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Amongst all types of photoanodes in sensitized solar cells, nanotube arrays (NTs) have become

a suitable choice that can balance the dye absorption, electron transport, and effective thickness.

However, the maximum performance they have shown now is still not comparable with porous films. In

this work, we have established a simple yet effective method towards high performance solar cell based

on NTs. Significantly increased carrier generation by better dye absorption can be realized by the

particle-like secondary structures grown on TiO2 tubes. Nevertheless, this effect was often followed by

a sacrifice of the electron transport properties of the NTs, which may greatly weaken the total net

increase of efficiency by the secondary structures. With a subsequent TiCl4 treatment and slightly

modulated outer conditions (anodic voltage and stirring rate), we are able to adequately resolve this

paradox. The short circuit current can be raised to over 110% higher, while the fill factor and open

circuit voltage remain unharmed. As a result, an efficiency of 4.35% can be achieved in the back-side

illuminated dye-sensitized solar cells, which is �114% higher than the basic efficiency of the plain cell.

The formation of the secondary structures can be explained by the reversible dissolution-reprecipitation

of TiO2 with the reaction-diffusion process of F� and other fluoride species during the treatment.
1. Introduction

As a broadband semiconductor, TiO2 has attracted a great deal

of attention due to its excellent stability, photocatalytic ability

and feasibility for various nanostructure fabrications.1–3 Since

originally reported by O’Regan and Gr€atzel,4 the application of

TiO2 in dye-sensitized solar cells (DSSCs) are currently applied in

widespread scientific and technological regions. Up to now, the

most excellent nanoporous (NP) film based DSSC with single dye

can reach nearly 13% by using the YD2-o-C8 dye and a high

potential reduction/oxidation pair (cobalt (II/III)-based redox

electrolyte) developed by the Gr€atzel group.5 The large surface

area of the NP film enables better absorption of the sensitizers,

therefore enables more efficient light harvesting and carrier

generation. Nevertheless, electron transport is a limiting factor

on the performance of these NP crystalline electrodes due to the

interface effects between two crystalline nanoparticles, which
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, 800 Dong Chuan Road, Shanghai, 200240, People’s
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leads to enhanced scattering of free electrons and thus reduces

the electron mobility.6 Furthermore, the irregular organization

of particles inside the NP films would also reduce the real

effective absorption surface area for the sensitizers due to

a possible block on the path into the depth of the porous

layer.7–10

In recent years, a great many efforts have been paid to explore

better performed DSSCs. One of the well known methods was to

apply mesoporous/P25 film using a sol-gel approach based on

block copolymers, which has achieved a fairly high efficiency.11

Another important approach is to research new photoanodes in

place of the single porous TiO2 films in order to further enhance

the performance of the DSSCs. In a greater degree of variation,

the ordered nanotube arrays (NTs) have been another recent

focus which can hopefully offer higher carrier transport ability

and less blocking effect of the sensitizer absorption than the NP

films. It has been pointed out that the NTs-based DSSCs have

higher charge-collection efficiencies than those of the NP-based

ones by the Frank group.8 The work by the Schmuki group has

achieved the first meaningful efficiency in DSSCs based on

ordered TiO2 NTs under AM 1.5 illumination.12 About 2–3%

efficiency of DSSCs based on the pure TiO2 NTs were later

obtained.13–15 To achieve better performance, further studies on

the TiO2 NTs-based DSSCs have been made via various

approaches, mainly from morphology control and chemical

implantation. It was reported that for the same diameter the

optimum tube length was around 20 mm,9 meanwhile for the

same thickness of nanotube, a smaller diameter helps to achieve
J. Mater. Chem., 2012, 22, 7863–7870 | 7863
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higher efficiency.10,13 More recent research has indicated that for

the same efficiency, the necessary thickness of photoanodes

based on oriented nanostructures is much less than those based

on NP films.15–18 This is especially helpful for flexible or trans-

parent cells.

Nevertheless, the normal efficiency of DSSCs based on pure

TiO2 NTs is still lower than that based on nanocrystalline TiO2

porous films,5 which is usually made by sintering a paste con-

sisting of colloidal oxide particles with sizes in the 10–30 nm

range. In order to resolve this issue, different approaches have

been studied in recent years. One factor has been contributed to

the reduction of electron transport in the tube arrays. This

problem may have come from different reasons, for example, the

trapping effect of oxygen defects in the TiOx (x # 2) bulk, which

often appears after the anodiztion due to incomplete oxidation.19

With oxygen plasma treatments assisted with chemical treat-

ment, TiO2 NTs-based DSSCs have exhibited an overall effi-

ciency of 7.37%.20 Another important factor is the relatively

smaller total surface area of the tubes with a smooth surface

compared to the NP ones, which can be hopefully overcome by

modifications on the surfaces. One usual surface modification is

creating secondary structures by applying the chemical treat-

ments through etching or precipitation.18,21,22 However, the

chemical treatments may induce problems such as irregular

morphological change at the tube surface and damages in the

tube bulk, which negatively influences the electron transport and

thus reduce the total efficiency.23,24 Hence to a certain degree

a paradox lies between the improvement of the two factors.

In this work, a simple and efficient fabrication method to

modify and improve the TiO2 NTs has been demonstrated, which

can create a balance between the carrier transport and the dye

absorption. Extradimensional fine structures, i.e., additional

islands on the tube walls were developed after being soaked in

HF solutions and then annealed to 500 �C. Such a fine structure

was proved to induce a significant increase of short circuit

current and efficiency (Dh/h0 > 35%) from the plain DSSC (back-

side illuminated model, see Fig. 1 in the ESI†). The back-side

illuminated model has a low basic efficiency but offers identical

initial experimental conditions to study the method.

Moreover, the impedance of the sensitizer installation and

electron transport brought by those secondary structures could

be compensated by TiCl4 treatment and application of oscillating
Fig. 1 FE-SEM images of oriented TiO2 tube arrays grown from a 250

nm thick Ti sheet by 10 min, (a), (b) without and (c), (d) with HF

treatment (soaked in a 0.1% HF aqueous solution for 30 min at room

temperature within airtight bottles). (a), (c) show the top view of the as-

prepared TiO2 NTs before annealing; (b), (d) show the top view of

annealed TiO2 NTs. (a0)–(d0) show the lateral view of corresponding TiO2

NTs under the same conditions.
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voltages and mechanical stirring. Combining those methods, an

increase of �114% from the basic efficiency of plain DSSCs has

been realized. The spectroscopic analysis on the formation of

those islands described the recombination process at the wall

surface by the reversible chemical etching process of TiO2 with

F� anions. Generally speaking, the presented method introduced

an effective approach to raise the cell efficiency with greatly

enhanced short circuit current from both the dye installation and

the carrier transport, which is able to play a significant role in the

advancement of DSSCs and other devices relying on similar

materials.

2. Experimental

2.1 Fabrication of TiO2 nanotube arrays

The Ti sheets (0.25 mm thick, 99.7% purity, Sigma-Aldrich Co.

Ltd., USA) were cleaned with methanol, ethyl alcohol, acetone

and isopropyl alcohol with ultrasonication in sequence to remove

any impurities. Highly ordered TiO2 NTs were prepared by

a second anodization of the Ti sheet in a two-electrode cell. The

first anodization was performed at 180 V at 5 �C for 60 min in

a solution of 0.09 M NH4F and 1.0 wt% of H2O in ethylene

glycol (E.G.). The second anodization was performed at 180 V/

180 � 5 V at 5 �C for 10 min in the same solution. The anodized

Ti sheet was rinsed with deionized water and ethanol, followed

by annealing in air at 500 �C for 1 h at a heating rate of 10 �C per

min. Then the TiO2 film was carefully cleaned in deionized water

with ultrasonication. The TiO2 NT films used in the following

experiments have a standard inner and outer diameter of about

100 nm and 200 nm, respectively.

2.2 Growth and modification of TiO2 NTs with secondary

structure

To develop the secondary structures on the nanotubes, the TiO2

film was first soaked in a 0.1% HF solution (volume ratio of

saturated HF and H2O is 1 : 1000) for 30 min at room temper-

ature within airtight bottles. After airing, the HF treated TiO2

NT film was annealed at 500 �C for 1 h. In the TiCl4 treatment,

the sample was first soaked in a 0.2 M TiCl4 solution for 60 min

at room temperature within airtight bottles. Then it was annealed

under the same conditions as the HF treatment. The digital

pictures of TiO2 NT films at different stages can be found in

Fig. 2 in the ESI.†

2.3 Fabrication of DSSCs

The TiO2 NT films with or without HF/TiCl4 treatment were

sintered in air for 1 h at 500 �C (each with an area of 0.25 cm2),

then immersed in 0.5 mM N719 dye (Ruthenium 535-bisTBA)

solution in ethanol for 12 h. These films were used as the pho-

toanodes and mounted together with a counter electrode with

platinum black (prepared by coating FTO glass with a 4 mM

H2PtCl6 solution in ethanol and then heating in air at 200 �C for

60 min) to form back-side illuminated cells. The liquid electrolyte

was injected into the cells by a syringe, which consisted of 0.1 M

iodine (I2), 0.1 M lithium iodide (LiI), 0.6 M tetra-butylammo-

nium iodide and 0.5 M 4-tert-butyl pyridine in acetonitrile

(CH3CN, 99.9%).
This journal is ª The Royal Society of Chemistry 2012



2.4 Characterization of the materials and devices

The surface morphologies of the samples were characterized by

a field emission scanning electron microscope (FE-SEM, JEOL

JSM). The elemental analysis was performed by the energy

dispersive X-ray (EDX) during the FE-SEM observation. A

transmission electron microscope (TEM, JEM-2100F, JEOL

USA Inc.) was employed to investigate the detailed structural

information of the TiO2 NT materials. Detailed microstructures

were investigated by the selected area electron diffraction

(SAED) during the high-resolution (HR)-TEM measurements.

The microstructures of the samples were characterized by X-ray

diffraction (XRD, D/max-2200/PC) with high intensity Cu-Ka

radiation (l¼ 1.5406 �A). The Raman spectra were taken at room

temperature on a Jobin Yvon LabRAM HR 800UV micro-

Raman system with the excitation of a He-Cd laser (325.0 nm).

The photocurrent density-photovoltage (J-V) characteristics of

the DSSCs with an active area of 0.25 cm2 were measured under

AM 1.5 (100 mW cm�2) illumination provided by a solar simu-

lator (Oriel Sol 2A) with a Keithley 2400 source meter. More

data can be found in Table 1 in the ESI.†
Fig. 2 Analysis of the TiO2 tubes with HF treatment. (a)–(d) TEM

images of the TiO2 NTs: (a) without HF treatment, before annealing; (b)
3. Result and discussion

3.1 Development of the secondary structure on the TiO2 NTs

In order to study more systematically, experiments were firstly

carried out with only HF enrollment. The TiO2 NTs were

fabricated with the standard procedure that has been usually

applied for better indentities.25,26 The anodization voltage was

chosen to be 180 V and the temperature was 5 �C so that the

tubes could be growth in a relatively fast rate with good quality.

A second anodization for 10 min was carried out to form more

ordered tube arrays in a controlled short length to meet the

requirement of the DSSCs. The so-fabricated NTs in those

different stages are shown in Fig. 1(a), (a0), (b) and (b0). They all

had quite uniform sizes, i.e., the inner diameter, outer diameter

and thickness of 110 nm, 215 nm and 21 mm, respectively. The

tubes have smooth inner and outer surfaces and straight shape

before annealing, and contain some small corrugation on the

surface after annealing.

However, after the HF treatment, a series of secondary

structures appeared at the surface of the TiO2 tubes compared to

the tubes without the preliminary HF treatment, as shown in

Fig. 1(c), (c0), (d) and (d0). In detail, numerous multidimensional

fine structures emerged around the surface of NTs after the tubes

were annealed, while few multidimensional fine structures

appeared before the tubes were annealed. It is worth mentioning

that the inner/outer diameter of tubes remained at the original

size while the surface became rougher. It can also be seen from

Fig. 1(d0) that these particles were also grown at the inside

surface of the tubes.

without HF treatment, after annealing; (c) with HF treatment, before

annealing; and (d) with HF treatment, after annealing. (e), (f) SAED

pattern of the TiO2 NTs with HF treatment: (e) before annealing; and (f)

after annealing. (g), (h) HR-TEM images of the TiO2 NTs with HF

treatment: (g) before annealing; and (h) after annealing. (i) XRD pattern

of the TiO2 tubes with HF treatment, sintered in air for 1 h at 500 �C at

a heating rate of 10 �C per min. (j) Room temperature Raman spectra of

the anodized tubes with HF treatment, sintered under the same

conditions.
3.2 Structural analysis of TiO2 NT films with HF treatment

Beside the surface morphological change shown in Fig. 1,

changes can also take place in the inner morphology and

microstructures. Therefore the TEM measurement was carried

out together with SAED patterns. Fig. 2(a)–(d) show the

magnified TEM images of the TiO2 NTs with/without HF
This journal is ª The Royal Society of Chemistry 2012 3
treatment. These results clearly show that after the HF treatment

and annealing, the inner surface of the tubes also became much

rougher than the one without HF treatment after annealing, and

the diameter of the nanotubes was hardly affected. Compared to

Fig. 1(c0) and (d0), similar secondary structures to the outer

surface were formed with HF treatment and annealing, with an

average size ranging from 12 to 25 nm. It can also be more clearly

observed from Fig. 2 that the development of those secondary

structures mainly happened after the sample was already taken

out of the HF solution, and during the annealing. The corre-

sponding SAED pattern shown in Fig. 2(e) and (f) confirms the

changing from amorphous phase to crystalline phase and the

highly crystalline nature of anatase TiO2. The SAED data has

indicated that the TiO2 was polycrystalized and more or less

randomly oriented. The crystalline structures could also be

identified in the HR-TEM images shown in Fig. 2(g) and (h).

Though the SAED and the HR-TEM images have shown

crystallinity of the so-fabricated TiO2 NTs, they have only shown

the localized information. For more macroscopic information,

the XRD and the Raman spectroscopy are necessary. Fig. 2(i)

shows the corresponding XRD pattern of the HF-treated TiO2

tube arrays. All diffraction peaks of the as-prepared tubes after

annealing at 500 �C exhibit good agreement with anatase refer-

ence data,27 indicating that the HF-treated TiO2 NTs are well

crystalline after the widely-used annealing method. Fig. 2(j)

shows the room temperature Raman spectrum recorded between

100 and 700 cm�1. It exhibits five distinct and strong peaks at

about 143.9, 195, 399.3, 518.6 and 637.8 cm�1 in the Raman
J. Mater. Chem., 2012, 22, 7863–7870 | 7865



Fig. 3 TiO2 tube arrays after annealing at 500 �C, pre-treated with HF

in different concentrations: (a) 0.05%, (b) 0.2%, (c) 0.35%, (d) 0.5% HF

treatment. (e) J-V characteristics of dye-sensitized solar cells (using N719)

with the TiO2 NTs treated by various HF aqueous solution concentra-

tions, at a constant illumination of 100 mW cm�2. The dashed lines

marked by kSH and kS indicate the slopes near JSC and VOC, which are

related to the reciprocals of shunt resistance and series resistance,

respectively.
spectrum of the annealed TiO2 tube arrays, revealing that the

lattice atoms are aligned in anatase phase, which agrees well with

the observation for TiO2 thin films by Fujiki and other

groups.28–30 Those results above indicated that the so-fabricated

TiO2 NTs were ready to be used in the DSSCs.
Fig. 4 TiO2 NTs with 0.35% HF and TiCl4 treatment, after annealing,

and their performance in DSSCs. (a), (b) Top and lateral view, respec-

tively; (c) J-V behavior of DSSCs with the TiO2 NTs treated by a TiCl4
solution (soaked in a 0.2 M TiCl4 solution for 60 min at room temper-

ature within airtight bottles) and various HF aqueous solution concen-

trations, at a constant illumination of 100 mW cm�2. The dashed lines

marked by kSH and kS indicate the slopes near JSC and VOC, respectively.
3.3 Photovoltaic performance of DSSCs based on TiO2 NTs

treated by HF aqueous solution in various concentrations

As demonstrated in sec. 3.2, secondary structures on the TiO2

surfaces were formed with 0.1% HF treatment and have shown

good crystallinity after annealing. It would be interesting to

investigate the evolution of this phenomenon versus different

conditions. Hence similar experiments have been carried out with

a series of HF conditions and the results are shown in Fig. 3(a)–

(d). When the HF concentration increased, first the density of

particles on the surface increased, then reached a maximum.

When the HF concentration continued to rise up, the tube

surface became smooth again. Combining the results in Fig. 1(a)

and (c), apparently these kind of island-particles reach the

highest density with an intermediate HF concentration of about

0.35%.

Consequently, this multidimensional fine structure gave rise to

a corresponding improvement of DSSCs based on those TiO2
7866 | J. Mater. Chem., 2012, 22, 7863–7870 4
NTs. The as-fabricated samples were mounted with a counter

electrode (Pt black) to form a back-side illuminated dye-sensi-

tized solar cell (using N719 as the sensitizer). Though the back-

side illuminating form of the DSSC would suppress the total

conversion efficiency, it would not harm the effect of secondary

structures. Fig. 3(e) presents the J-V characteristics of the

DSSCs. For a solar cell without HF processing, the measurement

yielded the efficiency of 2.03% (curve 0% in Fig. 3(e)), with an

open circuit voltage (VOC) of 0.60 V, a short circuit current

density (JSC) of 6.90 mA cm�2, and a fill factor (FF) of 0.49.

When the TiO2 NTs processed by various concentration of

fluoride were applied into DSSCs, the cell performance was

increased significantly (see curve 0.05%, 0.1%, 0.2%, 0.35% and

0.5% in Fig. 3(e)), as the HF concentration increases from 0%.

The best efficiency was 2.75% at the 0.35% HF concentration,

with VOC ¼ 0.62 V, JSC ¼ 9.16 mA cm�2, and FF ¼ 0.49.

Compared to its non-HF treated counterpart, it represents an

increase of 32.75% of the short circuit current and 35.47% of the

efficiency. These improvements can be contributed to the

increase of dye absorption due to higher effective surface-to-

volume ratio by those secondary crystal structures. However,

after the development of the secondary structures on the tubes,

the contact between those particles and the tube surfaces is

sometimes not good, and toomany particles might stack together

and too much of a steep surface roughness can sometimes block

the penetration of the dye molecule to the depth of the tubes.

Both these factors can both reduce the improvement of the cell

efficiency.31,32

Furthermore, as widely known in the solar cell characteriza-

tion, the slope of the J-V curve at different positions can repre-

sent the resistances inside the solar cell, i.e the slopes near the

VOC (kS) and JSC (kSH) are proportional to the reciprocals of the
This journal is ª The Royal Society of Chemistry 2012



series resistance and shunt resistance, respectively.33 Therefore

the information about the electron transport in the cell can also

be extracted from the measurement of the slopes. As shown

in Fig. 3, kS decreased from 2.8 � 10�2 U�1 cm�2 (plain cell) to

1.5 � 10�2 U�1 cm�2, again indicating that the electron transport

through the cell was negatively influenced by the HF treatment.

Besides, the electron transport can also be reduced by structural

damage in the bulk of the tubes, as shown by the TEM image in

Fig. 2(d). Finally, kSH decreased from 2.1 � 10�3 U�1 cm�2 to

8.0 � 10�4 U�1 cm�2, showing increased shunt resistance due to

the secondary structure.
Fig. 5 TiO2 NTs with modulated voltage (180 � 5 V) and mechanical

stirring at 100 rpm followed by 0.35% HF treatment and their

performance in DSSCs. (a), (b) Top and lateral view, respectively; (c)

photovoltaic behavior of dye-sensitized solar cells with TiO2 NTs

formed at various modulated conditions, at a constant illumination of

100 mW cm�2. The dashed lines marked by kSH and kS indicate the slopes

near JSC and VOC, respectively.
3.4 Complementary development of the secondary structures

3.4.1 Integration with TiCl4 treatment. As demonstrated in

sec. 3.3, the high dimensional secondary structures (surface

particles) on the TiO2 tube array can significantly enhance the

performance of the DSSC, but they would also bring some

negative effects on the electron transport and the dye loading.

The as-formed secondary structures should be further improved

by some complementary steps to reduce these negative effects.

One possible way is to increase the contact between the particles

and tube surface, or among the particles themselves. This can be

resolved by a simple TiCl4 treatment, which was commonly

applied in the working photoelectrode pre-treatment.18 It was

reported to induce improvements in the adhesion andmechanical

strength of the nanocrystalline TiO2 layer
34 and result in higher

photocurrent, which intimated a complementary procedure with

HF. Fig. 4(a) and (b) show the TiO2 NTs with the combined

treatment by the HF and the TiCl4 afterwards. To be more

adapted to the application, the TiCl4 concentration was set to

0.2 M, a usually applied value with an optimized effect.18

Apparently, the secondary structures on the tube surface became

more regular and much more flat islands were formed. It could

also be detected that the stacking effect of particles was reduced,

especially compared to Fig. 3(c).

As a result, it could be detected by the J-V measurement that

significant improvement has taken place in the DSSCs based on

those TiO2 NTs. It also clearly illuminates the increasing of

secondary crystal structures as well, which is shown in Fig. 4(c).

On one hand, with only TiCl4 (curve 0% given in Fig. 4(c)), the

cell yielded the efficiency of 2.76%, with VOC ¼ 0.62 V, JSC ¼
10.09 mA cm�2, and FF ¼ 0.44. It was higher compared to the

sample without any treatment, but still similar ass the cell with

HF treatment, which has a maximum efficiency of 2.75%. On the

other hand, when the TiO2 NTs were treated by TiCl4 and HF

together, the performance of corresponding DSSC was increased

significantly compared to the situation under the same HF

treatment without TiCl4 treatment (see the data for 0.1%, 0.2%,

0.35% and 0.5% HF, given in Fig. 3(e)) in general. The highest

efficiency was 3.65%, obtained at an HF concentration of 0.35%,

which is about 80% greater than the plain DSSC without any

treatment, with VOC ¼ 0.63 V, JSC ¼ 15.54 mA cm�2, and FF ¼
0.37. It should also be noticed that besides the increase of effi-

ciency, the short circuit current was greatly enhanced to about

125% higher than the basic value on the plain DSSC and �70%
higher than the sample with only HF treatment. This fact

strongly indicates a contribution to the contact modification near

the secondary particles and the tube surfaces, which leads to
This journal is ª The Royal Society of Chemistry 2012 5
more carrier transferring from the dye to the TiO2 bulk and

a final increase of the overall efficiency.

From the J-V curve, it can be measured that after the TiCl4
treatment, kS has increased from 1.5 � 10�2 U�1 cm�2 (the opti-

mized sample at 3.5% HF) to 2.0 � 10�2 U�1 cm�2, which means

the series resistance of the cell was reduced. Nevertheless, kSH
increased from 8.0 � 10�4 U�1 cm�2 to 4.0 � 10�3 U�1 cm�2,

indicating the decrease of shunt resistance. Consequently, the fill

factor at the maximum efficiency (0.37) was even less than the

cases for the plain DSSCs (0.49), that with only HF treatment

(0.49) and that with only TiCl4 treatment (0.44), which can

strongly harm the real output of the cell. A result from the TiCl4
treatment is that many unnecessary contacts on the irregularly

roughened surface can be built which can induce a higher

probability of the carrier recombination. Moreover, the struc-

tural damage inside the tube bulk can not be simply repaired by

the TiCl4 treatment at the surfaces. Therefore better ordered tube

arrays prior to the chemical treatments are expected to be help-

ful, with assistance of some simple outer conditions.

3.4.2 Under modulated conditions (oscillating voltage and

mechanical stirring). As discussed above, on one hand, the effi-

ciency is improved due to larger surface area for dye absorption

and better surface contact by chemical modifications. On the

other hand, the chemical treatment might also bring negative

influence on the efficiency and the fill factor due to the increased

roughness inside the tubes and damage in the bulk of the tubes. It

has been studied by our previous works that the morphology of

the TiO2 NTs could be adjusted by controlling the mechanical

stirring rate or the fast periodically modulated anodic voltage.25

Hence it is expected to be combined with the previous treatment

to obtain secondary fine structures with better ordered, straight
J. Mater. Chem., 2012, 22, 7863–7870 | 7867



and compact TiO2 NTs. By using those techniques together with

the chemical treatment, the negative influence of the secondary

structures might be reduced so that the efficiency can be further

improved.

To ensure better identity of this study, all the following

experiments were carried out preliminarily with the HF

concentration at 0.35% according to previous experiments. The

typical morphology of so-fabricated sample can be demonstrated

by Fig. 5(a) and (b), revealing significant change with controlled

modulated voltage and higher stirring rate compared to those

tubes fabricated with only controlled chemical treatment. It can

be clearly observed the secondary structures on the walls are

more homogeneously distributed in a more uniform size. Besides,

the tubes were very straight and ordered. The tubes were anod-

ized with periodically modulated voltage of 180 � 5 V and at

stirring rate of 100 rpm and 600 rpm, which are the typical

optimized values according to previous investigations.25 Fig. 5(c)

compares the J-V characteristics of the DSSCs fabricated under

various conditions. The highest efficiency was 4.35% (VOC¼ 0.61

V, JSC ¼ 14.79 mA cm�2, and FF ¼ 0.48), about 114.2% higher

than the DSSC without any treatment and 19.2% higher than the

sample with only chemical treatment. This result was obtained

with the previously optimized chemical treatment at 180 � 5 V

with a stirring rate of 100 rpm. kS under this condition was

2.4 � 10�2 U�1 cm�2, higher than the value 2.0 � 10�2 U�1 cm�2

under the optimized conditions with only TiCl4 and HF

treatment. The kSH was 1.5 � 10�3 U�1 cm�2, much lower than

4.0� 10�3 U�1 cm�2 for the optimized sample with TiCl4 and HF.

