the Mott lobes predicted
in the RWA are also plotted to show that we have obtained a
totally different phase boundary.

FIG. 4. (Color online) Dispersion relation of the lower-branch
excitation for the two-dimensional JC square lattice at ω = ε and
�/g = 1.1. Energies are in units of ω. The excitation energies are
gapped in both insulating (zJ/g = 0.08) and superfluid (zJ/g =
0.092) phases except for the case of zJ/g = 0.088 76, at which the
phase transition occurs.

FIG. 5. (Color online) Phase diagram in (zJ/g,(μ − ω)/g) space
for the two-dimensional JC square lattice at the resonant condition
ω = ε.

IV. SUPERFLUID PHASE

In the superfluid phase with 2G0 > η�, we introduce a
static displacement of the k = 0 photon mode to transform H ′

0
and H ′

1 as

eRH ′
0e

−R = N�

2
− NV0 + NG0σ

2
0

2

+ 1

4

∑

k

ωk
{
τ 2

k (b†−k+bk)2 − τ−2
k (b†−k−bk)2−2

}

+ 1

N

∑

k

g2ξ 2
k

ω2
kτ

2
k

(b†kb
†
−k + bkb−k − 2b

†
kbk)

×
∑

l

η�σz
l + 1

2

∑

l

η�σz
l −

∑

l

G0σ0σ
x
l

− 1

N

∑

k

(
g2ξk(2−ξk)

ωk
−V0

)

×
∑

i,j

eik·(i−j)(σx
i − σ0)(σx

j − σ0), (22)

eRH ′
1e

−R = 1√
N

∑

k

gτk(1 − ξk)(b†−k + bk)

×
∑

l

e−ik·l(σx
l − σ0

) − 1√
N

∑

k

gη�

ωkτk

× ξk(b†−k − bk)
∑

l

iσ
y

l e−ik·l, (23)

with the operator R defined by

R =
√

Ngσ0(1−ξ0)(b†0−b0)/ω0τ0. (24)

The subscript 0 in Eq. (24) refers to the case of k = 0. Then,
after a rotation of the Pauli matrices at every site l as

H ′′ = U †eR(H ′
0 + H ′

1)e−RU = H ′′
0 + H ′′

1 , (25)

with a unitary matrix U given by

U =
∏

l

(
vσ x

l − uσ z
l

)
, (26)
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where the parameters u and v are, respectively, determined
as u = √

(1 + η�/W )/2 and v = √
(1 − η�/W )/2 with

W =
√

4G2
0σ

2
0 + η2�2 and σ 2

0 = 1 − η2�2/4G2
0, we get the

expressions for H ′′
0 and H ′′

1 as

H ′′
0 = N�

2
− NV0 + NG0σ

2
0

2
+ 1

4

∑

k

ωk
{
τ 2

k (b†−k + bk)2 − τ−2
k (b†−k − bk)2 − 2

}

+ 1

N

∑

k

g2ξ 2
k

ω2
kτ

2
k

(b†kb
†
−k + bkb−k − 2b

†
kbk)

∑

l

η�

(
η�

W
σz

l −σ0σ
x
l

)

+ 1

2

∑

l

Wσz
l

− 1

N

∑

k

{
g2ξk(2 − ξk)

ωk
− V0

} ∑

i,j

eik·(i−j)
{

η�

W
σx

i + σ0
(
σ z

i + 1
)
}{

η�

W
σx

j + σ0
(
σ z

j + 1
)
}

, (27)

H ′′
1 = 1√

N

∑

k

gη�

ωkτk
ξk(b†−k − bk)

∑

l

iσ
y

l e−ik·l − 1√
N

∑

k

gτk(1 − ξk)(b†−k + bk)
∑

l

e−ik·l
{

η�

W
σx

l + σ0
(
σ z

l + 1
)
}

. (28)

The linearized spin-wave approximation, together with the same approximation as used in deriving Eq. (13), is further employed
in H ′′ to reach HS as

H ′′ ≈ HS = 1

2
N (� − W ) − NV0 + NG0σ

2
0

2
+ 1

4

∑

k

ωk
(
τ 2

k + τ−2
k − 2

)

+
∑

k

ωkτ
2
k b

†
kbk +

∑

k

Wa
†
kak −

(
η�

W

)2 ∑

k

{
g2ξk(2 − ξk)

ωk
− V0

}

(a†
−k + ak)(a†

k + a−k)

+
∑

k

gη�

ωkτk
ξk(b†−k − bk)(a†

k − a−k) −
∑

k

gη�

W
τk(1 − ξk)(b†−k + bk)(a†

k + a−k), (29)

where the squeezing function τk is not the same as the one in
the insulating case [Eq. (14)], but is given by

τ 2
k =

√
1 + 4η2�2g2ξ 2

k/Wω3
k. (30)

After a Bogoliubov transformation with use of the generator
S4, defined by

S4 = 1

2

∑

k

ln(θk)(a†
ka

†
−k − aka−k), (31)

we finally obtain the expression for the Hamiltonian as

eS4HSe−S4 = ES
g +

∑

k

ωkτ
2
k b

†
kbk +

∑

k

Wθ2
ka

†
kak

−
∑

k

g̃Sk(b†kak + a
†
kbk), (32)

where g̃Sk = 2gη�τk(1 − ξk)/Wθk with θk and ξk given by

θ2(k) =
√

1 − 4η2�2[g2ξk(2 − ξk)/ωk − V0]/W 3, (33)

ξk = ωkτ
2
k

/(
ωkτ

2
k + Wθ2

k

)
. (34)

Note that the displacement function ξk in Eq. (34) is different
from the one in the insulating case [Eq. (18)].

By referring to the fact that the structure of the coupling
between ak and bk in eS4HSe−S4 is the same as that in
the rotating-wave coupling, we can immediately write the

ground state of eS4HSe−S4 in the form of |GS〉 = |{a†
kak =

0}〉|{b†kbk = 0}〉 with the corresponding ground-state energy
of the superfluid phase as

ES
g = 1

2
N

(
� − 2W − 2V0 + G0σ

2
0

)

+ 1

4

∑

k

ωk
(
τ 2

k + τ−2
k − 2

) + 1

2

∑

k

Wθ2
k . (35)

Two branches of excitations in the superfluid phase E±
S (k)

are obtained by diagonalization of eS4HSe−S4 as

E±
S (k) = 1

2

(
Wθ2

k + ωkτ
2
k

) ± 1

2

√(
Wθ2

k − ωkτ
2
k

)2 + 4g̃2
Sk.

(36)

Obviously, the following condition must be satisfied for E−
S (k)

to be a stable excitation mode:

Wθ2
0 ω0τ

2
0 � g̃2

S0 ⇒ 2G0 � η�. (37)

This condition is exactly the complementation of the condition
(21). At the transition point, E−

S (k) is the same as E−
I (k)

(see Fig. 4). But, for zJ/g = 0.092 (>0.088 76), E−
S (k) has a

positive gap as shown in Fig. 4.
The gap in the lower-branch excitation spectrum and the

order parameter estimated by 〈GH |bl|GH 〉 are shown in Fig. 6
as a function of the hopping parameter zJ/g, where |GH 〉
denotes the ground state of the original Hamiltonian H . This
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FIG. 6. (Color online) Gap and order parameter as a function of
the hopping for the two-dimensional JC square lattice at ω = ε and
�/g = 1.1. Energies are in units of ω.

order parameter

〈GH |bl|GH 〉 = 〈GS |eS4U †eReS2eS1ble
−S1e−S2e−RUe−S4 |GS〉

= gσ0

ω0
(38)

is calculated as the ground-state average of the photonic
annihilation operator, and the result is given as gσ0/ω0. One
can see that the gap vanishes at the transition point, and the
order parameter grows up from zero for zJ/g � 0.088 76,
indicating a second-order phase transition.

Finally, we add a comment on the gapped excitations
from the viewpoint of the Goldstone theorem: For the JC
lattice in the RWA, the polariton number

∑
l(σ

+
l σ−

l + b
†
l bl)

is conserved, which is similar to the conservation of the total
boson number in the Bose-Hubbard model. In the superfluid
phase, the emergence of the order parameter 〈GH |bl|GH 〉 �= 0
breaks the number conservation in both models, leading to the
Goldstone theorem according to which the gapless bosons
should appear to restore the symmetry. When the CRC is
included in the JC lattice as in the present case, however, the
number conservation is broken from the outset; in this case, we
have only the parity conservation with parity operator defined
by exp[iπ

∑
l(σ

+
l σ−

l + b
†
l bl)], which is a discrete symmetry.

Thus, the Goldstone theorem does not apply to our case.

V. CONCLUSION

In summary, we have studied the ground state and the
spectra of low-lying excitations of a two-dimensional JC
square lattice in both the insulating and the superfluid phases
and have shown that, as a result of the competition between
the intrasite JC coupling and the intersite photon hopping, a
quantum phase transition between the Mott insulator and the
long-range superfluid may occur at some critical parameters.
The counter-rotating coupling induces a long-range interaction
between cavities, which favors the long-range superfluid order-
ing. The coupling breaks the local conservation of the polariton
number, leading to a totally different phase diagram from that
in the Bose-Hubbard model. More specifically, the Mott lobes,

which are a conspicuous feature in the phase diagram in the
Bose-Hubbard model, are totally absent in the JCL.

ACKNOWLEDGMENTS

This work was supported by the National Basic Research
Program of China (Grant No. 2011CB922202) and the
National Natural Science Foundation of China (Grant No.
10734020). This work was also supported by a Grant-in-Aid
for Scientific Research (C) (Grant No. 21540353) as well
as Innovative Area “Materials Design through Computics:
Complex Correlation and Non-Equilibrium Dynamics” (Grant
No. 22104011) from MEXT, Japan.

APPENDIX A: SINGLE-SITE JC MODEL

After the first two unitary transformations with the use of
S1 and S2, the transformed Hamiltonian H ′ for the single-site
JC model may be written as the sum of three terms H ′

0, H ′
1,

and H ′
2, each of which is given as follows:

H ′
0 = 1

2
ε + 1

2
ηεσ z − g2

ω
ξ (2 − ξ )

+ 1

4
ω{τ 2(b† + b)2 − τ−2(b† − b)2 − 2}

− 1

4
ηελ2(b†b† + bb − 2b†b) − 1

2
ηε(σ z + 1)λ2b†b,

(A1)

H ′
1 = gτ (1 − ξ )σx(b† + b) − gηε

ωτ
ξiσ y(b† − b), (A2)

H ′
2 = −ε

2

{

cosh[λ(b† − b)] − η − η
λ2

2
(b†b† + bb − 2b†b)

}

− ε

2
iσ y{sinh[λ(b† − b)] − ηλ(b† − b)}

+ ε

2
(σ z + 1){cosh[λ(b† − b)] − η + ηλ2b†b}, (A3)

where λ = 2gξ/ωτ and η is the photon dressing of the
level difference, given by εη = exp(−λ2/2). At this point,
no approximation is made and all terms in H ′ are retained,
although some rearrangements among them are made.

By choosing the squeezing parameter τ as

τ 2 =
√

1 + 4ηεg2ξ 2/ω3, (A4)

we may diagonalize H ′
0 into the following form:

H ′
0 = Eg + 1

2ηε(1 + σ z) + 1
2ω(1 − σ z)τ 2b†b

+ 1
2ω(1 + σ z)τ−2b†b, (A5)

where the constant energy Eg is defined as

Eg = 1

2
ε(1 − η) − g2

ω
ξ (2 − ξ ) + 1

4
ω(τ 2 + τ−2 − 2). (A6)

Similarly, by choosing the displacement parameter ξ as

ξ = ωτ 2

ωτ 2 + ηε
, (A7)

we may eliminate the CR terms in H ′
1, leading to the expression

for H ′
1 as

H ′
1 = ηελ(b†σ− + σ+b), (A8)

in which only the RW terms are present.
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An eigenstate of H ′
0 in Eq. (A5) is described in a form of

the direct product |±〉|i〉, where |±〉 is the eigenstate of σz:
|+〉 = ( 1

0 ) or |−〉 = ( 0
1 ), and |i〉 is the photonic number state

with i phonons. Then, it is easy to check that the ground state of
H ′

0 + H ′
1 is described by |G1〉 = |−〉|0〉 with the ground-state

energy Eg in Eq. (A6), namely,

(H ′
0 + H ′

1)|G1〉 = Eg|G1〉. (A9)

With this state |G1〉, the ground-state-average polariton num-
ber n is given by

n = 〈G1|eS2eS1 (σ+σ− + b†b)e−S1e−S2 |G1〉
= 1 − η + 1

4
(τ 2 + τ−2 − 2) + g2

ω2
ξ 2. (A10)

The results in Eqs. (A6) and (A10) are used in plotting Fig. 1.
Let us examine the effects of H ′

2 on this state |G1〉. The
photon operators in H ′

2 may be expanded as

cosh[λ(b† − b)] − η − η
λ2

2
(b†b† + bb − 2b†b)

= 1

2
η[exp(λb†) exp(−λb) + exp(−λb†) exp(λb)

−2 − λ2(b†b† + bb − 2b†b)] = O(λ4), (A11)

sinh[λ(b† − b)] − ηλ(b† − b)

= 1

2
η[exp(λb†) exp(−λb) − exp(−λb†) exp(λb)

− 2λ(b† − b)] = O(λ3). (A12)

Here, all photon operators are arranged in normal order-
ing and the renormalization factor η arises from the re-
lation exp[λ(b† − b)] = η exp(λb†) exp(−λb). The results in
Eqs. (A11) and (A12) indicate that all zeroth-, first-, and
second-order terms of λ are removed from H ′

2 and, instead,
they are put into H ′

0 and H ′
1. Thus, the effects of H ′

2 on the
ground-state energy appear through multiphoton nondiagonal
virtual transitions from |G1〉.

With this recognition, the correction to Eg due to H ′
2 may

be estimated by perturbation theory with the formula �Eg =∑
m |〈m|H ′

2|G1〉|2/(Eg − Em), where |m〉 is an excited state
of H ′

0 with energy Em. Concretely, the correction from the first
term in H ′

2 is given by [see Eq. (A11)]

C1 = − η2ε2

4ωτ 2

∞∑

j=2

(λ2)2j

2j (2j )!

= − η2ε2

4ωτ 2

[ ∫ λ2

0

cosh(x) − 1

x
dx − λ4

4

]

. (A13)

Similarly, the correction from the second term in H ′
2 is less

than the quantity C2, given by [see Eq. (A12)]

C2 = − η2ε2

4ωτ−2

∞∑

j=1

(λ2)2j+1

(2j + 1)(2j + 1)!

= − η2ε2

4ωτ−2

[ ∫ λ2

0

sinh(x)

x
dx − λ2

]

. (A14)

We have estimated the values of C1 and C2 for the resonant
case with moderately strong coupling (ω = ε = g = 1) to find
that Eg(exact) = −1.1479 (numerical exact diagonalization),
Eg(our scheme) = −1.1330 [Eq. (A6)], C1 = −0.0027, and
C2 = −0.0183, implying that the perturbation correction from
H ′

2 is less than 2%. Thus, we believe that for calculating
the ground-state properties, the contribution from H ′

2 may be
safely dropped.

APPENDIX B: DOUBLE-SITE JC MODEL

Calculations for the double-site JC model can be done by
extending those for the single-site JC model. A complication
arises from the existence of two kinds of photons: in-phase
photon with k = 0,ω0 = ω − J and antiphase photon with k =
π,ωπ = ω + J . After the first two transformations with the use
of S1 and S2, the transformed Hamiltonian H ′ containing all
terms may be written as the sum of three terms H ′

0, H ′
1, and

H ′
2, each of which is given as follows:

H ′
0 = ε − g2

ω0
ξ0(2 − ξ0) − g2

ωπ

ξπ (2 − ξπ ) + 1

2
ηε

(
σ z

1 + σ z
2

) − V σx
1 σx

2 + ω0

4

{
τ 2

0 (b†0 + b0)2 − τ−2
0 (b†0 − b0)2 − 2

}

+ ωπ

4

{
τ 2
π (b†π + bπ )2 − τ−2

π (b†π − bπ )2 − 2
} + 1

2
ηε

(
σ z

1 + σ z
2

){
λ2

0(b†0b
†
0 + b0b0 − 2b

†
0b0) + λ2

π (b†πb†π + bπbπ − 2b†πbπ )
}
,

(B1)

H ′
1 = g√

2
τ0(1 − ξ0)(b†0 + b0)

(
σx

1 + σx
2

) − ηε√
2
λ0(b†0 − b0)

(
iσ

y

1 + iσ
y

2

)

+ g√
2
τπ (1 − ξπ )(b†π + bπ )

(
σx

1 − σx
2

) − ηε√
2
λπ (b†π − bπ )

(
iσ

y

1 − iσ
y

2

)
, (B2)

H ′
2 = −ε

2

2∑

l=1

iσ
y

l [sinh(Xl) − ηXl] (B3)

+ε

2

2∑

l=1

σ z
l

{
cosh(Xl) − η − ηλ2

0(b†0b
†
0 + b0b0 − 2b

†
0b0) − ηλ2

π (b†πb†π + bπbπ − 2b†πbπ )
}
, (B4)
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where the operator Xl and the parameter V are, respectively,
introduced as

Xl =
√

2λ0(b†0 − b0) −
√

2(−1)lλπ (b†π − bπ ), (B5)

V = g2

ω0
ξ0(2 − ξ0) − g2

ωπ

ξπ (2 − ξπ ), (B6)

with λ0 = gξ0/ω0τ0, λπ = gξπ/ωπτπ , and η =
exp(−λ2

0 − λ2
π ).

The ground state of H ′
0, |G2〉 is represented by the sum of

two direct products:

|G2〉 = (u| − ,−〉 + v| + ,+〉)|00,0π 〉, (B7)

where | − ,−〉 is the state for both spins in the “−” state,
|00,0π 〉 is the vacuum state for both in-phase and antiphase
photons, the squeezing parameters τ0 and τπ are given by

τ 2
0 =

√

1 + 4η2ε2g2ξ 2
0

Yω3
0

, τ 2
π =

√

1 + 4η2ε2g2ξ 2
π

Yω3
π

, (B8)

and the parameters u and v are given as u =√
(1 + ηε/Y )/2 and v = √

(1 − ηε/Y )/2, respectively, with
Y =

√
η2ε2 + V 2.

The corresponding ground-state energy Eg is obtained as

Eg = ε −
√

η2ε2 + V 2 − g2

ω0
ξ0(2 − ξ0) − g2

ωπ

ξπ (2 − ξπ )

+ 1

4
ω0

(
τ 2

0 + τ−2
0 − 2

) + 1

4
ωπ

(
τ 2
π + τ−2

π − 2
)
. (B9)

By choosing the displacement parameters ξ0 and ξπ as

ξ0 = ω0τ
2
0

ω0τ
2
0 + Y − V

, ξπ = ωπτ 2
π

ωπτ 2
π + Y + V

, (B10)

we can eliminate the CR terms in H ′
1 to give H ′

1|G2〉 = 0.
Finally, the ground-state-average polariton number per site n

for the two-site JC model is calculated as

2n = 〈G2|eS2eS1
∑

l=1,2

(σ+
l σ−

l + b
†
l bl)e

−S1e−S2 |G2〉

= 1 − η2ε/Y +
∑

k=0,π

(
τ 2
k + τ−2

k − 2
)
/4

+
∑

k=0,π

g2ξ 2
k /ω2

k + g2V
(
ξ 2

0 /ω2
0 − ξ 2

π/ω2
π

)
/Y. (B11)

The results in Eqs. (B9) and (B11) are used in plotting Figs. 2
and 3 .
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Entanglement evolution and quantum phase transition of biased s = 1/2 spin-boson model
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The ground state and the spectral structure of lower-lying excited states of a dissipative two-level system
coupled to a sub-Ohmic bath (s = 1/2) with nonzero bias have been studied using the unitary transformation
method. By calculating the ground-state entanglement entropy, the ground-state average of 〈σz〉G, and the static
susceptibility of the two-level system, we explore the nature of the transition (crossover) between the delocalized
and localized state of the two-level system. Furthermore, we calculate the time-dependent expectation 〈σz(t)〉 and
the time evolution of the entanglement entropy to show that, when the system undergoes a transition (crossover)
from the delocalized to the localized state, the time evolution of the two-level system changes from coherent to
decoherent dynamics.

DOI: 10.1103/PhysRevE.84.011114 PACS number(s): 05.30.−d, 05.40.−a

I. INTRODUCTION

The physics of a quantum two-level system coupled to a
dissipative bosonic environment [spin-boson model (SBM)]
has attracted considerable attention in recent years because
it provides a universal model for numerous physical and
chemical processes [1,2]. The Hamiltonian of the SBM reads
(throughout this paper, we set h̄ = 1)

H = −1

2
�σx + 1

2
εσz +

∑

k

ωkb
†
kbk + 1

2

∑

k

gk(b†k + bk)σz,

(1)

where b
†
k (bk) is the creation (annihilation) operator of the

boson mode with frequency ωk , σx and σz are Pauli matrices
to describe the two-level system, ε is the bias, � is the
bare tunneling, and gk is the coupling between spin and
environment.