Consequently, though the short circuit current was lower than

the sample when only treated by HF and TiCl4, the fill factor was

raised by 29.7%, which implies that the electron transport ability

was further improved by better organized arrays and the real

output with a certain load is much better under the same JSC.

Evidently, using external modulated conditions during the

anodization leads to a significant increase of the short circuit

current due to both the higher surface available for dye chemi-

sorption and the shorter path available for charge trans-

portation. Table 1 has made a short summary of the cell

performance under different conditions. In all modulated

condition cases, samples fabricated by modulated voltage have
Table 1 Short summary of photovoltaic characteristics of the DSSCs under

Growth and chemical treatment
conditions

Plain cell CV b

HF treatment CV, 0.1% HF
CV, 0.2% HF
CV, 0.35% HF
CV, 0.5% HF

TiCl4 treatment CV, TiCl4
CV, 0.1% HF, TiCl4
CV, 0.2% HF, TiCl4
CV, 0.35% HF, TiCl4
CV, 0.5% HF, TiCl4

Modulated conditions CV, 0.35% HF, 600 rpm
MV, c 0.35% HF, 100 rpm
MV, 0.35% HF, 600 rpm
MV, 0.35% HF, 100 rpm, TiCl4

a All data were acquired in back-side illuminated DSSCs. b Constant voltage
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a much higher short circuit current and efficiency than the

samples by constant voltage, although their open circuit voltage

and fill factor are slightly sacrificed. These results demonstrate

that ordered and straight tubes fabricated under modulated

anodic voltage are effective in increasing the performance of

DSSCs based on TiO2 NTs. In combination with the application

of the other techniques which can increase the open circuit

voltage, for example, improved redox pair other than the I�/I3�,35

a much better performed DSSC could be realized.

3.4.3 Mechanism of the secondary structure development.

Though morphological and structural studies have indicated

significant changes in those different procedures, the mechanism

behind the phenomena remains unknown, e.g., the reason that

the formation of the secondary structures mainly happened after

annealing while the sample was already taken out of the HF

solution. Hence, each link of the process of the fluorination

reaction and crystallization was further detected by an EDX

study. It shows more information of changes that took place

under different conditions. The EDX spectrum of the TiO2 NTs

without HF treatment, as shown in Fig. 6(a), indicates that the

obtained nanotubes are composed of only Ti and O elements.

Fig. 6(b) describes the EDX spectrum of the same TiO2 NTs

which have been sintered into crystalline films of the anatase

phase. Obviously, the annealed TiO2 NTs maintain the same

elemental composition. After the fluorination reaction in HF

aqueous solution, successful incorporation of elemental F into

the TiO2 nanotubes could be observed from the compositional

information of the EDX spectrum in Fig. 6(c). Further annealing

treatment will yield pure TiO2 nanotubes once again, which is

unambiguously illustrated by Fig. 6(d). There were only Ti and O

elements left in the tube arrays, without significant existence of

elemental F.

The experimental facts indicated that the formation of the

secondary structures is strongly connected to the F� anions and

the high temperature annealing that followed theHF treatment. It

is known that the existence of anF� anionwill induce dissolvent of

TiO2. Since the F
� is not detected after the annealing process with

only TiO2 left, the general reaction would be reversible, which is

also supported by, ref. 36 with its form given as below:
various conditions a

JSC/mA
cm�2 VOC/V FF(%) h(%)

6.90 0.60 49.3 2.03
9.50 0.61 38.6 2.24
9.88 0.68 37.3 2.50
9.16 0.62 48.8 2.75
6.89 0.63 42.8 1.87
10.09 0.62 43.8 2.76
11.71 0.65 40.6 3.08
13.72 0.64 39.6 3.49
15.54 0.63 37.0 3.65
12.27 0.64 42.6 3.36
11.03 0.58 54.4 3.45
14.23 0.56 46.9 3.75
12.65 0.59 47.3 3.54
14.79 0.61 48.4 4.35

. c Modulated voltage.
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Fig. 6 Caption EDX spectroscopy of the anodized TiO2 NTs, showing the elemental composition under different conditions. (a), (b) Without HF

treatment, before and after annealing, respectively; (c), (d) with HF treatment, before and after annealing, respectively. (e) Schematic illustration,

different steps of the tube modification.
TiO2(s) + 4HF + 2F� 4 TiF6
2� + 2H2O (1)

During the HF treatment, F components in the form of HF

and F� can diffuse into the TiO2 bulk in different depths.

However, the dissolution of TiO2 is slow at room temperature

and therefore no significant morphology change took place after

the HF treatment. In the high temperature annealing, it took

a certain time until the temperature finally reached the set value.

During the temperature rising, more F� in the bulk would react

with the TiO2 and induce the destruction of the TiO2 locally. Due

to the different penetrating depth, the interface between fluoride

(TiF6
2�) and TiO2 becomes much rougher, as shown in the step

(2) in Fig. 6(e). As a consequence, there would be a redistribution

of fluoride due to the rough TiO2 surface and diffusion under

high temperature. Nevertheless, as the temperature continues to

rise up and being kept at several hundred degrees, the fluoride

turns into TiO2 again, and forms particle like secondary
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structures, as shown in the step (3) in Fig. 6(e). Starting from

a tiny value, if the [F�] is gradually increased with increasing HF

concentration, this reformation will be enhanced, so that more

secondary structures will develop. However, if [F�] becomes too

high, then TiO2 dissolvent would be significantly enhanced even

at room temperature, which could be the reason for the smooth

and thin tubes formed with 0.5% HF shown in Fig. 3(d).

When TiCl4 was applied on the HF treated and annealed

sample, a part of the Ti4+ ions will be enriched near the contact of

secondary structures and the TiO2 tubes. After the second

annealing, new minor TiO2 crystals will be formed near those

positions, as shown in the step (4) in Fig. 6(e). Therefore they

could further increase the effective contact surface area and

enhance the ability of electron transport from the surface to the

bulk. However, these minor contacts can not repair the damage

inside the tube bulks. According to common comprehensions on

corrosion processes, the chemical etching can be excessively
J. Mater. Chem., 2012, 22, 7863–7870 | 7869



enhanced in certain positions with stronger roughness (step (1) in

Fig. 6(e)).37 Therefore the electron transport of the originally

rough tubes before the chemical treatment will suffer more from

the structural damaging compared to the originally smooth and

straight ones. Besides, it is easier for the TiCl4 treatment to form

unnecessary contacts on the originally roughened surface than

on the smooth and ordered tubes, which increases the probability

of carrier recombination, leading to lower shunt resistance and

fill factor.

Fortunately, as introduced in sec. 3.4.2, straight and ordered

tubes could be formed in a high growth rate with controlled

mechanical stirring and periodically modulated voltages (step (5)

in Fig. 6(e)).25 With those tubes, the damage in the bulk by the

chemical treatment can be relatively reduced. Additionally,

straighter, ordered tubes also helps to reduce the blocking effect

from enhanced roughness inside the tubes after the chemical

treatment. Consequently, the efficiency of DSSCs based on so-

fabricated tube arrays was further improved. The composite

structures were shown in the step (6) in Fig. 6(e) and the

photovoltaic characteristics were summarized in Table 1. It is

interesting to observe that a large amplification of 114% has been

achieved by all of above treatments compared to the plain sample

without any treatment.

4. Conclusions

To summarize this work, it can be concluded that a suitable

balance can be generally established among the paradox in the dye

absorption, the electron transportation at the surface and the

bulk. First, the secondary structures can be controllably grown on

both sides of the TiO2 tubes developed with HF treatment, which

induces a significant increase (>35%) of the conversion efficiency

in DSSCs. With a subsequent TiCl4 treatment and application of

controlled oscillatory conditions, the negative effect to the elec-

tron transport in the cell due to the chemical treatments can be

reduced. Overall, an efficiency of 4.35% can be reached in the

back-side illuminated DSSC, which is �114% higher than the

basic value. Based on that, greater efficiency improvements of

nanotube based DSSCs with thin layer thickness could be hope-

fully realized, with the development of other key parts, such as

new dyes and electrolytes based on a new redox pair.5,35,38,39
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Mechanism of Trapping Effect in Heterojunction
With Intrinsic Thin-Layer Solar Cells: Effect

of Density of Defect States
X. Hua, Z. P. Li, W. Z. Shen, G. Y. Xiong, X. S. Wang, and L. J. Zhang

Abstract—We have simulated the performance of heterojunc-
tion with intrinsic thin-layer (HIT) solar cells on n-type c-Si
substrates using the numerical simulator automat for simulation
of heterostructures (AFORS-HET), with emphasis on the effect
of density of defect states (DOS) in both p-type hydrogenated
amorphous silicon (a-Si:H) emitter and intrinsic a-Si:H buffer
layers. A detailed and accurate DOS distribution, including both
bandtail states and deep dangling-bond states, has been estab-
lished in a-Si:H layers based on existing experimental results of
a-Si:H films in the literature. The changes of DOS distribution for
differently doped thin a-Si:H layers, depending on their doping
concentrations (from intrinsic to highly doped), have explicitly
been considered. With this DOS distribution model, we have
calculated the charge trapped in defect states, which understands
the mechanism of trapping effect, i.e., how the DOS influences the
built-in field, space-charge region, and the cell performance within
HIT solar cell structures. It is found that the DOS in the p-type
a-Si:H emitter layer can cause an unfavorable trapping effect,
which becomes more serious and even difficult to avoid in case
of high doping concentration beyond 1 × 1020 cm−3. In contrast,
the DOS in the intrinsic a-Si:H buffer layer will not sufficiently
suppress the cell output until the density of dangling-bond states
reaches 5 × 1018 cm−3. This paper presents a clear physical
picture for the mechanism of trapping effect and concludes the
suggestive DOS required for the high efficiency of HIT cells
above 20%.

Index Terms—Amorphous semiconductors, doping, photo-
voltaic cells, semiconductor device modeling, semiconductor im-
purities, solar energy.

I. INTRODUCTION

H ETEROJUNCTION with intrinsic thin-layer (HIT) solar
cells combine the high stable efficiency of crystalline

silicon (c-Si) with the low-temperature deposition technology
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of hydrogenated amorphous silicon (a-Si:H) films, leading to
a sufficient cut of production cost of high-efficiency solar cells.
HIT solar cells have attracted much more attention as a possible
low-cost alternative to c-Si solar cells, which creates a great
prospect of the photovoltaic market. Sanyo Electric Co. Ltd.,
Osaka, Japan, has promoted the record of conversion efficiency
to 23.0% in 2011 [1] for a practical size of 100.4 cm2 in
HIT structures on n-type c-Si substrates and will soon report
their new improvement to 23.7% in 98-μm-thin wafers. Several
European and U.S. groups have also achieved the conversion
efficiency around 20%, both on n- and p-type c-Si substrates
[2]–[4].

To understand the key issues of HIT high efficiency, recent
studies have focused on the carrier transport mechanisms [5]–
[7] and the optimization of structures [8]–[11]. Computer mod-
eling has widely been carried out to evaluate the role of various
controlling factors of the HIT structure. Froitzheim et al. [12]
and Datta et al. [11], [13] have established the strong influence
of the defect states at a-Si:H/c-Si interfaces. Combining their
experimental data with modeling results, they raise the impor-
tance of the heterointerface treatment and passivation of defects
on the surface of c-Si wafer, which matches well with many
other groups [5], [9], [10]. Kanevce et al. [6] have examined
the role of transparent conductive oxide (TCO) by modeling
the TCO as an n-type semiconductor layer, essentially forming
an n–p–n structure. Some other groups have shown the effect of
thickness and doping concentration of the individual layers and
drawn the conclusion that the a-Si:H layer should be ultrathin
and extremely heavily doped to achieve the high efficiency
above 20% [8], [9].

It is well known that there must be a large density of
defect states (DOS) and even significant trapping effect in
ultrathin and/or heavily doped a-Si:H films, which will greatly
reduce the cell performance. Nevertheless, few studies have
taken into account the effect of the DOS in a-Si:H films. The
difficulty lies in the fact that a detailed and accurate DOS
distribution is needed, which has been simplified by some
researchers [9]. Note that the accuracy of the model can be
critical, because the result is quite sensitive upon the parameters
utilized in the simulation. In this paper, we have employed
the numerical computer simulator automat for simulation of
heterostructures (AFORS-HET) to simulate Sanyo’s new struc-
ture of HIT solar cells, focusing on the effect of DOS in
both p-type a-Si:H emitter and intrinsic a-Si:H buffer layers
upon cell performance. We have established a more accurate

0018-9383/$31.00 © 2012 IEEE9
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TABLE I
PARAMETERS USED FOR THE SIMULATION

DOS distribution in a-Si:H through the experimental results of
a-Si:H bulk and surface [2], [14]–[17] and used it to understand
the mechanism of trapping effect, i.e., how the DOS affects
the built-in field and space-charge region (SCR), as well as
cell output. We have demonstrated the proper DOS required
in a-Si:H layers to achieve efficiency above 20% of HIT
solar cells under various doping concentrations in practical
production.

II. NUMERICAL MODEL FOR HIT SIMULATION

AFORS-HET, the numerical computer simulator designed
for heterojunction devices and later extended to HIT cells [2],

[8], [18], is utilized for solving 1-D Poisson and continuity
semiconductor equations in this paper. The simulated HIT cell
structure on the n-type c-Si substrate is TCO/p-a-Si:H/i-a-
Si:H/n-c-Si/ n+-a-Si:H(BSF)/Al, referred to as Sanyo’s HIT
structure. Note that, although we ignore the i-a-Si:H layer
of the rare side for the lack of precise experimental data,
we still include a well-passivated interface on the rare sur-
face of c-Si wafer with low interface defect density. The
values of the parameters adopted for simulation are listed
in Table I.

In the simulation of optical properties, the incident light
(standard air mass of 1.5 illumination spectrum, i.e., AM 1.5)
enters through the TCO/p-a-Si:H emitter layer. We take proper10
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account of light reflection and absorption in the TCO film and
introduce textured pyramid structure on the front surface of the
c-Si wafer. We calculate the multiple reflection and coherence,
depending on the incident light wavelength of each a-Si:H layer
and c-Si substrate. However, optical impacts such as the light-
trapping effect and grid shading are not involved like other
modelers [5]–[8], [11], [18].

The simulation of electrical properties is constructed with
the following three parts: 1) contacts; 2) interfaces; and 3) bulk
layers. The junction between TCO and the p-type a-Si:H layer
is taken as x = 0 on the position scale and referred to as the
front contact, where the work function of the standard TCO is
fixed at 5.2 eV. On the other hand, to focus on the effect in the
emitter and buffer layers, we assume a conventional Al contact
and flatband condition at the back contact, instead of TCO
used in Sanyo’s 2011 HIT structure to remove the complex
influence of back-contact barrier, because the TCO of rare side
still needs further investigation for more experimental results.
Both surface recombination velocities of electrons and holes at
the front and back contacts are set as 1 × 107 cm/s.

Defect states at both front and rear a-Si:H/c-Si interfaces
are assumed to be Gaussian distributed, with peaks located at
the midgap of c-Si, based on the experimental results in the a-
Si:H near-surface layers by Winer et al. [16]. The total DOS at
interfaces is set as a low value of 1.2 × 1011 cm−3, which does
not result in a modified band bending [12]. Carrier transport
across the a-Si:H/c-Si interface is modeled through thermionic
emission, and the tunneling process is not included, because the
current of tunneling is unlikely to affect solar cell performance
at its normal working condition [13].

In bulk layers, semiconductor equations are solved using
the Shockley–Read–Hall (SRH) recombination model [19]
for steady-state conditions under external illumination. Band
diagrams and band offsets are calculated according to the
Anderson model and matches well with the experimental mea-
surements at the a-Si/c-Si heterojunction [20], [21]. The defect
states in the c-Si substrate are assumed to be uniformly distrib-
uted and acceptor-like for the main O-vacancy defects in c-Si
[22], whereas in the a-Si:H emitter and buffer layers, the DOS
distribution is more complicated and can strongly influence the
recombination in bulk layers, which may further impact the cell
output. The details of DOS distribution in a-Si:H is modeled in
Section III.

III. DOS DISTRIBUTION MODEL FOR a-SI:H

As the key issue to understand the effect of the DOS in
a-Si:H emitter and buffer layer upon HIT cell performance,
an elaborate DOS distribution model based on existing ex-
perimental results is established, which takes the measured
DOS distributions for differently doped thin a-Si:H film into
account. The defect states in a-Si:H mainly consist of expo-
nential bandtail states and deep dangling-bond (DB) states. As
shown in Fig. 1(a)–(c), the conduction and valence bandtail
states are accepter- and donor-like, respectively, and both have
exponential distribution in energy E. The total defect density
of conduction bandtail (C bandtail) states (NCtail) and va-

Fig. 1. DOS distribution model, including donor-like DB, acceptor-like DB,
C bandtail, and V bandtail states. DOS distribution in (a) intrinsic a-Si:H buffer
layer and (b) p-type a-Si:H emitter layer (with an effective doping level, i.e.,
difference of the Fermi level to the valence band edge, EF − EV = 45 meV,
which is quite small because of the heavily doped and low DOS condition), and
(c) heavily doped n-type a-Si:H BSF (with effective doping level EC − EF =
220 meV).

lence bandtail (V bandtail) states (NVtail) are usually given as
follows:

NCtail(E) =

EC∫
EV

NOC exp
(

E − EC

EOC

)
dE

NVtail(E) =

EC∫
EV

NOV exp
(

EV − E

EOV

)
dE (1)

where NOC and NOV denote the densities per energy range
at the conduction (EC) and valence (EV ) band edges, respec-
tively. They are used here to define a quantitative scale for DOS
distribution. EOC and EOV are the Urbach energies, i.e., the
inverse logarithmic slope of the conduction and valence bands,
reflecting the disorder broadening of bands.

The values of NOC and NOV amount to 2 × 1021−4 ×
1021 cm−3/eV and hardly vary with doping concentration,
yielded from various measurements by many researchers [16],
[17], [23], [24]. Schmidt et al. [2] have employed a fixed num-
ber of 2 × 1021 cm−3/eV for NOV to normalize their constant
final state yield spectroscopy results on ultrathin a-Si:H films.
The Urbach energies EOC and EOV, which characterize the
shape of bandtail states, show different sensitivities to doping
condition. The value of EOV preserves between 43 and 51 meV,
keeping almost unchanged in both intrinsic and boron-doped
a-Si:H films [16], whereas EOV can increase to 61 meV
in phosphorus-doped a-Si:H [15], and even higher than
101 meV for ultrathin films (∼2.8 nm) [14]. However, EOC is
34–37 meV in phosphorus-doped a-Si:H and appears a little
sensitive to doping condition [16]. Both EOC and EOV rise
for thinner and more defective a-Si:H films because of the
increment of disorder.11
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The more important defects are deep DB states as they lie
near the midgap to be effective recombination centers, and they
are very sensitive to various production conditions. This family
of deep defects (D) can be pictured as dangling sp-hybrid
orbitals of Si atoms in different nearest neighbor environments.
D0 is its neutral state, where a DB orbital is occupied by a
single valence electron of the corresponding Si atom. The DB
states that correspond to the D0/D+ (D+ + e− → D0) and
D−/D0 (D0 + e− → D−) transitions can be characterized by
deep-level transient spectroscopy (DLTS) and electron-spin-
resonance (ESR) measurements [25]–[27]. The total density
of states within the mobility gap can also be yielded us-
ing ultraviolet-excited photoelectron-yield spectroscopy, pho-
tothermal deflection spectroscopy, and total-yield methods [14],
[16], [17], [25]. It is found that the DB states are continuously
distributed, fitted as two Gaussian distribution functions [25]
that correspond to the D0/D+ and D−/D0 transitions [see
Fig. 1(a)–(c)]. The density of donor-like (NtD) and acceptor-
like (NtA) DB states are given as

NtD =

EC∫
EV

ND0 exp
[
− (E − E0/+)2

2(FWHM/2)2

]
dE

NtA =

EC∫
EV

NA0 exp
[
− (E − E−/0)2

2(FWHM/2)2

]
dE (2)

where ND0 and NA0 are the peak values of defect states that
correspond to the D0/D+ and D−/D0 transitions, respectively,
with E0/+ and E−/0 being the peak energy positions beyond
EV and FWHM the full width at half maximum of the Gaussian
profile.

We assume the defect states distribution in the a-Si:H bulk
to be symmetric and set the density of DB states Nt = NtA =
NtD for convenience. Note that, because the asymmetry distri-
bution is very common in amorphous materials, further study
of broken symmetry condition will be discussed in Section IV.
ND0 and NA0 vary with the doping concentration, from
∼ 1 × 1016−2 × 1019 cm−3/eV in intrinsic films [16], [17] to
higher than 1 × 1020 cm−3/eV in highly doped a-Si:H [10],
which shall further increase for thinner films, particularly for
the ultrathin films used as HIT emitter and buffer layers. The
value of FWHM has been derived to be 0.2 eV in intrinsic
a-Si:H films based on the experimental results in [17] and is
found to be 0.4 eV in doped a-Si:H in [16] based on the total
yield measurements.

The peak positions of Gaussian profile E0/+ and E−/0

greatly affect Nt when their positions come very close to
the band edge and sensitively work on the charge trapped in
defect states [see (5) in Section IV]. However, the changes of
peak position have easily been ignored by other groups [9]. In
intrinsic a-Si:H films, E0/+ and E−/0 lie near the midgap at
EV + 0.725 and EV + 1.025 eV, respectively [17]. Winer et al.
[16] have observed that, in highly doped n-type a-Si:H, the
shift of E0/+ and E−/0 toward EV (relative to their positions
in intrinsic a-Si:H) is equal to the shift of Fermi level EF in
the opposite direction. Similarly, in p-type a-Si:H, we can also

Fig. 2. Effect of the density of DB states (Ntp) in the p-type a-Si:H emitter
layer on the HIT cell performance of (a) efficiency (η), (b) open-circuit voltage
(VOC), (c) short-circuit current density (JSC), and (d) J–V curves under
illumination.

assume that the shift of E0/+ and E−/0 toward EC is equal to
the shift of EF toward EV .

The distribution of donor- and acceptor-like states is de-
termined by the effective correction energy Ueff (D0 +
D0 + Ueff → D+ + D−) between singly and doubly occu-
pied D0 defects. When Ueff > 0, the lower midgap defect
states (D0/D+) are donor-like, and the upper midgap defect
states (D−/D0) are acceptor-like. It is convincingly concluded
through DLTS and ESR measurements that Ueff is positive,
in the range of 0.2–0.4 eV [27]. In combination with other
observations of roughly 0.3 eV [28], we attribute that the
D0/D+ transition lies 0.25–0.30 eV (depending on doping
concentration) below the D−/D0 transition.

IV. EFFECT OF INCREASING THE AMOUNT OF DEFECTS

IN P-TYPE EMITTER LAYERS

Fig. 2(a)–(c) illustrates the dependence of the density of DB
states (Ntp) in the p-type a-Si:H emitter layer (with a doping
concentration of NA = 7.5 × 1019 cm−3) on HIT cell perfor-
mance. We vary Ntp in the range of 1 × 1018−7 × 1019 cm−3,
with a relatively low density of DB states in the intrinsic buffer
layer fixed at 2.5 × 1016 cm−3. As shown in Fig. 2(a)–(c), the
cell conversion efficiency (η) and open-circuit voltage (VOC),
as well as short-circuit current density (JSC), keep almost
unchanged at Ntp below 1 × 1019 cm−3, where the yielded η
of 23.0%, VOC of 729 mV and JSC of 39.52 mA/cm2 are in
excellent agreement with Sanyo’s 2011 records [1]. With Ntp

increasing to 5 × 1019 cm−3, a slow decrease of the HIT cell
performance can be observed. In contrast, the parameters of
the cell performance exhibit a sharp fall when Ntp approaches
the doping concentration of the emitter layer. The abnormal
increment of JSC at 6 × 1019 cm−3 will be explained later by
the carrier recombination and collection.

In Fig. 2(d), we have also shown the effect of Ntp on the
current density–voltage (J–V ) curve of the HIT cell. The shape
of the J–V curve characterizes the filled factor (FF ) and stays
almost the same under low Ntp < 5 × 1019 cm−3. When Ntp12
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Fig. 3. (a) Band diagram and (b) free-hole concentration (p) under different
densities of DB states (Ntp) in the p-type a-Si:H emitter layer calculated under
the open-circuit condition. EF − EV is the difference of the Fermi level to the
valence band edge, corresponding to different Ntp.

arises to the high level of 6 × 1019 cm−3, it turns out that
FF has significantly reduced, resulting in the great decay of
cell performance. In conclusion, the proper Ntp required for
high efficiency above 20% should be suppressed below 6 ×
1019 cm−3 to avoid trapping effect, whereas the improvement
appears inconspicuous for further decrease of Ntp to lower than
1 × 1019 cm−3.

In Fig. 3(a), we display the band diagram of the HIT cell
under standard AM 1.5 (open circuit) to understand the effect
of the DOS in the p-type a-Si:H emitter layer (the interfaces
are marked with dotted lines). It is found that the band diagram
varies little at Ntp below 1 × 1019 cm−3. However, when Ntp

rises to 5 × 1019 cm−3, the a-Si:H side becomes more depleted,
whereas the depletion region of the c-Si side shrinks. The
depletion region of the c-Si side almost vanishes at the high
Ntp of 7 × 1019 cm−3, with a significant decay of the barrier
height VD in the conduction band between the p-type a-Si:H
layer and the n-type c-Si wafer, resulting in the pile-up of holes
at a-Si:H/c-Si interface in Fig. 3(b).

This observation indicates that the high DOS in the a-Si:H
layer leads to a shift of SCR from c-Si to a-Si:H and a reduction
of the built-in field. We introduce the charge trapped in defect
states Qt to quantitatively study how the density of DB states
Nt works on the built-in field, SCR, and further cell output.
Taking Qt into account, the Poisson equation in SCR should be
modified as

∂2V (x)
∂x2

=
q

ε
[−NA(x) + ND(x) + p(x) − n(x) + Qt(x)]

(3)

where V denotes the potential, x is the position, q is the
electron charge, and ε is the dielectric constant. NA and ND

are the concentrations of doping acceptors and donors (assumed
to be completely ionized), respectively. n and p are the non-

Fig. 4. Calculated charge trapped in defect states of the p-type a-Si:H emitter
layer (Qtp) and the difference of potential energy (qVD) between the p-type
a-Si:H layer and the n-type c-Si side as a function of the density of DB states
(Ntp) in the emitter layer under the open-circuit condition.

equilibrium electron and hole concentrations that satisfy the
Boltzmann statistics, i.e.,

⎧⎨
⎩

n = NC exp
(
−EC−En

F

KT

)

p = NV exp
(
−Ep

F
−EV

KT

) (4)

where NC is the effective conduction band density, NV is the
effective valence band density, K is the Boltzmann constant,
and T is the temperature. En

F and Ep
F are the quasi-Fermi

energies of electrons and holes, Qt is integrated, referred to as
the SRH recombination model, i.e.,
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Qt =−
EC∫
EV

dEft(E)NtA(E)+
EC∫
EV

dE (1−ft(E)) NtD(E)

ft(E)=
n+NV exp

(
−E−EV

KT

)
p+n+NC exp

(
−EC−E

KT

)
+NV exp

(
−E−EV

KT

)
(5)

where ft(E) is a distribution function that specifies the prob-
ability that defects with a density of Nt(E) at the position E
within the bandgap are occupied with electrons.

We extract Qt(x) (i.e., Qt depends on the position x) from
AFORS-HET and integrate it to calculate the trapped charge
in the p-type layer Qtp (under the open-circuit condition),
which is presented in Fig. 4. Based on (3), we can simplify
the effective doping concentration and charge density in the
p-type SCR as (NA − Qtp) for convenience, because n and
p can be neglected because they are relatively low under
the heavily doping condition of NA = 7.5 × 1019 cm−3. It is
found that, in Fig. 4, Qtp remains below 1.5 × 1019 cm−3 for
Ntp < 1 × 1019 cm−3, indicating a small difference between
(NA − Qtp) (beyond 6 × 1019 cm−3) and NA. On the other
hand, Qtp reaches a fairly high value of 6.93 × 1019 cm−3

in the case of Ntp = 7 × 1019 cm−3, whereas (NA − Qtp)
decreases to 1.7 × 1018 cm−3, an order of magnitude lower than
NA, resulting in a significant trapping effect. Consequently,
Qtp strongly influences effective doping concentration and the
charge density in the p-type SCR, particularly when it becomes
comparable to NA, leading to the observed decreased VD and a
shift of SCR from the c-Si to the a-Si:H side, as demonstrated
in Fig. 3(a).13



1232 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 59, NO. 5, MAY 2012

Fig. 5. (a) Hole recombination rate (Rp) and (b) free-electron concentration
(n) under conditions of different densities of DB states (Ntp) in the emitter
layer under the open-circuit condition.

We first extracted the value of qVD [see Fig. 4] from
AFORS-HET calculating results to see the effect on the HIT
cell performance. VD denotes the barrier height for electrons
that move from n-c-Si to p-a-Si:H in the conduction band,
which helps us understand the change of built-in field. It is
found that qVD sufficiently varies only when Ntp reaches to
a high level of 6 × 1019 cm−3. Then, Ntp = 6 × 1019 cm−3

appears to be a turning point of cell performance, in accordance
with the variations of η and FF [see Fig. 2(a) and (d)], at which
the considerable trapping effect begins to emerge. The drop of
VD associates with the weakening of the built-in field, which
directly accounts to the sharp fall of VOC in Fig. 2(b). We also
examine the impact of VD on JSC by demonstrating free hole
density in Fig. 3(b). Because the decreased VD brings about
an unfavorable potential barrier to block the collection of holes
flowing from the n-type c-Si to the front contact, a large density
of holes accumulate, which can hardly be extracted, leading to
a drastic deterioration of JSC, as shown in Fig. 2(c), and in FF ,
as shown in Fig. 2(d).

We then turn to the investigation of the shift of SCR from the
c-Si to a-Si:H side. The shift of SCR boundary of the c-Si side
can be identified from the hole recombination rate Rp plotted
in Fig. 5(a) (open circuit). The peak of Rp in the c-Si region
corresponds to the position in SCR where most of the defects
(i.e., the Gaussian peaks) lie between the two quasi-Fermi level,
causing most recombination to happen. Thus, we can see the
shift of SCR boundary through the movement of the Rp peak
and clearly find that the SCR width of the c-Si side shrinks with
the increment of Ntp. At low Ntp of 1 × 1018−1 × 1019 cm−3,
the peaks of Rp are not obvious for the high recombination
in the c-Si region (position > 10−5 cm). However, when Ntp

increases to the extreme high, i.e., 7 × 1019 cm−3, the near
absence of SCR in the c-Si side indicates that the electric field
is localized at the a-Si:H/c-Si interface and penetrates little into
the bulk of c-Si. This condition causes holes to accumulate over
the whole c-Si region [see Fig. 3(b)], accounting for the sharp
fall of FF and η, as shown in Fig. 2(a) and (d).

Furthermore, we note that, in Fig. 5(a), Rp abnormally
decreases near the front contact (∼1 nm) at very high Ntp >
6 × 1019 cm−3. This case can be explained by the increased
recombination centers due to the high DOS in the emitter
layer. Based on the free-electron density shown in Fig. 5(b),
we see that nearly all the electrons from the n-type layer are
recombined through recombination centers as soon as they
diffuse into the p-type a-Si:H layer. As a result, few electrons
can reach the contact to recombine with the holes, which will be
collected at the front contact. This condition may also account
for the observed abnormal increase of JSC in Fig. 2(c).

Similarly, through the analysis of VD and SCR width, we
can obtain a series of turning points of the cell performance
under different doping concentrations (NA = 3 × 1019−3 ×
1020 cm−3), as listed in Table II (symmetry DOS distribution).
The DOS distributions also change with NA according to our
model in Section III. The turning point indicates an Ntp value at
which considerable trapping effect begins to emerge, resulting
in an overall decline of cell output and a substantial drop of
efficiency to about 15%. It is observed that Ntp is close to the
value of NA at relatively low NA < 1 × 1020 cm−3, whereas
with NA exceeding to a high level of 2 × 1020 cm−3, Ntp

only slightly increases to 8 × 1019 cm−3, much lower than NA,
which is difficult to realize in practical processes, particularly
in such an ultrathin a-Si:H film (6.5 nm) [2], [14]. As a result,
the trapping effect turns out to be a serious problem and is
difficult to avoid in case of high NA, and the cell output
may further decline if the deterioration of optical properties
in heavily doping films is included. This conclusion matches
well with the simulations under low NA [9] but is in contrast
to the argument that high NA of 2 × 1020 cm−3 is optimized to
achieve the highest efficiency [8], simply benefiting from our
improved elaborate DOS model, including the change of the
distribution of defect density.

Moreover, because the broken symmetry distribution of DB
states (NtA �= NtD) caused by various kinds of defects is very
common and widely described by many authors [18], we should
also examine the influence of the asymmetry condition to study
the realistic effect in practical processes. Table II illustrates the
turning points of Nt for both symmetry and asymmetry distri-
butions with increasing NA The asymmetry DOS distribution
is assumed to be NtA : NtD = 1 : 5 (then, Ntp = NtD), i.e.,
the neutral DB states D0 account for a dominate part in the p-
type layer. Compared to the values for symmetry distribution
of defect states, the difference between corresponding turning
points becomes larger with the increment of NA. Consequently,
the introduced defect states asymmetry may aggravate the un-
favorable trapping effect, particularly in case of high NA. This
condition underlines the crucial role of good passivation of the
emitter layer to suppress the trapping effect under high doping
concentrations to achieve high cell efficiency above 20%.

Based on Table II and Fig. 3, we can also find that the
Fermi energy level shifts away from the valence band edge
as Ntp increases. When the effective doping level EF − EV

(the distance of the Fermi energy level to the valence band
edge) reaches 150–190 meV, which is a common value for
doped a-Si:H films, the cell performance suffers from the severe
trapping effect and drastically deteriorates. This condition also14
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TABLE II
CALCULATED TURNING POINTS UNDER A SERIES OF DOPING CONCENTRATIONS (NA) FOR BOTH SYMMETRY AND ASYMMETRY DISTRIBUTION OF

DEFECT STATES IN THE P-TYPE EMITTER LAYER, WHERE THE ASYMMETRY DOS DISTRIBUTION IS ASSUMED AS NtA : NtD = 1 : 5
(THEN, Ntp = NtD). THE CORRESPONDING EFFECTIVE DOPING LEVEL, I.E., THE DIFFERENCE OF THE FERMI LEVEL

TO THE VALENCE BAND EDGE EF − EV , AT THE TURNING POINT IS ALSO DEMONSTRATED

Fig. 6. Effect of the density of DB states (Nti) in the intrinsic a-Si:H buffer
layer on the HIT cell of (a) conversion efficiency (η), (b)–V curves, and
(c) band diagram under illumination under the open-circuit condition.

raises the importance of controlling the activation energy of
a-Si:H films used for HIT solar cells, particularly under heavy
doping conditions.

V. EFFECT OF INCREASING THE AMOUNT OF

DEFECTS IN INTRINSIC BUFFER LAYERS

Although the DOS in the intrinsic a-Si:H layer is usually
lower than in doped layers [14], [16], [17], it can also become
pronounced to worsen the cell performance, particularly when
the emitter layer is considerably defective. Fig. 6(a) and (b)
illustrates the dependence of the density of DB states (Nti)
in the intrinsic a-Si:H buffer layer on HIT cell performance
under conditions of the highly defective emitter layer with
Ntp = 4 × 1019 cm−3 (where NA retains 7.5 × 1019 cm−3).
We vary Nti in the range of 1.0 × 1017 cm−32.5 × 1019 cm−3

and clearly show that all aspects of the HIT cell performance,
including VOC, JSC, FF , and η, rapidly fall when Nti rises to
higher than 5 × 1018 cm−3. This result matches well with the

study of Rahmouni et al. [5] on the passivation of the intrinsic
buffer layer, and thus, we can further devote to the mechanism
of trapping effect in the intrinsic buffer layer based on our
improved DOS model.

We plot the band diagram under illumination (open-circuit)
in Fig. 6(c) to figure out how Nti affects the cell output. Both
VD and the depletion region width are observed to significantly
drop as Nti ascends beyond 5 × 1018 cm−3, and for even higher
Nti > 2 × 1019 cm−3, the depletion region nearly vanishes.
These behaviors indicate the decrease of the built-in field and
a shrink of the SCR, causing a pronounced trapping effect.
We also introduce the charge trapped in defect states in the
intrinsic layer (Qti) to understand the impact of Nti on the
built-in field and SCR. Through (5) and the DOS distribution
model established in Section III, we find that Qti is positive
and increases with Nti. Then, the charge neutrality condition in
the SCR should be modified as

−LpNA +
∑

Qtp +
∑

Qti + LnND = 0 (6)

where Lp and Ln are the SCR widths of the p-type a-Si:H side
and the n-type c-Si side, respectively. ΣQtp and ΣQti stand for
the total charge trapped in defect states over the whole p-type
and intrinsic a-Si:H layers, respectively. Here, free electrons
and holes can be neglected under high NA, as well as the case
of charge trapped in c-Si for its low DOS (see Table I).

The positive Qti can be recognized as an n-type background
doping in the intrinsic a-Si:H layer. When Qti exceeds beyond
ND, the background doping can substantially reduce the dif-
ference of effective doping concentration between the p- and
n-type layers, leading to the decrease of built-in field and the
shrink of SCR, as discussed in Section IV, which account for
the decline of the HIT cell performance. At the high level of
Nti > 5 × 1018 cm−3, Qti sufficiently increases to reduce the
space charge, resulting in the rearrangement of bands to keep
charge balance. Moreover, Nti should exhibit a much more
negative effect on HIT cell performance if the multistep tunnel-
ing of electrons from the conduction band of c-Si through the
localized states in the intrinsic layer to the p-type a-Si:H layer is15
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included in our simulation. Other researchers have considered
the multistep tunneling progress as an undesirable channel for
electrons to recombine with holes at the front contact and get
an overall decline of all aspects of the cell performance [5].
In other words, in practical processes, the DOS in the intrinsic
buffer a-Si:H layer should further be suppressed, at least to the
level of Nti < 5 × 1018 cm−3, to obtain satisfactory HIT cell
performance.

VI. CONCLUSION

We have employed the numerical simulator AFORS-HET
to model HIT solar cells with Sanyo’s structure of TCO/p-
a-Si:H/i-a-Si:H/n-c-Si/n+-a-Si:H/AlBSF, paying special atten-
tion to the effect of the DOS in both the p-type a-Si:H emitter
and the intrinsic a-Si:H buffer layers. We have established
a detailed DOS distribution in a-Si:H layers, including both
bandtail states and deep DB states, through the experimental re-
sults yielded from various measurements by former researchers.
The DOS distribution model has been employed to calculate
the charge trapped in defect states to understand the drop of the
built-in field and shift of the SCR from the c-Si to the a-Si side
with the increase of DOS, which result in an observed sharp
fall of all aspects of HIT cell performance. We find that the
DOS in the p-type a-Si:H emitter layer can cause a considerable
trapping effect, resulting in a decline of cell performance that is
difficult to avoid, particularly under high doping concentration
beyond 1 × 1020 cm−3, whereas the DOS in the intrinsic a-Si:H
buffer layer brings about an unfavorable background doping
due to the increment of charge trapped in defect states, leading
to a substantial cut of the cell output at a density of DB
states of 5 × 1018 cm−3. In this paper, we have suggested
proper DOS in the p-type emitter a-Si:H layer required for
high efficiency of HIT cells above 20% under different doping
concentrations, whereas the DOS in the intrinsic buffer layer
should be suppressed to below 5 × 1018 cm−3. Further work is
currently on the way for the study of the DOS effect in HIT
solar cells with graded heterojunction, instead of the abrupt
heterojunction here, which can more accurately describe the
band bending and band offsets in HIT structures.
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We have carried out an investigation of multiple exciton generation (MEG) in Si quantum dots

(QDs) and its application in optoelectronic devices. A simple yet effective statistical model has

been proposed based on Fermi statistical theory and impact ionization mechanism. It is

demonstrated that the MEG efficiency depends on both the radius of Si QDs and the energy of

incident photons, with the MEG threshold energy in the range of �2.2–3.1 Eg depending on the dot

radius. While limited improvement has been observed in power conversion efficiency of single

stage solar cells, MEG in Si QDs exhibits prospective for application in ultraviolet detectors due to

the high internal quantum efficiency under short incident light. VC 2012 American Institute of
Physics. [doi:10.1063/1.3687184]

Semiconductor nanocrystals have attracted a great deal

of attention for potential application in photonics,1 medi-

cine,2 and solid state optoelectronic devices.3,4 In particular

the observation of multiple exciton generation (MEG) has

drawn considerable interest, since it offers prospects for the

development of high-efficient solar cells,3,5–9 high-sensitive

photodetectors,4 high-quality optical amplifiers,10 and high-

performance lasers,10,11 as well as avalanche photodio-

des.12,13 MEG can occur when absorbing a high energy pho-

ton leads to generate two or more excited electron-hole pairs

with photon energy at least equal to or greater than two times

the semiconductor nanocrystals band gap, Eg. In this case,

the excess energy is used to excite a second electron across

the band gap instead of dissipated as heat through sequential

phonon emission. The analogous phenomenon of multiple

charge carrier generation per photon in bulk semiconductors

is termed carrier multiplication and is explained in terms of

impact ionization. MEG in semiconductor nanocrystals can

also been explained by the more conventional impact ioniza-

tion mechanism,14 whereby a photogenerated electron-hole

pair decays into a biexciton in a process driven by Coulomb

interactions between the carriers.15

The high efficient MEG in PbSe nanocrystals was

reported in 2004.9 Since then, the occurrence of MEG has

been observed for PbSe,9,16–21 PbS,17,19 PbTe,22 CdSe,18

CdTe,23,24 Si,25 and InAs (Ref. 26) quantum dots (QDs). The

most popular materials of MEG investigated is group IV-VI

(PbSe, PbS) QDs. Silicon semiconductor technology not

only stands as the foundation of today’s widely manufac-

tured integrated circuit technology but also comprises more

than 90% of the current photovoltaic cell production. How-

ever, only MEG effect in colloidal Si QDs (Ref. 25) and

MEG enhanced luminescence quantum yield in Si nanocrys-

tals27 have been reported so far. It is significative for further

comprehensive investigation of MEG in Si QDs and its

applications. The present work involves MEG in Si QDs and

its application in optoelectronic devices. A simple yet effec-

tive statistical model, based on Fermi statistical theory28 and

impact ionization mechanism,14 has been proposed to inves-

tigate the effects of MEG in semiconductor QDs. We have

shown that, in contrast to the limited improvement in power

conversion efficiency of single stage solar cells, MEG in Si

QDs is likely prospective for its application in ultraviolet

detectors due to the high internal quantum efficiency under

short incident light.

A great number of experimental29–32 and theoretical

studies32–36 have been done to clarify the quantum confine-

ment effects in Si nanocrystals. However, no consensus has

been achieved on the formula of Eg vs diameter of silicon

nanocrystals due partly to the variety and complexity of the

samples studied. It seems to be of prime importance to per-

form reliable but simple determination of the size depend-

ence of Eg. By fitting of experimental and theoretical

data29–36 (as shown in Fig. 1), an empirical formula has been

established that represents the relationship between Eg (eV)

and diameter d (nm) of Si nanocrystals, which can be

expressed as,

FIG. 1. (Color online) Bandgap energy Eg of silicon nanocrystals as a func-

tion of crystal size d.

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

wzshen@sjtu.edu.cn.
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Eg ¼ 1:15þ 3:98

d1:36
� 0:19

d
; (1)

The fitted value 1.15 eV is the bulk band gap of Si and agrees

very well with that reported in the literature.37,38 Equation (1)

reveals the spatial localization of the electron and hole fol-

lowing approximately a d�1.36 law. This finding is in agree-

ment with results of d�1.39 and d�1.37 law35,36 but differs

from the result of effective mass approximation which

expects a d�2 law.39 The lower exponent 1.36 shows that the

exact nature of the bands,35,36 possible surface effects and

structural changes39 have to be taken into account. Equation (1)

also indicates the size dependent Coulomb attraction increas-

ing as d�1. We have depicted the calculated size dependent

Eg of Si QDs as solid curve in Fig. 1. Obviously, it agrees

very well with most of the experimental and theoretical data.

Therefore, Eq. (1) should also well describe for the plasma-

synthesized Si QDs that have been used in Ref. 25, on which

our model is optimized below.

In semiconductor QDs of the band gap Eg, the absorp-

tion of a single photon of high-energy h�� nEg (h is the

Planck constant and � photon frequency) may generate m
(m� n) electron-hole pairs due to impact ionization.14 In this

process, the incident photon energy is released into the

energy relaxation volume X (a volume within which

electron-hole pairs are generated) of QDs for an ultra-short

time tS amount to 50–200 fs,40 leading to a statistical equilib-

rium final state with 2m particles. On the other hand, crystal

momentum need not be conserved because momentum is not

a good quantum number for three-dimensionally confined

carriers. This multiple exciton generation process is similar

to that of multiple elementary particles formation Fermi

dealt with28 and it has been demonstrated recently that the

statistical method can be used to explore MEG in semicon-

ductor QDs.41 According to Fermi statistical theory,28 the

statistical weight x(2m) can be expressed as,

xð2mÞ ¼ 2� ðm
�
nm�pÞ3m=2X2m

23mp3m�h6m

ðh� � mEgÞ3m�1

ð3m� 1Þ! ; (2)

where the electron spin has been taken into account with

�h¼ h/2p and m�n;p the effective masses of electron and hole,

respectively.

The maximum number of electron-hole pairs M is equal

to [h�/Eg], where the square bracket denotes the integer part

of h�/Eg, and the statistical average number of electron-hole

pairs hNexci can be calculated by,

hNexci ¼
PM

m¼1

mxð2mÞ
PM

m¼1

xð2mÞ
: (3)

Since the MEG efficiency IQE is the inner quantum efficiency

in semiconductor materials which is usually defined as the

average number of electron-hole pairs created by the absorp-

tion of a single photon,42 it can be expressed as,

IQE ¼ hNexci � 100%: (4)

It should be noted that the optical selection rules have not

been included in the proposed statistical model due to the

non-conservation of the crystal momentum in low-

dimensional materials. The model is therefore unsuitable for

bulk Si.

For justifying the proposed statistical model, we first

perform the theoretical calculation of MEG efficiency IQE

for Si QDs with average diameters of 3.8 and 9.5 nm to make

a direct comparison with the reported experimental MEG ef-

ficiency.25 A log normal distribution size of Si QDs with a

standard deviation of 15% has also been taken into account

in the calculation, together with m�n¼ 0.l90 m0 and

m�p¼ 0.286 m0 (m0 is the electron vacuum mass).37 As shown

in Fig. 2, the calculated MEG efficiency IQE at a characteris-

tic time tS¼ 50 fs are found to agree basically with the ex-

perimental data of 3.8 and 9.5 nm Si QDs under different

incident photon energies EP. However, it is clear that the ex-

perimental MEG efficiencies in the 9.5 nm Si QDs are much

larger than the theoretical results at high incident photon

energies (EP> 3.3 Eg).

As we know, tS describes the characteristic time for the

incident photon energy released into QDs, and should

FIG. 2. (Color online) MEG efficiency IQE in Si QDs as a function of inci-

dent photon energy EP. Red diamonds and black squares are experimental

MEG efficiencies for 3.8 and 9.5 nm Si QDs, respectively, taken from

Ref. 25. Curves are the calculated MEG efficiency from our model, see text

for details.

FIG. 3. (Color online) Calculated MEG efficiency IQE for Si QDs as a func-

tion of diameter d and characteristic time tS. Incident photon energy EP fixed

at five times of Eg.
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depend on the photon energy EP. Fig. 3 presents the detailed

calculation of the MEG efficiency IQE as functions of tS and

d. For a given incident photon energy, the MEG efficiency

IQE has demonstrated to be strongly depend on tS for large

(>6.0 nm) Si QDs, while it is almost independent of tS for

small dots. We have employed another characteristic time

tS¼ 150 fs to re-calculate the MEG efficiency IQE for the

9.5 nm Si QDs (black dot curve in Fig. 2), where a better

agreement with the experimental data has been achieved at

high incident photon energies, but fails at low incident pho-

ton ones. This conflict reveals that the characteristic time tS
does depend on EP.

Impact ionization process is similar to that of hot-electron

cooling in QDs (Ref. 43) since both are energy releasing pro-

cess through multiple particles generation, and the relaxation

time for the latter is found to have an exponential form.43

Considering the spatial confinement for the generation of mul-

tiple electron-hole pairs in QDs through impact ionization, we

can therefore assume the relationship of the characteristic

time tS in terms of normalized incident photon energy EP/Eg

as tS(EP/Eg)¼ 35.0þ 3.0� 10�9 � exp[21.0(EP/Eg)1/10] fs. The

black dash curve in Fig. 2 is the calculated MEG efficiency

IQE for the 9.5 nm Si QDs with the photon energy-dependent

characteristic time tS(EP/Eg). It is clear that the calculated

MEG efficiency IQE agrees well with the reported experimen-

tal data in Si QDs (Ref. 25) over a wide range of incident pho-

ton energies. We have also calculated the MEG efficiency IQE

for the 3.8 nm Si QDs with tS(EP/Eg), and have found that the

result is identical to the calculation with tS¼ 50 and 150 fs

(these three curves are actually identical in Fig. 2). This com-

parison demonstrates that the present statistical model with

the photon energy-dependent characteristic time is able to

explore the MEG effect in Si QDs.

We now employ the established reliable model to

explore the MEG efficiency in Si QDs. Fig. 4 shows the

determined dependence of the MEG efficiency IQE on d,

EP/Eg and tS(EP/Eg). It reveals that, for a given QD size, the

initially constant value of the MEG efficiency for the lower

incident photon energies is followed by an increase for larger

photon energies. This observation has been widely reported

in the experimental studies9,16–19,40,44,45 and can be easily

understood in the light of the fact that an incident photon

with higher energy can generate more electron-hole pairs.

One can further observe a very specific common step-like

character of the MEG efficiency IQE in the higher energy

range for larger Si QDs (d > �3.0 nm), which is also existed

in Fig. 2. The MEG efficiency “steps” coincide with the inte-

gral MEG efficiency IQE, i.e., the generation of electron-hole

pairs multiplied by two and three. The occurrence of the

MEG efficiency “steps” in Si QDs is due to the fact that the

number of electron-hole pairs generated in a Si QD through

absorbing a photon must be integral. The step-like increase

in the MEG efficiency for larger incident photon energies

has been theoretically19,46 and experimentally13,27 reported

and seen as the most characteristic fingerprint of the MEG

process.