The main theoretical interest in the SBM is to understand
how the environment influences the ground state and dynamics
of the two-level system and, in particular, how the dissipation
effect of the environment destroys quantum coherence. The
dynamic properties of the SBM, usually described by the time-
dependent expectation 〈σz(t)〉 = TrS{TrB[ρSB(t)σz]} [ρSB(t)
is the density operator for Hamiltonian H and the subscript
“SB” indicates that it is for the coupled two-level system
and bath], have been studied extensively [1–4]. In this paper,
instead of 〈σz(t)〉, we consider a quantitative description of the
entanglement of the two-level system with the environment
and its dynamic evolution, which may be measured by the von
Neumann entropy or the entanglement entropy [5–8],

E(t) = −TrS[ρS(t) log2 ρS(t)]

= −p+(t) log2 p+(t) − p−(t) log2 p−(t), (2)

p±(t) = 1
2 [1 ± √〈σx(t)〉2 + 〈σy(t)〉2 + 〈σz(t)〉2], (3)

where the subscript “S” of ρS(t) means it is the reduced density
operator for the two-level system. The dynamic evolution
of E(t) is from the initial value E(0) = 0 (no entanglement
between system and environment because of the initial
preparation [4]) at t = 0 to the t → ∞ limit E(∞) = E(G),

where the coupled system and environment are in the ground
state (G) of H .

The effect of the bosonic environment is charac-
terized by a spectral density J (ω) = ∑

k g2
k δ(ω − ωk) =

2αωsω1−s
c θ (ωc − ω) with the dimensionless coupling strength

α and the hard upper cutoff ωc [θ (ωc − ω) is the usual step
function]. The index s accounts for various physical situations:
s = 1 is the Ohmic bath [1–4,7] but s < 1 stands for the
sub-Ohmic bath [1,2,8–11]. As was pointed out by Ref. [8],
the case s = 1/2 is of particular interest because it may be
realized by a charge qubit subject to the electromagnetic
noise of an RLC transmission line. Another motivation is
that, recently, conflicting results have been reported about the
critical behavior of the SBM with a sub-Ohmic bath [12].

In the past few years, the numerical renormalization group
(NRG) method [8,13–16] and the quantum Monte Carlo
method [12] have been used for the sub-Ohmic SBM, and
their main focus is to study the properties of the delocalized-
localized quantum phase transition. Moreover, based on the
noninteracting blip approximation [1], there are claims that the
two-level system might be always localized in the sub-Ohmic
case for zero temperature, thus there should be no coherent
dynamics for the sub-Ohmic bath. Kehrein and Mielke [9]
studied the unbiased (ε = 0) sub-Ohmic SBM to show that
a finite delocalized-localized transition point exists for all
0 < s � 1. In our previous work [17], we studied the biased
(ε �= 0) sub-Ohmic SBM and focused on how the sub-Ohmic
bath influences the dynamics of the two-level system and
destroys the quantum coherence. But the renormalization
effect of the dissipative interaction (the coupling α) on the
effective bias was not taken into account in [17].

As SBM is a quantum many-body system. To study its
physical properties, one must first find its correct ground
state, which should be an entangled many-body state. Then,
the spectral structure of the lower-lying excited states over the
ground state may be obtained and it determines the static and
dynamic properties of the coupled system and environment. In
this work, the analytic approach of Refs. [17–19] is extended
to calculate the static and dynamic properties of the SBM
with sub-Ohmic bath s = 1/2 and finite bias ε �= 0 since
this case may be realized in experiment [8]. A new ground
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state of the SBM, which is different from that of Ref. [17],
is derived and the ground-state energy and entanglement
entropy are calculated. By comparison with the results of
previous papers, we will show that this ground state is quite
close to the real ground state. Because both the ground state
and the spectral structure of the lower-lying excited states
are obtained through our analytic approach, we can calculate
the static susceptibility and the time evolution of entanglement.
Our results will show that for the s = 1/2 sub-Ohmic bath, a
nonzero bias plays an important role in determining the static
properties and quantum dynamics of the SBM.

II. ENTANGLEMENT IN THE GROUND STATE

To find the ground state of the correlated system of spin
and bosons, we present a treatment based on the unitary
transformation approach [17,19,20]: H ′ = exp(S)H exp(−S),
with the generator

S =
∑

k

gk

2ωk

(b†k − bk)[ξkσz + (1 − ξk)σ0]. (4)

Here we introduce in S a constant σ0 and a k-dependent func-
tion ξk; their form will be determined later. The transformation
can be done to the end and the result is

H ′ = H ′
0 + H ′

1 + H ′
2, (5)

H ′
0 = −1

2
η�σx + 1

2

[

ε −
∑

k

g2
k

ωk

σ0(1 − ξk)2

]

σz

+
∑

k

ωkb
†
kbk −

∑

k

g2
k

4ωk

ξk(2 − ξk)

+
∑

k

g2
k

4ωk

σ 2
0 (1 − ξk)2, (6)

H ′
1 = 1

2

∑

k

gk(1 − ξk)(b†k + bk)(σz − σ0)

− 1

2
η�iσy

∑

k

gk

ωk

ξk(b†k − bk), (7)

H ′
2 = −1

2
�σx

(

cosh

{
∑

k

gk

ωk

ξk(b†k − bk)

}

− η

)

−1

2
�iσy

(

sinh

{
∑

k

gk

ωk

ξk(b†k − bk)

}

− η
∑

k

gk

ωk

ξk(b†k − bk)

)

, (8)

where

η = 〈{0k}| cosh

{
∑

k

gk

ωk

ξk(b†k − bk)

}

|{0k}〉

= exp

[

−
∑

k

g2
k

2ω2
k

ξ 2
k

]

(9)

is an average over the vacuum state of the bath |{0k}〉. Note
that in Ref. [17], the second term in H ′

0 is 1
2εσz and the fifth

term is −∑
k

g2
k

4ωk
σ 2

0 (1 − ξk)2, but there is an extra term in

H ′
2: −∑

k

g2
k

2ωk
σ0(1 − ξk)2(σz − σ0). This difference leads to a

different ground state and different physical properties from
those of Ref. [17]. We show the difference below.

Obviously, in H ′
0 the spin and bosons are decoupled and its

spin part can be diagonalized by a unitary matrix U ,

U =
(

u v

v −u

)

, (10)

u = 1√
2

(

1 − ε′

W

)1/2

, v = 1√
2

(

1 + ε′

W

)1/2

, (11)

where W = [ε′2 + η2�2]1/2 and ε′ = ε − ∑
k

g2
k

ωk
σ0(1 − ξk)2

is the effective bias renormalized by the dissipative interaction
α. The diagonalized H ′

0 is

H̃0 = U †H ′
0U = −1

2
Wσz +

∑

k

ωkb
†
kbk

−
∑

k

g2
k

4ωk

ξk(2 − ξk) +
∑

k

g2
k

4ωk

σ 2
0 (1 − ξk)2. (12)

The first-order term H ′
1 is transformed by the unitary matrix

as follows:

H̃1 = U †H ′
1U

= −1

2

∑

k

gk(1 − ξk)(b†k + bk)

[
ε′

W
σz + σ0

]

+ η�

2W
σx

∑

k

gk(1 − ξk)(b†k + bk)

+ 1

2
η�iσy

∑

k

gk

ωk

ξk(b†k − bk). (13)

H ′
2 is transformed as H̃2 = U †H ′

2U and the total Hamiltonian
after transformation is H̃ = H̃0 + H̃1 + H̃2. Up to now,
the transformation has been done exactly and there is no
approximation.

The eigenstate of H̃0 is a direct product: |s〉|{nk}〉, where

|s〉 is the eigenstate of σz: |s1〉 = ( 1
0 ) or |s2〉 = ( 0

1 ), and |{nk}〉
is the eigenstate of bosons with nk phonons for mode k. In
particular, |{0k}〉 is the vacuum state in which nk = 0 for every
k. It is easy to check that the ground state of H̃0 is

|G̃〉 = |s1〉|{0k}〉. (14)

To make |G̃〉 be the ground state of H̃0 + H̃1, σ0 and ξk should
be determined in such a way that

σ0 = − ε′

W
, (15)

ξk = ωk

ωk + W
, (16)

so that

H̃1 = 1

2

∑

k

gk(1 − ξk)(b†k + bk)
ε′

W
[1 − σz]

+ 1

2
η�

∑

k

gk

ωk

ξk[b†k(σx + iσy) + bk(σx − iσy)]
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= 1

2
(1 − σz)

∑

k

Qk(b†k + bk)

+ 1

2

∑

k

Vk[b†k(σx + iσy) + bk(σx − iσy)], (17)

where Qk = λkε
′, Vk = λkη�, and λk = gk/(ωk + W ). Thus,

H̃1|G̃〉 = 0 and |G̃〉 is the ground state of H̃0 + H̃1,
(H̃0 + H̃1)|G̃〉 = Eg|G̃〉, with the ground-state energy

Eg = −1

2
W −

∑

k

g2
k

4ωk

ξk(2 − ξk) +
∑

k

g2
k

4ωk

σ 2
0 (1 − ξk)2.

(18)

It can be checked that Eqs. (15) and (16) can be derived from
the following minimum conditions for Eg:

∂Eg

∂σ0
= 0 and

∂Eg

∂ξk

= 0. (19)

Figure 1 shows our calculated Eg as a function of � for
s = 1/2, α = 0.1, and ε/ωc = 0.01. For comparison, we also
show the difference between Eg of this work and those of
Refs. [17] and [21]: δEg = E[17]

g − Eg and δEg = E[21]
g − Eg .

Obviously, Eg of this work is lower than previous ones, which
is an indication that the ground state of this work is much
closer to the real ground state.

In this work, the main approximation is to approximate the
transformed Hamiltonian as H̃ ≈ H̃0 + H̃1 with the ground
state |G̃〉 Eq. (14) and its energy Eg Eq. (18). The reason
this approximation is justified is that, since 〈G̃|H̃2|G̃〉 = 0
(because of the definition for η Eq. (9)), the terms in H̃2

are related to the multiboson nondiagonal transitions (like
bkbk′ and b

†
kb

†
k′). The contributions of these nondiagonal terms

to the ground-state energy are O(g2
kg

2
k′) and higher. For the

zero-temperature case, the contribution from these multiboson
nondiagonal transition may be dropped safely.

As |G̃〉 is the approximate ground state of H̃ , the approxi-
mate ground state for the original Hamiltonian H is |G〉 =
e−SU |G̃〉 with the same ground-state energy Eg . Besides,

FIG. 1. (Color online) Eg of this work as a function of �

for s = 1/2, α = 0.1, and ε/ωc = 0.01 (solid line, right scale).
For comparison, we also show the difference between Eg of this
work and those of [17] (dashed-dotted line) and [21] (dashed line):
δEg = E[17]

g − Eg and δEg = E[21]
g − Eg .

the ground-state averages 〈σx〉G = 〈G|σx |G〉 and 〈σz〉G =
〈G|σz|G〉 can be calculated by the following differentials of
the ground-state energy:

〈σx〉G = −2∂Eg

∂�
and 〈σz〉G = 2∂Eg

∂ε
. (20)

The differentials in (20) can be done easily with the results

〈σx〉G = η2�/W and 〈σz〉G = −ε′/W. (21)

According to Eqs. (2) and (3), the ground-state entanglement
entropy is

E(G) = −p+(G) log2 p+(G) − p−(G) log2 p−(G), (22)

p±(G) = 1
2 [1 ±

√
〈σx〉2

G + 〈σz〉2
G], (23)

since 〈σy〉G = 0 as H is invariant under σy → −σy . First,
we check the entanglement in some limiting cases. When
α = 0, there is no coupling between the two-level system and
environment, and we have η = 1, ε′ = ε, W = √

�2 + ε2,
and E(G,α = 0) = 0. When � = 0 but ε is finite, there is no
quantum tunneling in the original Hamiltonian (1), and we
have 〈σx〉G = 0, 〈σz〉G = −1, and E(G,� = 0) = 0. When
� = ε = 0, Eqs. (22) and (23) lead to E(G) = 1, which is
not correct [this comes from the fact that Hamiltonian (1) is
undetermined when � = ε = 0]. In the following numerical
calculations for entanglement entropy, we will keep a finite
value for ε, even if it may be very small.

Figure 2 shows our calculated E(G) as a function of � for
the same case as that of Fig. 1. For comparison, the results of
the NRG [8] and of Refs. [17] and [21] are also shown. It is
obvious that the curve of this work is quite close to that of the
NRG [8], but those of Refs. [17,21] are not. Figure 3 shows our
calculated E(G) as functions of � for s = 1/2, α = 0.1, and
several values of ε. For comparison, the results of the NRG are
also shown. The corresponding curves are quantitatively quite
close, especially the curves for very small ε/ωc = 10−5, which
are of the same cusp structure at the maximum of entanglement

FIG. 2. (Color online) E(G) of this work as a function of � for
the same case as that of Fig. 1. For comparison, the results of the
NRG [8] (circle), of [17] (dashed-dotted line), and of [21] (dashed
line) are also shown.
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FIG. 3. (Color online) E(G) of this work (lines) as functions of
� for s = 1/2, α = 0.1, and several values of ε. For comparison, the
results of the NRG (symbols) are also shown.

entropy. These comparisons of our calculated E(G) with the
result of the NRG [8] are evidence that our ground state is
quite close to the real ground state.

In Fig. 4, we show E(G) as functions of α for s = 1/2,
�/ωc = 0.1, and several values of ε. Note that there is also
a cusp structure at the maximum of entanglement entropy for
very small ε/ωc = 10−5, but for larger ε there is a smooth
maximum. We note that the cusp on the curve of ε/ωc = 10−5

is at α = 0.0855.
LeHur et al. [8] claimed that the cusp (maximum) in the

entanglement entropy versus the � (α) relation is an indication
of a second-order quantum phase transition separating a
delocalized and a localized phase for the spin. The nature of
this phase transition may be shown by calculating 〈σz〉G and
〈σx〉G separately; see Fig. 5. For very small bias (ε/ωc = 10−5

in Fig. 5), there is a transition at around α = αc = 0.0855 (the
same place as that of the cusp in Fig. 4): 〈σz〉G is nearly zero

FIG. 4. (Color online) E(G) as functions of α for s = 1/2,
�/ωc = 0.1, and several values of ε. The cusp on the curve of
ε/ωc = 10−5 is at α = 0.0855.

FIG. 5. (Color online) 〈σx〉G and 〈σz〉G as functions of α for
ε/ωc = 10−2 and 10−5.

for α < αc and there is a kink at around αc; for larger α > αc,
〈σz〉G decreases quickly to 〈σz〉G → −1 (solid line in Fig. 5).
In addition, 〈σx〉G decreases smoothly (dashed-double-dotted
line in Fig. 5) with a small change of its slope at around
α = αc = 0.0855. For larger bias (ε/ωc = 10−2 in Fig. 5),
the transition is smoothed out and there is a crossover of
the value of 〈σz〉G from close to zero to −1 (dashed line in
Fig. 5).

The transition at α ≈ αc in Fig. 5 from 〈σz〉G ≈ 0 to
〈σz〉G → −1 comes from the renormalization of the effective
bias,

ε′ = ε

/ [

1 −
∑

k

g2
k

ωkW
(1 − ξk)2

]

, (24)

where Eq. (15) is used. One can see from this equation that
the effective bias ε′ > ε for finite coupling α and in our
calculations ε′ is determined self-consistently. The nature of
this transition will be discussed further in the next section.

III. SUSCEPTIBILITY AND DELOCALIZED-LOCALIZED
TRANSITION

In the preceding section, the ground-state averages of
operators were calculated where the first order H̃1 does
nothing because H̃1|G̃〉 = 0. In this section, we calculate
the time correlation function in the ground state and its
Fourier transformation, the susceptibility, where H̃1 should
play important roles. In Ref. [17], we derived the expressions
for the time correlation function and the imaginary part of the
susceptibility,

χ ′′(ω) =
∫ ∞

−∞
dt exp(iωt)

× 1

2
〈G|[eiHtσze

−iH tσz − σze
iHtσze

−iH t ]|G〉

= (η�)2

W 2

{
�(ω)θ (ω)

[ω − W − �(ω)]2 + �2(ω)

− �(−ω)θ (−ω)

[ω + W + �(−ω)]2 + �2(−ω)

}

, (25)
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where

�(ω) = γ (ω) + ε2

η2�2
γ (ω − W ), (26)

�(ω) = R(ω) + ε2

η2�2
R(ω − W ). (27)

Here R(ω) and γ (ω) are contributions from the first order H̃1,
which are real and imaginary parts of

∑
k V 2

k /(ω − i0+ − ωk)
[note that Vk is the coefficient in H̃1, Eq. (17)],

R(ω) = (η�)2
∑

k

λ2
k

(ω − ωk)

= (η�)2
∫ ∞

0
dω

′ J (ω
′
)

(ω − ω
′)(ω′ + W )2

, (28)

γ (ω) = π (η�)2
∑

k

λ2
kδ (ω − ωk) = πJ (ω)(η�)2

(ω + W )2
. (29)

J (ω) = 2α
√

ωωcθ (ωc − ω) is the spectral density for the s =
1/2 bath.

The static susceptibility χ ′(ω = 0) can be obtained by the
following integral:

χ ′(ω = 0) = 2

π

∫ ∞

0

χ ′′(ω)

ω
dω. (30)

Figure 6 shows the static susceptibility χ ′(0) as functions of
� for s = 1/2, α = 0.1, and several values of ε. One can
see that there is a sharp peak of the curve for very small
ε/ωc = 10−5, and the peak position (around �/ωc ≈ 0.133)
is at the same place as the cusp maximum of the E(G) versus
� relation in Fig. 3. Figure 7 shows χ ′(0) as functions of α for
s = 1/2, �/ωc = 0.1, and several values of ε. A sharp peak
of the curve exists for very small ε/ωc = 10−5, and the peak
position (around α ≈ 0.0855) is at the same place as both the
cusp maximum of the E(G) versus α relation in Fig. 4 and the
transition point αc = 0.0855 in Fig. 5.

The sharp peak on the curves for ε/ωc = 10−5 in Figs. 6
and 7 is an indication that there is a transition of the state

FIG. 6. (Color online) χ ′(0) as functions of � for s = 1/2, α =
0.1, and several values of ε.

FIG. 7. (Color online) χ ′(0) as functions of α for s = 1/2,
�/ωc = 0.1, and several values of ε.

of the coupled two-level system and environment at �/ωc ≈
0.133 when α = 0.1 or at α ≈ 0.0855 when �/ωc = 0.1. As
is shown in Figs. 5 and 7, the transition is very similar to the
appearance of the Anderson localized magnetic moment in the
famous Anderson model [22] when the Coulomb repulsion
on the impurity site is larger than some critical value. The
static susceptibility of the Anderson model is divergent at the
critical point. Figure 8 is a “phase diagram” of the different
regimes in the s = 1/2 SBM when the finite bias is very small,
ε/ωc = 10−5. The solid line separates the localized from the
delocalized state. A similar “phase diagram” was presented in
Ref. [6] by a qualitative discussion.

For larger ε, the peaks of susceptibility in Figs. 6 and 7
become smoother and smoother (note the logarithmic scale of
the vertical axis), which indicates that for larger ε there may
not be a sharp transition but rather a crossover between the
delocalized and localized state.

In our approach, the main approximation we made is the
omission of H̃2. Hence, the validity of our approach should be

FIG. 8. “Phase diagram” of the different regimes in the s = 1/2
SBM when the finite bias is very small, ε/ωc = 10−5. The solid line
separates the delocalized from the localized regime.
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CHUNJIAN ZHAO, ZHIGUO LÜ, AND HANG ZHENG PHYSICAL REVIEW E 84, 011114 (2011)

checked, and one way to justify our approach is with Shiba’s
relation [3,23,24],

lim
ω→0

χ ′′(ω)

J (ω)
= π

4
[χ ′(ω = 0)]2, (31)

which should be satisfied for the two-level system coupled to
a heat bath. We have checked this relation and it is satisfied for
all the cases we calculated with error less than 10−4 [17,18].

IV. TIME EVOLUTION OF THE ENTANGLEMENT

Time evolution may be the most interesting problem for
the quantum two-level system interacting with the dissipative

environment and from which one can check whether the
quantum dynamics is coherent or decoherent. The time-
dependent density operator for the coupled two-level system
and bath is ρSB (t): ρSB (t) = e−iHT ρSB (0)eiHt , where ρSB(0)
is the initial density operator and the evolution is governed by
Hamiltonian H [25]. For the transformed Hamiltonian H̃ , the
density operator is ρ̃SB (t) = U †eSρSB (t)e−SU . In Ref. [17],
we have derived the master equation for the matrix elements
of the density operator,

ρ̃S(t) = TrBρ̃SB(t) =
(

ρ̃11(t) ρ̃12(t)
ρ̃21(t) ρ̃22(t)

)

, (32)

d

dt
ρ̃22(t) = −

∫ t

0
dt ′

∑

k

V 2
k [ei(ωk−W )(t−t ′) + e−i(ωk−W )(t−t ′)]ρ̃22(t ′), (33)

d

dt
ρ̃21(t) = −iWρ̃21(t) −

∫ t

0
dt ′

∑

k

[
Q2

ke
−i(ωk+W )(t−t ′) + V 2

k e−iωk(t−t ′)]ρ̃21(t ′). (34)

Another two elements are ρ̃11(t) = 1 − ρ̃22(t) and ρ̃12(t) = [ρ̃21(t)]†. The master equation has been solved by the Born
approximation and its details are listed in Ref. [17]. Here we show the main results. Equations (33) and (34) have been
solved by means of the Laplace transformation, and the solution can be expressed by integration,

ρ̃22(t) = ρ̃22(0)

2π

∫ ∞

−∞

i exp(−iωt)dω

ω − [R(W + ω) − R(W − ω)] + i[γ (W + ω) + γ (W − ω)]
, (35)

ρ̃21(t) = ρ̃21(0)

2π

∫ ∞

−∞

i exp(−iωt)dω

ω − W − �(ω) + i�(ω)
. (36)

The expressions for �(ω), �(ω), R(ω), and γ (ω) are listed in
Eqs. (26)–(29).