On the other hand, Fig. 4 also presents that, for a given

incident light EP/Eg, the MEG efficiency IQE in Si QDs

enhances rapidly and then reaches constant values in the

case of “steps” with the increase of dot size. This behavior

can be well understood from the effect of the quantum con-

finement in Si QDs. According to Kayanuma,47 the quantum

confinement will be very strong in the range of less than 2

times the exciton Bohr radius aB (for Si, aB¼ 4.9 nm), while

it becomes weak in the range of larger than 4aB. All Si QDs

we calculated have the quantum confinement effect which

leads to Coulomb interaction enhancement and final states

density discretization. It is well known that the MEG effect

depends on both the Coulomb interaction and the density of

final states.45,48 In QDs, the enhanced Coulomb interaction

would lead to higher MEG efficiency,9,49 while the density

of final states is reduced because of the discretization of the

states. The Coulomb attraction increases as d�1 and the

energy of spatial localization, which origins from the discre-

tization of the states,50 enhances as d�1.36 for both electrons

and holes [see Eq. (1)]. The density of states in QDs with

small sizes reduce drastically with the radius, leading to the

dominance of the final states density discretization over the

Coulomb attraction, and therefore the MEG efficiency IQE in

Si QDs increases rapidly with the dot size for small sizes.

In addition to the MEG efficiency, another important

characteristic is the MEG threshold energy ET, which is the

minimum photon energy h�0 necessary to achieve MEG in

QDs. We can numerically calculate the MEG threshold

energy ET by using IQE¼ IQE,cr(d, h�0), where IQE,cr(d, h�0)
is the criterion for MEG occurring in Si QDs. The gray band

in Fig. 4 is a d-dependent ET, obtained by using the criterion

IQE,cr(d, h�0)¼ 101.0% at various fixed ds. It is clear that ET

depends significantly on the Si QD size, exhibiting first rapid

decrease and then slight increase in the examined diameter d
from 1.0 to 15.0 nm with the minimum ET of 2.2 Eg at

d¼ 5.2 nm. The calculated ET ranges from �2.2 to 3.1 Eg

and the value for 9.5 nm Si QDs is �2.3 Eg, which is in good

agreement with the reported result of 2.4 6 0.1 Eg in the

literature.25

We finally explore the potential application of MEG in

Si nanocrystals for optoelectronic devices. Fig. 5(a) shows

the calculated power conversion efficiency for a single stage

solar cells based on a single size Si QDs, for one without

MEG, for one with MEG obtained by the present reliable

model, and for one with ideal MEG (i.e., ideal “staircase”

FIG. 4. (Color online) Calculated MEG efficiency IQE for Si QDs as a func-

tion of diameter d and normalized incident photon energy EP/Eg. Gray band

is the threshold energy ET for MEG in various Si QDs.
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profiles for MEG quantum efficiency).51,52 All calculations

follow the detailed balance model of Shockley and

Queisser53 under 1-sun AM1.5 G solar spectrum with the

cell temperature at 300 K. MEG is incorporated into the cal-

culations through the energy-dependent quantum efficiency

IQE,cr(d, h�). We note that the power conversion efficiency

for single stage Si QDs solar cells first increases with d and

then almost unchanged. The power conversion efficiency can

be improved by the MEG effect only for large size Si QDs

(d > �5.0 nm) and the value for d> 10.0 nm is increased by

�1% although it can be enhanced by �5% for the ideal

MEG case. As we know, the power conversion efficiency is

determined by the overlap of the solar photon flux spectrum

and the semiconductor material’s quantum efficiency. With

the increase of Si QD size, the energy band gap decreases,

resulting in the relatively larger overlap and therefore the

higher power conversion efficiency. The very small (up to

only 1%) improvement in the power conversion efficiency of

a single stage Si QDs solar cells by MEG is simply due to

the large energy band gap (>1.15 eV) and high threshold

energy (ET � 2.2–3.1 Eg) in Si QDs.

Though application of MEG in Si QDs is not very pro-

spective for solar cells, it is likely to provide significant ben-

efits for the property of ultraviolet detectors. Fig. 5(b)

illustrates the internal quantum efficiency of Si QDs detec-

tors under different incident light wavelengths. It demon-

strates that the internal quantum efficiency of Si QDs is

evident under ultraviolet incident light and the internal quan-

tum efficiency can be as high as 490% for Si QDs under

150 nm incident light. The significant benefit comes from the

fact that the spectral current responsivity and the ultimate

level of sensitivity for ultraviolet detectors have been solely

determined by the material’s quantum efficiency.54

In summary, a simple and effective statistical model has

been proposed to explore the MEG effect in Si QDs. After

the demonstration of the present model through good agree-

ment with the experimental MEG data for colloidal Si QDs,

we have carried out a detailed investigation of the MEG effi-

ciency and threshold energy in various Si QDs with a photon

energy-dependent characteristic time tS(EP/Eg). We have

shown that the MEG effect in Si QDs can improve only

�1% of the power conversion efficiency for single stage so-

lar cells as a result of large energy band gap (>1.15 eV) and

high threshold energy (ET� 2.2–3.1 Eg), however, MEG in

Si QDs is likely more prospective for its application in ultra-

violet detectors due to the high internal quantum efficiency

under short incident light.
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a b s t r a c t

We propose a simple statistical model, based on Fermi statistical theory and impact ionization
mechanism, to resolve the controversies over the effects of multiple exciton generation (MEG) in PbSe
quantum dots (QDs). We have confirmed that MEG indeed occurs in PbSe QDs. Also, we have found out
that there exists a critical radius Rc (∼9 nm) such that the MEG efficiency of PbSe QDs is smaller than
that of the bulk counterpart if R < Rc , but larger if R > Rc . Moreover, we have found out that the
MEG threshold energy calculated for PbSe QDs shows a universal behavior. The present work provides
a powerful theoretical means not only for further experimental investigations into the MEG effects in
semiconductor nanostructures, but for their applications in photovoltaic devices.

© 2012 Elsevier Ltd. All rights reserved.

Multiple exciton generation (MEG), the creation of multiple
electron–hole pairs per single photon absorption, is not only
of fundamental importance [1], but of practical importance in
quantum dot lasers [2] and highly efficient photovoltaics [3–5].
Although MEG in bulk semiconductors has been well understood
in terms of impact ionization [1] since 1950s, it has not been
thought to be practical for applications due to the very low
MEG efficiency [6,7]. However, since highly efficient MEG in PbSe
semiconductor quantum dots (QDs) has been reported in 2004 [8],
MEG in semiconductor nanostructures has quickly become a
very attractive research subject. A great number of experimental
studies have been followed to show such highly efficient MEG
in semiconductor nanocrystals or QDs such as PbSe [8–14], PbS
[10,12], PbTe [15], CdSe [11], Si [16], and InAs [17]. Also, MEG
has been demonstrated to play an important role in quantum
dot photodetectors [18] and carbon nanotube photodiodes [19],
implying that the MEG effects may be useful for applications in
highly efficient photovoltaic devices. In fact, quantum yields have
recently been reported to be greater than one electron per photon
via MEG in a sensitized photovoltaic system [20].

∗ Corresponding author at: Laboratory of Condensed Matter Spectroscopy and
Opto-Electronic Physics, Department of Physics, Shanghai Jiao Tong University, 800
Dong Chuan Road, Shanghai 200240, China. Tel.: +86 21 54743242; fax: +86 21
54741040.

E-mail address:wzshen@sjtu.edu.cn (W.Z. Shen).

Despite MEG has become very important in optoelectronic
applications, there still remain unsolved controversies over ex-
perimental/theoretical results of the MEG effects in semiconduc-
tor QDs. These controversies can be summarized as follows: (i)
does MEG occur in semiconductor QDs? i.e., some claimed it does
[8–19,21,22], whereas others did not [23,24]; if it does, (ii) does
theMEG efficiency of QDs is larger or smaller than that of bulkma-
terials [8,12,25]? and (iii) is there any explanation for differently
observed results on the MEG threshold energy in the same QDs
[8,11,12,14,15,26–28]? Some experimental [9,21] and theoretical
(virtual exciton generation approach [27], coherent multiexciton
model [10,29], and atomistic model [30–32]) works have been
elaborated to clarify the controversies. Nevertheless, none of those
efforts has yet resolved them, completely. In this work, we pro-
pose a simple statistical model, developed within the framework
of Fermi statistical theory [33] and impact ionization [1], to ex-
plore MEG in semiconductor nanostructures, especially in PbSe
QDs. With our model, we have been able to well explain the MEG
effects observed in PbSe QDs, such as the size-dependent MEG ef-
ficiency and threshold energy.

In semiconductor QDs of the band gap Eg , the absorption of a
single photon of high-energy hν > Eg (h is the Planck constant
and ν photon frequency) may generate an electron–hole pair (or
an exciton). In the case of hν > 2Eg , the nascent photogenerated
charge carriers may generate the second exciton via collision with
other bound electrons, which is so-called impact ionization. If the
nascent charge carriers after collision and/or collision-generated

0038-1098/$ – see front matter© 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ssc.2012.01.039
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charge carriers have enough kinetic energy, they may generate
more excitons again via the collision, leading to the creation of
multiple excitons [1,30,34]. In this impact ionization process, the
incident photon energy is released into the energy relaxation
volume Ω (a volume within which excitons are generated) of
QDs for a ultra-short time amount ts (50–200 fs) [27], leading
to a statistical equilibrium final state with n particles (n is even;
n/2 electrons and n/2 holes, or n/2 excitons). Note that, in
semiconductor QDs, Auger recombination can be ignored in this
impact ionization process due to its long recombination timescale
(∼hundreds of picoseconds).

Although there are Coulomb interactions between electrons
and/or holes generated, these charged particles can be treated as
quasi-independent particles in semiconductor materials including
large QDs. This quasi-particle treatment is valid, since the
generation of one particle does not affect the positions and the
momenta of other generated particles, i.e., if n particles are
generated in a quantum dot by absorbing a photon, we cannot
determine the position and the momentum of a particle through
determining the positions and the momenta of the other n − 1
particles. This quasi-particle treatment is still valid even in small
QDs (R < RB, RB is the Bohr radius of exciton), in which,
even though Coulomb interactions will be enhanced, the quantum
confinement becomes so strong that Coulomb interactions can
be neglected. In this strong confinement approximation, electrons
and holes can be treated as free particles [35,36]. In fact, this quasi-
particle treatment has been widely employed in low-dimensional
semiconductor systems such as QDs [36].

In QDs, by using the effective mass approximation, the kinetic
energy Ek can be written as Ek = m∗

n,pv
2/2 in terms of the elec-

tron (hole) velocity v, where Ek ≤ hν − Eg , m∗
n,p are the effective

masses of electron and hole, respectively. And, the largest elec-
tron (or hole) energy relaxation volume Ver for the energy relax-
ation time ts, for which multiple excitons are generated, depends
on its longest energy relaxation length lϕ = (lfpvts/2)1/2 that corre-
sponds to themaximum speed of electron (or hole), where lfp is the
free path of electron (hole) in QDs and it can be expressed as Ver =

π l3ϕ/6. Considering the fact that electron (or hole) cannot move
outside QDs, the energy relaxation volume Ω , therefore, should be
the smaller one among the largest energy relaxation volume Ver
and the total quantum dot volume V , i.e., Ω = min(Ver , V ).

According to Fermi’s golden rule, the transition probability of
a particle from a given state to another state is proportional to
the square of the corresponding effective matrix element, and also
to the density of equilibrium final states per unit energy interval.
The square of the effective matrix element is proportional only
to a probability p(n) that n particles in the equilibrium state are
containedwithin the energy relaxation volumeΩ at the same time.
As a result, the statistical weight ω(n) in QDs can be expressed
as the product of p(n) and the density of equilibrium final states
S(n). Note that S(n) is the number of equilibrium final states per
energy interval in the n/2-exciton system, which is different from
the electron density of states in QDs.

In a quantum dot of the volume V , if n/2 excitons (i.e.,
n particles) with momenta P⃗1, P⃗2, . . . , P⃗n are generated by the
absorption of a single photon, p(n) and S(n) can be given by
Fermi [33]:

p(n) =


Ω

V

n

; S(n) = 2 ×


V

8π3 h̄3

n dQ (Eks)
dEks

, (1)

where the factor 2 comes from the electron spin, h̄(= h/2π) the
reduced Planck constant, Q (Eks) the volume of the 3n-dimensional
momentum space corresponding to the total kinetic energy of the
system Eks (Eks = P2

1/2m1 + P2
2/2m2 + · · · + P2

n/2mn with m1,
m2, . . . ,mn the effective masses of n independent particles), and

dQ (Eks) = dP1xdP1ydP1z · · · dPnxdPnydPnz the differential element
of volume. Then, Eq. (1) can be written as:

S(n) = 2 ×
(m1m2 · · ·mn)

3/2V n

23n/2π3n/2 h̄3n

E3n/2−1
ks

(3n/2 − 1)!
. (2)

Since the total kinetic energy of the system Eks is equal to (hν −

nEg/2), resulting from the energy conservation, the statistical
weight ω(n) can then be expressed as:

ω(n) = p(n) × S(n) = 2 ×
(m∗

nm
∗
p)

3n/4Ωn

23n/2π3n/2 h̄3n

×
(hν − nEg/2)3n/2−1

(3n/2 − 1)!
, (3)

where the effective mass approximation was also taken into
account. Note that our statisticalweightω(n) contains twovariable
parameters: the energy relaxation time ts and the band gap Eg .

Due to the quantum size effect, the energy gap Eg is closely
related to the total quantum dot volume V that is equal to 4πR3/3
with the quantum dot radius R in the case of a spherical quantum
dot. Hence, the energy gap Eg is given in terms of R by Brus [37,38]:

Eg = Eg0 +
h2

8R2


1
m∗

n
+

1
m∗

p


−

1.78e2

εR
, (4)

where Eg0 and ε are the band gap and the dielectric constant of
bulk materials, respectively, and e is the electron charge. Here, the
second and third terms are the (additive) quantum confinement
energy and the Coulomb (attraction) energy, respectively.

Now, the maximum number of excitons N is equal to [hν/Eg ],
where the square bracket denotes the integer part of hν/Eg . Thus,
the relative probabilityW (n) can be calculated by:

W (n) =
ω(n)

2N
n=2,even

ω(n)
(n = 2, . . . 2N), (5)

and the statistical average number of electron–hole pairs ⟨Nexc⟩ can
then be calculated by:

⟨Nexc⟩ =
1
2

2N
n=2,even

nW (n). (6)

Since the MEG efficiency or inner quantum efficiency IQE in
semiconductor materials can be defined as the average number of
excitons created by the absorption of a single photon [39], it can be
expressed as:

IQE = ⟨Nexc⟩ × 100%. (7)

Note that the MEG efficiency IQE calculated can be said a pure
MEG efficiency in a sense that our calculation do not includes
multi-photon absorption effects and defect trapping of electrons
and holes. If there is no confusion, we shall use the MEG efficiency
for this pure MEG efficiency, hereafter. Also, since we do not
consider the quantum transition selection rules in our calculation,
the MEG efficiency calculated is expected to be larger than the
experimental value, however, it will turn out that it is close to each
other, as will be shown later.

We firstly consider PbSe QDs of Eg = 0.65 eV. The radius R of
the QDs can be obtained to be 3.90 nm from Eq. (4), in which all
the required parameters for calculation were taken from Ref. [40].
For hν = 3.1 eV and ts = 50 fs, the relative probabilities W (n)
are 0.193, 0.778, 2.877× 10−2, and 3.559× 10−7 for 1-, 2-, 3-, and
4-exciton generations, respectively, from Eq. (5). Thus, we obtain
fromEq. (6) that the statistical averagenumber of excitons ⟨Nexc⟩ =

1.836. This readily results in that the MEG efficiency IQE = 183.6%
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Fig. 1. (a) Calculated IQE versus R for various photon energies at ts = 50 fs in PbSe
QDs. (b) Calculated Eg versus R in PbSe QDs. The dotted line indicates themaximum
IQE in (a) and the minimum Eg in (b) at R = 16.20 nm. The critical radius Rc is also
indicated.

from Eq. (7). As for ts > 50 fs, we found that IQE is gradually
increased to ∼200% with increasing ts up to 70 fs, and remains
almost unchanged with further increasing ts up to 200 fs. This
calculated IQE (183.6%) is in good agreement with an accurately
obtained experimental result (170%) in Ref. [21], in which multi-
photon absorption and defect trapping have been carefully ruled
out, and in which the same band gap and photon energy have been
employed as in our calculation. Note that our calculating result
is somewhat higher than the experimental value, resulting from
the fact that our model has to yield the largest MEG efficiency, as
discussed earlier.

Now, let us discuss the controversies over the MEG effects in
literature [8–10,12,21–27], as mentioned earlier. In Fig. 1(a), we
show IQE as a function of quantum dot radius R for various photon
energies at a fixed ts = 50 fs in PbSe QDs. For a given incident light,
as can be seen in the figure, IQE is rapidly increased with increasing
R and reaches the maximum value at R = 16.20 nm (dotted line),
and, it is then very slowly decreased with further increasing R up
to 100 nm (∼5.5 times the Bohr radius of excitons in PbSe QDs), at
which these large QDs can be considered as bulk materials. Note
that the Bohr radius of excitons in PbSe QDs, RB, can be estimated
to be 18.10 nm by using the effective masses of charge carriers and
the dielectric constant of PbSe taken from Ref. [40].

According to Ref. [41], if R ≤ 2RB = 36.20 nm, the quantum
confinement is so strong that it cannot be neglected, whereas,
if R ≥ 4RB = 72.40 nm, it becomes so weak that it can be.
In QDs, Coulomb attraction has to be considered in addition to
the quantum confinement. In fact, there is a competition between
the Coulomb energy and the quantum confinement energy, both
of which will contribute to the size-dependent band gap, Eg =

Eg(R), as shown in Eq. (4). The Coulomb energy clearly tends to
becomeweakerwith increasing R. Moreover, evenwith decreasing
R, its enhancing tendency (∼R−1) appears to be dominated by
a stronger enhancement of the quantum confinement energy
(∼R−2), resulting in Fig. 1(b), in which the R-dependent Eg of PbSe
QDs is exhibited. With increasing R, Eg is rapidly decreased to
its minimum value (∼0.24 eV) again at R = 16.20 nm (dotted
line), and it is then negligibly increased above R = 16.20 nm,
reminiscent of a bulk material behavior. Note that this rapid drop
of Eg for small QDs results in a significant enhancement of theMEG
efficiency.

Here, we want to comment on the most fundamental question,
i.e., whether or not does MEG occur in semiconducting QDs? As

can be seen in Fig. 1(a), MEG actually occurs in PbSe QDs, since the
MEG efficiency is always bigger than 100% for hν > 2Eg , indicating
that there always exist non-zero probabilities of multiple exciton
generation.

In some experimental studies on PbSe small QDs [8–10,12,22],
in which R = 2.4–4.2 nm, the MEG efficiency has been claimed
to be much higher in QDs than in bulks, due to the enhanced
Coulomb attraction. Note here that, even for those small QDs, the
enhancement of Coulomb attraction may not play an important
role, as discussed above. On the other hand, others studies,
including a tight binding calculation (R = 2.5–3.7 nm) [31] and
a recent experimental observation (R ∼ 1 µm, i.e., bulk) [25],
have presented that the MEG efficiency in QDs is close to or a little
smaller than in bulks. However, as can be seen in Fig. 1(a), theMEG
efficiency IQE that is in fact a function of the dot radius R can be
described as follows: it is smaller in QDs than in bulks if R < Rc ,
but slightly-yet-clearly larger if R > Rc , where the critical radius
Rc comes from an assumption that PbSe dots of R = 100 nm are
of bulk behavior. As indicated in the figure, Rc ∼ 9 nm in PbSe,
remaining almost unchanged even at amuch bigger R, due to a very
small change in IQE for a large R (>100 nm). It is worth pointing out
that this critical radius may play an important role in designing
high-efficient QDs that can be exploited to develop ultra-efficient
photovoltaic devices.

Returning to Fig. 1(a), in addition to the size effect of IQE , the
figure also shows that, for a given quantum dot, i.e., at a fixed R,
the larger the photon energy, the higher the MEG efficiency. This
can be readily understood in terms of three following aspects of
the photon energy effect. First, the larger photon energy may lead
to the larger energy relaxation volume. Second, the larger photon
energymay lead to the largermaximumnumber of excitons. Third,
the large photon energy may lead to the enhancement of the
density of equilibrium final states. In fact, these three independent
aspects of the photon energy effect are reflected in Eq. (7) to
calculate the MEG efficiency, readily leading to the fact that the
higher MEG efficiency results from the larger photon energy for a
given quantum dot.

Addressing the controversy over the MEG threshold energy ET
(defined as the lowest photon energy required to make MEG to
occur, independent of the incident photon frequency) in literature,
particularly for PbSe QDs, it has been reported to be ∼2.8 eV [8],
5.1 eV [11], 1.8 eV [12], and so on, as shown in Fig. 2(a). Also, a band
structure calculation [26] has predicted that the normalized MEG
threshold energy by the band gap, ET/Eg , depends on Eg , whereas
a numerous number of experimental studies [8,11,12,14,15,27,28]
have claimed that it is nearly independent of Eg . It has also been
claimed by some groups [8,10] that the normalized energy ET/Eg
has to be a constant for the same material. However, different
results have been obtained such as ∼3.0 [8] and ∼2.1 [10].

In Fig. 2(a), we present our calculated ET (solid curve) in PbSe
QDs at a fixed ts = 50 fs, and we also present the results reported
in literature (squares). Our calculation shows that ET significantly
depends on R.With increasing R, it is rapidly decreased down to the
minimum value (∼0.95 eV) again at R = 16.20 nm, and it is then
negligibly increased, similar to the behavior of the R-dependent Eg
in Fig. 1(b). This similarity can be readily understood from the fact
that the wider band gap needs the higher photon energy for MEG.
Most importantly in the present work, almost all the experimental
results available in literature [8,11,12,14,15,27,28] are excellently
consistent with our calculated ET , showing a universal behavior of
ET . This also indicates that ET certainly depends on R, i.e., ET shows
a strong dependence of Eg , consistent with the band structure
calculation [26] as mentioned above.

Finally, we show in Fig. 2(b) ET/Eg as a function of Eg , showing
that ET/Eg is not a constant even though it is nearly a constant
(∼2.3) above a characteristic band gap Egc (∼1.04 eV). This scaled
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Fig. 2. (a) Calculated ET versus R at ts = 50 fs in PbSe QDs (solid line). The
solid squares are experimental data in literature. (b) ET /Eg versus Eg in PbSe QDs.
(c) The largest energy relaxation radius Rϕ (= lϕ/2) numerically calculated versus
Eg at ts = 50 fs for the photon energy hν = ET . R = R(Eg ) from Eq. (4) is also
plotted. The dotted line and the double arrow indicate the characteristic band gap
Egc and the investigated Eg range of experiments in literature, respectively.

MEG threshold energy strongly depends on Eg for a large R, i.e., for
Eg < Egc , whereas it is nearly independent of Eg for a small R,
i.e., for Eg > Egc . This nearly independent behavior for a small
size quantum dot appears to explain why the Eg-independent
ET/Eg has been obtained in the above-mentioned experimental
studies [8,11,12,14,15,27,28], whose investigated range of Eg is
indicated by a double arrow in Fig. 2(b). The calculated Eg-
dependent ET/Eg relies on the fact that the statistical weight of
2-exciton, ω(2), has to be a finite constant for a given quantum
dot, and, at the same time, it results from a consideration in
our model that the energy relaxation volume Ω is the smaller
one among Ver and V , i.e., Ω = min(Ver , V ). In Fig. 2(c), we
show the largest energy relaxation radius Rϕ(= lϕ/2, lϕ =

the longest energy relaxation length) as a function of Eg for the
incident photon energy hν = ET at ts = 50 fs, and also show the Eg-
dependent R obtained fromEq. (4). Now,ω(2) ∼ Ω2E2

g (ET/Eg−1)2
for hν = ET from Eq. (3), which has to be a finite constant. If
Eg < Egc , for which Rϕ < R as in Fig. 2(c), then Ω = Ver that is
decreased as Eg is decreased, obviously resulting in a rapid increase
of ET/Eg with decreasing Eg . In contrast, if Eg > Egc , for which
R < Rϕ as in the figure, then Ω = V that is decreased as Eg is
increased, leading to a nearly Eg-independent ET/Eg for a high Eg
due to the compensation between Eg and Ω .

In summary, we have used Fermi statistical theory and impact
ionization mechanism to develop a simple statistical model. This
simplemodel has turned out towell explainMEG in semiconductor
PbSe material including both quantum dot and bulk. This simple
yet powerful model has allowed us to resolve perhaps all the
controversies over MEG in PbSe QDs: i.e., MEG indeed occurs,
which rules out the existence controversy; there exists a critical
radius Rc , below (above) which the MEG efficiency is smaller
(larger) in QDs than bulks; and theMEG threshold energy depends

on the size of the dots, which universally explains almost all the
different results available in literature. Finally, it is worth noting
that our simple statistical theory can be applied to describing MEG
in any semiconductor nanostructures.
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The light absorption coefficient of hydrogenated nanocrystalline silicon has been engineered to have a Gaussian
distribution by means of absorption modification using a femtosecond laser. The absorption-modified sample
exhibits a significant absorption enhancement of up to ∼700%, and the strong absorption does not depend on
the incident light. We propose a model responsible for this interesting behavior. In addition, we present an optical
limiter constructed through this absorption engineering method. © 2012 Optical Society of America
OCIS codes: 140.3390, 160.1245, 190.4400, 230.4320.