ρ̃21(0) and ρ̃22(0) in Eqs. (35) and (36) are the initial
density operator of the system at t = 0. First, let us see if the
coupled system and environment are initially in the ground
state |G〉. Then ρSB(0) = |G〉〈G| = e−SU |G̃〉〈G̃|U †eS and
ρ̃SB (0) = |G̃〉〈G̃| = (1 0

0 0 )|{0k}〉〈{0k}| with ρ̃21(0) = 0 and
ρ̃22(0) = 0. Equations (35) and (36) lead to ρ̃21(t) = 0
and ρ̃22(t) = 0 for all t > 0, that is, the system is always in the
ground state. This is reasonable since the ground state does
not evolve.

Second, if the initial density operator is ρSB (0) =
e−S(1 0

0 0 )|{0k}〉〈{0k}|eS and the initial reduced density op-
erator is ρS(0) = TrBρSB (0) = (1 0

0 0 ), the initial value of the
entanglement entropy is E(0) = 0, which means that by initial
preparation [4] we start from the zero entanglement state of
the coupled two-level system and environment. For Eqs. (35)
and (36), we need the corresponding initial reduced density
operator for H̃ ,

ρ̃S(0) = 1
2

(
1 − ε′/W η�/W

η�/W 1 + ε′/W

)

. (37)

To calculate the time-dependent entanglement entropy,
according to Eqs. (2) and (3), the following time-dependent

expectation values should be calculated: 〈σz(x,y)(t)〉 =
TrS{TrB[ρSB (t)σz(x,y)]}. Because of the unitary transforms, the
calculation proceeds as follows [17]:

〈σz(t)〉 = TrS{TrB[e−SUρ̃SB(t)U †eSσz]}
= TrS

(

ρ̃S(t)

[

− ε′

W
σz + η�

W
σx

])

= ε′

W
[2ρ̃22(t) − 1] + 2η�

W
Re [ρ̃21(t)] , (38)

〈σx(t)〉 = TrS{TrB[e−SUρ̃SB (t)U †eSσx]}
= TrS

(

ρ̃S(t)η

[
ε′

W
σx + η�

W
σz

])

= 2ηε′

W
Re [ρ̃21(t)] − η2�

W
[2ρ̃22(t) − 1] , (39)

〈σy(t)〉 = TrS{TrB[e−SUρ̃SB (t)U †eSσy]}
= − ηTrS[ρ̃S(t)σy] = −2η Im [ρ̃21(t)] . (40)

The equations for ρ̃22(t) and ρ̃21(t) are (35) and (36) and the
results can be obtained by numerical integration with sub-
Ohmic spectral density.

Figure 9 shows the time evolution of the usual time-
dependent expectation [1,2,17] P (t) = 〈σz(t)〉 for s = 1/2,
�/ωc = 0.1, ε/ωc = 10−5, and several values of α. Since
ε/� = 10−4 in this figure, if α = 0 we have P (t) = cos(�t)

011114-6
229



ENTANGLEMENT EVOLUTION AND QUANTUM PHASE . . . PHYSICAL REVIEW E 84, 011114 (2011)

FIG. 9. (Color online) The time evolution of P (t) = 〈σz(t)〉 for
s = 1/2, �/ωc = 0.1, ε/ωc = 10−5, and several values of α.

and it is the unattenuated Rabi oscillation with full quantum
coherence. For weak coupling α = 0.04 (dashed-dotted line),
the Rabi oscillation and quantum coherence may be kept for
some time. But for coupling α = 0.0855 at the transition point
(solid line), the Rabi oscillation proceeds for a shorter time.
Note that for α � αc = 0.0855, the long-time limit of P (t)
is P (∞) ≈ 0 as the renormalization effect of the dissipative
interaction on the effective bias is very weak.

For α = 0.1 > αc (dashed line in Fig. 9), P (t) starts from
the initial value P (0) = 1, quickly decreases to its long-
time limit P (∞) = 〈σz〉G = −0.6564 (see Fig. 5), and then
weakly oscillates around P (∞). Here P (∞) is determined by
the renormalization effect of the dissipative interaction. For
α = 0.15 [dashed-double-dotted line with P (∞) = −0.9276]
and α = 0.2 [short-dashed line with P (∞) = −0.9722], the
renormalization effect of the dissipative interaction makes
P (t) largely biased with very weak oscillation without
coherence.

From Fig. 9, we conclude that when α < αc ≈ 0.0855, the
time evolution of P (t) is coherent [26] with the long-time limit
in the delocalized state. When α > αc, the quantum dynamics
of P (t) is decoherent and its long-time limit goes down to the
localized state.

The dynamic evolution of entanglement entropy for the
same parameters as those of Fig. 9 is shown in Fig. 10. At
t = 0, there is no entanglement between the two-level system
and environment [E(0) = 0] because of the initial preparation.
If α = 0, we have E(t) ≡ 0 for all t > 0. For α � αc, the
entanglement goes up and then oscillates around its long-time
limit [E(∞) = E(G)] for some time (dashed-dotted line for
α = 0.04 and solid line for α = 0.0855). When α = 0.1 > αc

(dashed line in Fig. 10), the entanglement oscillates with large
amplitude at the beginning and then decays quickly to its long-
time limit E(∞) = E(G) = 0.3737 (see Fig. 4). For α = 0.15
[dashed-double-dotted line with E(G) = 0.1063] and α = 0.2
[short-dashed line with E(G) = 0.0424], at the beginning the
entanglement goes up to a maximum quite close to 1 and then
decays with very weak oscillation to the long-time limit.

FIG. 10. (Color online) The time evolution of entanglement
entropy for the same parameters as those of Fig. 9.

V. CONCLUDING REMARKS

The ground state and the spectral structure of lower-lying
excited states of a dissipative two-level system coupled to a
sub-Ohmic bath (s = 1/2) with nonzero bias have been studied
using the method of unitary transformation. By calculating
the ground-state average of σz, the ground-state entanglement
entropy, and the static susceptibility of the two-level system,
we have explored the nature of the transition (crossover)
between the delocalized and localized state of the two-level
system. Furthermore, we have calculated the time-dependent
expectation 〈σz(t)〉 and the time evolution of the entanglement
entropy to show that, when the system undergoes a transition
(crossover) from a delocalized to a localized state, the time
evolution of the two-level system changes from coherent to
decoherent dynamics.

The main approximation in our treatment is the omission of
H̃2. Because of the functional form of η in Eq. (9), the operators
in H̃2 are in normal ordering and the lowest-order terms in
H̃2|G̃〉 are of the form αkαk′b

†
kb

†
k′ |G̃〉. Thus, what we dropped

are these multiboson nondiagonal transitions, and their con-
tributions to the ground-state energy and other ground-state
averages are O(g2

kg
2
k′). We would emphasize that all diagonal

bosonic transitions (to all orders) are taken into account with
the factor η [27]. Because of our treatment, we believe that
in the zero-temperature case, the contributions from these
multiboson nondiagonal transitions may be dropped safely.
The justifications of this approximation are as follows: (i)
The ground-state energy of this work is lower than that of
previous papers. (ii) The entanglement entropy of the ground
state calculated in this work is in good agreement with that of
the NRG [8]. (iii) The Shiba relation is satisfied.
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Near-Room-Temperature Mid-Infrared Quantum Well 
Photodetector
 Low-cost mid-infrared (MIR) semiconductor photodetectors 
that use thermo-electric coolers (TECs) (devices that operate 
at temperatures above 180K), with high specifi c detectivities, 
and with high uniformity over large active areas are not readily 
available. Presently, mercury-cadmium-telluride is arguably the 
most important semiconductor alloy system for TEC tempera-
ture and high sensitivity infrared detectors; however, this mate-
rial is expensive and typifi ed by substrate, lattice, surface, and 
interface instabilities that lead to large ( > 20%) spatial non-uni-
formity, and a non-linear responsivity. [  1,2  ]  Indium-antimonide 
detectors are likewise the most important semiconductor mate-
rial for imaging, by virtue of their lower cost and high spatial 
uniformity but, typically, at the cost of material fragility, signifi -
cant 1/f noise, and a need for cryogenic operation to achieve 
a competitive detectivity. In contrast, quantum well infrared 
photodetectors (QWIPs) show excellent infrared detection and 
imaging performance, but have a major limitation to their 
widespread use: they usually require cooling to cryogenic tem-
peratures. It is therefore critical to develop high performance 
photodetectors, like QWIPs, that can be operated at room tem-
perature, or at temperatures that can be achieved with TECs. 
Photovoltaic quantum well infrared photodetectors (PV-QWIPs) 
enable such devices: low-noise, compact, and robust room tem-
perature devices for hyperspectral imaging, environmental gas 
sensing, and micro-optoelectronic communications. [  3–8  ]  Specifi -
cally, InGaAs MIR PV-QWIPs enable innate spectral selectivity, 
polarization sensitivity, radiation hardness, and high speed 
operation. In addition, the use of these cost effective mature 
GaAs based growths allow exceptional material uniformity, 
reproducibility, and yield, over a large area, which can result in 
devices with excellent measured detectivities at TEC tempera-
tures without an applied bias. 

 MIR photoconductive QWIPs operating at temperatures 
that are accessible by thermo-electric coolers were previously 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
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demonstrated; however, their detectivities were inferior to com-
petitive photon and thermal detectors. Those devices would 
require  > 10 4  W/cm 2  (10 mW for a 10  μ m  ×  10  μ m area device) 
laser power to operate at room temperature with photon noise 
limited performance. [  9–10  ]  High thermal conductivity indium-
phosphide based quantum cascade QWIPs have demonstrated 
improved performance, but at low background infrared limited 
performance temperature and, to date, with ill-controlled activa-
tion energies. [  8  ,  11  ]  

 Here, we employ an InGaAs/AlGaAs/GaAs materials 
approach for 5  μ m absorption wavelength photovoltaic design 
in quantum cascade detector (QCD) low-noise format. [  12  ]  We 
report high signal and noise current measured D  ∗   and optoelec-
tronic FTIR responses as a function of temperature–from cryo-
genic up to room temperatures. We show that these devices, 
unlike previously reported InP based attempts, possess activa-
tion energies commensurate with their optical transition wave-
lengths, corresponding to  ∼ 250 meV. We demonstrate their 
high background limited infrared performance temperature of 
 ∼ 145K and deduce their respective carrier emission probabili-
ties as a function of temperature. The devices we present offer 
a unique combination of low-power consumption (zero bias), 
high uniformity materials, and performance in the 3–5  μ m pri-
mary infrared atmospheric transmission window at TEC achiev-
able temperatures. [  8  ,  10  ]  The monochromatic irradiance needed 
for photon limited performance is reduced by more than three 
orders of magnitude, to  ∼ 1.65 W/cm 2  (172  μ W for a 80  μ m x 
113  μ m area device) at room temperature, for the devices pre-
sented here. This improved sensitivity is of importance for 
many applications, such as gas sensing, where monochromatic 
light, or a laser, is employed. Finally, we demonstrate a substan-
tive increase in the TEC achievable detectivity to 2.2  ×  10 9  Jones 
and background limited detectivity to 2.8  ×  10 10  Jones, for such 
MIR QWIP detectors. 

 We posited to increase these devices’ high temperature oper-
ation by optimizing their free carrier concentration in favor of 
below-barrier spatial carrier transport via designed optical tran-
sition, controlled thermal activation, tunneling, and phonon 
scattering transport. The uniform free carrier density in QWIPs 
is often described by its active wells’ ground state 2D electron 
density, which is related to their doping density and Fermi 
energy. [  13  ]  These electrons are scattered in an emission-capture 
model to result in a 3D mobile carrier contribution above the 
wells’ barriers. Since the Fermi energy affects both absorption 
quantum effi ciency and detectivity via 2D carrier density, we 
estimated that a relatively high doping density of  ∼ 3  ×  10 18  cm  − 3  
is a reasonable choice to balance these traits with high tempera-
ture operation. However, higher doping density often correlates 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 5536–5539
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with uncontrolled free carriers unleashed into the barriers of 
photoconductive QWIPs, which typically result in large dark 
current noise, and a diminished resistance-area product at zero 
bias (RoA), where Ro is the device resistance at null bias and A 
is the mesa area. To lift this limitation we explore the recapture 
of scattered carriers into auxiliary wells and their preferential 
photo-assisted spatial transport, for a designed wavelength, via 
the photovoltaic effect. We demonstrate that the result is sensi-
tive to radiation at the designed wavelength with high respon-
sivity and resistivity at elevated temperatures. 

 Photovoltaic QWIP approaches improve in their resistivity 
and detectivity as the capture probability of carriers into the 
ground state of an active well, and as the emission probability 
of carriers out of that well, both tend toward unity. In practice, 
however, the emission probabilities for our present implemen-
tations are signifi cantly lower, which impact negatively on our 
devices’ measured performance. 

   Figure 1  a shows a period of our photovoltaic quantum cas-
cade conduction-band structure and its carriers’ wavefunctions 
that were simulated using a numerical Schrödinger equation 
solver. Gendron et al. originally proposed an architecture from 
which our structure was derived. [  14  ]  The intended carrier trans-
port direction is from left to right in the fi gure. The active well 
is n-Si doped with Fermi energy above the lowest eigen-energy 
state of the whole structure. Its excited state wavefunctions are 
resonantly coupled to the ground state of the fi rst undoped 
electron extraction well. Subsequent undoped extraction wells 
are organized in cascading energies that are separated roughly 
by the LO phonon energy of the well material,  ∼ 35 meV. Reso-
nant tunneling through the thick interface barrier helps main-
tain high resistivity and good escape probability, while phonon 
assisted scattering extractions help high-speed operation and 
help optimize the carrier transit time in the device’s respon-
sivity. The arrow in Figure  1 a helps identify the escape prob-
ability and its intended direction within the structure.  

 Figure  1 b shows the response of one of our QCD devices 
that was optically coupled using a 45-degree facet to a Bruker 
IFS 66S FTIR spectrometer. The device shows photodetector 
response up to room temperature using above kHz modulation. 
The QCD device room temperature Brewster angle absorption 
taken from a double-side polished wafer piece was measured 
to be  ∼ 6%: corresponding to a 45-degree facet double pass 
quantum effi ciency of  ∼ 62% for the 50 period structures. 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 5536–5539

     Figure  1 .     a) Simulated InGaAs/AlGaAs conduction band energy profi le, wav
b) FTIR response of quantum cascade device as a function of temperature.
and experimental responses.  

23
   Figure 2   illustrates our QCD device’s escape/capture carrier 
probability, shielded and unshielded current density, and RoA 
performances as a function of temperature.  

 In a standard analysis for QWIPs, photo-gain is given by g  =  
Pe/N Pc, where Pe is the escape probability from the well, Pc is 
the capture probability, and N is the number of active well repeats. 
An optimized PV-QWIP should have both Pe and Pc approaching 
unity. In the present design Pc near 100% is expected especially 
at zero or low bias voltages, and we deduce the escape to capture 
probability ratio by measuring the responsivity of the device to a 
known input power. Figure  2 a shows the device’s carrier escape-
to-capture ratio for its active wells as a function of temperature, 
which is resilient to about 190K, and then decreases rapidly from 
 ∼ 40% at 190K to less than 2% at 270 K. 

 A detector’s background limited infrared performance 
(BLIP) defi nes a temperature below which noise in the detector 
is dominated by the noise in the background photon fl ux, 
and not the detector’s self noise: it is an important condition 
for extracting the highest sensitivity from a given device. The 
BLIP temperature here is taken as the temperature for which 
the device’s background photocurrent equals its dark-current. 
Figure  2 b illustrates the device’s current/temperature response 
at zero bias; it reveals a BLIP temperature of  ∼ 145 K. Given the 
illustrated 300K background and dark current densities over 
temperature, we calculate the incident laser power needed to 
achieve photon noise limited performance (a device current that 
is dominated by its photocurrent) to be 172  μ W (1.65 W/cm 2 ) at 
room temperature, for the implemented 80  μ m  ×  113  μ m pat-
terned devices. 

 When devices are thermal noise limited (above the BLIP 
temperature) the detectivity, D  ∗  , is often estimated from spec-
tral responsivity, temperature, and RoA. In addition, the semi-
conductor Arrhenius activation energy, the energy that must 
be overcome in order to initiate carrier transport, can be calcu-
lated by measuring RoA as a function of temperature. Figure  2 c 
shows the measured RoA of the designed QCD structure. Pre-
vious implementations of QCDs in InP based materials have 
demonstrated activation energies that appear signifi cantly 
smaller than the optical transition energy or cut-off wavelength 
of the detectors. [  6  ,  9  ,  14–16  ]  Data presented in Figure  2 c indicates 
that the device presented here possesses an activation energy of 
 ∼ 240 meV: thermal activation of carrier transport is tuned to the 
detector’s intended optical transitions. 
5537bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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     Figure  2 .     a) Measured escape/capture probability of quantum cascade device over temperature. b) Shielded and 300K background exposure current 
density of device over temperature. c) RoA of device as a function of device temperature.  

     Figure  3 .     Measured D  ∗   as a function of device temperature.  
 We directly examine the detectivity of the device using the 
same experimental setup used to measure escape probability 
by performing input power, current signal, and current signal 
noise measurements.  Figure    3   illustrates its measured detec-
tivity. The detectivity for the device saturates near 2.8  ×  10 10  
Jones at temperature below  ∼ 145 K. The maximum detectivity 
is observed near 2.2  ×  10 9  Jones for  > 180 K (TEC achievable 
operation). The detector shows an abrupt change in behavior 
between 140K and 160K, roughly corresponding to a transition 
from background-limited performance to a thermal-noise-lim-
ited performance regime. The background-limited performance 
should, ideally, give a performance of near 10 11  Jones implying 
an improvement of a factor of three could be achieved from 
these devices with improvements in optical coupling, quantum 
effi ciency, and escape probability.  
© 2011 WILEY-VCH Verlag Gmwileyonlinelibrary.com
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 In summary, we implement a photovoltaic MIR QWIP for 
room temperature 5  μ m absorption wavelength operation using 
InGaAs/AlGaAs on GaAs materials. We demonstrate a high 
BLIP temperature of  ∼ 145 K, a TEC achievable detectivity of 
2.2  ×  10 9  Jones, and an activation energy that is commensurate 
with the optical transition design. This work shows that QWIPs 
which are optimized for room and near room temperature 
operation may form a viable technology for infrared imaging 
and sensing. 

  Experimental Section 
  Device fabrication : The QCD device active structure consists of 50 

periods of a 4.3 nm 12% In(x)Ga(1-x)As 2.8  ×  10 18  cm  − 3  n-Si doped 
excitation well along with alternating barriers and wells of: 5.8 nm, 
4.8 nm, 3.8 nm, 3.3 nm, 2.9 nm, 2.9 nm, 2.5 nm, 7.6 nm 40% Al(x)
Ga(1-x)As barriers, and 0.9 nm, 1.2 nm, 1.5 nm, 1.8 nm, 2.1 nm, 2.6 nm, 
3.2 nm 12% In(x)Ga(1-x)As extraction wells. The active region periods are 
sandwiched between n-Si 1  ×  10 18  cm  − 3  GaAs contact layers. The device 
is grown on (100) oriented semi-insulating GaAs substrate by molecular 
beam epitaxy. Mesas with 180  μ m  ×  255  μ m, 120  μ m  ×  170  μ m, and 
80  μ m  ×  113  μ m areas were fabricated using standard photolithography 
and chemical wet-etching. Ni-Ge-Au ohmic contact metallization was 
then deposited onto the devices, followed by annealing. 

  Photoresponse : Devices were mounted in a variable fl ow liquid 
nitrogen cryostat fi tted with a ZnSe optical window. Light from the FTIR 
was focused through a 45 degree device facet via a parabolic mirror. 
Electrical connections to the devices were then fed through a Stanford 
Research, SR570, pre-amplifi er to Bruker analysis software. Responsivity 
was measured via a 23 Hz chopped 0.1 inch aperture blackbody at 900C 
through narrow tunable bandpass fi lters and focused, onto the detectors, 
via a 4 inch gold parabolic mirror. The input power was verifi ed using a 
calibrated pyroelectric detector. The output from the pre-amplifi er was 
fed to a Stanford Research 830 lock-in amplifi er. Background and thermal 
limited regimes were measured using a closed cycle Helium cryostat 
fi tted with a variable coldshield and a ZnSe window. We measured the 
bH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 5536–5539
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current-voltage characteristics under dark and near 1.7pi FOV 300K 
background, open conditions at different device temperatures. 
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We investigate the limit of weak infrared photodetection based on a systematic analysis of three main

noise mechanisms, and point out the principles to achieve the ultimate performance. Two key issues

should be addressed to realize ultra-sensitive infrared photodetection: suppression of background

radiation, selection and optimization of photodetectors. We quantitatively studied the dependence

of ultimate performance on the background temperature and emissivity. It is revealed that the

background limited infrared performance detectivity for mid-infrared photodetection can be increased

from the range of 1010 to 1011 cmHz1/2/W to 1015 cmHz1/2/W or even higher values, when the

background radiation temperature decreases from the ambient to liquid nitrogen temperature.

Furthermore, we investigate the feasibility of photoconductive infrared photodetectors for

ultra-sensitive photodetection. Our simulations shows that ideal quantum well infrared photodetectors

(QWIPs) can reach background limited infrared performance at feasible operation temperatures

facing even very weak background radiation. For specific and quantitative analyses, QWIPs are used

as the examples. However, the conclusions apply to a broader range of cases. VC 2011 American
Institute of Physics. [doi:10.1063/1.3642986]

I. INTRODUCTION

The first infrared photoconductive detector was invented

in 1917.1 Since 1930s, lead salt infrared photodetectors have

been used for military applications.2 Thereafter since 1950s,

III-V (InSb, InGaAs, InAsSb), IV-VI (PbSnTe), and II-VI

(HgCdTe) compound semiconductor materials have been

investigated for infrared photodetectors.3 These materials

have tunable bandgap, high optical absorption coefficient

and carrier mobility, as well as low thermal generation rate,

making them suitable for infrared photodetection. Until now,

the whole infrared spectrum from near-infrared to far-

infrared has been covered by narrow gap infrared photode-

tectors. In addition, photodetectors based on intersubband

transitions including quantum well infrared photodetectors

(QWIPs)4 and quantum dot infrared photodetectors have

been developed.5

Piotrowski et al.6 have studied the ultimate performance of

infrared photodetectors. The optimal detectivity of a photocon-

ductive detector is calculated to be about 1� 1011 cmHz1/2/W

at 5 lm, and about 3� 1010 cmHz1/2/W at 10 lm, facing a 2p-

solid-angle field of view (FOV) room temperature blackbody

radiation, i.e., in the background limited infrared performance

(BLIP) regime. The ultimate BLIP detectivity of photovoltaic

detectors is higher than that for photoconductive detectors by a

factor of square root of two. Today, these limitations have been

closely approached. Mid-infrared photoconductive HgCdTe

and photovoltaic InSb detectors working at liquid nitrogen tem-

perature have detectivities higher than 1� 1011 cmHz1/2/W at 5

lm, and far-infrared PbSnTe photovoltaic detectors have detec-

tivities of 2.5� 1010 cmHz1/2/W at 10 lm.3 Meanwhile, inter-

subband infrared photodetectors with absorption efficiencies

higher than 90% and detectivities comparable to interband

infrared photodetectors have been demonstrated.7 It should be

highlighted that the mentioned detectivities are the ultimate per-

formance limited by the background radiation instead of the de-

tector property. Making even better photodetectors will not

bring about a higher detectivity in the usual BLIP regime.

On the other hand, much higher infrared photodetection

capability is called for. Infrared photodetection at ultra-low

power densities of sub-picowatt or even single photon levels

are useful for cutting-edge scientific exploration and quan-

tum information. Single photon generation and detection in

the visible and near-infrared region have been demonstrated

using notably single photon avalanche diodes (SPADs) based

on Si, InGaAs/InP SPADs,8 superconducting transition-edge

sensors,9 and upconversion techniques.10 In contrast, the

capability in longer wavelength region is lagging far behind,

partially due to the lack of ultra-high infrared photodetection

techniques.

Two problems need to be addressed to realize ultra-

sensitive infrared photodetection. First, background radiation

should be suppressed so that high detectivity becomes possi-

ble. Facing room temperature background radiation, BLIP

detectivity for mid-infrared photodetection is in the range of

1010 to 1011 cmHz1/2/W. To further improve the detectivity,

the background noise should be reduced. Ueda et al.11 used

an all-cryogenic spectrometer to create an ultra-low back-

ground radiation environment and got a high detectivity of

8� 1014 cmHz1/2/W at 15 lm. The spectrometer worked at

liquid helium temperature. In this article, we quantitatively

analyze the dependence of detectivity on background tem-

perature and emissivity. Based on our calculations, BLIP
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detectivity in the order of 1015 cmHz1/2/W can be expected

for the mid-infrared range, using a liquid nitrogen low-

emissivity all-cryogenic spectrometer, in combination with

an optimized infrared photodetector.

Second, infrared photodetectors should be optimized to

minimize the noise and effectively collect the signal. For

mid-infrared and far-infrared regions, charge-sensitive infra-

red phototransistors11 and hot-electron nanobolometers12

have demonstrated the capability for ultra-sensitive detec-

tion. In this article, we investigate the feasibility of using

photoconductive infrared photodetectors, the mainstream

infrared photodetection devices, for this purpose. For specific

and quantitative analyses, we use QWIPs as the example

case though the conclusions apply to a broader range of

infrared photodetectors. It is revealed that narrowband infra-

red photodetectors are advantageous to achieve ultimate per-

formance at specified wavelength or within a narrow

wavelength band. Our calculations show that QWIPs are

able to reach BLIP condition at feasible operation tempera-

tures facing even very weak background radiation.

II. THEORETICAL BACKGROUND

In general, infrared photodetector noises have three

sources, (a) device noise, (b) background noise, and (c) sig-

nal noise. The device noise is the current noise in the absence

of illumination. The background noise is produced by the

background radiation incident on the photodetector, and the

signal noise is caused by the incident signal light. More spe-

cifically, device noises can be categorized into three types:

Johnson noise, generation-recombination (g-r) noise, and 1/f
noise. For infrared photoconductive detector working at opti-

mal conditions, Johnson noise and 1/f noise seldom limit the

detector performance. The main source of device noise is the

g-r noise, which is caused statistically by the fluctuation of

thermal generation and recombination of carriers. The device

noise caused by g-r is expressed as13

in;Device ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4egidarkDf

p
; (1)

where e is the electron charge, g is the current gain, idark is

the dark current, and Df is the measurement bandwidth.

Infrared photodetectors are illuminated with background

radiations, which are normally assumed as a gray body radia-

tion. The incidence of photons on the photodetector is a ho-

mogeneous Poisson process. The lifetime of photoexcited

carriers in a photoconductive detector also obeys a Poisson

distribution. For a photoconductive photodetector, the noise

resulted from background radiation is13

in;BB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4egiBBDf

p
; (2)

where iBB is the photocurrent induced by the background

radiation. Similarly, input signal light results in a signal

noise in,Signal
13

in;signal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4egiSignalDf

p
; (3)

where iSignal is the photocurrent induced by the signal light.

Compared with the background noise and device noise, the

signal noise is negligible for normal applications. The total

noise in of a photoconductor satisfies:

i 2
n ¼ i 2

n;BB þ i 2
n;Signal þ i 2

n;Device : (4)

These three noise sources compete with each other. Practi-

cally, one of them will dominate over the others, depending

on the operation conditions. In the following, we discuss the

approaches to achieve high infrared performance.

We analyze in Sec. III A the dependence of device per-

formance on operation temperature. The detectivity can be

substantially improved by cooling the photodetector, but it

will saturate when the operation temperature is below the

BLIP temperature. The only choice to further improve the

detectivity is to reduce the background noise. In Sec. III B,

we investigate three aspects to suppress the background

noise: the absorption spectrum, the temperature, and the

emissivity of background radiation. In Sec. III C, we exam-

ine the influence of signal noise on infrared photodetector

performance. Although signal noise can be ignored for most

common applications, it should be considered when the

background noise and device noise are suppressed to very

low levels.

III. RESULTS AND DISCUSSION

A. Device noise

An effective way to improve infrared photodetector

detectivity is to cool the device. The device noise can be sub-

stantially suppressed via reducing the operation temperature,

since the dark current of a semiconductor photodetector,

either interband or intersubband, decreases rapidly with

deceasing operation temperature.

To be specific, we use a typical QWIP (Sample S2 in

Ref. 14, referred to as S2 hereafter) to carry out the follow-

ing analyses. The QWIP active region is composed of 100

repeats of GaAs (54 Å thick)/Al0.24Ga0.76As (300 Å thick)

layers. The quantum well center is doped with Si to a density

of 4� 1011 cm�2, and the structure parameters are properly

chosen to meet the bound-to-quasibound configuration. The

absorption spectrum of a QWIP can be approximated by a

Lorentz line shape centered at a peak wavelength kp with a

linewidth khalf, within the wavelength range around the peak

wavelength. For calculations in this paper, the integration

range is from kp-2khalf to kpþ 2khalf. QWIP S2 has an

absorption efficiency of 0.4% per quantum well at the peak

wavelength of 9 lm, and the absorption linewidth is about

1 lm. The excited carrier lifetime is 11.8 ps. The BLIP tem-

perature is measured to be 72 K, facing 90� FOV 300 K

background radiation.

According to the three-dimensional carrier drift model

of QWIPs, the dark current is proportional to the density of

carriers excited above the barrier:13

idark ¼ evA

�
mbkBTop

2p�h2

�3=2

exp

�
� DE

kBTop

�
; (5)

here v is the carrier drift velocity under device bias, A is the

device area, Top is the device operation temperature, mb is
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the carrier effective mass in the barrier, and DE is the barrier

height referenced the Fermi level. For an 8 to 12 lm QWIP,

the typical value of DE is 120 meV.13 In Eq. (5), only the

drift of thermally excited carriers is taken into account, while

the tunneling current is ignored. The dark current of QWIPs

has three causes, drift of thermally excited carriers, inter-

well tunneling, and defect-assisted tunneling. For relatively

high operation temperatures, the first factor has been experi-

mentally confirmed to be the main source, and the latter two

factors can be ignored. For low operation temperatures, the

latter two factors start to play a role. However, the inter-well

tunneling and defect-assisted tunneling can be completely

suppressed by using sufficiently wide barriers with low

defect densities. The goal of present paper is to investigate

the ultimate infrared photodetection performance and the

feasibility of using QWIPs for this purpose, so we consider

an ideal QWIP which is specifically designed and properly

fabricated. Therefore, only the drift of thermally excited car-

riers is taken into account.

The validity of Eq. (5) has been experimentally verified

for operation temperatures ranged from 60 to 85 K.14 The

dark current of QWIP S2 is measured to be 6.0� 10�7,

1.4� 10�5, and 4.5� 10�4 A/cm2 for operation temperatures

of 60, 72, and 85 K, respectively, under 2 V device bias. In

this paper, we use Eq. (5) to calculate the dark current at all

operation temperatures, ignoring the tunneling component.

The parameters for calculation in are mb¼ 0.094me, with me

the electron mass, andDE¼ 120 meV.

Figure 1(a) shows the dependence of noises on the oper-

ation temperature of QWIP S2 under 90� FOV room temper-

ature blackbody radiation, ignoring the signal noise. The

dark current noise is calculated using Eq. (1) and Eq. (5),

while the background noise is calculated using Eq. (2) and

the expression for background current. During the calcula-

tion, we assume the measurement bandwidth Df to be 104

Hz, and employ a current gain of 0.1 (experimental value).

These values are also used for noise current calculation in

the following contexts. The curves of background noise and

device noise intersect at the BLIP temperature, 72 K. At

operation temperatures higher than the BLIP temperature,

the device noise dominates. Cooling the sample will effec-

tively reduce the device noise, and thus the total noise level.

At operation temperatures below the BLIP temperature, the

background noise becomes the main noise source. Figure

1(b) shows the temperature dependent detectivity. The detec-

tivity is only 1.2� 107 cmHz1/2/W at 300 K operation tem-

perature. It increases drastically to 3.8� 1010 cmHz1/2/W

when the device works under BLIP condition. To achieve

even higher detectivities, the background noise must be

reduced.

B. Background noise

Assuming an infrared photodetector looking at a back-

ground radiation from 90� FOV, the incident radiation power

P(k)dk within the wavelength interval dk at wavelength k is

PðkÞdk ¼ e
phc2

k5

Adk
expðhc=kBTBBkÞ � 1

; (6)

where e is the emissivity, h is the Planck constant, c is the

speed of light in vacuum, and TBB is the background temper-

ature in Kelvins. The emissivity of an ideal blackbody is

unity. Real objects are normally treated as gray bodies,

which have constant emissivities less than one.

The photocurrent iBB induced by the background radia-

tion is

iBB ¼
ð

eggðkÞPðkÞk
hc

dk: (7)

For a photodetector working under BLIP condition, the de-

vice noise and signal noise can be ignored. Using these defi-

nitions, we get the background limited specified detectivity

at wavelength k:

D�BLðkÞ ¼
kgðkÞ

hc

ð
egðkÞ 4pc

k4

1

expðhc=kBTBBkÞ � 1
dk

� ��1=2

:

(8)

For a specified wavelength k, the BLIP detectivity D�BLðkÞ is

determined by three parameters: the absorption spectrum

gðkÞ, the temperature of background radiation TBB, and the

emissivity e of the background.

1. Background radiation temperature and emissivity

The total radiation power of a blackbody source is pro-

portional to TBB
4. The background radiation power at 77 K

on a photodetector is only four thousandths of the radiation

power at 300 K. Taking into account of the absorption spec-

trum, the absorbed radiation by an infrared photodetector

can be reduced more significantly. As an example, Fig. 2(a)

shows the dependence of noises on the background tempera-

ture calculated from Eqs. (2) and (7), with an operation tem-

perature of 60 K. When the background temperature is

reduced from 300 to 77 K, the background radiation

absorbed by the photodetector is decreased by more than 104

FIG. 1. (Color online) Dependence of (a) noises and (b) detectivity of

QWIP S2 on the operation temperature. The photodetector faces 90� FOV

300 K background radiation.
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times, and the background noise [red dashed curve in

Fig. 2(a)] is therefore reduced by 100 times.

Figure 2(a) shows that the background noise equals to

the device noise at 150 K background temperature under 60

K operation temperature. In other word, the BLIP tempera-

ture is 60 K facing 150 K background temperature. Obvi-

ously, the BLIP temperature decreases with the decreasing

background radiation temperature [Fig. 2(b)], since the total

background radiation is going down. The BLIP temperatures

are 72, 41, and 4 K, respectively, at background temperatures

of 300 K (room temperature), 77 K (liquid nitrogen tempera-

ture), and 4.2 K (liquid helium temperature).

Figure 3 shows the peak detectivity of QWIP S2 as a

function of the detector temperature and the background

temperature. Some points worth noting are as follows.

1. The peak detectivity is 1.2� 107 cmHz1/2/W at 300 K

background temperature and 300 K detector temperature

where it is limited by device noise. By cooling the photo-

detector to 77 K, a detectivity of 3.8� 1010 cmHz1/2/W is

reached. Thus, infrared photodetectors generally work at

cryogenic temperatures.

2. A much higher BLIP detectivity of 5.1� 1013 cmHz1/2/W

is obtained for 77 K background temperature, about 133

times increase from the BLIP detectivity for 300 K back-

ground temperature. Assuming the area of the photodetec-

tor to be 1 mm2, the sampling rate to be 10 kHz, the noise

equivalent power is calculated to be 2.0� 10�13 W-sub-

picowatt level. To achieve this performance level, all

parts of the measurement setup should be cooled to liquid

nitrogen temperature, and there should be a cold shield to

screen the outside background radiation.

3. Facing 40 K blackbody radiation as the background, the

BLIP detectivity is 2.2� 1017 cmHz1/2/W. Using the

same photodetector and measurement parameters as in

above paragraph, the noise equivalent power under BLIP

condition is calculated to be 4.5� 10�17 W, which corre-

sponds to a 9 lm noise photon flux of about 2000 Hz. The

single photon level detection therefore would be possible.

The challenge is how to reach BLIP condition facing such

weak background radiation.

Based on our calculations, the BLIP temperature is 28 K

for QWIP S2, facing 40 K background radiation. We arrive

at this result under the assumption that the QWIP dark cur-

rent satisfies Eq. (5), and the g-r noise to be the main device

noise. For operation temperatures higher than 50 K, these

assumptions have been verified.14 However, the validity of

these assumptions under low operation temperatures still

needs to be investigated.

Equation (8) indicates that the emissivity e of back-

ground radiation matters as well. The background radiation

power is proportional to the emissivity. Therefore, the detec-

tivity at a specified wavelength is inversely proportional toffiffi
e
p

. To take advantage of this, we suggest that all surfaces

seen by the infrared photodetector during measurement

should be covered by layers with low emissivity, e.g., pol-

ished gold with an emissivity of about 0.01. The detectivity

can be improved by another order of magnitude.

In above discussions, we use the performance at 9 lm

wavelength as an example. The performance at other wave-

lengths has similar behaviors, yet there are some numerical

differences. Figure 4 shows the wavelength dependent BLIP

FIG. 2. (Color online) Dependence of (a) noises with 60 K operation tem-

perature, and (b) BLIP temperature on background radiation temperature for

QWIP S2.

FIG. 3. Dependence of peak detectivity on the blackbody radiation tempera-

ture TBB and operation temperature Top for QWIP S2.

FIG. 4. (Color online) Wavelength dependent BLIP peak detectivity for a

series of QWIPs, facing 300 K and 77 K background radiation, respectively.
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peak detectivity for a series of QWIPs, facing 300 K and

77 K background radiation, respectively. For each QWIP,

the ratio of absorption linewidth to peak wavelength is 0.1.

For all wavelengths, the peak detectivity is obviously

increased by reducing the background temperature from

300 K to 77 K. However, the amount of increase is different:

it is about 3� 105 times at 5 lm, more than 140 times at

9 lm, and about 30 times at 20 lm.

2. Absorption spectrum

In our previous paper,14 we have investigated a series of

QWIPs with different doping concentrations in the quantum

wells. The samples have different absorption values but

nearly the same absorption spectrum line shape. The BLIP

detectivity relates to the absorption quantum efficiency by

D�BLðkÞ /
ffiffiffiffiffiffiffiffiffi
gðkÞ

p
: (9)

This conclusion is not only valid for QWIPs, but also for

other photoconductive infrared photodetectors. Equation (9)

can be easily deduced from Eq. (8). The logic is straightfor-

ward: to have high detectivity at a wavelength k, high

absorption efficiency at this wavelength is desired so that

more signal radiation can be detected.

Equation (8) indicates that the detectivity D�BLðkÞ is not

just determined by the absorption at the targeted wavelength,

but also affected by the absorption at other wavelengths, in

other word, the absorption spectrum line shape. The line-

width of QWIPs is associated with the excited carrier life-

time and interface roughness, which can be tuned to some

degree. For a QWIP with a fixed number of period and dop-

ing, the integrated absorption efficiency is constant. The

peak absorption rate decreases when the absorption linewidth

increases [Fig. 5(a)]. Figure 5(b) shows dependence of BLIP

peak detectivity D�BLðkÞ on the linewidth of a series of

QWIPs peaked at 9 lm, facing 77 K blackbody radiation

with an emissivity of 0.01 from 90� FOV. The peak detectiv-

ity is 1.4� 1015 cmHz1/2/W for 0.5 lm linewidth, and

1.2� 1014 cmHz1/2/W for 2 lm linewidth.

Above analysis shows that a narrowband infrared photo-

detector is superior, if the ultimate goal is to have high detec-

tivity at a specified wavelength or within a narrow

wavelength band. The benefit of narrower response range is

twofold. First, the peak absorption rate increases, so the

responsivity becomes higher. Second, a smaller portion of

the background radiation is seen, and the background noise

would be lower. Therefore, narrowband infrared photodetec-

tors can also be useful for applications such free space com-

munication and trace gas detection, since the interference

(not only blackbody radiation) from other wavelengths is

suppressed.

In above discussions, we focus on the detectivity at a

specified wavelength or within a narrow wavelength band. In

other application such as infrared imaging, the signal light to

be detected is broadband. Accordingly, what matters is the

broadband detectivity which describes a photodetector’s per-

formance over a wide wavelength range. Broadband infrared

photodetectors can provide higher detectivities and therefore

they are better choices. The other advantage of broadband

photodetectors is that a wide wavelength range can be cov-

ered with one broadband infrared photodetector. For exam-

ple, it takes only one HgCdTe photodetector to cover the

wavelength range between 3 to 12 lm, while several QWIPs

have to be used for the same wavelength range.

C. Signal noise

We have shown that the background noise and device

noise can be suppressed to allow infrared photodetection at

ultra-low levels. In such cases, the signal noise can become

the major noise mechanism, and we reach the signal noise

limited regime, the ideal operation situation for infrared

detection. Using the definitions, we get the signal noise:

in;Signal ¼ 2eg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðkÞkDf

hc
PSignalA

r
; (10)

where PSignal is the signal power density.

Figure 6(a) shows the dependence of noises on the back-

ground radiation temperature, for QWIP S2 facing 9 lm sig-

nal with a power density of 1� 10�12 W/cm2. For a 1 mm2

area device, this corresponds to a signal flux of 4.5� 105

photons per second. The black short dashed curve is the

background noise, the red dashed curve is the signal noise

and the blue solid one is total noise. The operation tempera-

ture is set low (e.g., 4.2 K) so that the device noise is negligi-

ble. The background noise and signal noise become equal at

FIG. 5. (Color online) (a) Absorption spectra of a series of QWIPs with dif-

ferent linewidths, and (b) dependence of the peak detectivity and broadband

detectivity on the linewidth of a series of QWIPs peaked at 9 lm under the

BLIP condition. The detectors face 77 K backzground radiation with an

emissivity of 0.01 from 90� FOV.

FIG. 6. (Color online) (a) Dependence of noises on the background radia-

tion temperature, for QWIP S2 with an operation temperature of 4.2 K and a

signal power density of 1� 10�12 W/cm2, (b) the background radiation tem-

perature equalizing background noise with signal noise.
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a background radiation temperature of 54 K. Here we call it

the signal noise limited background temperature (SLBT).

Background noise dominates at background temperatures

higher than SLBT, and signal noise becomes the main noise

mechanism at lower background temperatures. Figure 6(b)

shows the SLBT as a function of signal power density. Obvi-

ously, the signal noise limited situation is easier to achieve at

higher signal power densities: the SLBT is 300 K at a signal

power density of 3.2 mW/cm2, and 67 K at a signal power

density of 1� 10�10 W/cm2.