Laser crystallization (LC) is an appealing technique by
which to transform amorphous silicon into polycrystal-
line silicon, owing to the technique’s high throughput
and high-definition growth at low temperature. The un-
derlying mechanism of LC has been well understood,
owing to numerous studies using various laser setups, in-
cluding continuous and pulsed (nanosecond, picose-
cond, and femtosecond) lasers [1–7]. LC has also been
demonstrated to be a useful tool for electronic device ap-
plications, which, however, have been rather restricted
to thin-film transistors [1–3] and solar cells [4] to date.
Since LC can be expected to lead to certain changes
in the absorption properties of subject samples, it is of
importance to investigate such optical aspects of
LC-modified materials.
Recently, we demonstrated highly tunable nonlinear

absorption (NLA) in hydrogenated nanocrystalline
silicon (nc-Si:H), comprising silicon nanocrystallites em-
bedded in an amorphous Si:H matrix [8]. Here we show
that the absorption coefficient of nc-Si:H can be further
engineered to be spatially dependent through the LC
process using a femtosecond laser, after which nc-Si:H
exhibits significantly strong NLA.We also propose amod-
el to explain this laser-induced NLA. Moreover, we de-
monstrate that this absorption-engineering technique
can be applied to the development of an optical limiter.
We used plasma-enhanced chemical vapor deposition

to grow nc-Si:H thin films on glass substrates. We then
made physical characterizations with x-ray diffraction
and high-resolution transmission electron microscopy
(nanocrystalline size d), Raman spectroscopy (crystal-
line volume fraction Xc), and optical transmission mea-
surements (film thickness L, energy bandgap Eg, and
absorption coefficient α). Detailed growth conditions
and physical characterizations can be found in our pre-
vious work [8,9]. The physical parameters of the nc-Si:H
in this work are summarized as d ∼ 6.0 nm, Xc ∼ 43%,
L ∼ 1.0 μm, and Eg ∼ 1.60 eV and with α as presented
in Fig. 2(d) below.
For the femtosecond LC and Z-scan measurements,

performed at ambient temperature and pressure, we used

a mode-locked Ti:sapphire laser (Spectra-Physics 3960d-
X3S) with 500 mW output power, generating Gaussian-
shaped pulses of TEM00 spatial mode, 100 fs duration,
82 MHz repetition rate, and tunable wavelength
(λ � 770–810 nm). The pulses were focused with a lens
of 75 mm focal length, and the beam waist was ∼25.5 μm.
A lock-in amplifier (PerkinElmer 7265) was used to reg-
ulate the light chopper at 1 kHz, turning a train of 41,000
pulses on for 0.5 ms and off for the next 0.5 ms. In order
for the nanosecond LC to produce large crystallized
areas of constant Xc, we used a XeCl excimer laser,
operated at λ � 308 nm and 10 Hz repetition rate, gener-
ating 20 ns single pulses of high energy density
(50–600 mJ ∕ cm2). Before irradiating the sample, the
Gaussian-shaped beams were passed through a homoge-
nizer to change into flat-topped square-shaped beams
of ∼2.0 mm × 2.5 mm. We stepped the laser system in
a 5 × 4 array with the sample at a fixed position in
vacuum at ambient temperature, yielding a ∼1.0 cm ×
1.0 cm crystallized area.

We present in Fig. 1(a) the I0-dependent open-aperture
(OA) Z-scan transmittance spectra of the sample at

Fig. 1. (Color online) I0-dependent OA Z-scan curves at
λ � 800 nm. (a) Evolution of an absorption modification and
(b) NLA behavior after the absorption modification; and λ-
dependent (c) OA Z-scan curves at I0 � 2.87 GW ∕ cm2 and (d)
absorption parameters, (r0, α0) and (R0, A0).
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λ � 800 nm, where I0 is the irradiance of the incident
laser pulses at focus (i.e., z � 0), excluding Fresnel re-
flection loss [10]. As I0 varies from 0.12 to 2.39GW ∕ cm2,
the sample shows the NLA switching behavior from sa-
turable absorption (SA) to reverse saturable absorption
(RSA), as fully discussed in [8]. At a higher irradiance of
I0 � 3.58 GW ∕ cm2, on the other hand, there occurs an
absorption jump after which the absorption properties
are clearly changed, attributable to LC as discussed be-
low. The absorption-modified sample exhibits a signifi-
cant absorption enhancement (i.e., transmittance
reduction), e.g., ∼700% enhancement at z�0 for I0�
4.78GW∕ cm2 over that at I0�2.39GW∕ cm2. It also
exhibits interestingly different absorption behaviors as
shown in Fig. 1(b), where we present Z-scan curves ob-
tained under the same conditions as in Fig. 1(a) after the
absorption modification. The absorption-modified sam-
ple shows only RSA but no SA, and these strong RSA
signals have almost no I0 dependence.
We also present, in Fig. 1(c), λ-dependent OA Z-scan

curves at I0 � 2.87 GW ∕ cm2 before and after the absorp-
tion modification occurs. Before it does, the sample
shows the λ-driven NLA switching, as also discussed in
[8]. After it occurs, on the other hand, the sample displays
very strong RSA signals. These strong NLA signals have
almost no λ dependence. Thus, we come to the conclu-
sion that the NLA signal of nc-Si:H can be engineered
through this absorption modification to be significantly
strong and insensitive to the incident light.
To better understand the absorption modification, we

first used an optical microscope to inspect the absorp-
tion-modified sample. As shown in Fig. 2(a), we observed
a ring pattern, which typically occurs when a silicon sur-
face is irradiated by laser pulses [7]: ablation at the cen-
tral spot, modification (oxidation/amorphization) along
the outer ring, and annealing between them. The mechan-
isms of these laser-induced structural changes in silicon
materials have been well studied in detail and can be
found in the literature (e.g., [7]). Here we focus our atten-
tion only on the physical mechanism responsible for the
observed NLA signals after the absorption modification.
We employed micro-Raman spectroscopy to perform
20 × 20 matrix mapping, yielding 400 Raman spectra,

over an area of 60 μm × 60 μm. We then calculated the
two-dimensional Xc distribution [11], as presented in
Fig. 2(b). The dark gray background (blue online) has
Xc ∼ 43%, indicative of the starting nc-Si:H sample. The
central core (red), corresponding to the laser ablation re-
gion, has an extremely high Xc (over 90%). Between these
areas, there exists a ring (greenish), including the anneal-
ing and modification (oxidation/amorphization) regions,
whose Xc gradually varies along the radial direction.
Thus, the absorption-modified sample can be manifested
solely by Xc, and the absorption modification appears to
be caused by LC gradient, likely leading to the spatially
dependent absorption coefficient, α�r�.

Currently, there appears to be a lack of technology to
directly measure such spatially dependent α�r�, espe-
cially on small areas. To estimate α�r�, we hence used
a nanosecond excimer laser to gain large crystallized
areas, each of which has the 1.0 cm × 1.0 cm area and
a constant Xc. In Fig. 2(c), we present Xc as a function
of the energy density of the excimer laser (EnEL), from
which the threshold EnEL of LC can be found to be
∼200 mJ ∕ cm2, consistent with previously reported va-
lues in silicon materials [3,12]. Note that this threshold
value can be considered the effective energy density at
the circular boundary between the background (blue)
and annular (greenish) areas in Fig. 2(b). The large crys-
tallized area of constant Xc allowed us to measure the λ-
dependent transmission spectrum, which was performed
with an n&k Technology Analyzer 1280 spectrophot-
ometer. The absorption coefficient was then extracted
from the transmission spectrum as in Fig. 2(d), where
we show only a representative sample crystallized at
EnEL � 600 mJ ∕ cm2 and the as-prepared nc-Si:H sample
for comparison. One can see from the figure that the ab-
sorption coefficient is an order of magnitude larger for
the crystallized than for the as-prepared nc-Si:H, clearly
explaining the significant absorption enhancement of the
absorption-modified sample. The absorption coefficient
of the crystallized sample can be expressed in terms
of Xc for a given λ from Figs. 2(c) and 2(d). We show
in Fig. 2(e) the case for λ � 800 nm, yielding log
α�cm−1� � C0 � C1Xc�%� (C0 � 2.15; C1 � 2.55 × 10−2).
With this, α�r� can be readily estimated as presented
in Fig. 2(f), and its functional form can be found as

α�r� � αa � α0 exp
�
−
2r2

r20

�
; (1)

where αa is the absorption coefficient of the as-prepared
nc-Si:H and α0 and r0 are deduced absorption parameters
for the absorption-modified spot from the results of nano-
second LC, whose λ dependence is presented in Fig. 1(d).

Here we propose a model to explain the observed NLA
signals after the absorption modification. At a given λ, the
differential equation governing the absorption of light in
the nc-Si:H sample can be written as

dI

dz0
� −αI � −

�
αa � A0 exp

�
−
2r2

R2
0

�
� α�I�

�
I; (2)

where I is the beam irradiance, z0 is the propagation
depth into the sample, and α is the total absorption coef-
ficient. The first term, αa, a constant absorption

Fig. 2. (Color online) (a) Optical microscope image after the
absorption modification; (b) two-dimensional Xc distribution;
(c) Xc versus EnEL; the line is to guide the eye; (d) wave-
length-dependent absorption coefficients for the as-prepared
and crystallized nc-Si:H samples; (e) logarithmic absorption
coefficient versus Xc at λ � 800 nm; the solid line is a linear
fit; (f) absorption coefficient of the absorption-modified spot
along the dashed line in (b), deduced from (e); the solid line
is a Gaussian fit.
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coefficient of the as-prepared nc-Si:H, characterizes the
linear absorption. The second term, in the form of a Gaus-
sian distribution, controls nonlinear absorption with re-
spect to the space parameter r, which is a key of our
model, and the last term does the same with respect
to the irradiance. Note that A0 and R0, which are meth-
odologically different from a0 and r0 in Eq. (1), will be
determined from the Z-scan results in Figs. 1(b) and 1(c),
whereas the last term is essentially same as the nonlinear
absorption coefficient governing the SA-to-RSA absorp-
tion switching, as described in [8]. More importantly,
the last nonlinear absorption term can be ignored in the
absorption-modified spot, since its contribution to the to-
tal absorption clearly diminishes after the absorption
modification, as can be seen in Fig. 1, resulting in an ob-
vious solution of the differential equation. Now the trans-
mittance at a sample position z for an OA Z scan can be
expressed as [10]

T�z� �
R�∞

−∞
dt

R�∞

0 Ioutrdr

e−αaL
R�∞

−∞
dt

R�∞

0 I inrdr

� 4

w2
z

Z
∞

0
e−�2r

2 ∕w2
z�−A0 exp�−2r2 ∕R2

0�Lrdr; (3)

where I in is the Gaussian-shaped input irradiance, Iout is
the output irradiance that is the solution of Eq. (2), L is
the sample thickness,w2

z � w2
0�1� z2 ∕ z20� is the beam ra-

dius, w0 is the beam waist, z0 � kw2
0 ∕ 2 is the diffraction

length of the laser beam, and k � 2π ∕ λ is the wave vector.
As can be seen in Figs. 1(b) and 1(c), the calculated trans-
mittance (solid lines) evidently fits the observed Z-scan
results (circles), indicating that our model well explains
the NLA signals after the absorption modification. As
can also be seen in Fig. 1(d), the absorption parameters
(A0, R0) of the absorption-modified spot obtained from
the fitting of experimental Z-scan curves are in good
agreement with those [(α0, r0)] deduced from the results
of the nanosecond LC, indicating the validity of the indir-
ect measurement of α�r� for the absorption-modified spot
in Fig. 2(f). It is worth noting that we measured an OA
Z-scan curve for the nanosecond laser crystallized sam-
ple at 600 mJ ∕ cm2 that is nearly flat (not shown), imply-
ing that the NLA signals after the absorption modification
result from the Gaussian aspect of Xc, but not from
changes of the bandgap or the optical properties in a
highly crystallized sample.
Finally, we discuss an optical unit easily constructed

from the absorption-modified nc-Si:H sample with carbon
disulfide (CS2), as shown in the inset of Fig. 3(a). An
absorption-modified spot of ∼50 μm diameter was ob-
tainedusing the femtosecond laserwith I0�4.78GW ∕ cm2;
CS2, whichwas kept in a quartz cuvette of 1mm thickness,
is a standard nonlinear refractive solvent having a strong
Kerr effect [10,13]; and the distance between them was
kept at 5 cm. The power-dependent transmittance of the
incident laser in Fig. 3(a) clearly demonstrates that the op-
tical unit exhibits optical limiting behavior, with a cutoff
power of ∼100 mW. This behavior clearly results from
the interplay between the CS2 cell and the absorption-
modified sample. TheCS2 shows no nonlinear absorption,
as seen from theOAZ-scan curve (almost flat) in Fig. 3(b),
indicating that CS2 itself will not lead to such optical

limiting. On the other hand, it has a Kerr-induced self-
focusing effect, as seen from the closed–aperture (CA)
Z-scan curve (valley–peak shape) in the figure. Thus, as
the power increases the laser beam is more and more fo-
cused on the absorption-modified spot so that the RSA ef-
fect of the spot becomes visible after a certain power,
which is ∼100 mW for our optical limiter.

In summary, we have shown that the absorption coef-
ficient of nc-Si:H can be engineered to have a Gaussian
distribution by means of femtosecond-laser-induced ab-
sorption modification. The absorption-modified nc-Si:H
sample shows incident-light-independent, very strong
RSA signals, and we find that such interesting NLA sig-
nals are well described by our proposed model. We have
also demonstrated that this absorption engineering tech-
nique can be utilized to build an optical limiter.
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the manuscript. This work was supported by the National
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National Natural Science Foundation (11074169 and
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Raman investigation of silicon nanocrystals:
quantum confinement and laser-induced
thermal effects
Y. Duan,a J. F. Kongb and W. Z. Shena*
Wepresent a detailed experimental and theoretical Raman investigation of quantum confinement and laser-induced local thermal
effects on hydrogenated nanocrystalline silicon with different nanocrystal sizes (3.6–6.2nm). The local temperature was
monitored by measuring the Stokes/anti-Stokes peak ratio with the laser power density range from ~120 to 960kW/cm2. In
combination with the three-dimensional phonon confinement model and the anharmonic effect, which incorporates the three-
phonon and four-phonon decay processes, we revealed an asymmetrical decay process with wavenumbers ~170 and 350 cm–1,
an increasing anharmonic effect with nanocrystal sizes, and a shortening lifetime with enhanced temperature and decreasing
nanocrystal dimension. Furthermore, we demonstrated experimentally that for Si nanocrystals smaller than 6nm, the quantum
confinement effect is dominant for the peak shift and line broadening. Copyright © 2011 John Wiley & Sons, Ltd.
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Introduction

Raman spectroscopy, as a fast, convenient, nondestructive, and
highly sensitive probe of local atomic arrangements and
vibrations, has been widely used to characterize the properties
of nanomaterials including nanocrystals,[1–3] nanowires,[4] and
microcrystalline structures.[5] The localization and lattice vi-
bration properties of various low-dimensional semiconductor
nanomaterials have been successfully yielded by the aid of
detailed analyses of significant size-dependent red-shift and
asymmetric broadening when the nanocrystal size is reduced to
nanometer scale.[1,6–8] Many theoretical models have been
established, such as the microscopic force model,[9] bond
polarizable model,[10,11] and three-dimensional phonon confine-
ment model,[12] to obtain a better interpretation of the
experimental data. However, the local temperature of the nano-
structured samples on the illuminated spot will increase even
if the laser power is very low,[13] which can therefore affect
significantly the vibrational properties.[6] Recently, Faraci et al.
[3] have analyzed experimentally the quantum confinement and
thermal effects of a 10-nm semiconductor nanocrystal as the
laser power increases, and predicted theoretically the quantum
confinement effect mainly for sizes smaller than ~6 nm.
It should be noted that there is no detailed study on the

relationship between the Raman spectra related to the nanocrys-
tal size and the thermal effect because of the laser irradiation. In
fact, nanostructures are embedded in an environment medium,
which can have poor thermal conductivity.[14] This establishes
the base for the experimental determination of the local temper-
ature through monitoring the Raman band shift[15] and the
Stokes/anti-Stokes intensity ratio (IS/IA)

[16] under different laser
power densities. Therefore, the relationship between lattice
vibration and thermal effect can be achieved straightforwardly.
J. Raman Spectrosc. 2012, 43, 756–760
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Moreover, a comprehensive investigation of the three-phonon
and four-phonon decay processes[17] under laser irradiation is
very important for the understanding of the phonon dynamic
behavior in semiconductor nanostructures.

On the other hand, silicon nanostructures have attracted much
attention in recent years because of their importance in the
fundamental understanding of physics and potential applications
in silicon optoelectronics.[18–20] In this paper, we present a
detailed micro-Raman investigation of different silicon nanocrystal
dimensions (3.6, 4.2, 5.0, and 6.2 nm) prepared by plasma enhanced
chemical vapor deposition (PECVD) under the laser power density
range from ~120 to 960 kW/cm2. The average silicon nanocrystal
dimensions were determined by the three-dimensional phonon
confinement of Raman spectrum analysis. In combination with
the effects of phonon confinement and anharmonic phonon
processes, we clearly illustrate the temperature effect on the
Raman peak shifts and linewidths. We demonstrate experimentally
that for Si nanocrystals smaller than 6nm, the quantum confine-
ment effect is dominant for the Raman peak shift and line
Copyright © 2011 John Wiley & Sons, Ltd.



Raman investigation of silicon nanocrystals
broadening. We further show that phonon dynamic behavior
correlates with the phonon vibrational properties in nanoparticles.

Experimental details
The hydrogenated nanocrystalline Si (nc-Si:H) thin films employed for
the current study were deposited on undoped crystalline Si (111)
substrates at a temperature of 250 �C in a capacitive coupled PECVD
system. During the growth, the total pressure of reactive gases was
maintained at 0.7 Torr and the hydrogen dilution ratio [H2/(SiH4+H2)]
at 99%, while the radio frequency (13.56MHz) power changes from
30 to 90W to achieve different nanocrystalline sizes. The nc-Si:H thin
film is a mixed-phase material consisting of Si quantum dots embed-
ded in amorphous Si tissue and has a layer thickness of around a
few micrometers. The room-temperature electron mobility and
dark conductivity of the nc-Si:H films reach in the order of 102 cm2/
Vs and 10 Scm�1, respectively.[21] The room-temperature Raman
spectra were obtained by using a Jobin Yvon LabRam HR 800UV
micro-Raman spectrometer with the 514.5nm line of an Ar+ laser.
The employment of a 50� optical microscope objective with a
numerical aperture of 0.75 will yield a laser spot size of ~2 mm. The
scattered light was detected in a backscattering geometry of
z x;�ð Þ�z configuration using an Andor DU420 classic charge-coupled
device detector. The optical output power can be read from the me-
ter of the laser system, and there is 25% power loss when it spreads
in the light path. In this paper, the Raman spectra were recordedwith
the laser power in the range of 3.75 to 30.00mW, corresponding to
the laser power density between ~120 and 960kW/cm2.

Results and discussion

Figure 1 shows the typical Stokes and anti-Stokes Raman spectra
taken from a nc-Si:H thin film with an average Si quantum dot
size d of 3.6 nm under five different laser power densities. It can
be noted that the Raman spectra of nc-Si:H downshifts and
Figure 1. Stokes and anti-Stokes Raman spectra taken from a nc-Si:H
thin film with an average Si quantum dot size d of 3.6 nm under five
different laser power densities.

J. Raman Spectrosc. 2012, 43, 756–760 Copyright © 2011 John
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asymmetrically broadens with increasing laser excitation power.
In contrast to bulk Si,[22] the Raman spectra of nc-Si:H thin films
are sensitive to the laser power density, which can be understood
because of the poor thermal conductivity of nc-Si:H compared
with the bulk Si. Because Si nanocrystals were embedded in an
environment medium (amorphous Si matrix) as mentioned previ-
ously, the poor heat transfer between nanoparticles and weak
thermal contact with the substrate result in low lattice thermal
conductivity. Further evidence of the laser-induced thermal effect
in the local area comes from the fact that the observed ratio of
Stokes to anti-Stokes intensity IS/IA decreases obviously with the
increase of laser power density. As we know, IS/IA /exp(ħo/kBT),
with o the local wavenumber and T the local temperature, the
significant decrease of IS/IA, together with the red-shift of the
Stokes Raman peak, demonstrates the temperature rise of
the local area with increasing laser power density. In addition,
compared with the symmetric Lorentzian profile of the Raman
lineshape in the bulk Si, the degree of asymmetry in the phonon
peak of nc-Si:H increases with the decrease of dimension. The
decreasing dimension causes lattice defect and structural disor-
der, which result in the breakdown of the translational symmetry
at wave vector q= 0, and the contribution of Brillouin zone edge
phonons to participate in an inelastic Raman scattering process, i.
e. greatly drives the lineshape asymmetry.

The average Si dot size d can be yielded by calculating the
Stokes and anti-Stokes Raman spectra. As an example in Fig. 2,
we take the nc-Si:H sample for Fig. 1 with the laser power density
of 120 kW/cm2. The Raman scattering spectra can be interpreted
by the combination of three Gaussian phonon bands [i.e. longitu-
dinal acoustic (LA) band centered at 300 cm�1, longitudinal
optical (LO) band at 380 cm�1, and transverse optical (TO1) band
at 480 cm�1] from the amorphous Si contribution, and one
asymmetric transverse optical (TO2) band related to the Si nano-
crystals.[23] To identify the asymmetry TO2 peak of the Si nano-
crystals, we employ the three-dimensional phonon confinement
model[12] to detect the detailed temperature and size depen-
dences of the phonon wavenumber and line broadening. Accord-
ing to the three-dimensional phonon confinement model, which
Figure 2. Experimental (open circles) and fitted (solid curves) Raman
spectra for the nc-Si:H sample with grain size d of 3.6 nm under the laser
power density of 120 kW/cm2. The dashed curves peaked at ~300, 380,
and 480 cm–1 correspond to LA, LO, and TO1 modes of the amorphous
Si, respectively. The dotted curve peaked at ~520 cm–1 is related to the
TO2 mode of Si nanocrystals.

Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jrs

7
5
7



Table 1. Parameters for fitting the Raman peak shift (Eqn (3)) and line-
widths (Eqn (4)) of the TO2 mode in Si nanocrystals, together with the
yielded intrinsic compressive strain under the laser power of 120kW/cm2

Grain size
d (nm)

o0

(cm–1)
A

(cm–)
B

(cm–1)
Г0

(cm–1)
C

(cm–1)
D

(cm–1)
Strain

(�10–3 Pa)

3.6 521.30 �1.73 �0.22 6.86 0.34 0.045 2.07

4.2 524.91 �1.75 �0.23 5.83 0.36 0.047 2.32

5.0 526.75 �1.80 �0.24 4.86 0.39 0.051 2.84

6.2 528.08 �1.82 �0.25 3.31 0.42 0.054 3.16
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takes into account both the phonon confinement and the effect
of strain, the TO2 band Raman spectrum can be described as

ITO2 oð Þ ¼ I0Raman

Z 2p=a0

0

C qð Þj j24pq2�dq
o� o qð Þ½ �2 þ Γ=2ð Þ2 (1)

with I0Raman the prefactor, |C(q)|2=exp(-q2d2/8) for spherical shape
grain, q the wave vector of phonon, d the correlation length
related to the average size of the Si nanocrystals, Г the Raman
intrinsic linewidth of crystalline silicon, and a0 = 0.543 nm the
lattice constant of the bulk Si. The form of the phonon dispersion
relation o(q) is given by[24]

o qð Þ ¼ op � 120 q=q0ð Þ2 (2)

where op is the wavenumber of the first order Raman band in the
absence of disorder effects and q0 = 2p/a0.
We show in Fig. 2 the dotted curves for the calculated TO2

peak of the Si nanocrystals and the dashed curves for the three
Gaussian phonon bands from the amorphous Si contribution.
Good agreement has been achieved in Fig. 2 between the calcu-
lated (solid curves) and experimental Raman spectra (circles).
From the fitting, we can obtain the corresponding Si nanocrystal
sizes and the strain of our nc-Si:H samples. As shown in Fig. 3 for
the four nc-Si:H samples, there is some small variation for the
yielded Si nanocrystal sizes under different laser power densities.
In the present study, we have taken the mean values of 3.6, 4.2,
5.0, and 6.2 nm as the average Si dot sizes for the four samples
within an accuracy of �0.1 nm, which are in agreement with
our observation from X-ray diffraction measurements and high-
resolution transmission electron microscopy. In addition, the
inhomogenetity of nanocrystal sizes are revealed by the three-
dimensional phonon confinement model of the micro-Raman
mapping spectra.[23] The strain is simply deduced from –(op-o0)/
3xo0, with o0 the wavenumber of the first-order Raman band in
the absence of both disorder and stress effects (520.5 cm–1)
and x the Grüneisen constant (~1.0).[23] The calculated intrinsic
compressive strain with the laser power of 120 kW/cm2 are listed
in Table 1. Moreover, the local temperature was evaluated from
the ratio of Stokes to anti-Stokes Raman intensity of the TO2

mode under the laser power density in the range of ~120 to
960 kW/cm2, with an estimated error of �2 K. In the following,
Figure 3. Yielded grain sizes from Raman spectra under different laser
power densities.

wileyonlinelibrary.com/journal/jrs Copyright © 2011 John
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we will concentrate on the temperature dependence of the
Raman peak shift and line broadening of different Si dot sizes
in terms of the model developed by Klemens,[25] Hart et al.,[16]

and extended by Balkanski et al. [26] for anharmonic decay of
optical phonons.

Figure 4 presents the Raman peak shift (scatters) of the TO2

band as a function of the yielded local temperature for the four
different average nanocrystal sizes. The phonon peaks o(T) shift
towards lower wavenumber in the same way with the increase
in temperature, which can be expressed by taking into account
cubic and quartic terms in the anharmonic Hamiltonian as[27]

o Tð Þ ¼ o0 þ Δod1 Tð Þ þ Δod2 Tð Þ
Δod1 Tð Þ ¼ A 1þ 1

exp ħo1=kBTð Þ � 1
þ 1

exp ħo2=kBTð Þ � 1

� �

Δod2 Tð Þ ¼ B 1þ 3

exp ħo0=3kBTð Þ � 1
þ 3

exp ħo0=3kBTð Þ � 1½ �2
" #

(3)

with o0 the harmonic wavenumber of the optical model, Δod1(T)
the decay of the zero-center phonons into two phonons of wave-
number o1 and o2 (three-phonon process), keeping the sum of
o1+o2=o0 unchanged, Δod2(T) the decay into three phonons
(four-phonon process), assumed to be of equal wavenumber
o0/3 for simplicity, and kB the Boltzmann constant. A and B are
anharmonic constants selected as fitting parameters in the calcu-
lation and related to the relative probability of the occurrence of
each process. The solid curves in Fig. 4 are the calculated phonon
Figure 4. Temperature-dependent Raman wavenumber of the TO2

mode in the Si nanocrystals with different grain sizes. The solid curves
are the theoretical results with Eqn (3).

Wiley & Sons, Ltd. J. Raman Spectrosc. 2012, 43, 756–760
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wavenumber with temperature using Eqn 3 by varying para-
meters o0, o1, o2, A, and B (listed in Table 1) related to different
nanocrystal sizes. The agreement between the theoretical fitting
and the experimental data is found to be quite good.

It is well known that the presence of grain boundaries or sur-
faces leads to a locally lower atomic density and higher structural
disorder in comparison to the bulk material. As a result, the quan-
tum confinement effect affects the optical modes at the Brillouin
zone center (q= 0), because more phonons with q 6¼ 0 (away from
Brillouin zone center) contribute to the phonon density of states
(DOS) and lead to a red-shift in Raman spectra.[28] The variation of
o0 with the decrease of grain sizes listed in Table 1, together with
the significant harmonic wavenumber shift at smaller sizes
shown in Fig. 4, clearly demonstrates the quantum confinement
effect where for the particles of larger sizes the wavenumber is
not shifted that much. We further present in Fig. 5 an analysis
Figure 5. Normalized calculated Raman spectra of different grain sizes
from the phonon confinement model. This figure is available in colour
online at wileyonlinelibrary.com/journal/jrs.

Figure 6. (a) Temperature-dependent Raman linewidth Г(T) of the TO2 mo
theoretical fitting to Eqn 4. (b) Calculated phonon DOS in Si nanocrystals fo
o0/3 marked. (c) Temperature-dependent lifetime t(T) of the TO2 mode in Si
fitting to Eqn (5). This figure is available in colour online at wileyonlinelibrary

J. Raman Spectrosc. 2012, 43, 756–760 Copyright © 2011 John
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of the Raman spectra using the phonon confinement model[18]

for the different sizes of Si nanocrystals. It is clear that at smaller
sizes, there is a significant shift and broadening of the Raman
spectra, especially for sizes smaller than 6 nm, while for the
particles of larger sizes the peak is not shifted significantly and
approaches to the bulk value, which is well consistent with our
experimental observation. The asymmetric lineshape in the Raman
spectra has also been well reproduced for the Si nanocrystals.

Figure 6(a) shows the variation of linewidths with temperature
for the Si nanocrystals of different sizes. The phonon broadening
Г(T) mainly comes from the quantum confinement effect and
anharmonic decay. Similar to the temperature dependence of
Raman peak shift, the phonon broadening can also be described
by assuming the decay into two phonons with wavenumber
o1, o2 and the symmetric decay into three phonons[17,29]

Γ Tð Þ ¼ Γ0 þ Γ1 þ Γ2

Γ1 ¼ C 1þ 1

exp ħo1=kBTð Þ � 1
þ 1

exp ħo2=kBTð Þ � 1

� �

Γ2 ¼ D 1þ 3

exp ħo0=3kBTð Þ � 1
þ 3

exp ħo0=3kBTð Þ � 1½ �2
" # (4)

where Г0 is attributed to the inherent defect or impurity scatter-
ing and quantum confinement effect, Г1 is the damping part
induced by the asymmetric decay of the three-phonon process,
while Г2 represents the four-phonon process, C and D are
constants. We have also illustrated in Table 1 the fitting
parameters Г0, C, and D. It is found that Г0 of the TO2 mode in
the Si nanocrystals decreases with increasing nanocrystal size,
and is close to the corresponding value of 2.8 cm–1[30] in the bulk
silicon when the Si nanocrystal size is 6.2 nm. This line broaden-
ing characteristic agrees well with the peak shift observation in
Fig. 4, i.e. demonstrating experimentally that the quantum
confinement effect is significant for Si nanocrystals smaller than
6 nm. Furthermore, we notice that the values of o1 ~ 170 cm–1

and o2 ~ 350 cm–1 obtained from Raman peak shift are coinci-
dent with those from linewidths, which manifests the asymmetric
decay process for the TO2 mode.
de in Si nanocrystals with different grain sizes. The solid curves are the
r different grain sizes reported in [31], with the positions of o1, o2, and
nanocrystals with different grain sizes. The solid curves are the theoretical
.com/journal/jrs.
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To exactly understand the decay mechanism, we resort to the
calculated (through the generalized Keating model) phonon DOS
published in [31] shown in Fig. 6(b) for different Si nanocrystal
sizes. We can find a sizable magnitude of the phonon DOS at
o1 and o2 for all these Si nanocrystals, indicating that the asym-
metric decay into phonons with wavenumbers near 170 and
350 cm–1 is reasonable. The anharmonic constants of A, B, C,
and D in Table 1 are found to increase with the nanocrystal size.
The enhancement of the anharmonic effect can also be observed
from the temperature-dependent changes in wavenumbers
(Fig. 4) and linewidths [Fig. 6(a)]. In Si nanocrystals, the phonon
DOS increases with the nanocrystal size [Fig. 6(b)],[31] resulting
in an increase in the probability of inelastic (anharmonic) scatter-
ing between phonons. Large numbers of phonons will be
produced with increasing temperature, which also leads to the
enhanced probability of anharmonic decay of phonons.
From the ratios of A/B and C/D, the relative contributions of the

three-phonon and four-phonon processes to the total phonon
decay can be estimated. From Table 1, it is interesting to note
that the ratios of A/B and C/D remain almost constant
(7.5� 0.4) with increasing grain sizes. Although the increasing
sizes lead to an enhancement of the phonon DOS, the ratios of
magnitude of the phonon DOS of o1 (o2) to that of o0/3 are
found to be approximately 1.10 (1.30) for Si nanocrystals (see
Fig. 6(b)). As a result, the contribution of the three-phonon and
four-phonon processes to the total phonon decay does not
change apparently with the increase of the Si nanocrystal sizes.
However, the ratios of A/B and C/D are much larger than 1.0,
indicating that the decay into two phonons is the prevailing pro-
cess while the four-phonon process makes a minor contribution
in the anharmonic coupling of the TO2 mode in Si nanocrystals.
This phenomenon is also consistent with the calculated phonon
DOS shown in Fig. 6(b), where the weak phonon DOS at o0/3
(~174 cm–1) shows less probability of the four-phonon process.
We can therefore conclude the reliability of our theoretical fitting
through the consistency between the variations of A/B and C/D.
Finally, it is generally known that the linewidth broadening in

Raman scattering is usually related to the lifetime of the decay
process of the involved phonons, and we can simply estimate
the relaxation time t(T) for the decay processes by[32]

Г Tð Þ ¼ 1= 2pct Tð Þ½ � ¼ 1= 2pctelasticð Þ þ 1= 2pctinelasticð Þ (5)

with c the velocity of light, 1/(2pctelastic) (=Г0) from the contribu-
tion of elastic scattering, and 1/(2pctinelastic) (=Г1 + Г2) from the
anharmonic scattering. Figure 6(c) displays the lifetimes t(T) of
the TO2 mode as a function of temperature under different nano-
crystal sizes, while the solid curves are the best theoretical fits.
We find a significant shortening of TO2 mode lifetime with the
increase of the local temperature and decrease of nanocrystal
sizes. This is reasonable, because the thermal interaction
increases with temperature, which decreases the phonon mean
free path at high temperatures, while the decrease of grain size
is expected to further enhance the inherent boundary scattering
in nanocrystals, which reduces significantly the phonon lifetime.[1]

Conclusion

The quantum confinement and laser-induced thermal effects
have been studied by Raman scattering of nc-Si:H thin films
grown by PECVD with different Si nanocrystal sizes (3.6–6.2 nm)
in the laser power density range from ~120 to 960 kW/cm2. The
observed temperature-dependent wavenumber and linewidth
wileyonlinelibrary.com/journal/jrs Copyright © 2011 John
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characteristics in Si nanocrystals can be well described by the
three-dimensional phonon confinementmodel, which takes into ac-
count both the phonon confinement and the effect of strain, and by
the anharmonic effect, which incorporates the three-phonon and
four-phonon decay processes. The fitting results exhibit an
asymmetrical decay with wavenumbers near 170 and 350 cm–1

and the anharmonic effect because of temperature and quantum
confinement effect. We have demonstrated experimentally that
the quantum confinement effect is dominant for the Raman peak
shift and line broadening with Si nanocrystals smaller than 6nm.
Furthermore, it is found that with the increase of the Si nanocrystal
sizes the contribution of the three-phonon and four-phonon
processes to the total phonon decay does not change apparently,
which can be well explained by the phonon DOS in Si nanocrystals.
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Mid-infrared frequency comb based on a quantum
cascade laser
Andreas Hugi1, Gustavo Villares1, Stéphane Blaser2, H. C. Liu3 & Jérôme Faist1

Optical frequency combs1 act as rulers in the frequency domain
and have opened new avenues in many fields such as fundamental
time metrology, spectroscopy and frequency synthesis. In particu-
lar, spectroscopy by means of optical frequency combs has sur-
passed the precision and speed of Fourier spectrometers. Such a
spectroscopy technique is especially relevant for the mid-infrared
range, where the fundamental rotational–vibrational bands of
most light molecules are found2. Most mid-infrared comb sources
are based on down-conversion of near-infrared, mode-locked,
ultrafast lasers using nonlinear crystals3. Their use in frequency
comb spectroscopy applications has resulted in an unequalled
combination of spectral coverage, resolution and sensitivity4–7.
Another means of comb generation is pumping an ultrahigh-
quality factor microresonator with a continuous-wave laser8–10.
However, these combs depend on a chain of optical components,
which limits their use. Therefore, to widen the spectroscopic appli-
cations of such mid-infrared combs, a more direct and compact
generation scheme, using electrical injection, is preferable. Here
we present a compact, broadband, semiconductor frequency comb
generator that operates in the mid-infrared. We demonstrate
that the modes of a continuous-wave, free-running, broadband
quantum cascade laser11 are phase-locked. Combining mode pro-
liferation based on four-wave mixing with gain provided by the
quantum cascade laser leads to a phase relation similar to that of a
frequency-modulated laser. The comb centre carrier wavelength
is 7 micrometres. We identify a narrow drive current range with
intermode beat linewidths narrower than 10 hertz. We find comb
bandwidths of 4.4 per cent with an intermode stability of less than
or equal to 200 hertz. The intermode beat can be varied over a
frequency range of 65 kilohertz by radio-frequency injection. The
large gain bandwidth and independent control over the carrier
frequency offset and the mode spacing open the way to broadband,
compact, all-solid-state mid-infrared spectrometers.

Unlike the situation in interband semiconductor lasers12, mode-
locked operation of typical high-performance, room-temperature
quantum cascade lasers with emission of short single pulses is difficult
to achieve because the gain recovery time (t < 0.3 ps) is much shorter
than the time required by the pulse to complete one round-trip in the
cavity (the round-trip time, trt 5 64 ps), which defines the mode spa-
cing. Such pulsed operation has so far only been achieved at cryogenic
temperatures13 over a locking bandwidth of 15 cm21 at 77 K by incor-
porating an active region that used a diagonal transition with a very
long upper-state lifetime14. Similarly, mode locking of ten modes has
also been achieved at cryogenic temperature in terahertz quantum
cascade lasers15. It should be noted, however, that the only requirement
for comb operation in spectroscopy applications is the periodicity of
the waveform at the round-trip frequency, not the generation of high-
intensity pulses. Even though microcavity-based frequency combs
have shown ‘true’ comb operation with millihertz stability, their out-
put is sometimes nearly unmodulated in time16,17. In fact, because the
intensity of a perfectly frequency-modulated laser is constant, the

power envelope of such a beam would not be perturbed by the fast
gain recovery of the quantum cascade laser and the spectrum of such a
laser would also be composed of equally spaced and discrete spectral
lines. Furthermore, as in radio communication, a frequency-modulated
signal may be more robust to noise than an amplitude-modulated
signal. In addition, a constant output power can be preferable for linear
spectroscopy applications, to avoid additional complexities caused by
nonlinear interactions.

Nonlinear effects in quantum cascade lasers, triggering the onset of
multimode operation, have been studied in detail18. As in interband
lasers19, spatial hole burning was found to have a key role in the onset
of multimode instabilities. Two counterpropagating waves at frequen-
cies v1 and v2 create a grating that beats at a frequency dv 5 v1 2 v2,
transferring energy between modes separated by that frequency dif-
ference. This gain mechanism is phase sensitive. In addition, intersub-
band transitions feature strong third-order optical nonlinearities, x(3),
due to the large optical matrix element between the excited state and
the empty lower states20–22, allowing parametric processes due to four-
wave mixing. It is important to stress that because these processes are
quasi-resonant, the coupling between the modes will occur with a non-
trivial phase delay. As shown schematically in Fig. 1a, the result of

1Institute for Quantum Electronics, ETH Zurich, 8093 Zurich, Switzerland. 2Alpes Lasers SA, 1–3 Maximilien-de-Meuron, 2001 Neuchâtel, Switzerland. 3Key Laboratory of Artificial Structures and Quantum
Control, Department of Physics, Shanghai Jiao Tong University, Shanghai 200240, China.
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these nonlinearities will be a proliferation of modes due to degenerate
and non-degenerate four-wave mixing processes, in a similar fashion
to what occurs in microcavity resonators10.

The ability to lock longitudinal modes is limited by the material
group velocity dispersion (GVD). Our heterogeneous quantum cas-
cade laser is expected to have a much lower GVD in comparison with
conventional devices23. It operates close to the zero-GVD point of our
device, a InGaAs/InAlAs heterostructure grown on InP; the low dop-
ing of the active region and the waveguide design decrease the contri-
bution from these components. In addition, as shown in Fig. 1b, and in
contrast to conventional quantum cascade lasers, the computed GVD
has a broad minimum in the centre of the gain curve owing to the ‘flat
top’ shape of the gain curve of the broadband laser.

The broadband quantum cascade laser used in this work was com-
posed of three different substacks and operated at a wavelength of
around 7mm. The laser spectra partly displayed in Fig. 1c were mea-
sured using a high-resolution Fourier transform infrared spectrometer
and show a single set of longitudinal modes extending over 1.1 mm,
with no measurable dispersion within the resolution (0.0026 cm21,
78 MHz) of the spectrometer over the whole dynamic range (Sup-
plementary Fig. 1). All instabilities related to multiple transverse modes
can be completely neglected. A selected set of spectra indicating the
power per mode (between 1mW and 3 mW) is displayed in Sup-
plementary Fig. 2a. The total output power as a function of current at
220 uC is shown in Supplementary Fig. 2b. The device switches to multi-
mode operation at I 5 460 mA, shortly above threshold (Ith 5 400 mA).
The spectrum, which is initially spread over dv 5 40 cm21, broadens
progressively to dv 5 230 cm21 at the maximum current.

To investigate to what extent the modes are coupled, we first mea-
sure the intermode beat, that is, the radio-frequency spectrum of the
intensity near the round-trip frequency, nrt, using a fast quantum-well
infrared photodetector24. Uncoupled modes (such as those originating
from two free-running lasers driven in a similar way to our device)
would generate a spectrum with a 5–10-MHz linewidth25. In contrast,
as shown in Fig. 2a, such a measurement performed just above the
onset of multimode operation shows a linewidth with a full-width at
half-maximum of only dn 5 8.8 Hz. For this current, the spectrum is
already dv 5 15 cm21 wide and contains 60 modes. This very narrow
intermode beat is observed over the current range I < 460–480 mA. At
higher temperatures (13 uC), this regime is more dominant and the
comb spans up to 60 cm21 (240 modes) with an intermode beat line-
width of #200 Hz. At a current of $480 mA, the intermode beat
abruptly becomes wider: dn < 48 kHz. The intensity of the modulation
of the laser output is never greater than 2%, indicating a mostly con-
stant amplitude. The abrupt change in intermode beat linewidth is also
reflected in the amplitude noise spectra shown in Supplementary Fig.
3. When the current is increased to 500 mA, the spectrum spans
,100 cm21 and the intermode beat widens to dn , 250 kHz. Above
510 mA, the single narrow intermode beat splits into two distinct
broadened peaks spaced by 14 MHz.

The assessment of the coherence properties of a mode-locked laser
is usually performed by an autocorrelation measurement on a non-
linear crystal to reveal the time structure of the optical pulse. This
technique cannot be used in our case, because we do not expect the
respective phases of the longitudinal modes to yield a single optical
pulse with high peak intensity, suitable for nonlinear optics. To gain
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insight into the respective phases and coherence properties of
the modes, we present here an interferometric technique whereby
the autocorrelation of the intermode beat is measured using a
Michelson interferometer. The quantity measured is

I n,tð Þ~ F E tð Þj zE tztð Þ 2
�
�

� ��
�

�
� ð1Þ

which is the absolute value of the Fourier component of the intensity at
the detector at frequency n over a chosen resolution bandwidth of the
spectrum analyser. Here E denotes the time-dependent amplitude of
the electric field andF stands for the Fourier transform that is applied
to the resulting intensity. The normal intensity interferogram mea-
sured in a Fourier transform infrared spectrometer is I(0, t). In con-
trast to the intensity interferogram, the intermode beat interferogram,
I(nrt, t), is a function of both the amplitude and the relative phase of
the modes. Furthermore, in analogy with Fourier spectroscopy, the
Fourier transform

J nrt,vð Þ~F I nrt,tð Þð Þ ð2Þ
will yield the intermode beat spectrum, which roughly indicates the
spectral regions contributing to the intermode beat.

Figure 2b shows two successive scans of I(nrt, t) acquired with a
resolution bandwidth of 100 kHz at the round-trip frequency, mea-
sured at 90-min intervals and an injection current of 490 mA. These
scans (blue and red) are compared with the zero-frequency compon-
ent I(0, t) (green). Randomly varying phases would generate an inter-
mode beat interferogram roughly proportional to the zero-frequency
component around zero time delay (Supplementary Fig. 4). In con-
trast, the measured I(nrt, t) shows long-term stability with a minimum
at zero time delay, proving that there is a well-defined phase relation
between the modes. The phase relation cannot be easily inferred from
the measurement of I(nrt, t), however. To help us do so, we compare
the measured I(nrt, t) to the respective signals predicted for a purely
frequency-modulated signal and a conventional mode-locked laser
(Fig. 2c; see Supplementary Fig. 5 for a measurement of an intermode
beat interferogram of a mode-locked fibre laser). The phases are such
that the amplitude modulation of the signal is strongly damped at
zero delay (t 5 0), as it would be for a frequency-modulated laser. In
general, the comparison emphasizes the frequency modulation char-
acteristics of the output of the laser, as expected from the short lifetime
of the excited state. A minimum of the intermode beat is always

observed for t 5 0 over all injected currents, indicating that the de-
vice never produces single pulses. To confirm further the frequency-
modulated nature of the laser, we put a sheet of polyethylene, which
has strong wavelength-dependent absorption, between the laser and
the detector. This sheet acts as an optical discriminator that can
convert the frequency modulation of the laser output to an amplitude
modulation signal. As expected from a frequency-modulated signal,
we find that the amplitude of the intermode beat at the detector
increases. This amplification factor was measured to be 10–18.

The intermode beat spectrum, J nrt,vð Þ, and the intensity spec-
trum, J 0,vð Þ, are compared in Fig. 2d and show that the entire laser
spectrum contributes to the intermode beat. Regardless of the kilohertz
intermode beat linewidth, we have a comb-like spectrum because the
mode spacing does not fluctuate more than the chosen resolution
bandwidth of the spectrum analyser over the whole laser spectrum.
The measurement of the whole radio-frequency spectrum around nrt

as a function of t yields important information about the mechanisms
that destabilize the comb. An example of such characteristics is shown
in Supplementary Fig. 6a at a high current (I 5 679 mA) where the
intermode beat has two peaks and a wide radio-frequency spectrum.
By further increasing the size of the region with low GVD, it should be
straightforward to increase the comb bandwidth.

To characterize the comb further, we did a heterodyne beat experi-
ment between a comb line and a single-mode distributed-feedback
quantum cascade laser (Supplementary Fig. 7a). The inset of Fig. 3a
shows the spectrum of the single-mode quantum cascade laser along-
side the comb spectrum that covers 60 cm21 and has an intermode
beat linewidth of #200 Hz. Figure 3a shows the corresponding hete-
rodyne signal. A narrow linewidth of 1.3 MHz is measured, which
simply reflects the temperature and current stability of our set-up.
The increased phase noise directly translates into a broader linewidth
of about 20 MHz in comb-like spectra.

Our measurements show that the low GVD, as well as the existence
of nonlinearities, tends to lock the modes together. This locking can
also be enhanced through radio-frequency injection. Such injection
locking has already been successfully applied to a terahertz quantum
cascade laser, enabling the demonstration of pulsed mode-locked ope-
ration. In our experiment, a radio-frequency power of 11 dBm is in-
jected close to the round-trip frequency of 7.5 GHz, with an estimated
injection loss of 234.5 dB. The direct current is set to 494 mA. While
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Figure 3 | Linewidth measurement and radio-frequency injection.
a, Heterodyne beat measurement between a single-mode distributed-feedback
(DFB) quantum cascade laser and a quantum-cascade-laser comb line. The
inset shows the two spectra. The measured heterodyne signal has a linewidth of
1.3 MHz. The resolution bandwidth is 500 kHz and the integration time is
25 ms. b, Heterodyne beat measurement of a comb-like line and a stable

single-mode quantum cascade laser while sweeping the radio-frequency (RF)
injection frequency around the cavity round-trip frequency. When sweeping
across the resonance of the cavity round-trip, the heterodyne signal can be
shifted in frequency by 11 MHz. Inset, measured intermode beat at three
different characteristic injection frequencies at resonance.
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sweeping the radio frequency, we measure the heterodyne beat
between one comb-like line and the single-mode quantum cascade
laser (Supplementary Fig. 7a). Figure 3b shows the change in the
heterodyne beat position and proves that we are able to change the
mode spacing actively. The intermode beat with radio-frequency injec-
tion around resonance is shown in the inset of Fig. 3b. Unlike previous
attempts26, our measurements show the expected collapse of the inter-
mode beat at the round-trip frequency to the resolution of the spec-
trum analyser. The round-trip frequency can be varied over a range of
more than 65 kHz. There are approximately 167 modes between the
peak of the laser and the mode that beats with the single-mode quan-
tum cascade laser. Changing the round-trip frequency by 65 kHz
should therefore result in a change of 167 3 65 kHz 5 10.9 MHz in
the heterodyne beat signal, which agrees with the measured 11 MHz.
It should be noted that the carrier frequency offset can be adjusted by
the injected direct current (Supplementary Fig. 7b), whereas the mode
spacing can be set through the radio-frequency injection. Therefore, it
is possible to stabilize quantum-cascade-laser frequency combs fully27.
However, as the injected radio-frequency power is increased to
26.6 dBm, the intermode beat interferogram resembles that of a fun-
damentally mode-locked laser, and, unlike the case for 11 dBm, the
intermode beat spectrum shows that only a small fraction (18%) of
the modes contribute to the injection-locked intermode beat (Sup-
plementary Fig. 8).

We have presented a mid-infrared quantum-cascade-laser free-
running optical frequency comb covering 60 cm21 (308 nm) at a cen-
tre wavenumber of 1,430 cm21 (7mm). The measured linewidth of the
comb lines is #1.3 MHz with a narrow intermode beat linewidth of
#200 Hz. At higher currents, we measure comb-like emission spectra
that span 100 cm21 and have broader intermode beat linewidths (50–
250 kHz). Further measurements using metrological techniques will
give deeper insight into this system28. We have shown that the carrier-
envelope offset frequency as well as the repetition frequency can be
set independently by changing the direct current and through radio-
frequency injection. The phase signature of the comb strongly resem-
bles that of a frequency-modulated signal and is stable over time. We
identify the locking mechanism responsible for the formation of the
frequency comb to be four-wave mixing. Key physical properties of
materials used in quantum cascade lasers in frequency combs are
therefore strong third-order optical nonlinearities and a low GVD.
Further investigation of the GVD and its sign is necessary29. Al-
together, this system offers remarkable freedom of design, because it
allows control over the electronic transitions, gain flatness, optical
nonlinearities and dispersion through band structure engineering.
The bandwidth of mid-infrared quantum-cascade-laser frequency
combs can be improved through a detailed understanding of the
phase-locking mechanism and by appropriately engineering the
GVD using waveguide design and facet coatings. The large bandwidth,
in combination with independent control over the carrier frequency
offset and the mode spacing, opens the way to metrological and sens-
ing applications. Thus, the mid-infrared quantum-cascade-laser fre-
quency comb could become standard technology for broadband,
compact, all-solid-state mid-infrared spectrometers.