IV. CONCLUSION

In summary, we have investigated the limit of weak

infrared photodetection, and point out the principles to

achieve the ultimate performance. Three main noise sources,

device noise, background noise, and signal noise, compete

with each other, and one of them will dominate over the

others depending on the operation situation. Facing room

temperature background radiation, the ultimate detectivity

limited by the background noise is in the range of 1010 to

1011 cmHz1/2/W. We show that background noise decrease

rapidly when the background radiation temperature is cooled

from room temperature to 77 K or even lower temperatures.

Accordingly, the BLIP detectivity can be improved to 1015

cmHz1/2/W or even higher values. Single photon level infra-

red photodetection is also feasible under specified condi-

tions. In addition, we point out the principles of device

selection and optimization to achieve the ultimate perform-

ance: a narrowband infrared photodetector is preferred to

achieve ultimate detectivity at a specified wavelength or

within a narrow wavelength range, while a broadband photo-

detector is a better choice for most other applications. Our

simulations show that QWIPs are able to reach BLIP condi-

tion at feasible operation temperatures facing even very

weak background radiation.
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Metal-Grating-Coupled Terahertz
Quantum-Well Photodetectors

R. Zhang, X. G. Guo, C. Y. Song, M. Buchanan, Z. R. Wasilewski, J. C. Cao, and H. C. Liu, Fellow, IEEE

Abstract—Three terahertz (THz) GaAs/AlGaAs quantum-well
photodetectors with different 1-D metal gratings are fabricated for
front-incident detection of THz waves. Photocurrent spectra are
acquired and compared with 45◦ incident facet samples (without
grating), and peak responsivities are determined with a calibrated
blackbody radiation source. The results show that these gratings
can couple THz waves into detectors effectively, resulting in good
detector responsivities. The modal method is employed to simulate
the light coupling efficiency and the optimization conditions of the
gratings.

Index Terms—Detector, grating, quantum well (QW),
terahertz (THz).

I. INTRODUCTION

T ERAHERTZ (THz) quantum-well photodetectors
(QWPs) [1]–[3] have been recently demonstrated, which

are of importance for constructing fast, compact, and integrated
THz application systems. The intersubband-transition selection
rule makes THzQWPs insensitive to the radiation incident
from the direction normal to the quantum-well (QW) plane [4],
[5], whereas in focal-plane array (FPA) applications, the THz
wave is close to normal incidence onto the device. Thus, a light
coupler, such as grating, is necessary to obtain the radiation
propagating parallel to the QW layers.
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TABLE I
PARAMETERS OF THE THREE THZQWP WAFERS

Fig. 1. Schematic of the metal-grating-coupled THzQWP. (Insets) Left: top
view of the mesa; right: microscope picture of the grating.

Recently, Patrashin and Hosako [6] have reported a 1-D
grating THzQWP with a 13-mA/W peak responsivity at a
bias of 40 mV and an operating temperature of 3 K. In this
letter, three different 1-D grating THzQWPs are fabricated and
studied. Much higher peak responsivities than that in [6] are
obtained. The modal method [7] is employed to analyze the
results, and the design and the optimization are also discussed.
Our findings provide a promising way to realize highly efficient
frontside-illuminated THzQWPs.

II. DEVICE DESIGN

Three wafers (V266, V267, and V458) were grown by
molecular beam epitaxy on semi-insulating GaAs substrates,
and mesa devices were fabricated by standard GaAs processing
techniques. The mesas are 1500 μm × 1500 μm squares, and
the grating metal is Ti/Pt/Au [25/55/300 nm], defined on the
top of the mesa. The QWs are sandwiched between 4000 and
8000 Å of the top and bottom contacts, doped to 1017 cm−3.
Other design parameters are given in Table I. A schematic of
the grating THzQWP is shown in Fig. 1.

The gratings are designed according to the following diffrac-
tion equation:

mλ = nd(sinα+ sinβ) (1)

0018-9383/$26.00 © 2011 IEEE
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TABLE II
GRATING PARAMETERS. THE REFRACTIVE

INDEX OF GAAS IS TAKEN AS 3.2

Fig. 2. Normalized photocurrent spectra of (black line) facet THzQWPs and
(red dash-dotted line) grating THzQWPs at 8 K. The spectra of facet samples
are taken under the 45◦-incident configuration. (Vertical lines) Frequencies
used for grating designs. The spectra of grating samples are taken under the
normal incidence.

where m is the diffraction order, λ is the wavelength of incident
wave, n is the refractive index, d is the period of the 1-D grating,
and α and β are the incident and diffractive angles, respectively.
For the normal incidence and taking the first diffraction order,
we set m = 1, α = 0, and β = 90◦ to get the period of the
grating, i.e.,

d ≈ λmax

n
. (2)

λmax is usually called the cutoff of the grating, i.e., all wave-
lengths shorter than λmax are diffracted. The design parameters
of gratings are given in Table II.

III. RESULTS AND DISCUSSIONS

The response peaks in Table II are acquired from the pho-
tocurrent spectra of the corresponding facet samples (45◦ inci-
dence), which are shown in Fig. 2 (black line). The designed
frequencies are lower than the peak response frequencies. Ac-
cording to (2), the designed frequency corresponding to λmax

should make the grating effective over the entire response
region. This can be easily understood from the vertical lines
in Fig. 2. The filling factors of the gratings are set to be
around 50%. The measured spectra of grating samples are also
given in Fig. 2 (red dash-dotted line). It is shown that the two
series of spectra are nearly the same, which indicates that our
gratings can couple the THz waves into THzQWPs effectively.
It should be noted that the broader response of V458 is due
to the relative higher doping density [8]. Heavier doping gives
stronger scattering and, therefore, broader response.

Based on the spectra of grating samples in Fig. 2, the peak
responsivities were determined with a calibrated blackbody
radiation source (shown in Fig. 3). These values may be im-

Fig. 3. Peak responsivities of three grating THzQWPs versus bias. All mea-
surements are taken at 4.3 K.

proved because the gratings here are designed according to the
simple diffraction equation. In order to optimize the coupling
efficiency of the gratings, the modal method [7] is employed to
study the electromagnetic field in the samples.

We simulate the coupling efficiency of the gratings. The
dielectric function of GaAs is taken from [9], and the one
of the metal is provided by the Drude model. At the metal/
semiconductor interface, the surface impedance boundary con-
dition [7] is used to take into account the dissipation of the
metal, which can also include the near-field effects such as the
enhancement by the presence of surface plasmons. We find that,
when the period of the grating is equal to the wavelength of
the THz wave in the sample material (GaAs here), the coupling
efficiency reaches a maximum. Therefore, for a grating with a
period of d, where λmax from (2) is not the cutoff, it is found
that, on the contrary, THz waves with λmax are coupled by the
grating most efficiently. However, for the case of V266-G20,
where the period of the grating is 20 μm corresponding to the
wavelength of 3.8 THz in GaAs, this does not match the re-
sponse peak of V266 at 5.4 THz. The gratings simply designed
by the diffraction equation are not the most efficient ones,
and this affects the detector’s responsivity. According to the
numerical result, the period of the grating should be set to match
the peak response frequency. For V266, it is around 14.6 μm.
Moreover, because of the long wavelength and the near-field
effect, simulations show that these gratings are also effective for
wavelengths longer than λmax. To confirm these predictions, we
fabricated two additional samples (V266-G12 with a 12-μm-
period grating and V266-G15 with a 15-μm-period grating).
The ratio of simulated coupling efficiencies at 5.4 THz is
1.58 : 3.27 : 1 for V266-G12, V266-G15, and V266-G20. The
measured photocurrent spectra are given in Fig. 4(a).

It is shown that the photocurrent spectrum of V266-G12 is
distorted, whereas for V266-G15, the shape remains nearly the
same and only shows a small red shift. The vertical lines indi-
cating the positions of gratings are shown to help explain the
distortion. According to our numerical simulation, the incident
waves with the frequency indicated by the vertical lines are
most efficiently coupled by the following gratings: 5.28 THz for
the 15-μm-period grating (red dash-dotted line) and 6.27 THz
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Fig. 4. (a) Normalized photocurrent spectra of (blue dashed line) V266-G12
and (red dash-dotted line) V266-G15. (Black line) The one of facet sample
is also given for comparison. (Vertical lines) Cutoff of two gratings: (blue)
12-μm-period grating; (red) 15-μm-period grating. (b) Peak responsivities of
V266-G12 and V266-G15. The one of V266-G20 is from Fig. 3 for comparison.

for the 12-μm-period grating (blue dashed line), respectively.
Due to this, a shoulder appears around the blue vertical line
in the spectrum of V266-G12, whereas for V266-G15, because
the red vertical line is close to the peak response frequency
of V266, no significant distortion is observed. This effect
also influences the spectrum of V458-G20 (as in Fig. 2). The
response shape is skewed toward the grating position (3.8 THz).
For the cases of V266-G20 and V267-G33, the spectra are
similar to the facet ones. The possible reason is that the spectra
for these two are sharply peaked and, hence, the effect of the
grating is not clearly visible. Another feature in Fig. 4(a) is
that λmax from (2) is confirmed not to be the cutoff and THz
waves with a longer wavelength can be also coupled by the
gratings due to the near-field effects. Based on the spectra in
Fig. 4(a), peak responsivities of V266 with different gratings
are acquired [see Fig. 4(b)]. At a 0.15-V bias, the results are
0.128, 0.197, and 0.070 A/W for V266-G12, V266-G15, and
V266-G20, respectively, and the ratio is 1.83:2.81:1. It is shown
that general behaviors of the experiments and the simulations
agree, and the 15-μm-period grating is the most efficient one.
The estimated detectivity is more than 1011 cm Hz1/2/W at
4.2 K. Compared with commercialized bolometers, which are
intrinsically slow due to their heat-based detection schemes,
and Schottky-barrier-diode THz detectors [10], [11], the per-
formance of which greatly decreases with increasing frequency,
grating THzQWPs are high-response and high-speed detectors.
It is worth noting that the value of 0.197 A/W is not as good as
that of the 45◦ facet sample, which is 0.428 A/W by measure-

ment. However, in FPA-based applications such as real-time
imaging, the normal incidence is required, and a light coupler
such as grating is necessary. Moreover, thinning the substrate
would further improve the performance to that comparable with
the facet. It is our past experience that optimized gratings gave
comparable responsivity as the facet.

IV. CONCLUSION

In conclusion, we have studied THzQWPs with 1-D metal
gratings and have demonstrated that 1-D gratings can couple
the light into the devices effectively. Optimizations of the grat-
ings have been discussed based on numerical simulations and
experimental results. We have found that the THz wave with the
frequency at the cutoff of the grating is actually most efficiently
diffracted; to improve the detector’s responsivity, the period of
the grating should match the response peak of the detector. As
an example of our results, for V266, the coupling efficiency
is almost three times higher for a 15-μm-period grating than
for a 20-μm-period grating (with a peak responsivity reaching
0.197 A/W at 0.15 V).
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The Modal Method is employed to simulate the coupling between the terahertz wave and one-

dimensional (1D) transmissive metal grating on the top of terahertz quantum well photodetectors

(THzQWPs). Electrical field patterns and behaviors of 1D grating at different frequencies and

device thicknesses are systematically studied. The results show that, the coupling efficiency is not

only determined by the grating parameters, multiple reflections in the device and the subsequent

multiple diffractions at the grating also play an important role. Different diffracted modes interact

with each other, and near field effect caused by the evanescent waves are essential in evaluating the

coupling efficiency especially when the frequencies are below the cutoff of the gratings. The

optimization conditions of the performance of 1D metal grating coupled THzQWPs are also

discussed. VC 2011 American Institute of Physics. [doi:10.1063/1.3573191]

I. INTRODUCTION

Terahertz (THz, loosely defined as frequencies from 0.1

to 10 THz) science and technology have attracted more and

more attention due to its potential applications in many

areas, such as material identification, imaging, security

screening, and communications.1 Recently, terahertz quan-

tum well photodetectors have been demonstrated,2–4 which

can be used in high frequency applications due to their short

intrinsic lifetime of photocarriers. The intersubband transi-

tion (ISBT) selection rule requires a nonzero polarization

component in quantum well (QW) direction (the epitaxial

growth direction, set as z direction in this paper), which

makes THzQWPs using ISBTs in the conduction band sensi-

tive to the polarization of the radiation.5 In the commonly

used GaAs/AlGaAs system, the polarization selectivity

between transverse-magnetic (TM) and transverse-electric

(TE) polarization is more than 100:1.6 But in focal plane

array (FPA) applications such as real-time THz imaging sys-

tem, it is necessary to use normal incident configuration

where the electrical field is parallel to the QWs; therefore,

some optical structures must be fabricated on the surface of

the device to bend the light and cause a nonzero electrical

field component perpendicular to the QWs. Gratings have

been exploited by Heitmann et al. to excite ISBT in Si inver-

sion layers,7 and then they were employed in many quantum

well infrared photodetector (QWIP) implementations. Differ-

ent types of gratings have been extensively studied, such

as lamellar gratings,8 crossed gratings,9 mesh gratings,10

V grooves,11 and random gratings12,13 and so on. Many theo-

retical investigations have also been carried out to improve

the coupling efficiency.14–17 With these efforts, large-format

QWIP arrays with up to 1024� 1024 pixels have been dem-

onstrated,18 and multi-color arrays, such as four-band QWIP

arrays, have also been realized.19

Although QWIP FPAs are commercially available,

large-format array detectors in the THz range are still lack-

ing. Recently, Patrashin et al. reported a grating coupled

THzQWP with a 13-mA/W peak responsivity at an electric

bias of 40 mV and an operating temperature of 3 K, where

1D gold grating was used.20 The enhancement of optical

effects by metallic diffraction coating in terahertz frequency

has been reported in Ref. 21, and its use in THzQWP has

also been theoretically studied.22 In this paper, the effect of

1D metal grating is systematically studied with the modal

method proposed by Todorov et al.,23 and the coupling effi-

ciency is investigated for different grating periods. The elec-

trical field spatial distribution is shown to give an intuitive

view of the behavior of the gratings. Our simulations predict

that, first, the grating cut-off wavelength is not really the

“cutoff” due to the near field effect, but the most efficient

frequency point of the grating, the evanescent diffraction

modes should be taken into consideration in the design of

gratings; second, because the device forms a Fabry-Perot

(FP) cavity in z direction, the device thickness plays an im-

portant role in coupling efficiency due to the FP cavity effect

of propagating diffracted modes, and the multi-reflection in

the cavity also leads to multi-diffraction at the grating. These

findings are helpful to optimize grating coupled THzQWPs

and construct THzQWP FPAs.

II. THEORETICAL MODEL

The modal method is used here to simulate the coupling

effect of the 1D metal grating on top of THzQWPs. This

method can treat a general diffraction problem of a rectangu-

lar slit metallic grating on top of an arbitrary multilayered

system, which is detailed in Ref. 23; therefore, it is suitable

for the problem studied here. The configuration of 1D gratinga)Electronic mail: h.c.liu@sjtu.edu.cn.
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coupled THzQWP is shown in Fig. 1(a). For the most com-

mon THzQWP, the top and bottom electrical contacts are n-

GaAs, the active region (multilayer) sandwiched between the

contacts consists of tens of periods of AlGaAs barriers and

doped GaAs quantum wells. Normally, the total thickness of

this system is 3 to 4 lm, and the GaAs substrate below it is

600 lm. As in Ref. 22, we do not take into account the

detailed structure because of the low doping density and Al

fraction, and only a uniform GaAs layer shown in Fig. 1(b)

is considered for simplicity. It should be noted that the sub-

strate thickness mentioned below is the thickness of the

actual substrate which is the “SI GaAs Substrate” in Fig.

1(a), and not the total thickness of “SI GaAs” in Fig. 1(b).

In this paper, the dielectric function is taken as follows:

according to the Drude model for free carriers and the multi-

oscillator model for optical phonons, the dielectric function

of GaAs can be written as24

e xð Þ ¼ x2
TO es � e1ð Þ

x2
TO � x2 � ixdTO

þ e1 1� x2
P

x xþ idPð Þ

� �
; (1)

for GaAs, es ¼ 12:85, e1 ¼ 10:88, xTO ¼ 2p� 8:02 THz,

dTO ¼ 2p� 0:06 THz. dP is the damping rate depending on

the doping density NP, and the Drude frequency xP ¼ 0 for

SI GaAs.

For dielectric function of metal, the Drude model is

used:

eM xð Þ ¼ 1� x2
M

x xþ idMð Þ ; (2)

in the case of gold, we have xM ¼ 1:11� 104 THz and

dM ¼ 83:3 ps�1.

The prototype of THzQWP studied here is V266 taken

from Ref. 3, which is a typical THzQWP with response peak

at 5.41 THz. The structural parameters of the active region

of V266 are listed in Table I. For the simulation below, we

assume that, the THz waves are normally incident from the

top side of the gratings, only p-polarized light is considered,

see Fig. 1; the device is large enough to omit the influence of

small mesa area as observed in Ref. 25; and the intersubband

absorption only weakly perturbs the pattern of electromag-

netic field. Because the absorption coefficient of the electro-

magnetic waves is proportional to the intensity of z
component of electric field, the average intensity of Ez com-

ponent, set as Iaverage, in the region corresponding to the

active region of V266 is calculated to characterize the cou-

pling efficiency:

Iaverage /
Ð

VAR
Ezj j2dV

VAR

; (3)

where VAR is the volume of active region, i.e., the volume of

the “multilayer” in Fig. 1(a) or the region marked by

“position corresponding to active region” in Fig. 1(b). It is

worth noting that, although the device studied here is V266,

the results and discussions below are applicable to common

structures of THzQWPs, since Iaverage is an average quantity

over the active region.

III. NUMERICAL RESULTS AND DISCUSSION

A. Influence of grating period

The grating geometry parameters are set as follows: pe-

riod d, metal stripe width a, and metal stripe thickness h. The

filling factor r is defined as r ¼ a=d. Suppose h ¼ 0:38 lm,

r ¼ 50%, and the frequency of incident THz wave is the

detector’s peak response frequency, which is f0 ¼ 5:41 THz,

the relation between Iaverage and d is simulated and given in

Fig. 2.

FIG. 1. (a) Schematic of 1D grating coupled THzQWP; (b) Simplified sys-

tem where the region below the grating is uniform GaAs.

TABLE I. The structure of V266.

Lw (Å) Lb (Å) Repeat N [Al] Nd (cm�3)

V266 155 702 30 3% 6� 1016

Lw is the width of GaAs quantum well, Lb is the width of AlGaAs barrier,

repeat N is the period number of LwþLb, [Al] is the Al fraction of the bar-

rier, Nd is doping density in the center 100 Å of the quantum well.
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In Fig. 2(a), the substrate thickness is infinite, the peak

Iaverage occurs at d0 ¼ 14:6 lm which equals to the wave-

length k of incident THz wave in GaAs, namely d0

¼ k ¼ k0=n, in which k0 is the wavelength in vacuum and n
is the refractive index of GaAs. On both sides of d0, the curve

is smooth. But in Fig. 2(b), oscillation appears when d > d0,

and d0 is not the peak any more. In fact, the oscillation shows

the FP resonance of the first order diffracted mode in the de-

vice. When d < d0, f0 is below the cutoff frequencies of the

gratings, Iaverage is all contributed by evanescent diffraction

modes because the only propagation mode—the zeroth order

diffracted mode—has no Ez component, see Fig. 3(a). Hence,

the gratings with different periods behave similarly whenever

the substrate is in finite. But in the condition of d > d0 where

f0 is above the cutoff frequencies of the gratings, the first

order diffracted mode becomes propagation wave with

kz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ek2

0 � 2p=dð Þ2
q

[see Fig. 3(b)], in which k0 is the wave

vector in vacuum, e is the permittivity of GaAs, and kz is the z
component of wave vector in GaAs substrate. kz varies with d,

which gives rise to intensity oscillation shown in Fig. 2(b)

because of multi-reflection in the device with finite thickness

(the length of FP cavity), while in the situation of infinite sub-

strate thickness, no oscillation appears because no reflection

takes place. The shift of peak intensity shown in Fig. 2(b) is

due to the multi-diffraction by the gratings. It can be seen that,

the substrate plays an important role in the coupling effi-

ciency, and this influence will be discussed in more detail in

the next section.

It is worth noting that, in the situation of infinite thick-

ness substrate, the coupling efficiency reaches the maximum

when the grating period d ¼ d0 ¼ k, see Fig. 2(a). However,

d0 is the so called cutoff wavelength of the grating, because

for the wavelengths longer than d0, all the diffracted modes

are evanescent waves except the zeroth order which will not

help due to lack of Ez component. But the fact is, since the

active region is very close to the grating and the wavelength

of THz wave is relative long (for the case of V266, the active

region is from �0.4 to �3.0 lm in Fig. 3 and k ¼ 14:6 lm),

the evanescent diffraction modes still can reach the active

region and contribute to the ISBT, and moreover the most ef-

ficient case occurs when the frequency matches the cutoff of

the grating, which also can be seen clearly in the next

section.

B. Influence of substrate thickness

The purpose of this section is to investigate the influence

caused by finite substrate thickness. In this case, the device

will form a FP cavity in z direction. Different diffracted

modes interact with each other due to multi-reflections in the

FP cavity and at the grating, which will affect the coupling ef-

ficiency substantially. We set the grating period d ¼ 14:6 lm

which corresponds to cut-off frequency of 5.41 THz, h and r
are the same as above. The relations between Iaverage and fre-

quency for substrates of infinite and finite thicknesses are

shown in Fig. 4.

The case for infinite thickness substrate is shown in Fig.