METHODS SUMMARY
Calculation of the GVD. We include three contributions to the GVD in our
calculations. First, the vertical and lateral modal GVDs of the guided mode
(GVDvert and GVDlat). GVDvert includes the dispersion of the doped layers due
to free-carrier absorption and material dispersion. Second, the GVD due to the
gain and loss in the active region. These produce a change in the refractive index,
Dn2, calculated through Kramers–Kronig relations. The gain is calculated using
software based on a density matrix model extended to the whole structure, which
also includes second-order gain and loss mechanism between all sub-band pairs30.
The total losses are set to 2.5 cm21. Because the broadband active region is com-
posed of three substacks, each individual stack is simulated again including the loss
introduced through cross-absorption. This takes into account the inhomogeneous
broadening of these devices. Third, we account for the GVD due to material

dispersion. The total GVD is calculated as a sum of the individual terms weighted
by the modal overlap.
Intermode beat spectroscopy set-up. Supplementary Fig. 9 shows the intermode
beat spectroscopy set-up. The laser light is collimated through an antireflection-
coated ZnSe lens. The light passes through an antireflection-coated quarter-wave
plate to reduce the effect of feedback originating from reflections from optical
components. The light passes through a Fourier transform infrared spectrometer
(Bruker IFS66/S) and is focused through an antireflection-coated ZnSe lens on a
80mm 3 80mm quantum-well infrared photodetector cooled to the temperature
of liquid nitrogen. The Fourier transform infrared spectrometer is run in step-scan
mode. At each step, we record the radio-frequency spectrum at the round-trip
frequency of the laser. Concurrently, we record the intensity component of the
interferogram through the bias current of the photodetector.
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1. Udem, T., Holzwarth, R. & Hänsch, T. W. Optical frequency metrology. Nature 416,
233–237 (2002).

2. Keilmann, F., Gohle, C. & Holzwarth, R. Time-domain mid-infrared frequency-
comb spectrometer. Opt. Lett. 29, 1542–1544 (2004).

3. Adler, F. et al. Phase-stabilized, 1.5 W frequency comb at 2.8–4.8 mm. Opt. Lett. 34,
1330–1332 (2009).

4. Johnson, T. A. & Diddams, S. A. Mid-infrared upconversion spectroscopy based on
a Yb:fiber femtosecond laser. Appl. Phys. B 107, 31–39 (2012).

5. Foltynowicz, A., Ban, T., Masl/owski, P., Adler, F. & Ye, J. Quantum-noise-limited
optical frequency comb spectroscopy. Phys. Rev. Lett. 107, 233002 (2011).

6. Adler, F., Thorpe,M. J., Cossel, K. C.& Ye, J. Cavity-enhanceddirect frequency comb
spectroscopy: technology and applications. Annu. Rev. Anal. Chem. 3, 175–205
(2010).

7. Vodopyanov,K. L., Sorokin, E., Sorokina, I. T.& Schunemann, P.G.Mid-IR frequency
comb source spanning 4.4–5.4 mm based on subharmonic GaAs optical
parametric oscillator. Opt. Lett. 36, 2275–2277 (2011).

8. Del’Haye, P. et al. Optical frequency comb generation from a monolithic
microresonator. Nature 450, 1214–1217 (2007).

9. Wang, C. Y. et al. Mid-infrared optical frequency combs based on crystalline
microresonators. Preprint at http://arxiv.org/abs/1109.2716 (2011).

10. Kippenberg, T. J., Holzwarth, R. & Diddams, S. A. Microresonator-based optical
frequency combs. Science 332, 555–559 (2011).

11. Faist, J. et al. Quantum cascade laser. Science 264, 553–556 (1994).
12. Derickson, D. J. et al. Short pulse generation using multisegment mode-locked

semiconductor lasers. IEEE J. Quantum Electron. 28, 2186–2202 (1992).
13. Wang, C. Y. et al. Mode-locked pulses from mid-infrared quantum cascade lasers.

Opt. Express 17, 12929–12943 (2009).
14. Faist, J. et al. Laser action by tuning the oscillator strength. Nature 387, 777–782

(1997).
15. Barbieri, S. et al. Coherent sampling of active mode-locked terahertz quantum

cascade lasers and frequency synthesis. Nature Photon. 5, 306–313 (2011).
16. Del’Haye, P., Arcizet, O., Schliesser, A., Holzwarth, R. & Kippenberg, T. Full

stabilization of a microresonator-based optical frequency comb. Phys. Rev. Lett.
101, 053903 (2008).

17. Ferdous, F. et al. Spectral line-by-line pulse shaping of on-chip microresonator
frequency combs. Nature Photon. 5, 770–776 (2011).

18. Gordon, A. et al. Multimode regimes in quantum cascade lasers: from coherent
instabilities to spatial hole burning. Phys. Rev. A 77, 053804 (2008).

19. Yamada, M. Theoretical analysis of nonlinear optical phenomena taking into
account the beating vibration of the electron density in semiconductor lasers.
J. Appl. Phys. 66, 81–89 (1989).

20. Walrod, D., Auyang, S. Y., Wolff, P. A. & Sugimoto, M. Observation of third order
optical nonlinearity due to intersubband transitions in AlGaAs/GaAs superlattices.
Appl. Phys. Lett. 59, 2932–2934 (1991).

21. Rosencher, E. et al. Quantum engineering of optical nonlinearities. Science 271,
168–173 (1996).

22. Banerjee, S. & Shore, K. A. MIR and NIR nonlinear optical processing using
intersubband x(3) in triple quantum well structures. Semicond. Sci. Technol. 18,
655–660 (2003).

23. Parz, W. et al. Intersubband gain-induced dispersion. Opt. Lett. 34, 208–210
(2009).

24. Grant, P. D., Dudek, R., Buchanan, M. & Liu, H. C. Room-temperature heterodyne
detection up to 110 GHz with a quantum-well infraredphotodetector. IEEE Photon.
Technol. Lett. 18, 2218–2220 (2006).

25. Aellen, T. et al.Direct measurement of the linewidth enhancement factor by optical
heterodyning of an amplitude-modulated quantum cascade laser. Appl. Phys. Lett.
89, 091121 (2006).

26. Soibel, A. et al. Active mode locking of broadband quantum cascade lasers. IEEE J.
Quantum Electron. 40, 844–851 (2004).

27. Telle, H. et al. Carrier-envelope offset phase control: a novel concept for absolute
optical frequency measurement and ultrashort pulse generation. Appl. Phys. B 69,
327–332 (1999).

28. Braje, D., Hollberg, L. & Diddams, S. Brillouin-enhanced hyperparametric
generation of an optical frequency comb in a monolithic highly nonlinear fiber
cavity pumped by a cw laser. Phys. Rev. Lett. 102, 193902 (2009).

29. Herr, T. et al. Universal formation dynamics and noise of Kerr-frequency combs in
microresonators. Nature Photon. 6, 480–487 (2012).

RESEARCH LETTER

2 3 2 | N A T U R E | V O L 4 9 2 | 1 3 D E C E M B E R 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2012

38

http://arxiv.org/abs/1109.2716


30. Terazzi, R. & Faist, J. A density matrix model of transport and radiation in quantum
cascade lasers. N. J. Phys. 12, 033045 (2010).

Supplementary Information is available in the online version of the paper.

Acknowledgements We thank M. Quack and E. Miloglyadov for their help with the
high-resolution Fourier transform infrared spectrometer measurements, U. Keller and
V. Wittwer for providing scientific equipment, and J. Khurgin for discussions. This work
was financially supported by the Quantum Photonics National Center of Competence
in Research of the Swiss National Science Foundation. H.C.L. acknowledges support
from the National Major Basic Research Projects (2011CB925603) and the Shanghai
Municipal Major Basic Research Project (09DJ1400102).

Author Contributions A.H. carried out the measurements. Simulations and ideas were
developed by A.H. and J.F. G.V. contributed to the heterodyne beat measurements as
well as the amplitude noise measurements. S.B. provided both quantum cascade
lasers. H.C.L. provided the quantum-well infrared photodetector. All the work was done
under the supervision of J.F.

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Readers are welcome to comment on the online version of the paper. Correspondence
and requests for materials should be addressed to J.F. (jfaist@ethz.ch) or H.C.L.
(h.c.liu@sjtu.edu.cn).

LETTER RESEARCH

1 3 D E C E M B E R 2 0 1 2 | V O L 4 9 2 | N A T U R E | 2 3 3

Macmillan Publishers Limited. All rights reserved©2012

39

www.nature.com/doifinder/10.1038/nature11620
www.nature.com/reprints
www.nature.com/doifinder/10.1038/nature11620
mailto:jfaist@ethz.ch
mailto:h.c.liu@sjtu.edu.cn


IEEE ELECTRON DEVICE LETTERS, VOL. 33, NO. 2, FEBRAURY 2012 251

Low-Frequency Noise of nc-Si:H/c-Si
Heterojunction Diodes

M. Dai, J. I. Oh, and W. Z. Shen

Abstract—Low-frequency noise (LFN) measurements were
performed on hydrogenated nanocrystalline silicon (nc-Si:H)/
crystalline-silicon heterojunction diodes for the forward- and
reverse-biased currents I . The 1/fγ noise with γ ∼ 1.3 (for
low I) or 0.6 (for high I) was observed to dominate the LFN, and
the noise power spectral density Si showed a power-law behavior
(Si ∼ Iα, where α ∼ 2). This quadratic behavior may indicate
the 1/fγ noise to stem from the carrier number fluctuations
mediated by deep trap states (for γ ∼ 1.3) or band tail states
(for γ ∼ 0.6) of nc-Si:H. Also, the band tail width of nc-Si:H was
estimated to be ∼65 meV.

Index Terms—Band tail states, carrier number fluctuations,
deep trap states, hydrogenated nanocrystalline silicon (nc-Si:H),
1/f noise.

I. INTRODUCTION

HYDROGENATED nanocrystalline silicon (nc-Si:H), Si
nanocrystals dispersed in a hydrogenated amorphous Si

(a-Si:H) matrix, has great potential in optoelectronic devices
due to its novel properties such as quantum confinement [1],
resonant tunneling [2], and visible photoluminescence [3].
These novel properties of nc-Si:H basically come from the
Si nanocrystals that can be considered as quantum dots. On
the other hand, the dispersion of the Si nanocrystals in a-
Si:H naturally results in grain boundary defects that may lead
to electronic noise. Although this undesirable electronic noise
may be unavoidable, it would be of fundamental importance
to understand its underlying mechanism, in turn helping design
high-performance nc-Si:H-based devices.

In this letter, we investigate low-frequency noise (LFN) of
nc-Si:H/crystalline silicon (c-Si) heterojunction diodes that are
one of the simplest devices made of nc-Si:H, observed by the
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Fig. 1. (a) Semilogarithmic I–V plot. (Inset) Schematic cross-sectional view
of the diodes. (b) Noise power spectral density Si versus frequency f for
various forward-biased currents I (in amperes): (1) 8.4 × 10−9, (2) 3.2 ×
10−8, (3) 1.0 × 10−7, (4) 4.0 × 10−7, (5) 1.6 × 10−6, (6) 6.4 × 10−6, (7)
1.0 × 10−4, and (8) 4.0 × 10−4. Two values of the exponent γ are indicated.

current noise measurement for both forward and reverse biases
at room temperature. We show that their LFN is dominated by
1/f noise. We also discuss the underlying mechanism of the
1/f noise in terms of carrier number fluctuations mediated by
bulk defect states of nc-Si:H.

II. DEVICE FABRICATION AND

EXPERIMENTAL PROCEDURE

A cross-sectional view of nc-Si:H (n)/c-Si (p) heterojunction
diodes is shown in the inset of Fig. 1(a). First, the boron-
doped c-Si (111) layer of ∼7 μm thick was grown on a p+-type
c-Si (111) substrate of 300 μm thick and ∼2.5 × 10−2 Ω · cm
by vapor phase epitaxy at 1200 ◦C. Second, the SiO2 layer
of ∼1 μm thick was thermally deposited on the c-Si epilayer
at 1020 ◦C. Then, the n-type nc-Si:H layer was selectively
grown within the prepatterned square (300 μm × 300 μm)
by plasma-enhanced chemical vapor deposition (PECVD) at a
radio frequency (13.56 MHz) power density of 0.6 W/cm2, a dc

0741-3106/$26.00 © 2011 IEEE40
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bias of −200 V to the substrate, a mixed (SiH4 + H2) gas flow
rate of 150 sccm, a chamber pressure of 150 Pa, and 250 ◦C.
The square pattern was made by using a photolithography tech-
nique. The silane (SiH4) content was kept at ∼1% of the mixed
gas, and a certain level of phosphine (PH3; ∼0.8% of SiH4)
was introduced for the phosphorus doping. The doping levels
of c-Si (p) epilayer and nc-Si:H (n) layer were both estimated
to be ∼1016 cm−3 from the four-probe resistivity measurement.
The average size of nanocrystallites and the crystalline vol-
ume fraction were obtained to be ∼5 nm and ∼55% through
X-ray diffraction and micro-Raman spectroscopy measure-
ments, respectively. Lastly, Ti/Mo/Au (50/20/500 nm) elec-
trodes were made by electron-beam evaporation.
I–V curves were obtained with a K2400 source meter. LFN

measurements were performed with an SR760 fast-Fourier-
transform spectrum analyzer preceded by an SR570 low-noise
current preamplifier at room temperature. The current noise
power spectral density Si in square amperes per hertz was
obtained as Si = (P − P0)σ

2, where P (P0) is the measured
current noise power spectral density in square volts per hertz
with SR760 for the constant (zero-biased) current and σ is the
sensitivity of SR570 in amperes per volt. To minimize external
noise, the samples were kept in a home-built Faraday cage, and
CdNi batteries were used as the power source.

III. RESULTS AND DISCUSSION

An I–V curve of our diodes is presented in Fig. 1(a), show-
ing a high rectification ratio (> 103 at ±0.8 V). For the forward
bias, it can be divided up into three regimes: I, II, and III. It can
be found from our previous work [4] that each regime results
from the recombination-dominant (I), diffusion-dominant (II),
or series-resistance-affected (III) transport mechanism. Here,
we will not discuss the transport mechanism of the diodes
but want to focus on their LFN that is nonetheless associated
with it.

The frequency-dependent current noise power spectral den-
sity Si, measured for low frequency (f = 1−100 Hz) and
forward-biased current (I = 8.4 × 10−9−4.0 × 10−4 A), is
plotted in Fig. 1(b), clearly showing that Si ∼ 1/fγ , i.e., 1/fγ

noise (or 1/f noise hereinafter). From the figure, one can
readily see two obvious features of the noise power density.
One is that the characteristic exponent γ, determined from the
least squares fit, has double values (∼1.3 and 0.6), depending
on the current level. The other feature is that the noise power
density Si does not simply exhibit a monotonic increase upon
increasing the current, e.g., curve 6 is located below curve
5. These noise features may shed light on the origin of the
LFN, as will be discussed hereinafter. Note that we have also
measured the f -dependent noise power density for the reverse-
biased current (I = 5.0 × 10−9−3.2 × 10−7 A) which showed
the 1/f noise with γ ∼ 1.3 and also that the forward-biased
current for the measurements was restricted to regimes I and II
above which (i.e., the regime III) the diodes act like resistors.

From the f -dependent Si described previously, one can con-
struct the current-dependent Si at a fixed frequency. For the re-
verse bias as in Fig. 2(b), the noise power density simply shows
a monotonic power-law behavior as Si ∼ Iα with the exponent

Fig. 2. Current-dependent noise power spectral density Si for (a) forward and
(b) reverse biases at f = 20 Hz. The solid lines are fitting functions in a form of
Si ∼ Iα. Current-dependent exponent γ for (c) forward and (d) reverse biases.

α = 2.01. For the forward bias as in Fig. 2(a), on the other hand,
it shows an N -shape current dependence, interestingly having
a negative slope in the range of 8.0 × 10−7−1.3 × 10−5 A, yet
having the same power law as for the reverse bias with the
exponent α = 2.09 and 1.93 for low (< 8.0 × 10−7 A) and high
(> 1.3 × 10−5 A) currents, respectively. There are primarily
two fluctuation models to describe 1/f noise in semiconduc-
tor devices [5], i.e., mobility fluctuation model (Δμ model)
and carrier number fluctuation model (Δn model). These two
models seemingly well describe a linear (Δμ model) [6] or
quadratic (Δn-model) [7], [8] current-dependent Si in p-n junc-
tion diodes. Thus, the nearly quadratic power law in Fig. 2(a)
and (b) may indicate that the observed 1/f noise is mainly
attributed to carrier number fluctuations. Also, considering a
relatively high density of bulk defects in nc-Si:H due to grain
boundaries and structural disorders [9], the 1/f noise may
occur through bulk-defect-assisted generation–recombination
(G-R) events in the depletion region [7] (i.e., the bulk con-
tribution) rather than surface-state-assisted G-R events in the
peripheral region [10] (i.e., the surface contribution). Moreover,
there are usually two mechanisms inducing carrier number
fluctuations [5], i.e., carrier tunneling [11] and thermal activa-
tion [12]. The former mechanism does not appear to be applied
here since it assumes surface effect as the main contribution to
1/f noise, leaving the latter mechanism to be appropriate in
this work.

Addressing the two values of the exponent γ, we present
the current-dependent γ in Fig. 2(c) and (d). It clearly shows
a steplike behavior for the forward bias, i.e., γ ∼ 1.3 in regime
I and ∼0.6 in regime II, whereas it keeps ∼1.3 for the reverse
bias. This may imply two different sources for the 1/f noise,
depending on the current level. There are two dominant defect
states in nc-Si:H [13], i.e., deep trap states near the midgap
and exponential-like band tail states near the band edges. A
schematic distribution of the density of states (DOS) of nc-Si:H
is shown in Fig. 3(a), including two Gaussian distributions for
deep trap states as in [13] and two exponential distributions
for band tail states (i.e., conduction and valence band tails).
Note that the assumed Gaussian distributions indicate that the
deep trap states stem from Si dangling bonds [13]. Within
the framework of the thermal activation mechanism [12], the41
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Fig. 3. (a) Schematic of the DOS of defects in nc-Si:H. Ec (Ev) is the
conduction (valence) band energy. (b) Energy band diagrams in the cases of
regimes (left) I and (right) II. EFn is the electron quasi-Fermi level. (Blue)
Deep trap and (red) band tail states near EFn are depicted. Generation and
recombination of electrons are indicated with arrows.

exponent γ can be related to the energy distribution of defect
states N(E) as [14]

N(E) =N0 exp [−(Ec − E)/E0] (1)

γ = 1 − kT/E0 (2)

where N0 and E0 are the characteristic distribution parameters
and kT is the thermal energy. As can be seen from these
equations and Fig. 3(a), N(E) increases like the DOS of
conduction band tail with E approaching Ec if E0 > 0 (i.e.,
γ < 1), whereas it shows an opposite behavior like the DOS of
deep trap if E0 < 0 (i.e., γ > 1). Thus, the 1/f noise appears
to be caused by thermally induced carrier number fluctuations
mediated by the band tail states or the deep trap states of nc-
Si:H for high (II) or low (I and the reverse-biased) current,
respectively. Also, from (2), the characteristic parameter E0

can be estimated to be ∼65 meV for the conduction band tail
(γ ∼ 0.6), which is in good agreement with the previous result
(∼62 meV) obtained through the transient photocapacitance
method [15].

The change of the noise sources can be described with
energy band diagrams as in Fig. 3(b). It has been known that
defect states near the electron quasi-Fermi level EFn mainly
contribute to mediating carrier number fluctuations [16], [17].
For a high forward bias (II), EFn may reside around the band
tail states as in the right side of the figure. For a decreased
forward bias (I), leading to increased band bending, EFn may
now sit around the deep trap states as in the left side of the
figure. For a reverse bias, the band bending becomes even larger
than for regime I, keeping EFn around the deep trap states.

Finally, returning to Fig. 2(a), we want to make a remark
on the negative slope of Si. Although its underlying physics is
not clearly uncovered in this work, it seems to result from the
competition between the two bulk defect states since it occurs
near the boundary of regimes I and II. Note also that a similar
Si behavior has been observed in 4H-SiC p-n diodes [18].

IV. CONCLUSION

We have fabricated nc-Si:H (n)/c-Si (p) heterojunction diodes
to investigate LFN. From the current noise measurement, we
have observed that the LFN is dominated by the 1/fγ noise

with the exponent γ = 1.3 and 0.6 and also that the noise power
spectral density shows a quadratic dependence of the current.
We have concluded from the latter observation that carrier
number fluctuations mainly lead to LFN, whereas we have con-
cluded from the former observation that they are mediated by
two bulk defect states of nc-Si:H. Also, the current-dependent
steplike exponent deviating from γ = 1.0 has allowed us to
infer that deep trap and band tail states of nc-Si:H contribute to
the 1/fγ noise for the low and high current levels, respectively.
Moreover, we have been able to extract the band tail width
of nc-Si:H (i.e., E0 ∼ 65 meV) from the observed exponent,
implying that the current noise measurement can be a useful
means of characterizing materials of band tail states.
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Terahertz Imaging With Quantum-Well
Photodetectors

T. Zhou, R. Zhang, X. G. Guo, Z. Y. Tan, Z. Chen, J. C. Cao, and H. C. Liu, Fellow, IEEE

Abstract— We present an imaging system based on a tera-
hertz (THz) quantum-well photodetector (QWP). The THz QWP
possessing high sensitivity at THz frequency band (0.3–10 THz)
is utilized as a detector for imaging. We obtained images of a
concealed sample in envelope by detecting the transmitted THz
radiation from a black-body source as background radiation.
This letter shows the potential of THz QWPs for imaging.

Index Terms— Detector, imaging, quantum well, terahertz.

I. INTRODUCTION

TERAHERTZ (THz) range radiation occupies a
frequency band of about 0.3THz–10THz (corresponding

wavelengths 1mm–30um), which has shown potential for
applications in the fields of material characterizations, security
screening and biomedical imaging. Research on imaging
using THz radiation had undergone rapid development in
the past few years. The first THz imaging of a leaf and a
circuit was demonstrated in 1995 [1]. Thereafter THz imaging
experiments on biological tissue for rat brain frontal sections
and real-time imaging for mail screening and fingerprint
identification were reported [2]-[4]. Active 3D THz imaging
of computed tomography (CT) was performed to detect
the inner structure of polystyrene models [5]. THz imaging
is also potentially useful for situation awareness at a fire
disaster, where smoke and dust particles exist, because
scattering extinction coefficient in THz is much smaller than
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Fig. 1. Schematic of the THz imaging experimental setup.

that at infrared wavelengths [6]. The detectors of the research
mentioned above are mostly broad band detectors such as
cryogenically cooled bolometers which are in general highly
sensitive, but like all heat-based detection devices, they are
intrinsically slow [7]. Additionally, coherent techniques like
time-domain spectroscopy (TDS) possess a good sensitivity,
but they are experimentally more complicated, expensive and
difficult to integrate than incoherent ones [8]. As an extension
of quantum well infrared photodetector into the THz, THz
QWP is provided with characteristics of high sensitivity,
narrow response range and fast photoresponse [9]-[12].
In this letter, we demonstrate the use of a THz QWP for
imaging.

II. EXPERIMENTAL SETUP

The THz QWP in our experiment is a GaAs/AlGaAs
multiple quantum well structure grown by molecular beam
epitaxy, which consists of 23 modules made of 22.1nm GaAs
wells and 95.1nm Al0.015Ga0.985As barriers. The THz QWP
operates at ∼3.4K, peak at 3.2THz with a responsivity of
0.5A/W and reaches about 1011cm. Hz1/2/W in detectivity.
(NEP about 8×10−13W/Hz1/2). The detector is placed on
the cold finger of a close-cycle cryostat with a polyethylene
window.

A schematic of the experiment is shown in Fig. 1.
The sample is placed at the focal plane (X-Y plane) of an
off-axis parabolic mirror (PM1) and mounted on a computer
controlled X-Y translation stage. PM1 and PM2 have the same
focal length of 10cm. In the front of the sample, we use
an optical aperture to reduce the background noise. After a
chopper, the emission is collected by PM1 and focused by
PM2 onto the THz QWP through the polyethylene window

1041–1135/$31.00 © 2012 IEEE
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Fig. 2. Transmission spectrum of an envelope (red) in far infrared frequency
band. The blue dashed line represents normalized photocurrent spectra of the
THz QWP at a bias of 25 mV. The results are obtained on a Fourier transform
spectrometer.

(thickness is 1.8mm) with a transmission of 75% at 3.2THz.
The extracted voltage signal is amplified by a low noise
amplifier (LNA). The amplified voltage is read out by a lock-
in amplifier (LIA) which is controlled by a computer for
synchronization with the X-Y stage.

III. RESULTS AND DISCUSSION

We demonstrate THz imaging of a metal key in an envelope
by using a blackbody source as background radiation.
The experimental setup is as Fig. 1: we place the envelope
(the key is fixed inside) at the focal plane of PM1 on the stage
and the blackbody source is placed right behind the envelope
along the optical axis. The blackbody source (BDB20A)
is commercially available and the temperature range is set
from room temperature (300K) to 473K in the experiment.
The aperture of the blackbody source is set at 60mm in
diameter to cover the scan region of the object. Small radiation
area results in a too weak signal to be detected. The chopper
frequency is set at 25Hz. The scan step of the sample is 1mm
both in X and Y axes.

The photocurrent spectrum of the QWP and transmission
spectrum of an envelope in far infrared frequency region are
illustrated in Fig. 2. As we can see, the blue dashed line is nor-
malized photocurrent spectra of the THz QWP which shows
a peak at 3.2THz and a narrow response range from 3THz
to 6THz where the envelope possesses a transmission more
than more than 15% around 4.2THz, in mid infrared frequency
region the transmission is zero. The narrow response helps
to block out-of-band signals from environment. Although the
signal is decreased by the envelope, it still can be extracted
by the THz QWP because of its high detectivity.