4(a). The intensity peak is at 5.41 THz, which indicates that

FIG. 2. The dependence of normalized Iaverage (by the peak value of the

curve) on the grating period d with substrate of (a) infinite thickness, and (b)

450 lm thickness. The frequency of incident THz wave is 5.41 THz.

FIG. 3. (Color online) Ez pattern in the device with infinite thickness sub-

strate. The grating is at z ¼ 0 lm, and the device is below the grating. Four

periods (x direction) are shown [consistent with Fig. 1(b)]. (a) d ¼ 11 lm,

Ez appears just below the grating, which is contributed by evanescent dif-

fraction modes; (b) d ¼ 20 lm, the pattern resembles that for multi-slit in-

terference, and Ez distributes in the whole device because the first order

diffracted mode is a propagating mode in this case.
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the coupling efficiency is maximized when the frequency is

comparable to the cutoff of the grating, and this is in agree-

ment with the result in Sec. III A. In Fig. 4(b), the substrate

thickness is 450 lm. The oscillation due to FP cavity effect

can be seen clearly. There are two types of oscillations: one

is at lower frequency side of 5.41 THz, which is a simple

oscillation with almost uniform period of around 0.9 THz,

marked as A and zoomed in shown in upper part of Fig. 4(c);

the other is at higher frequency side of 5.41 THz, which is a

bit irregular, marked as B and zoomed in shown in lower

part of Fig. 4(c). The cutoff of the grating is 5.41 THz,

hence, when the frequency is below 5.41 THz, only the zer-

oth order diffracted mode can propagate in the device and be

affected by the FP cavity. The zeroth mode will not contrib-

ute to the ISBT by itself. However, when it is reflected back

from the bottom of the substrate and meets the grating, it

will be diffracted again and converted to higher diffracted

modes partly, which will finally give rise to the oscillation of

type A. The oscillation is consistent with the FP condition of

the zeroth mode. While for the range above 5.41 THz, the

first order diffracted mode also becomes a propagation

mode, so both the zeroth mode and first mode will be

affected by the FP cavity. But the wave vectors in z direction

of two modes (set as k0th

z and k1st

z ) are different, which means

different FP conditions, and moreover k1st

z varies with the fre-

quency, as a result two oscillations mix, resulting in the type

B behavior.

These two types of oscillation can be easily understood

through the dependences of Iaverage on substrate thickness at

the frequencies below and above the cutoff, which are given

in Fig. 5 for the same grating parameters as in the above. In

Fig. 5(a), the frequency of incident light is 4.5 THz, which is

below the cutoff. The corresponding wavelength k in GaAs

is 17.98 lm, which is also the wavelength of the zeroth order

FIG. 4. The dependence of Iaverage (normalized by the peak value of the

curve) on frequency. (a) substrate of infinite thickness; (b) substrate of 450

lm thickness; (c) zoom in around A and B in Fig. 4(b).

FIG. 5. Calculated Iaverage (normalized by the peak value of the curve) versus

substrate thickness. (a) f ¼ 4:5 THz; (b) f ¼ 5:41 THz; and (c) f ¼ 6:0 THz.
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diffracted mode in z direction. The calculated period of the

oscillation shown in Fig. 5(a) is around 9.0 lm. This implies

that, from one oscillation peak to the next, the difference of

the round-trip path within the cavity is just the wavelength of

the zeroth mode. So the oscillation is caused by the interfer-

ence of the zeroth mode in the FP cavity. The zeroth mode is

enhanced by the constructive interference, then it is con-

verted to higher order evanescent diffraction modes by the

multi-diffraction at the grating, which results in a peak in the

oscillation of Iaverage. Similarly, the destructive interference

makes a valley in the oscillation. The reduction of the oscil-

lation amplitude as the increase of the thickness is due to the

small imaginary part of refractive index of SI GaAs, which

leads to the absorption. For the incident light of 5.41 THz

shown in Fig. 5(b), which is almost the cut-off frequency of

the grating, it is similar with the situation of 4.5 THz.

Because the first order diffracted mode travels nearly parallel

with the QWs, i.e., k1st

z � k0th

z , the oscillation is mainly

formed by the zeroth mode, where the wavelength is 14.6

lm and the period of the oscillation is 7.3 lm. When the fre-

quency is above the cutoff, the oscillation becomes more

complicated. For example, for incident light of 6.0 THz, the

wavelength of the zeroth order diffracted mode in z direction

is 12.76 lm, while it is 26.68 lm for the first order diffracted

mode. The two modes interfere with each other resulting in

different constructive and destructive conditions, and then

induce a composite oscillation behavior shown in Fig. 5(c).

We can expect more complex oscillation when the second or

even higher order diffracted modes become propagation

modes.

IV. CONCLUSION

We have studied the coupling effect of 1D metal grating

for THzQWPs. The results show that, the cut-off frequency

is not really cutoff, and the grating still works below it due

to the evanescent waves. The consequence of multi-

reflection and multi-diffraction due to finite substrate thick-

ness has been discussed. The FP cavity makes the coupling

efficiency oscillate with the substrate thickness when the

propagation diffracted modes travel in the cavity, and the

type of the oscillation depends on the number of propagation

modes. So for the optimum detection of a grating coupled

device, not only the grating parameters should be considered,

a proper substrate thickness is also important, especially in

the detection of a monochromatic light, for example, from a

THz quantum cascade laser. It should be mentioned that,

although the gratings discussed here are for THzQWPs, the

results are also applicable to detectors in infrared range.
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GaAs-based near-infrared up-conversion
device fabricated by wafer fusion

Y. Yang, H.C. Liu, W.Z. Shen, J.A. Gupta, H. Luo,
M. Buchanan and Z.R. Wasilewski

Reported for the first time is a full GaAs-based room-temperature near-
infrared (NIR) up-conversion device fabricated by wafer-fusing a
GaNAsSb/GaAs pin photodetector (PD) with a GaAs/AlGaAs light-
emitting diode (LED). NIR photons with wavelengths in the range
1.3–1.6 mm were up-converted to 0.87 mm.

Introduction: Infrared up-conversion devices have attracted much inter-
est owing to various applications such as lasing [1], three-dimensional
displays [2], laser cooling [3], and infrared imaging [4]. Compared
with other up-conversion techniques, photodetector (PD) light-emit-
ting-diode (LED) up-conversion has the advantages of compactness,
simplicity, low excitation power and high operation temperature. A
PD-LED up-conversion device is typically composed of two major
parts, a PD and an LED. Incident infrared photons are absorbed by
the PD, resulting in a photocurrent that drives the LED to emit
photons with higher energy. The most investigated NIR PD is the
InGaAs photodiode based on an InP substrate, which can routinely
reach a responsivity higher than 1 A/W. Since 2000, NIR up-conversion
devices with InGaAs/InP PDs have been fabricated [5, 6]. In addition to
InP-based PDs, GaAs-based NIR PDs lattice matched to GaAs substrate
are now able to cover the important 1.3–1.55 mm wavelength region,
with responsivities comparable to InGaAs/InP photodiodes [7, 8]. On
the light emitting side, high efficiency is desired. InP-based LEDs
have very low internal quantum efficiencies of less than 1%.
However, GaAs/AlGaAs LEDs are capable of high internal efficiencies
of near 100% [6]. Therefore, NIR up-conversion devices with both PD
and LED based on GaAs substrates are advantageous.

In an earlier study, we demonstrated GaAs-based NIR up-converters
with the potential of reaching high up-conversion efficiencies [9].
However, the sample was composed of two discrete parts, a GaAs-
based PD and a commercial LED, while in the present work we have
successfully fabricated an integrated full GaAs-based NIR up-conver-
sion device for the first time.

FTIR

GaAs substrate

bias

interface

IR source

top contact, 350 nm AlxGa1–xAs (X=0.1), Si-doped at 2.5 × 1018
 cm–3 

50 nm grade AlxGa1–xAs (X=0.3 to 0.1), Si-doped at 2.5 × 1018
 cm–3 

50 nm grade AlxGa1–xAs (X=0.1 to 0.3), Be-doped at 2.0 × 1019
 cm–3 

400 nm GaAs active layer, Be-doped at 1.0 × 1018
 cm–3 

350 nm AlxGa1–xAs (X=0.1), Be-doped at 2.0 × 1019
 cm–3 

100 nm GaAs, Be-doped at 1.0 × 1018
 cm–3 

300 nm GaAs, Be-doped at 2.0 × 1018
 cm–3 

50 nm GaAs barrier, undoped

50 nm GaAs barrier, undoped
bottom contact, 300 nm GaAs, Si-doped at 2.0 × 1018

 cm–3 

7 nm GaNAsSb active layer

7 nm GaNAsSb active layer
20 nm GaAs, undoped

40 nm grade AlxGa1–xAs (X=0.15 to 0.3), undoped

40 nm grade AlxGa1–xAs (X=0.3 to 0.15), undoped

100 nm AlxGa1–xAs (X=0.3), Si-doped at 1.0 × 1018
 cm–3 

100 nm AlxGa1–xAs (X=0.3), Be-doped, grade doping

2.0 × 1019
 cm–3 to 2.0 × 1018

 cm–3 

Si detector1.2 µm long wavelength pass filter

Fig. 1 Schematic of sample structure and experimental setup for demonstrat-
ing up-conversion

Device design and fabrication: The NIR up-converter device is fabri-
cated by wafer-fusing a GaNAsSb/GaAs PD and a GaAs/AlGaAs
LED, both grown by molecular-beam epitaxy on GaAs substrates. The
PD is a pin structure, with a GaN0.025As0.615Sb0.36 double quantum
well active region designed for absorption near 1.55 mm. More sample
details were given in [7], where both annealed and as-deposited
GaNAsSb/GaAs detector characteristics were studied. To have broad
response, an as-deposited sample is used in this study. The LED effi-
ciency is crucial to the up-converter performance, and Ban et al. [6]
ELECTRONICS LETTERS 17th March 2011 Vol. 47
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have optimised GaAs/AlGaAs LEDs for infrared up-conversion appli-
cation. The LED used in this study was the optimised LED design of [6].

The two epitaxial surfaces were then bonded together via wafer
fusion. Afterwards, the substrate of the LED was chemically removed,
and square mesa devices were fabricated. The detailed structure of the
device and the experimental setup are schematically shown in Fig. 1.
During measurement, the device was biased so that the LED is positively
biased and the PD negatively biased. All measurements are done at room
temperature.

Results and discussion: We first investigated the PD responsivity of the
up-converter. The bias dependent responsivity of a typical 400 ×
400 mm mesa device illuminated by a 1.3 mm laser diode is given in
Fig. 2 (solid curve). It increases nearly linearly with bias at first, and
arrives at a relatively flat region of around 0.02 A/W, and then increases
rapidly to a value of about 0.16 A/W (15.3% quantum efficiency) at
7 V, showing no trend of saturation. This behaviour is consistent with
our previous report on the GaNAsSb/GaAs PD [7], confirming that
wafer fusion preserved the original properties of the fused structure.

0.008

0.006

0.004

0.002

0

0.10

0.15

0.05

0

0 2
bias, V

4 6

re
sp

on
si

vi
ty

, A
/W

LE
D

 e
ffi

ci
en

cy
, W

/A

Fig. 2 Bias dependent room-temperature PD responsivity (solid curve)
under 1.3 mm illumination and external LED light emitting efficiency
(dashed curve)

We then measured the LED efficiency of the up-converter. The elec-
troluminescence spectrum collected with a Fourier transform infrared
spectrometer (FTIR) exhibits an emission peak at 870 nm, agreeing
with the GaAs bandgap. The dashed curve in Fig. 2 shows the LED
external efficiency as a function of bias. The efficiency is negligible
for low bias voltages, but turns on at 4 V, and exceeds 8.0 × 1023

W/A at 7 V bias (about 10 mA current). Assuming a 2% escape prob-
ability of the photons from the LED with a simple planar geometry, the
internal quantum efficiency of an LED is calculated to be 40%. In com-
parison, the separate LED before wafer fusion has an efficiency of 7.5 ×
1023 W/A at the same injection current, showing that the wafer fusion
technique has little influence on the LED performance. The small differ-
ence is with our measurement error and device-to-device variation.
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Fig. 3 Room-temperature spectral response (lower curve) and up-conversion
spectrum (upper curve) of up-converter

Inset: bias dependent room-temperature up-conversion efficiency under 1.3 mm
laser illumination

We have shown that both PD and LED structures work properly after
wafer fusion. The intended function of the device, to convert NIR
photons to higher frequency, is then tested. As shown in Fig. 1, the infra-
red radiation from the FTIR internal infrared light source is filtered by a
1.2 mm long-pass filter, and then absorbed by the GaNAsSb active layer,
No. 6
50



inducing a photocurrent to drive the GaAs/AlGaAs LED structure to
emit photons with shorter wavelength. The upper curve in Fig. 3
shows the up-conversion spectrum normalised to the background. The
up-conversion spectrum agrees with the spectral response, the lower
curve in Fig. 3. The inset of Fig. 3 shows the bias dependent up-conver-
sion efficiency. At low bias voltages, the up-conversion efficiency is
nearly zero. The voltage turn-on bias is mainly determined by the
LED. At 7 V bias, an up-conversion efficiency of 1.3 mW/W is
observed, and it rises rapidly with increasing bias. As a concept demon-
stration, the GaNAsSb absorption layer of the studied sample is thin (in
total 14 nm), so the up-conversion efficiency is not optimum. However,
the 1.3 mW/W value already represents a 6.1% internal up-conversion
quantum efficiency at 1.3 mm. The efficiency can be improved by using
a thicker GaNAsSb absorption layer.

To achieve higher up-conversion efficiency, higher device bias is
desired. However, this results in an increase in dark current and dark
current noise. As a result, higher bias might actually lead to a lower
signal-to-noise ratio. For this device, the ratio of emission power up-con-
verted from per unit power incident light (say, 1 mW at 1.3 mm) to that
resulting from dark current is 0.11 at 5 V bias, and 0.016 at 7 V bias.

Conclusion: We have fabricated an integrated full GaAs-based NIR up-
conversion device via wafer fusion. The use of wafer fusion demon-
strates the feasibility of the concept, and a full expitaxial growth
approach will be investigated.
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A detailed investigation of temperature-dependent micro-Raman scattering has been carried out on

AlInN films with different Al compositions (0–0.53). The observed phonon frequency downshift

and linewidth broadening with increasing temperature can be well explained by a model taking

into account the contributions of the thermal expansion, the lattice-mismatch-induced strain, and

the anharmonic phonon processes. It is found that with increasing Al composition the three-phonon

process increases over the four-phonon process, but still is not the obvious prevailing process in the

phonon decay of AlInN. We have attributed it to the variation of structural properties and phonon

density of states in AlInN. VC 2011 American Institute of Physics. [doi:10.1063/1.3594697]

I. INTRODUCTION

As a wide variable bandgap semiconductor, ternary

AlInN has great potential for applications in light-emitting

diodes, laser diodes, solar cells, high-electron-mobility tran-

sistors, and highly reflective distributed Bragg reflectors in

the ultraviolet region.1–10 For example, Al0.83In0.17N has

been used as a strain free cladding layer on a GaN-based

laser diode structure, leading to a reduction in the number of

defects because it is lattice-matched to GaN.3–5 In order to

fulfill AlInN applications in commercially optical and elec-

tronic devices, the fundamental properties of this material

have been studied experimentally1–11 and theoretically.12–14

Starosta11 has reported the first synthesis of AlInN polycrys-

talline films by a reactive multitarget sputtering method.

Subsequently, there have been numerous reports about the

growth of single phase AlInN by a variety of methods,1,3,5,7

with the emphasis on improving the quality, due to the large

differences in chemical and physical parameters between

InN and AlN. Another crucial step toward the realization of

AlInN-based devices is to clearly understand the structural

and optical properties. X-ray diffraction,1,2 photolumines-

cence,3,4,8 transmission,2,8 and reflection5–7 spectroscopies

have been carried out for Al-related characteristics of emis-

sion and bandgap engineering in AlInN.

In comparison with other spectroscopic techniques,

Raman scattering possesses the advantages of nondestruc-

tive, contactless, and no special sample preparation such as

thinning or polishing. Therefore, Raman spectroscopy has

been widely employed in AlInN at room temperature.5,9,10,14

However, in contrast to the comprehensive investigation of

temperature effect of Raman scattering for the binary nitride

semiconductors of InN15,16 and AlN,17–19 there is no detailed

temperature dependence of phonon behavior in AlInN.

Extensive investigation has been carried out in InN and AlN,

indicating that three-phonon process is almost the same as

the four-phonon process in the decay of A1[longitudinal opti-

cal (LO)] in InN,15 while the three-phonon process is the pre-

vailing process in the decay of A1(LO) and E2(high) in

AlN.17 The introduction of Al in InN is substituted with In

atom, where the random distribution leads to fluctuations of

the force constants in the neighborhood, and therefore results

in compositional disorder. This brings on a violation of the

translational symmetry. What is the phonon decay character-

istics in AlInN and how the decay process is related with the

Al composition are still open questions.

In this paper, we have presented a comprehensive

micro-Raman investigation of temperature-dependent pho-

non properties of A1(LO), A2(LO), and E2(high) modes in

AlInN films with different Al compositions (0–0.53) in the

temperature range from 83 to 473 K. In combination with a

detailed theoretical modeling for the frequency downshift

and linewidth broadening, we have clearly illustrated the

temperature effect on the phonon frequencies and linewidths

in the ternary AlInN thin films.

II. EXPERIMENTAL DETAILS

The studied AlInN films were grown on (0001) sapphire

substrates by reactive rf magnetron sputtering in an ambient

of argon and nitrogen.7 The sapphire substrate temperature

was monitored using a thermocouple and controlled at

100 �C. During the growth, the total gas flow rate and pres-

sure were maintained at 8 sccm and 2 mTorr, respectively.

The indium and aluminum plates were separately mounted

onto the targets and were simultaneously sputtered at differ-

ent rf powers, while the substrate holder was rotated at a con-

stant rate of 36 rpm. The Al composition was measured by

energy-dispersive x-ray spectroscopy. Five AlxIn1�xN sam-

ples with the Al composition x of 0, 0.26, 0.38, 0.46, and

0.53 were selected in the present study. Temperature-

a)Author to whom correspondence should be addressed. Electronic mail:

wzshen@sjtu.edu.cn.
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dependent micro-Raman scattering spectra from 83 to 473 K

were recorded in a backscattering geometry of zðx;�Þ�z con-

figuration using a Jobin Yvon LabRAM HR 800UV system

under the 514.5 nm line of an Ar-ion laser. The employment

of a 50� optical microscopy objective with a numerical

aperture of 0.5 will yield a laser spot size of �1.3 lm.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the first-order micro-Raman spectra

of AlInN films with different Al compositions at 293 K. The

sharp Raman peaks of InN located at 495 and 597 cm�1 cor-

respond to E2(high) and A1(LO) phonon modes,15 respec-

tively, while the �340 cm�1 is attributed to the plasma line.5

It is clear that the peaks become broadened and some other

Raman structures show up, with the Al composition increas-

ing. Figure 1(b) presents the temperature-dependent micro-

Raman spectra of Al0.38In0.62N. The peak shifts to low

frequency with the increase of temperature. In order to iden-

tify each of the contributions, we have fitted the observed

Raman spectra with Lorentz peaks. Figure 1(c) shows the

detailed analysis of the experimental Raman spectrum

(circles) for Al0.38In0.62N at 83 K with three peaks (dashed

curves) a, b, and c at about 525, 625, and 682 cm�1, respec-

tively. A correction of the measured Raman linewidths with

respect to the spectral resolution of the spectrometer led to a

change in the linewidth of less than 3% and could therefore

be omitted.17 From the peak positions, we can assign the

contribution a, b, and c to the E2(high)-, A1(LO)-, and

A2(LO)-phonon modes of AlInN, respectively.14 The above

Lorentz fitting processes are employed to obtain the detailed

temperature and Al-composition dependencies of the phonon

frequency and linewidth. In the following, we concentrate on

the phonon characteristics of the A1(LO), A2(LO), and

E2(high) modes in the AlxIn1�xN alloy.

Figure 2 illustrates the frequencies of the A1(LO),

A2(LO), and E2(high) modes with temperature. To demon-

strate the reliability of the obtained modes, we have also

shown the experimental results of AlN from Ref. 17 in Figs.

2(a) and 2(c). The downshift of the phonon frequency with

the increase of temperature can be described by the perturba-

tion model which the frequency shift is mainly due to the

effects of the thermal expansion, the lattice-mismatch-

induced strain, and the anharmonic coupling to other pho-

nons.15 The Raman frequency can be expressed as a function

of temperature as:

xðTÞ ¼ x0 þ DxeðTÞ þ DxsðTÞ þ DxdðTÞ (1)

with x0 the harmonic frequency of the optical mode,

DxeðTÞ the contribution of thermal expansion or volume

change, DxsðTÞ the lattice and thermal mismatch between

the AlInN thin film and sapphire substrate, and DxdðTÞ the

one due to the anharmonic coupling to phonons of other

branches. The term DxeðTÞ can be written as

DxeðTÞ ¼ �x0c
Ð T

0
½acðT

0 Þ þ 2aaðT
0 Þ�dT

0
, where c is the

mode Grüneisen parameter,15,20 ac and aa are the tempera-

ture-dependent linear thermal expansion coefficients parallel

and perpendicular to the c axis, respectively.15,21 The strain-

induced term DxsðTÞ can be given by DxsðTÞ ¼ ½2a�
2C13=C33ð Þb�eðTÞ, with e(T) the temperature dependence of

in-plane strain for the different thermal expansion coeffi-

cients between thin films and substrates.15,21 The phonon de-

formation potentials a and b, as well as the elastic constants

C13 and C33, are taken from Refs. 15 and 17.

Taking into account cubic and quartic terms in the

anharmonic Hamiltonian, we have the term DxdðTÞ as:22

DxdðTÞ ¼ M1½1þ nðT;x1Þ þ nðT;x2Þ�
þM2½1þ 3nðT;x0=3Þ þ 3n2ðT;x0=3Þ�; (2)

where nðT;xÞ ¼ ½expð�hx=kBTÞ � 1��1
is the Bose–Einstein

function. In Eq. (2), the first term corresponds to the decay

into two phonons of frequency x1 and x2 (three-phonon pro-

cess), with x1 þ x2 ¼ x0; while the second term accounts

FIG. 1. (a) Raman spectra of AlInN with different Al compositions at 293

K. (b) Temperature-dependent Raman spectra of Al0.38In0.62N. (c) Raman

spectrum of Al0.38In0.62N at 83 K, where the solid curve is the fitting results

using three Lorentz peaks (dashed curves) with a: E2(high), b: A1(LO), and

c: A2(LO).

FIG. 2. Temperature-dependent Raman frequencies of (a) A1(LO), (b)

A2(LO), and (c) E2(high) modes in AlInN with different Al compositions.

The solid curves are the theoretical calculation results with Eqs. (1) and (2).

Also shown for comparison are the experimental results of AlN from

Ref. 17.
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for the decay into three phonons (four-phonon process), con-

sidering simply equal frequency x0=3. We have employed

the linear dependence of the Al content for the values of x1

and x2 in AlInN. M1 and M2 are anharmonic constants which

are related to the relative probability of the occurrence of

each process. Generally, the simplest three-phonon process

for optical phonon decay, proposed by Klemens, is the decay

into acoustic phonons of equal energy, x1 ¼ x2, and oppo-

site.23 However, in the case of InN, the zone-center LO pho-

nons cannot decay into two longitudinal acoustic (LA) or

transverse acoustic (TA) phonons of equal frequency and op-

posite wave vector in the three-phonon process due to the

large energy gap between the acoustic and optical phonon

branches in InN (2xLA;TA <xLO). The possibility is to decay

into a large wave-vector transverse optical (TO) phonon and

a large wave-vector TA phonon.16 On the other hand, since

the energy gap between the acoustic- and the optical-phonon

branches is more than one half of the E2(high) phonon

energy, the E2(high) phonon of InN cannot decay into either

two LA (TA) phonons or one TO and one LA (TA) phonons

[E2(high) is at the lower edge of the optical-phonon

branch].15 As a result, only the four-phonon process has

been taken into account in the decay of the E2(high) phonon

in InN. Therefore, we have employed the similar decay proc-

esses for the temperature dependence of Raman frequencies

of A1(LO), A2(LO), and E2(high) in AlInN films, and have

found good agreement with the experimental data shown in

Fig. 2.

The solid curves in Fig. 2 are the calculated A1(LO),

A2(LO), and E2(high) phonon frequencies with temperatures

using Eqs. (1) and (2) with x0, M1, and M2 as fitting parame-

ters (listed in Table I). The other parameters for AlInN are

obtained by linear interpolation method from those of InN

and AlN. The Raman frequency of the three modes in AlInN

is found to increase linearly with Al composition, which has

also been observed by Kang et al.14 In addition to a blueshift

in the Raman frequency of AlInN compared with that of

InN,15,16 we note that the variation of x0 with Al composi-

tion can be attributed well to the change of the lattice con-

stant. Due to the incorporation of Al substitutionally on the

In sublattice, the lattice constant decreases with the increase

of Al composition,9,24 resulting in the increase of x0. Fur-

thermore, we can also clearly observe that the anharmonic

constants M1 and M2 of the three modes in AlInN are higher

than those in pure InN. In AlInN, the alloy-induced disorder

brings on an increase of phonon density of states (DOS)

which leads to the enhancement of the probability of in-

elastic (anharmonic) scattering between the phonons and

substitutional atoms. Therefore, the contribution from anhar-

monicity due to the alloy-induced disorder prevails with

increasing Al composition. On the other hand, larger num-

bers of phonons are produced with increasing temperature,

which also enhances the probability of inelastic (anhar-

monic) scattering between the phonons and substitutive

atoms. As a result, the alloy-disorder anharmonicity becomes

more obvious with the increase of temperature in AlInN.

The phonon broadening C(T) mainly comes from inho-

mogeneous impurity phonon scattering and anharmonic

decay. Similar to the temperature dependence of Raman

shift, the phonon broadening can be described by assuming

the decay into two phonons with frequency x1 and x2 and

the symmetric decay into three phonons again:15

CðTÞ ¼ C0 þ N1½1þ nðT;x1Þ þ nðT;x2Þ�
þ N2½1þ 3nðT;x0=3Þ þ 3n2ðT;x0=3Þ�; (3)

where C0 denotes a damping contribution due to inherent

defect or impurity scattering. The second term displays the

asymmetric decay of three-phonon process, while the third

term is the corresponding symmetric decay of four-phonon

process. Anharmonic constants of N1 and N2 are the relative

probability of the decay into either two or three phonons,

respectively. Figure 3 shows the least-squares fit of Eq. (3)

(solid curves) for the temperature-dependent linewidths of

the A1(LO), A2(LO), and E2(high) modes in AlInN. The fit-

ting parameters C0, N1, and N2 have also been given in Table

I. Also shown in Figs. 3(a) and 3(c) are the experimental

results of AlN from Ref. 17. It can be clearly seen that there

is a rapid increase in C0 between AlInN and InN due to the

formation of lattice defect and structural disorder after Al

incorporation. In fact, the dependence of C0 on the Al com-

position does display the closely related behavior with that

TABLE I. The best fitting parameters for Raman frequencies [Eqs. (1) and (2)] and linewidths [Eq. (3)] of the A1(LO), A2(LO), and E2(high) modes in AlInN.

Raman modes AlxIn1�xN x0 (cm�1) M1 (cm�1) M2 (cm�1) C0 (cm�1) N1 (cm�1) N2 (cm�1)

A1(LO) 0 597.6 � 0.37 � 0.27 15.7 0.20 0.19

0.26 681.7 � 1.60 � 0.89 88.1 3.08 1.65

0.38 705.1 � 1.86 � 0.95 93.5 3.79 1.80

0.46 723.7 � 2.39 � 1.07 95.3 4.64 1.91

0.53 728.9 � 2.87 � 1.13 97.2 5.10 1.94

A2(LO) 0.26 608.1 � 1.58 � 0.73 93.3 3.82 1.55

0.38 625.0 � 2.02 � 0.92 100.2 4.22 1.65

0.46 639.7 � 2.36 � 0.98 121.5 5.62 2.08

0.53 645.8 � 2.71 � 1.02 124.1 6.60 2.30

E2(high) 0 494.9 0 � 0.39 5.7 0 0.70

0.26 525.3 � 1.14 � 1.10 136.3 5.01 4.74

0.38 545.8 � 1.32 � 1.14 155.2 8.98 7.68

0.46 554.3 � 1.81 � 1.31 160.8 14.20 9.80

0.53 562.0 � 2.12 � 1.33 172.1 22.30 14.10
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of Urbach band tail in Ref. 8. On the other hand, the line-

width of E2(high) mode is found to be smaller than that of

A1(LO) phonon in InN, because the E2(high) phonon of InN

can only decay into three phonons. However, the linewidth

of E2(high) phonon increases much more rapidly with Al

composition than that of A1(LO) phonon, which has also

been found by Butte et al.,5 and Naik et al.10 This possibly

indicates that there are more channels for the decay of the

E2(high) mode than for the decay of the A1(LO) phonon in

AlInN.

From the ratios of M1/M2 and N1/N2, the relative contri-

butions of the three-phonon and four-phonon processes to

the total phonon decay can be estimated. Figure 4 presents

the ratios of M1/M2 and N1/N2 for the A1(LO), A2(LO), and

E2(high) modes of AlInN, respectively. For InN, the ratios of

M1/M2 and N1/N2 for the A1(LO) mode are very close to 1.0,

indicating that the probability of the three-phonon process is

almost the same as the four-phonon one in the anharmonic

coupling of the A1(LO) mode. In contrast, the ratios of M1/

M2 and N1/N2 for the E2(high) mode of InN are zero, since

the E2(high) phonon of InN can only decay into three pho-

nons.15 With increasing Al composition, the ratios of M1/M2

and N1/N2 increase for all the three modes inAlInN, reveal-

ing the increasing contribution of the three-phonon process

over the four-phonon one. However, the ratios in AlInN are

much less than those in AlN [M1/M2 (N1/N2) �10 and �50

for the A1(LO) and E2(high) modes, respectively],17 demon-

strating that the three-phonon process is not the obvious pre-

vailing process in the phonon decay of ternary AlInN. The

consistent variation between M1/M2 and N1/N2 with Al com-

position in these three phonon modes further indicates the

reliability of our results obtained from the theoretical fitting.

Moreover, according to our calculation, the ratios of M1/M2

and N1/N2 will be changed �1%, if there is 5% systematic

error in DxeðTÞ as a function of Al content. However, a sys-

tematic error in DxsðTÞ is almost no effect on M1/M2 and

N1/N2.

We attribute the change of M1/M2 and N1/N2 to the fluc-

tuation in phonon DOS due to the increase of x0 with Al

composition. The incorporation of Al in InN causes lattice

defect and structural disorder, which break down the transla-

tional symmetry of InN. As a consequence, not only the Bril-

louin zone-center phonons but also the phonons at Brillouin

zone-edges have contribution to the first-order Raman scat-

tering. From the phonon DOS of InN (Ref. 25) and AlN

(Ref. 26) shown in Fig. 4(d), on one hand, the increase of x0

with Al composition leads to a decrease of the phonon DOS

in AlInN at x0=3 (�190 cm�1) due to the significant

decrease of InN phonon DOS there [see arrow in Fig. 4(d)],

i.e., the reduction of the four-phonon process contribution.

On the other hand, the increase of x0 in AlInN causes large

values of x1 and x2. Considering x1 �480 cm�1 and

x2� 117 cm�1, the blueshift of x1 and x2 in AlInN results

in an increase of phonon DOS [see arrows in Fig. 4(d)],

which brings on the increase of the contribution of the three-

phonon process. Therefore, as shown in Figs. 4(a)–4(c), the

values of M1/M2 and N1/N2 in AlInN are larger than those of

InN, and the dependences of M1/M2 and N1/N2 on Al compo-

sition, as expected, have the similar variation law to x0 listed

in Table I. The above results demonstrate unambiguously

that with the increase of Al composition in AlInN the three-

phonon process gradually enhances the anharmonic shift and

broadening of the A1(LO), A2(LO), and E2(high) modes,

though the four-phonon process is adequately responsible for

the anharmonic decay process.

IV. CONCLUSIONS

In summary, we have investigated in detail the tempera-

ture-dependent micro-Raman scattering of AlxIn1�xN

(0� x� 0.53) thin films grown by reactive rf magnetron

sputtering on sapphire substrates under the temperature range

of 83–473 K. The temperature-dependent phonon frequen-

cies and linewidths of the A1(LO), A2(LO), and E2(high)

modes in AlInN have been obtained through Lorentz fitting.

By the aid of a model involving the contributions of the ther-

mal expansion, lattice-mismatch-induced strain, as well as

three- and four-phonon coupling, we have clearly illustrated

the temperature effect on the phonon frequency and line-

width of AlInN. We have demonstrated that with increasing

FIG. 3. Temperature-dependent Raman linewidths of (a) A1(LO), (b)

A2(LO), and (c) E2(high) modes in AlInN with different Al compositions.

The solid curves are the theoretical calculation results with Eq. (3). Also

shown for comparison are the experimental results of AlN from Ref. 17.

FIG. 4. Al-composition dependence of ratios M1/M2 and N1/N2 for (a)

A1(LO), (b) A2(LO), and (c) E2(high) modes in AlInN. (d) Calculated pho-

non DOS of InN (from Ref. 25) and AlN (from Ref. 26), with the positions

of x1 (TO phonon in InN), x2 (TA phonon in InN), and x0=3 marked.
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Al composition the contribution of the three-phonon process

increases while that of four-phonon process reduces, due to

the variation of structural properties and phonon DOS in

AlInN. The phonon properties provide an experimental basis

for further theoretical investigation and the design of AlInN-

based devices.
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Electronic band structures and spin states of the InAs/GaAs quantum dots (QDs) induced by the

wetting-layer fluctuation were investigated by employing the technique of time-resolved Kerr

rotation (TRKR) with and without magnetic field. Sign change of the Kerr rotation signal was

unambiguously observed when only the wavelength of the pump/probe light was scanned. By

carefully examining the dependence of TRKR signal on the excitation wavelength and magnetic

field as well as photoluminescence and reflectance spectra, the physical origin causing the sign

change of the Kerr signal is uncovered. It is due to the resonant excitations of electrons with

opposite spin orientations at heavy- (hh) and light-hole (lh) subbands, respectively, since there is a

large enough energy separation in QDs for the excitation laser pulses. This measurement also leads

to a precise determination of the energy separation between the hh and lh subbands near k¼ 0 point

in the dots. VC 2011 American Institute of Physics. [doi:10.1063/1.3633508]

I. INTRODUCTION

In two-dimensional quantum well (QW) systems, natural

variations in well width or composition may lead to formation

of zero-dimensional nanoscaled island/disk structures, which

act as quantum dots (QDs) with unique optical properties.1–3

It is well documented that, in this type of QD, carriers still can

be well localized and electronic band structures are also

greatly altered, due to full quantum confinement effect. On

the other hand, another type of QD, namely self-assembled

QDs, can be grown via so-called Stranski-Krastanow growth

mode.4–6 At the initial growth stage of self-assembled QDs, a

very thin two-dimensional layer, referred to as the wetting

layer, usually grows. Generally, this very thin wetting layer is

viewed as a two-dimensional QW. However, like the case of

two-dimensional QWs, unenviable thickness or composition

fluctuation on the wetting layer in the self-assembled QDs

also leads to the formation of quantum disks or dots. This type

of thickness/composition-fluctuation-induced QD has been

previously verified and investigated in InAlAs/AlGaAs and

InAs/GaAs structures.3,7,8

Recently, optical excitation and control of electron spin

states in semiconductor QDs have attracted a great deal of

interest.9 In this article, we present an interesting study on

electronic structures and electron spins in the wetting-layer-

fluctuation-induced QDs in a self-assembled InAs/GaAs QD

sample by using pump-probe based time-resolved Kerr rota-

tion (TRKR) technique with and without external magnetic

field. For TRKR measurements, normally incident, circularly

polarized pump pulses were used to induce a spin polarization

in the sample, namely a transient magnetization, along the

light propagation direction. Then, time-delayed linearly polar-

ized pulses were used to probe the net magnetization induced

by the pump pulses according to the effect that the polariza-

tion of the probe pulses shall rotate by a certain amount of

angle in proportion to the strength of the magnetization along

the light path. Measuring and analyzing this Kerr rotation of

the probe light can obtain the important information on the

electron spin polarization in the sample. In the present study,

we employ the pump-probe based TRKR technique to in-

vestigate the electronic structures and electron spin polariza-

tions of the wetting-layer-fluctuation-induced QDs in the

self-assembled InAs/GaAs QDs, subjective to an external

magnetic field or not. Interesting results have been obtained in

this kind of QD.

II. EXPERIMENTAL

The sample to be examined in this paper is 50 periods of

self-assembled InAs/GaAs quantum dots (QDs) grown by

using molecular beam epitaxy on a GaAs (100) substrate. The

nominal growth thickness of each dot layer of the sample is

about 1.7 monolayers, which is beyond the critical thickness

of self-assembled InAs/GaAs QDs, while the growth thickness

of the GaAs barrier layers is 30 nm. As mentioned earlier,

only the wetting-layer fluctuation-induced QDs that distin-

guish easily from the traditional self-assembled QDs in

spectral energy were studied in the present work. The time-

resolved Kerr rotation (TRKR) measurements were performed

a)Electronic mail: sjxu@hkucc.hku.hk.
b)Present address: Department of Electrical and Computer Engineering,

National University of Singapore, Singapore 117576.
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by using the single-color pump-probe configuration. The

pump and probe light pulses (�150 fs pulse width and

76 MHz repetition rate) were from a mode-locked Ti:sapphire

laser (Mira900 F, Coherent Corp.) with a broad tunable wave-

length range from 700 to 1000 nm. The pump pulses were

transformed to be circularly polarized, and their average

power was controlled to be 4.0 mW, while the probe pulses

were linearly polarized and the power was 0.8 mW. For all

measurements, the helicity of the circularly polarized pump

pulses remains unchanged. The sample was kept in a Spectro-

mag cryostat (Oxford Instruments), and the temperature was

controlled at 5 K. In addition to the TRKR measurements,

conventional photoluminescence (PL) and reflectance spec-

troscopy measurements were also carried out on the sample.

III. RESULTS AND DISCUSSION

Before we discuss the TRKR data, we would like to sim-

ply show and discuss the measured PL and reflectance spec-

tra from the sample. The typical PL (solid line) and

reflectance (dotted line) spectra recorded from the wetting-

layer fluctuation-induced InAs/GaAs QDs at 8 K are

depicted in the inset of Fig. 1. We can see an emission band

centered at about 866.5 nm (1.4310 eV) with a full width at

half-maximum (FWHM) of approximately 5 nm (8.2 meV)

and a broad absorption valley centered at about 859.5 nm

(1.4430 eV) in the reflectance line. The emission peak corre-

sponds to a “turning point” of the reflectance spectrum. Opti-

cal transitions from the lowest electronic states to the heavy-

hole states shall be responsible for the emission peak. All

these spectral features were previously observed in some

narrow QW systems.10,11 However, the absorption band val-

ley in the reflectance line shows an energy shift from the lu-

minescence peak, indicating that there are allowed optical

absorption transitions occurring at the higher energy side

above the PL emission peak. From the TRKR data and their

dependence on the excitation wavelength and magnetic field

shown below, it can be justified that it is an efficient optical

absorption transition from the light-hole subband to the elec-

tronic subband of the QDs.

Two representative TRKR curves (solid circles) meas-

ured from the InAs/GaAs QDs at 5 K and without magnetic

field were shown in Fig. 1 for the excitation wavelengths of

872 and 850 nm, respectively. In the negative delay time

region, there are some apparent structures. Moreover, there

are some corresponding weak structures in the positive time

delay region. They are symmetric with respect to the zero

delay. These additional structures are caused by the multiple

meetings of the probe light with the pump light, due to their

reflections within the geometric structure of the measured

sample.12 In this paper, we would like to concentrate on the

TRKR data in the positive delay time region. A remarkable

difference between the two TRKR lines shown in Fig. 1 is

that they take opposite sign. It should be noticed that, in all

the TRKR measurements, the helicity of the circularly polar-

ized pump pulses remains unchanged. Therefore, one possi-

bility that the sign change of the TRKR signal is caused by

the change of helicity of the pump light can be immediately

ruled out. It was further found that the sign change of the

Kerr rotation signal depends only on the wavelength of the

excitation light. We extracted the magnitude values of Kerr

rotation signal at zero time delay for various excitation

wavelengths and then plotted the data (open circles) with

respect to the wavelength in Fig. 2. Unambiguously, these

values show a characteristic dependence on the excitation

wavelength. For example, the Kerr rotation signal takes a

positive maximum value at about 865 nm, then gradually

takes negative values as the excitation wavelength decreases,

and eventually reaches a negative maximum at about

855 nm. For the data extracted from the measured TRKR

curves without magnetic field, we can use two Gaussian dis-

tribution functions GþE and G�E to get a good fitting curve.

Note that G�E takes negative values. As shown in Fig. 2, GþE
is found to be centered at 864.4 nm (1.4346 eV) and have a

FIG. 1. (Color online) Typical TRKR lines (solid circles) recorded from the

QDs without external magnetic field at 5 K for the excitation wavelengths of

850 and 872 nm, respectively. The solid line is a fitting curve to the experi-

mental line for the excitation wavelength of 872 nm by using an exponential

decay function. The inset depicts the PL (solid line) and reflectance spectra

(dotted line) measured at 8 K from the sample.

FIG. 2. (Color online) Kerr rotation magnitude at zero delayed time (solid

circles) extracted from TRKR lines for different excitation wavelengths. The

dotted curves are the two Gaussian lines used to fit the dependence of the

Kerr rotation magnitude on the excitation wavelength, and the solid line is

the resultant fitting. Note that the two Gaussian lines take opposite sign.
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FWHM of 10 nm (16.6 meV), while G�E is centered at 856.6

nm (1.4475 eV) and has a FWHM of 12 nm (20.0 meV).

From the fitting curves (dotted lines), we can see that there

exists a wide overlapping range from about 855 to 865 nm.

From the below experimental results and analysis, it can be

identified that electrons with opposite spin orientations can

be excited from the heavy-hole and light-hole subbands in

the InAs/GaAs QDs.

It is known that TRKR signal usually measures the

strength of the magnetization, due to spin polarization cre-

ated by the circularly polarized pump. Moreover, its sign

indicates the orientation of the created magnetization along

the light path. Under some conditions, however, the Kerr

rotation signal may change its sign, even when spin orienta-

tion of electrons does not change.13 We therefore need to

carefully examine whether the observed change of the Kerr

rotation signal versus the excitation wavelength is really

caused by the change of the collective electron spins excited

in the InAs/GaAs QDs. For that purpose, we conducted

TRKR measurements on the sample under the action of

external magnetic field. It has been well documented that,

when a magnetic field is applied perpendicularly to the orien-

tation of electron spins, the ensemble of electron spins will

experience precession about the magnetic field (Larmor pre-

cession), which manifests as oscillatory structures in TRKR

curves.14–17 Such Larmor oscillation can give an unambigu-

ous indication of the presence of spin-polarized electrons.

Figure 3 shows the TRKR curves for three different ex-

citation wavelengths and two different magnetic fields. As

expected, the three curves clearly exhibit oscillatory behav-

ior. However, the Kerr rotation signals for the excitation

wavelengths of 867 and 857 nm undergo oscillations with a

p phase shift. Even at zero time delay, the two TRKR signals

for the two excitation wavelengths take positive and negative

maximum values, respectively. In other words, an initial

phase difference of p exists between the two oscillatory

curves. These data clearly demonstrate that opposite spin

polarizations were created for the excitation wavelengths of

867 and 857 nm, respectively. This also leads to an important

conclusion that electrons with reverse spin states can be con-

trollably excited by only scanning the photon energy of the

same circularly polarized light in a semiconductor system.

Since the Kerr rotation signal measures the net magnetiza-

tion strength along the light path, the TRKR signals within

the overlapping excitation wavelength range could provide

further information about the reverse spin states. Now let

us examine the situation at the excitation wavelength of

861 nm. As shown in Fig. 3, its Kerr rotation signal takes a

positive value at zero time delay, being similar to the case

for the excitation wavelength of 867 nm. As the time delay

increases, however, its Kerr rotation signal oscillates like the

case for the excitation wavelength of 857 nm. This phenom-

enon can be explained by different decaying dynamics of

electrons with different spin states. From Fig. 2, we can see

that GþE and G�E have different peak intensities and FWHMs.

Initially (i.e., at zero delay time), the peak intensity of GþE is

larger than that of G�E . Therefore, the detailed oscillation

behaviors of electron spin polarization excited at different

excitation wavelengths shall depend on the net spin polariza-

tion and whether electrons with different spin states experi-

ence different decaying behavior versus time. The observed

TRKR oscillatory trace versus magnetic field for the excita-

tion wavelength of 861 nm exhibits an interesting behavior.

Further experimental results shown below support this idea.

Figure 4 shows the TRKR curves recorded over a wide range

of delay time for the deferent excitation wavelengths. Note

that all these cases have a positive Kerr signal at zero time

delay. The TRKR curve for the excitation wavelength of 868

nm shows a typical decay behavior against time, but no neg-

ative Kerr signal appears over a long decay time, because

only electrons with spin polarization of GþE are excited for

this particular excitation wavelength. As the excitation wave-

length becomes shorter, negative Kerr signal appears and

becomes more prominent. This is because more and more

electrons with spin polarization of G�E are generated by the

light pulses. For the excitation wavelength of 861 nm, the

FIG. 3. (Color online) Representative TRKR curves measured from the

sample under the action of magnetic fields applied in the Voigt geometry. In

panel (a), the magnetic field is 1.0 T, while it is 3.5 T in panel (b).

FIG. 4. (Color online) Measured TRKR curves for different excitation

wavelengths without magnetic field. The dashed horizontal lines give the

zero Kerr rotation reference for each TRKR curve. The inset shows the

fitting of the curve for 860 nm by two decaying lines.
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electrons with spin polarization of G�E become dominant.

Therefore, the observed TRKR oscillatory behavior is very

similar with the case of excitation wavelength 857 nm.

So far, we have demonstrated that, by only scanning the

photon energy of a circularly polarized light, two distinct

groups of spin-polarized carriers can be excited and they

exhibit different dynamic behaviors. To have a better under-

standing of these results, let us consider the electronic struc-

tures and optical transition selection rules in the InAs/GaAs

QD system. Under the dipole approximation, the optical

selection rules for interband transitions between valence and

conduction bands induced by a circularly polarized light can

be depicted as follows:18–20

J#hh

�
� 3

2

�
þ rþðþ1Þ ! J#e

�
� 1

2

�
;

J#‘h

�
� 1

2

�
þ rþðþ1Þ ! J"e

�
þ 1

2

�
;

(1)

where J"#x stands for the projection of the total angular mo-

mentum onto the light path, and the subscript x¼ hh, lh, and

e denotee the hh, lh, and conduction bands, respectively.

From these optical transition selection rules, we can know

that electrons with opposite electron spin orientations can be

created by the same circularly polarized light from the hh

and lh bands, respectively. In the case of QDs studied in the

present work, net electron population with one electron spin

state can be created by a circularly polarized light with

appropriate wavelength, due to a large energy separation

between the hh and lh subbands of the ultrafine QDs, even at

k¼ 0 point. This is particularly true for the two resonant ex-

citation wavelengths. Therefore, by examining the excitation

wavelength dependence of the KRKR signal at zero time

delay for the sample under the action of zero magnetic field,

we can identify these two resonant excitation wavelengths.

From Fig. 2, they can be easily found to be 864.4 and

856.6 nm, respectively. As a result, the energy separation

between the hh and lh subbands of the QDs at k¼ 0 point is

precisely determined to be 13 meV, which is consistent with

the reported values in the InAs/GaAs systems.21,22

Now, with the hh and lh subbands identified, we can

completely understand the experimental results from the

TRKR measurements. As shown in Fig. 1, there is a fast

process decaying within several ps observed only in the line

for 850 nm. This fast process is a characteristic feature for

the resonant excitation of the lh subbands, which originates

from the fast loss of hole spin polarization during the hole

energy relaxation from the lh to the hh subband.23,24 In the

case of resonant excitation of the hh subbands, hole spin

relaxation can be greatly reduced and long-lived hole spin

polarization (up to tens of ps) can be obtained.25,26 This

explains why that fast process responsible for hole spin

relaxation is not observed in the line for 872 nm. Due to the

long-lived hole spin polarization in the resonant excitation

of the hh subband, a fast decay process around 40 ps relating

to exciton spin relaxation (simultaneous flip of electron and

hole spins due to electron-hole exchange interactions) fea-

tures the hh excitation in the TRKR results. As shown by

the inset in Fig. 4, the TRKR line for 860 nm can be well fit-

ted by two decaying lines, the fast decay with positive Kerr

signal due to hh excitation and a slow process with negative

Kerr signal due to lh excitation. This fitting perfectly evi-

dences the simultaneous excitation of both subbands by the

wavelength of 860 nm, consistent with the result extracted

from Fig. 2. It should be noted that not all electrons created

from the hh subband lose their spin polarization in the fast

decay process around 40 ps. As depicted in Fig. 3, some

spin-polarized electrons survive the fast process and exhibit

Larmor oscillations under magnetic fields. By fitting the os-

cillatory structures in the TRKR results, we extracted the

same dynamical results for different excitations of the hh

and lh subbands. For example, no matter whether the elec-

trons are created from the hh or lh subband, they share the

same g-factor (–0.46 6 0.01), and they both exhibit a bi-

exponential decay behavior, a fast process around 40 ps and

a slow process up to 600 ps. Details about these results and

interpretation of their origins will be reported elsewhere.

Then, the remarkable difference between the electrons pro-

duced from respective hh and lh subbands mainly lies in

their opposite spin states manifested as opposite Kerr signals

in the TRKR measurements. This difference is vividly dem-

onstrated in Fig. 3 by a p phase shift (or phase reversal)

between the Larmor oscillations for different excitations of

the subbands. This interesting behavior was once observed

in bulk GaAs by the technique of absorption quantum-beat

spectroscopy.27 In the case of bulk GaAs whose hh and lh

subbands are degenerated at the top of the valence band, the

separation of the hh-electron and lh-electron transitions are

rather complicated in comparison with our sample with non-

degenerated subbands. Finally, we would like to bring into

attention the widths of the Gaussian functions in Fig. 2. The

FWHMs of GþE (16.6 meV) and G�E (20.0 meV) are much

broader than the FWHM of the PL emission (8.2 meV). This

can be explained by taking into account the spectral width

of the femtosecond-pulsed laser used in the TRKR measure-

ments, which is around 10 meV. As a result of such a broad

excitation width, the observed width of GþE /G�E function is

just the convolution of the spectral width of the pulsed laser

with the bandwidth of the measured transition. Therefore,

the band widths from the Gaussian fitting do not reflect the

band widths of the excited transitions, but measure the

effective excitations of the subbands by the given pulsed

laser.

IV. CONCLUSIONS

In summary, we have investigated the electronic struc-

tures and spin dynamics in the wetting-layer fluctuation-

induced InAs/GaAs QDs by using TRKR techniques. Our

results show that the two distinct groups of electrons with

opposite spin polarizations can be excited by simply varying

the photon energy of a circularly polarized light, and they ex-

hibit different dynamical behaviors against delay time and

external magnetic field. This study also leads to a precise

determination of the energy separation between the hh and lh

subbands of the InAs/GaAs QDs at k¼ 0 point. We have

also shown a possibility of optical control of electron spins

in artificial semiconductor nanostructures.
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The optical nonlinear absorption properties in sputtering Indium nitride (InN) film were
investigated under the excitations of nanosecond, picosecond and femtosecond pulsed
lasers by open-aperture transmission Z-scan technique (TZ-scan). Under the condition
of hν > Eg, the saturable absorption (SA) phenomena induced by one-photon transition
were observed in both nanosecond and picosencond pulsed TZ-scan measurements.
When 2hν > Eg > hν, the film presented SA due to the two-photon transition under
the excitation of picosecond laser. However, at femtosecond 800 nm, the film showed
the two-photon absorption (TPA) instead of SA, and the TPA coefficient tended to a
saturable value as the excitation intensity increased. The results indicate that the InN
film is a kind of good saturable absorber.

Keywords: III–V and II–VI semiconductors; nonlinear optics; Z-scan.

1. Introduction

As a promising semiconductor among III-nitride compounds, Indium nitrides

(InN) optical nonlinear properties have received intensive research interests. For

instance, a large optical bleaching effect1 in the epitaxial InN layers was observed

under the excitation of picosecond pulsed laser. And short carrier lifetimes1

were also obtained through pump-probe experiment. In addition, the femtosecond

pulsed transmission Z-scan (TZ-scan2–4) measurements of the saturable absorption

(SA) of InN epitaxial films in the range of 720–790 nm were reported.5 Our

group has reported both the third- and fifth-order nonlinear refractive indices

in sputtering InN film.6 These results indicate InN film is a kind of promising

material in applications. But different processes responsible for the optical nonlinear

absorption (NLA) in different time domains are still seldom investigated. In fact,

the information of different nonlinear optical processes is of great fundamental and

practical importance in applications. For instance, for optical limiting devices, it

may not be merely enough to have high value of nonlinear refractive index or high

value of NLA, but the response times of these processes are equally important.7
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Therefore, in order to deploy the NLA behaviors of InN films into applications

in optical communication, it is especially important to study different nonlinear

optical processes of InN films.

In this research, we used the TZ-scan technique to investigate the optical NLA

in sputtering InN film with ns, ps and fs lasers, respectively. The NLA coefficients

under different conditions were obtained. In addition, a great attention was devoted

to explain the mechanisms involved in the nonlinear responses. The results obtained

in this study underpin the future development of nonlinear optical devices (such

as optical switching, optical bistability8,9 and optical limiters10,11) based on InN

films.

2. Experimental and Sample

The investigated 1.905 µm-thick InN film was grown on (0001) α-Al2O3 substrate

by reactive radio frequency magnetron sputtering at 100◦. During deposition, the

sputtering power of 100 W, sputtering pressure of 10 mTorr, gas flow of 3 SCCM

(SCCM denotes cubic centimeter per minute) and deposition time of 60 min

were maintained. Both the X-ray diffraction and Raman scattering measurements

demonstrate that the c-axis of InN with a wurtzite structure is perpendicular to

the substrate surface of (0001) α-Al2O3. The film is anisotropic and the density

of defects is about in the order of 1019 cm−3. By room temperature, the optical

absorption edge of 1.97 eV has been obtained.

The optical NLA measurements were performed using a standard open-aperture

TZ-scan technique. Nanosecond Q-switched Nd:YLF laser (6 ns, 10 Hz, 532 nm),

picosecond mode-locked Nd:YAG laser (38 ps, 10 Hz, 532 nm and 1064 nm),

femtosecond mode-locked Ti:sapphire laser (100 fs, 82 MHz, 800 nm) were used

as excitation source. And in the fs TZ-scan measurement the beam was chopped at

1000 Hz. Moreover, a low intensity scan for the background signal was performed to

eliminate the parasitic effects due to the surface roughness or sample nonuniformity

in order to accurately determine the nonlinearities in the studied sample. We have

also found that no signal can be detected in the sapphire substrate. And all the

measurements were performed at room temperature.

3. Results and Discussion

Figure 1 illustrates the results of open-aperture TZ-scan for InN film measured

under excitations of 6 ns and 38 ps pulsed 532 nm lasers. The incident laser

intensities I0 were 48.05 MW/cm2 and 0.93 GW/cm2, respectively. Under ns and

ps 532 nm excitations, the open-aperture TZ-scan transmittance is symmetric with

respect to the focus (z = 0), where it has a maximum transmission.

For absorptive samples, according to Beer’s law, the optical intensity I of the

optical wave per unit propagation distance is given by

dI

dz
= −αI . (1)
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Fig. 1. Results of open-aperture TZ-scan measured under 532 nm by (a) 6 nanosecond pulsed
laser and (b) 38 picosecond pulsed laser.

Considering the NLA in semiconductors, we have12:

α = α0 + βTAI + σα∆N , (2)

where α0 is the linear absorption coefficient, βTA is the TPA coefficient, σα is the

free carrier absorption (FCA) cross-section and ∆N is the free carrier density which

is given by the following equation under the condition of hν > Eg:

d∆N

dt
=

α0I0
hν

−

∆N

τc
, (3)

where I0 is the incident intensity, hν is the photon energy and τc is the photoexcited

free carrier recombination time. In this experiment, one-photon transition occurred

as the one photon energy of 532 nm laser (2.33 eV) is larger than the optical

absorption edge of the investigated sample. It is known that the free carrier

nonlinearities with slow decay time are significant for laser pulses of nanosecond

duration and longer.13,14 But in this ns pulsed measurement, we did not observe

FCA which should show a valley in the curve. Maybe it can be attributed to the

free carrier density ∆N and FCA cross-section σα in InN film are not large enough

to generate FCA.

As we know, when hν > Eg, SA due to band-filling mechanism plays an

important role. In our case, the excitation wavelength of 532 nm (2.33 eV) is

in the non-resonant absorption region of the investigated sample (1.97 eV). In

the open-aperture TZ-scan measurements, the 532 nm laser radiation results in

bleaching of acceptor levels, yielding SA. This kind of SA induced by band-filling
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Fig. 2. Result of open-aperture TZ-scan measured by 38 picosecond pulsed laser at 1064 nm.

mechanism in epitaxial InN layers has been observed by Pačebutas et al. (2006)

and Tsai et al. (2009), respectively. Our results confirmed it again.

To obtain the SA coefficient β, we calculate it from the decrease of the

transmittance (Ti) versus input irradiance according to15:

TOA(z) =

∞∑
m=0

(−1)mqm0
(m+ 1)3/2

, (4)

where q0 = βI0Leff/(1+z2/z
2
0), in which Leff (= [1−exp(−α0L)]/α0) is the effective

path-length with α0 being the linear absorption coefficient, L being the thickness

of the sample; z0 = kω0/2 is the diffraction length of the beam, ω0 is the beam

waist radius at the focus point and k = 2π/λ is the wave vector. With the linear

absorption coefficient value of 6.7× 104 cm−1 at 532 nm, the best fittings give the

coefficient β in ns and ps cases as −1.03× 10−3 cm/W and −0.83× 103 cm/GW,

respectively. It is found the value of β in ns case is three-order larger than in ps case.

This is due to the fact that the free carrier density in conduction band is mainly

dependent on laser fluence. More free carriers were generated in the ns pulsed

TZ-scan measurement because of the larger ns laser fluence (1.99 × 10−1 J/cm2)

than that of ps (3.53 × 10−2 J/cm2), which makes the sample more transparent

in ns case. So we observed stronger SA effect in ns pulsed TZ-scan measurement.

Similar phenomena16 were also reported in other materials.

Previously, the SA phenomena induced by one-photon transition in InN film

were observed under the condition of hν > Eg. To study InN film more deeply,

we performed TZ-scan measurements under the condition of 2hν > Eg > hν. The

result of 38 ps pulsed measurement is shown in Fig. 2 in which the wavelength and

incident intensity were 1064 nm and 1.14 GW/cm2, respectively. The trace suggests
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under the excitation of picosecond 1064 nm laser strong SA effect still occurred in

InN film.

Under the condition of 2hν > Eg > hν, the free carrier density could be ex-

pressed as17:

d∆N

dt
=

βTAI
2
0

2hν
−

∆N

τc
. (5)

The first and second term of Eq. (5) represent the generation and recombination

rate of free carrier, respectively. As we know, in the transparency region (2hν >

Eg > hν) of semiconductors the nonlinear responses can be attributed to the

contributions of the intrinsic optical nonlinearities arising from TPA and the free

carrier nonlinearities18 due to the free carriers generated by TPA. However, neither

TPA nor FCA effect was observed in this measurement. It is due to much larger

the generation rate of photoexcited free carrier than the recombination rate. So a

mass of photoexcited free carriers induced by TPA occupy the holes in conduction

band quickly, leading to band-filling effect directly which resulted in the SA under

the excitation of picosecond 1064 nm. At last, the fitting gives the SA coefficient β

as −11.6× 102 cm/GW.

Figure 3(a) shows the typical curve of TZ-scan measurements for InN film by

100 fs pulsed laser at 800 nm with the incident intensity of 7.73 GW/cm2. We
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Fig. 3. (a) Open-aperture TZ-scan for InN film measured by femtosecond pulsed laser at 800 nm.
(b) Laser intensity dependent nonlinear absorption coefficient of InN thin film measured by the
femtosecond open-aperture TZ-scan technique.
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can see that the result is absolutely different from that of ns and ps. In the curve

around the position of the beam waist (z = 0) a large decrease of transmittance

was observed, which indicates a positive NLA effect.

As mentioned above, when 2hν > Eg > hν, both TPA and FCA should be taken

into consideration. However, the fluence of fs laser was much smaller than that of

ns and ps lasers. In both ns and ps pulsed TZ-scan measurements FCA did not

occur, not to mention the fs case. So FCA can be ignored in fs case. Moreover, it is

well known that the intrinsic nonlinearities which have fast response are important

in the femtosecond time domain.14 So in the fs pulsed TZ-scan measurements at

800 nm, it is considered that the positive NLA is mainly contributed by TPA.

The NLA coefficient at 7.73 GW/cm2 was obtained as 2.204× 102 cm/GW which

indicates there is a strong TPA effect in InN film.

In order to find out if SA would occur in fs pulsed TZ-scan measurements, we

carried out similar TZ-scans and fittings at the incident intensities ranging from

1.11 GW/cm2 to 11.05 GW/cm2. All the curves show similar signatures as Fig. 3(a).

A plot of β versus I0 is shown in Fig. 3(b). All the positive values of β indicate that

SA was not observed directly in these measurements. But it is found that β decreases

with the I0 increasing. If the NLA was dominated by a pure TPA process,15 the

values of would be independent on I0. Therefore, the decrease of β indicates that

another negative NLA effect besides the TPA occurred as the intensity increased.

We consider it is attributed to that the duration of laser pulse (100 fs) is much

shorter than electron-hole (e-h) recombination time,19 based on which the second

term of Eq. (5) can be ignored. So the generation rate of photoexcited free carrier

will be directly proportional to the incident laser intensity. With the incident

intensity I0 increasing, more and more free carriers aggregate in the conduction

band, giving rise to saturation trend in the absorption. Similar conclusions were

reached in other materials, such as bulk silicon12 and silicon nanocrystals.20

For saturable materials, the NLA is expressed in terms of the saturation intensity

Is as:

β =
β0

1 +

(
I0
Is

)2

. (6)

A fit of data reported in Fig. 3(b) by Eq. (6) allows extracting β0 = 12.3 ×

102 cm/GW and Is = 2.46 GW/cm2.

On the whole, in our study, the condition hν > Eg and 2hν > Eg > hν indicated

that there would mainly exist one-photon and two-photon excitations. Compared to

the former two excitations, the probability that multi-photon excitations occurred

would be much less. As we know, electron-phonon interaction also contributes to the

bleaching effect. Usually, the weaker the electron-phonon interaction is, the stronger

the bleaching effect would be. So in our results, the electron-phonon interaction is

also one factor of the strong bleaching effects in ns and ps measurements which
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are contrary to the fs. In addition, the defect states21 may also contribute to the

third-order susceptibility in InN film.

4. Conclusion

In conclusion, we have studied the NLA properties in InN film by ns, ps and fs

pulsed TZ-scan measurements. Different nonlinear absorption mechanisms occurred

under different laser conditions. In 6 ns and 38 ps pulsed TZ-scan measurements at

532 nm, SA effects induced by one-photon transition were observed directly. And

the film showed SA effect induced by two-photon transition in 38 ps pulsed TZ-scan

measurement at 1064 nm. In 100 fs pulsed TZ-scan measurements at 800 nm, TPA

was the dominated process at low optical intensity. However, as the incident laser

intensity increased, the TPA coefficient trended to saturable value. The strong SA

properties measured in ps and ns lasers suggest that it may be a material with

potential application in laser pulse compression, while the TPA presented in fs

laser underpins the future development in the optical limiting.
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