Fig. 3(a) shows the responsive voltage of the THz QWP
and SNR under the radiation of the black-body at different
temperatures with an interval of 10K. The blackbody tem-
perature could be controlled with an accuracy of 0.03K. We
take SNR as spatially and temporally averaged signal <x>
divided by the RMS noise σ , SNR = <x>/σ . Here, <x>
represents average voltage at every temperature point and σ
mainly characterizes noise from the detector and the circuit.
We collect 20 data points of the responsive voltage to calculate
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Fig. 3. (a) Responsive voltage of THz QWP and SNR versus temperature
of the black-body source. The red square symbols represent experimental
result at different temperature points with the interval of 10 K and the blue
triangles represent calculated SNR at the temperature points. (b) Comparison
of the hidden metal key between optical picture (left) and THz images with
different SNR: 27, 17, and 10 (from left to right). For the images the highest
transmission is shown in white and the lowest transmission is shown in black.
(c) THz amplitude of a cross section of the image with SNR 27 in (b) and
the blue dashed line indicates the location Y = 39 mm.

<x> and σ at every scan point, and find that the noise remains
unchanged (at around 2mV) while the responsive voltage (red
square) increases as temperature rises. The unchanged noise
level is related to the fact that the detector is background
limited, rather signal noise limited. The highest SNR values
calculated are ∼27 and ∼300 with and without the envelope,
respectively. The scan region is 25mm×45mm and the image
consists of 1125 pixels with a spacing of 1mm between
neighboring pixels. The total time of scanning takes about
30 min. The speed is mainly limited by the translation scan
mechanism.

Fig. 3(b) presents 3 images under different SNR of 27,
17 and 10 corresponding to temperature of 473K, 423K
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and 373K. As the SNR decreases the quality of the image
becomes worse. The last image appears some black spots and
the contour becomes fuzzy. It is mainly due to the signal loss
during the transmission and noise of the system. To estimate
the spatial resolution of the first THz image in Fig. 3(b), the
transmission amplitude of a cross section at Y = 39mm (the
blue dashed line) in the best image is drawn in Fig. 3(c).
Because of the diffraction effect and the non-flat focal plane,
when the signal crosses from “air” to the “key”, the collecting
area of signal on the focal plane changes, and consequently
the transmission intensity does not drop to the minimum
immediately. We choose half amplitude (red dashed line) as
a threshold to estimate spatial resolution. Point A represents
the transmission amplitude in this letter area, below the red
dashed line it comes into the “key” area. The distance of
point A and B represents the spatial resolution which is
estimated 1∼1.2mm from the intensity line and we even could
estimate the width of the key hole crossed. The distance
between the points C and D represents the hole width which
is 9.6mm as measured, the actual size is 9.2mm at this cross
section.

IV. CONCLUSION

We have demonstrated THz imaging based on a THz QWP.
As examples, we obtained images of a key in an envelope.
This experiment has proved that imaging based on THz QWP
is feasible. For real-time imaging a THz QWP focal plane
array needs to be constructed.
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Asymmetric Fabry–Perot Oscillations in Metal
Grating-Coupled Terahertz Quantum

Well Photodetectors
Rong Zhang, Xuguang Guo, Juncheng Cao, and Huichun Liu, Fellow, IEEE

Abstract— Asymmetric Fabry–Perot oscillations are observed
in a high-resolution photocurrent spectrum of a 1-D metal
grating-coupled terahertz quantum well photodetector
(THzQWP). This behavior is carefully studied through
analysis of the field in the device obtained by the finite element
method. It is found that such asymmetric oscillation is a pure
near-field effect caused by the phase shift of the reflected wave
at the grating surface. Our findings also indicate that, because of
the long wavelength in the THz range, the near field properties
of a microstructured surface could be extracted through the
photocurrent measurement on a THzQWP.

Index Terms— Asymmetric Fabry–Perot (FP) oscillation,
grating, quantum well photodetector (QWP), terahertz (THz).

I. INTRODUCTION

SUBWAVELENGTH metallic slits have attracted more and
more attention since researchers observed the extraordi-

nary transmission (ET) through subwavelength apertures in
metallic films [1]. It is found that the high transmission is
due to the excitation of surface plasmons, Fabry–Perot (FP)
resonance in the apertures, waveguide mode resonance, or
diffraction [2]–[5]. Beruete et al [6] performed an analysis
of anomalous ET through hole arrays in a rectangular lattice
using an equivalent circuit model. Their results are useful
to clearly identify the origin of anomalous ET. This model
was also used to analyze the anomalous ET in the terahertz
(THz) range, and the results showed good agreement between
theory and experiment [7]. Lomakin and Michielssen [8] gave
a rigorous analysis on the enhanced transmission through
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metallic plates perforated by arrays of subwavelength holes
and sandwiched between dielectric slabs. They attributed the
enhanced transmission phenomena to the coupling between
the incident plane wave and resonances supported by the
perforated plates, that are associated with slow waves. Also,
the ET can be explained in terms of Fano interference [9], [10].
Recently, reflection and transmission of thin metallic slit
gratings deposited on a dielectric slab are carefully studied
in THz range [11], [12]. The results are analyzed by the
modal method [13] and can be explained by a pure interference
mechanism [12]. However, some near-field information from
the evanescent diffracted waves confined at the metal-dielectric
interface cannot be detected through the far-field observations
such as reflection and transmission measurements.

To detect the surface modes in the THz range, integrated
sub-wavelength aperture probe is proposed [14]. Surface plas-
mon waves can be mapped by this technique, which provides
a framework for the analysis of THz near-field images. Thanks
to the long wavelength of THz waves, the metal grating
coupled terahertz quantum well photodetectors (THzQWPs)
[15], [16], with the active region located less than 1 μm below
the grating, could be a new option to characterize the near-
field effects of the gratings. Constrained by the intersubband
transition rule, THzQWPs are insensitive to incident light
normal to the as-grown wafer [17]. The method utilizing a
grating could bend the light and solve this problem. For normal
incident light with frequency below the cutoff ( fc) of the
grating ( fc is the frequency where the diffractive angle of the
first-order diffracted mode is 90°), the only propagating mode
is the zeroth-order diffracted mode with the travelling direction
unchanged. Therefore, the propagating mode does not excite
any intersubband transition, and the near-field evanescent
modes generate the whole photocurrent. In this paper, we
report on a high-resolution photocurrent spectral study of a one
dimensional (1D) metal grating coupled THzQWP. Asymmet-
ric FP resonances are observed below fc. This characteristic is
numerically studied by the commercial finite element method
(FEM) software COMSOL [18]. We find that the asymmetry,
which is directly linked to the near-field coupling, is caused
by the phase shift at the grating reflection. The result also
confirms the feasibility of near-field detection by a THzQWP.

II. EXPERIMENTS

The metal grating coupled THzQWP studied here is the
one from [15] labeled V266-G15. The metal (Ti/Pt/Au,
25/55/300 nm) is fabricated on the top of the device mesa with

0018–9197/$31.00 © 2012 IEEE
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15-μm period grating stripes and 50% filling factor through
standard photolithography and lift-off techniques. The fc of
this grating is 5.28 THz. The distance of the active region from
the grating is less than half of the detection wavelengths. High-
resolution (0.04 cm−1, ∼1.2 GHz) photocurrent spectra are
measured on a Bomem DA8 spectrometer, and a representative
one is given in Fig. 1.

The main response range of V266 is 4.0-6.5 THz [19],
fluctuations outside this range shown in Fig. 1(a) should be
considered as noise. The noise substantially affects the quality
of the spectrum. However, this is the best one that we collected
with the limits of the measurement environment, such as
mechanical vibration of the cryostat, electrical disturbance
from various sources, weak power of the globar source in THz
range, and so on. Nevertheless, the asymmetric oscillation still
could be seen clearly, Fig. 1(b). We attributed the oscillation
to the FP cavity effect of the dielectric slab below the
grating [20]. However, as FP resonance in a similar system
presented in [11], one would have expected a symmetric
behavior in the observed FP modes. In the following, we will
show that the asymmetry is a near-field effect, although the
far-field FP mode observation is symmetric. We will focus on
the range from 4.5 to 5.0 THz, which is below the cutoff of the
grating. For those coupling features above the cutoff, detailed
discussions are found in [11] and [12].

III. THEORETICAL ANALYSIS

A. Model

The thickness of the GaAs substrate used for the THzQWP
is 600 μm (±30 μm), and the device is mounted on a copper
heat sink by a layer of low-temperature adhesive with unknown
thickness and refractive index. For simplification, we start
from a model system with all parameters known, as shown
in Fig. 2(a). Because the doping densities in the quantum
wells and the contacts are relative low, and the Al fraction in
the barriers are small, we consider a uniform undoped GaAs
slab below the grating, Fig. 2(b). The GaAs slab forms a FP
cavity. The copper heat sink is considered as a perfect metal
in THz range.

For a p-polarized normal-incident THz plane wave [E =
(Ex , 0, 0) , H = (

0, Hy, 0
)
] with frequency below the fc of

the grating, Ez is finite after diffraction due to evanescent dif-
fracted modes and then causes a photocurrent of the THzQWP.
Since Ez is the only effective part in exciting the intersubband
transitions, which also corresponds to the surface modes at the
metal-dielectric interface, we evaluate the average |Ez|2 in the
active region shown in Fig. 2(b). The system is solved by
COMSOL 4.2. In the simulation, the refractive index of GaAs
is taken from [21]. The loss of GaAs is neglected because
the imaginary part of the refractive index of GaAs is nearly 0
in the range from 4.5 to 5 THz. The refractive index of the
grating metal is given by the Drude model [13]. Perfect electric
conductor boundary condition is set to the bottom surface,
and at the sides s1 and s2, periodical boundary condition is
applied. The average |Ez|2 is plotted in Fig. 3, and the field
distributions at 4.6 THz are given in Fig. 4.

The asymmetric oscillation can be seen clearly in Fig. 3.
In Fig. 4, only Ex exists in the far field, which is the

Fig. 1. (a) Normalized photocurrent spectrum of V266-G15 measured at
8 K, with a resolution of 0.04 cm−1. (b) Enlarged view of the box in (a).

Fig. 2. (a) Schematic of metal grating-coupled THzQWP with all known
parameters. The device region is above the substrate. The structure and grating
parameters are consistent with V266-G15. (b) Simplified system used in the
simulation. A uniform undoped GaAs slab below the grating is considered.
The total thickness of the dielectric slab below the grating is 600 μm. The
bottom surface is considered a perfect metal. Average |Ez |2 is calculated in the
region marked by “Position corresponding to the active region.” Schematics
(a) and (b) are not drawn to scale.

zeroth-order diffracted mode. And Ez corresponding to the
evanescent diffracted modes falls rapidly with increasing dis-
tance away from the grating. Such Ez can be sensed by the
THzQWP, and the asymmetry shown in Fig. 3 will be reflected
in the photocurrent spectrum.

B. Field Distribution

The near field (Ez) is induced by the propagating wave
incident onto the grating. By analyzing the period, it is found
that the oscillation is related to the FP resonance of the zeroth-
order diffracted mode [20]. To explain the asymmetry, it is
necessary to study the intensity of zeroth-order diffracted mode
in the vicinity of the grating. Obviously a standing wave will
be formed in the FP cavity no matter there is a grating or not,
and at the bottom metal surface, it is always a wave node,
Fig. 4(left). The standing wave can be expressed as

Ex (z) = A sin (kz) e−i(ωt− π
2 ) (1)
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Fig. 3. Normalized oscillations of average |Ez |2 in the active region shown
in Fig. 2(b). The grating period is 15 μm, and the filling factor is 50%.

(a) (b)

Fig. 4. Field distributions of (a) |Ex |2 and (b) |Ez |2. Marker A indicates
the position of the active region. The z direction is drawn to scale.

where z ∈ [0, 600] μm, ω = 2π f , f is the incident frequency,
and k is the wave vector in GaAs. The intensity of the standing
wave is

I (z) ∼ |Ex (z)|2 = [A sin (kz)]2. (2)

The intensity distribution of the standing wave (zeroth-order
diffracted mode) is plotted in Fig. 5(a) for f = 4.6 THz.

We define ϕ (z) = kz, ϕg = ϕ (z = 600 μm), and Ig =
I (z = 600 μm) ∼ A2 sin2 ϕg . Physically, ϕg and Ig are the
phase and the intensity of the zeroth-order diffracted mode
just below the grating respectively. Fig. 5(b) shows the relation
between ϕg (converted into [0, 2π)) and frequency f .

Below fc of the grating, all non-zeroth order diffracted
modes are evanescent and contribute to the near field Ez . The
total intensity of the evanescent modes is proportional to the
intensity of the incident light around the grating. Without FP
cavity, the zeroth-order diffracted mode will go away from
the system. With the FP cavity, this mode will get reflected
at the bottom surface and propagate back to the grating. This
backward wave interferes with the forward wave, which affects
the light intensity around the grating. Here, the intensity,
which can be represented by Ig , will be used to analyze the
asymmetry in the following.

Fig. 5. (a) Normalized intensity distribution of the zeroth-order diffraction
mode in the device. (b) ϕg (upper) and

∣
∣sin ϕg

∣
∣ (lower) versus frequencies.

C. Effective Cavity

For a common FP cavity without grating (Fig. 2 but without
grating), the FP resonance condition is

2kh + π = 2mπ (3)

where h is the length of the cavity, and m is an integer. The
additional π on the left-hand side is from the reflection at the
bottom metal surface.

For the cavity with gratings shown in Fig. 2, due to the
coupling between the metal grating and the dielectric slab, an
effective cavity is formed. This case has already been studied
in previous publications. In the experiment presented in [11],
an additional length is necessary to fit the experimental data;
and in [22], by summing up all the “scattering processes,” the
reflection and transmission of 1D grating are calculated, and
a phase shift θ is found after the reflection of the propagating
mode at the grating surface. The additional phase shift θ leads
to the formation of the effective cavity, and also leads to the
asymmetric oscillation in the photocurrent spectrum.

Due to the existence of θ , the FP resonance condition of an
effective cavity should be modified as

2kh + π + θ = 2mπ. (4)

D. Asymmetric Oscillations

Let us focus on the frequency range from 4.56 THz to
4.68 THz, which contains two oscillation periods within the
region marked by a box in Fig. 3. The FP oscillations of the
cavities with (effective cavity) and without (original cavity)
gratings are given in Fig. 6(b)&(c). These two figures are
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Fig. 6. (a) ϕg , (b) normalized FP resonance of the effective cavity, and
(c) normalized FP resonance of the original cavity in the frequency range
[4.56, 4.68] THz.

Fig. 7. Comparison of the oscillations of effective cavity (green, open square),
original cavity (black, square), Ig (red, open circle), and average |Ex |2 in the
active region (blue, circle, from the box in Fig. 3).

contrasted by plotting the relation between A2
o,e and frequency

f , where A is the amplitude in (1), and the subscripts o
and e indicate the original and effective cavities, respectively.
It is seen that, as described in (4), the oscillation of the
effective cavity is shift from the one of the original cavity.
The phase shifts are θ1/2 = �ϕg1 ≈ 0.2627π and θ2/2 =
�ϕg2 ≈ 0.2644π respectively, referring to Fig 6(a). It should
be mentioned that both FP oscillation curves are symmetric,
which confirms that the asymmetry is a pure near-field effect
that appears in the oscillation of |Ez |2. Therefore, although
the frequency shift can be obtained by far-field measurements
such as reflection or transmission (if the bottom surface is
transparent), the asymmetry cannot be observed.

From the oscillation curve of the effective cavity, Ig is
calculated by Ig ∼ A2

e sin2 ϕg , which is plotted in Fig. 7.
It can be seen that the asymmetry appears in the oscillation
of Ig because of θ . Moreover, Ig and |Ez|2 almost overlap

(a) (b)

Fig. 8. Field distributions of (a) M: f = 4.588 THz and (b) N: f = 4.634 THz
marked in Fig. 3.

Fig. 9. Comparison of oscillations. (a) Photocurrent spectrum of
V266-G15 and (b) average |Ez |2 in the active region of a 614-μm-length
cavity.

with each other. This confirms that the near field intensity is
determined by Ig . Therefore, the asymmetry in Ig results in
the asymmetric near-field oscillations.

Fig. 8 presents the field distribution of the case “M” and
“N” marked in Fig. 3. M is a maximum of the asymmetric
oscillations. The travelling wave is substantially distorted
around the grating, and |Ez| almost covers the whole active
region, Fig. 8(a). While for the minimum “N”, the incident
light is nearly not affected by the grating, and |Ez| is very
weak as shown in Fig. 8(b). The two cases can be explained
as follows. In the case “N”, ϕgN = ϕg (4.634 THz)= π , and
thus IgN ∼ A2

e sin2 ϕgN = 0, which is seen in the distribution
of |Ex | in Fig. 8(b). The grating sits at the wave node of
the standing wave, and the intensity around the grating is a
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minimum, leading to a weak coupling with the grating and a
minimum in |Ez |. For the same reason, the case “M” reaches a
maximum in |Ez| because IgM ∼ A2

e sin2 ϕgM is a maximum.
Now, we can conclude that for the system where a pure
standing wave (with a standing wave ratio of 1) is formed
in the device, the minimum of |Ez| always happens when
destructive FP condition of the original cavity is satisfied,
whereas the maximum of |Ez| locates between the frequencies
of (Ae)max and (Ao)max. That is to say, the minimums are
at (Ao)min, but the maximums are not at (Ao)max (close to
(Ae)max in our system), which exhibits the asymmetry.

With these results, we find that a 614-μm-length GaAs slab
can reproduce the photocurrent spectrum of V266-G15, which
is plotted in Fig. 9.

IV. CONCLUSION

In conclusion, near-field asymmetric oscillations are found
in a grating-coupled THzQWP system. Below the cutoff of the
gratings, the near field is a result of the evanescent non-zeroth
order diffracted modes. The intensity of the near field (|Ez|2)
is determined by the intensity of the incident light shining on
the grating (Ig). In the system studied here, Ig is modulated by
the FP cavity, and the cavity is coupled with the metal gratings
where a reflection phase shift θ is introduced. By analyzing
the field distribution, we find that θ plays an important role
in the asymmetry. An effective FP cavity is formed due to the
modified resonant condition by θ . Although the FP modes of
the effective cavity are still symmetric, Ig no longer remains
symmetric. This induces an asymmetric |Ez|2, which is finally
detected by the THzQWP.

Since THzQWPs are only sensitive to Ez which is directly
related to the near field or surface modes, some near-field
information can be extracted from the photocurrent spectra.
Other coupling features between light and microstructures
can also be detected provided Ez is changed at the coupling
frequencies. Compared with far-field measurements, the direct
detection of Ez by THzQWPs reflects the near-field infor-
mation, such as the asymmetric oscillations. This confirms
that the photocurrent measurement on a THzQWP could
be an option to characterize the near-field properties of the
microstructures on its surface.
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Numerical Study on Metal Cavity Couplers for
Terahertz Quantum-Well Photodetectors

Xuguang Guo, Rong Zhang, Juncheng Cao, and Huichun Liu, Fellow, IEEE

Abstract— Metal cavities composed of metal gratings, layered
semiconductor structures, and bottom metal layers are proposed
as light couplers for terahertz quantum-well photodetectors
(QWPs). Due to a strong waveguide effect, the coupling properties
of the metal cavities are significantly changed in comparison with
the case of metal-grating-coupled terahertz QWPs. Numerical
calculations show that there are two resonant coupling peaks for
the sub-wavelength metal cavity couplers, with one located at the
lower side of the first grating diffraction mode and the other at
the upper side. A simple ray propagation picture explains the
behaviors of the two resonant coupling peaks on a qualitative
level. Our numerical data show that the coupling efficiencies of
metal cavity couplers are several tens of times higher than that
of the 45-degree facet coupling scheme.

Index Terms— Grating, metal cavity, quantum well photode-
tector, terahertz.

I. INTRODUCTION

D IFFRACTION gratings are widely used for the cou-
pling of light to n-type quantum well photodetectors

(QWPs) [1]-[4], where electrons in quantum wells absorb
the diffracted photons and transit from ground subband to
(quasi-) continuum states. For terahertz QWPs [5], the device
thickness (∼4 micrometers) is general less than the wavelength
of terahertz photons. Therefore, near-field effects induced by
evanescent modes play an important role in grating-coupled
terahertz QWPs [6], [7]. Because of the large discontinuity in
dielectric constants between metals and semiconductors, the
localized electromagnetic field at the edge of metal grating
strips is much larger than that at the edge of dielectric
grating strips [6], [8], [9]. Moreover the Joule loss is small
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for metal grating in the terahertz region. The metal grating
light couplers for terahertz QWPs are expected to have high
coupling efficiencies; and such grating structures have been
successfully used as the light couplers for terahertz QWPs
[4], [6], [10].

Recently, strong interactions of a localized light field and
intersubband transitions in multi-quantum wells (MQWs)
sandwiched between a metal grating and a bottom metal layer
have been systematically investigated [11], [12]. In such sub-
wavelength metal cavity structures, the normal incident light
coming from the grating side is strongly compressed into the
metal cavity in some resonant frequency regions determined by
the geometry and material parameters of the grating-MQWs-
metal composite structures, and the polarization of the field is
effectively tuned to fulfill the intersubband transition selection
rule. The intersubband polariton that describes the strong cou-
pling of metal cavity electromagnetic modes and intersubband
transitions is formed in terahertz and mid-infrared frequencies
due to the enhancement and polarization change of the light
field. Similarly, it is expected that intersubband absorption
efficiency will significantly increase in metal-cavity-coupled
terahertz QWPs when detector structures are inserted into such
a metal cavity.

In this paper, we numerically study the enhancement of
field in traditional metal-grating-coupled terahertz QWPs and
metal-cavity-coupled terahertz QWPs. We find that the field
enhancement in metal-cavity-coupled terahertz QWPs is much
larger than that in metal-grating-coupled terahertz QWPs
with infinite substrate thicknesses. Moreover, the resonant
frequencies of the metal grating and the metal cavity are
much different for the same material parameters. The resonant
frequency of metal grating is determined by the grating period.
However, for the metal cavity couplers, there are two resonant
coupling peaks around the resonant frequency determined by
the grating. The lower resonant frequency is directly associated
to the width of the single grating strip, the other one is
sensitive to the grating period, and both resonant coupling
peaks are red-shifted with increasing the height of the cavity.
A ray propagation method is applied to qualitatively explain
the resonant coupling behaviors of the grating-waveguide
structures. Finally, we give qualitative design principles for
metal-cavity-coupled terahertz QWPs working at a specified
frequency.

II. DEVICE PARAMETERS AND NUMERICAL METHOD

Fig. 1 shows the structures of metal-grating (Fig. 1(a)) and
metal-cavity (Fig. 1(b)) coupled terahertz QWPs. The variables

0018–9197/$31.00 © 2012 IEEE
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Fig. 1. (a) Schematics of metal-grating-coupled terahertz QWPs.
(b) Metalcavity-coupled terahertz QWPs.

p, s, and L represent the grating period, metal strip width, and
device thickness, respectively. The thickness of gold strip is
0.5 μm. The terahertz QWP with response peak of 5.48 THz
studied in this paper is labeled V266 as in Ref. 5. The device
consists of 30 GaAs/Al0.03Ga0.97As MQWs (70.2 nm barrier,
15.5 nm well, and 6.0 × 1016/cm3 Si doping in central 10 nm
region of each QW) sandwiched between a 400 nm up contact
GaAs layer and a 800 nm bottom GaAs contact layer with Si
doping of 1.0 × 1017/cm3. Because the mole fraction and the
Si doping concentration are very low, we use a homogenous
dielectric layer of GaAs to replace the real detector struc-
ture for simplicity. Since the main goal of this work is to
investigate the effects of bottom metal mirror on the change
of the resonant coupling frequency and the enhancement of
local light field, such an approximation has little negative
influence on our main conclusions. The dielectric constant and
conductivity of gold, and the dielectric constant ε of GaAs are
set to −1.80 × 104, 4.56 × 107 S/m, and 10.6, respectively.

A commercial simulation package based on the finite
element method (FEM) is used to solve the electromag-
netic field problem in the complex dielectric environment
[13]. In x and y directions, Floquet periodic boundary con-
ditions are adopted [14], and the semi-infinite air and GaAs
substrate layers are simulated by adding two extra perfectly
matched layer [15] to absorb electromagnetic waves propagat-
ing along the z direction. The radiation source is TM linearly
x-polarized plane wave normal incidence to the grating
surface.

We neglect the contribution of intersubband transitions to
the dielectric constant due to the low Si doping concentration
in MQWs. The volume-averaged |Ez |2 in the MQWs region of
the device is used to describe the coupling efficiency. In order
to compare with the 45-degree facet coupling scheme [16],
we define a quantity γ , the normalized coupling efficiency
of metal grating or metal cavity to that of 45-degree facet
coupling,

γ = 2
∫∫∫

M QW s |Ez|2 dv
∫∫∫

M QW s |E0|2 dv
, (1)

Fig. 2. Normalized coupling efficiencies as functions of frequency for
grating and single metal strip-coupled terahertz QWPs with different metal
strip widths. The grating period is fixed at 16.8 μm. The left legend refers to
metal gratings and the right one to single strips.

where E0 is the electric field intensity in the MQWs region of
terahertz QWPs without metal grating and bottom metal layer.

III. RESULTS AND DISCUSSIONS

We first calculate the coupling efficiency of metal-grating-
coupled terahertz QWPs with infinite GaAs substrates. Fig. 2
shows the volume-averaged |Ez|2 as functions of frequency
with p = 16.8μm and different widths of metal strip. The
FEM numerical resonant coupling peak is at 5.48 THz, which
is accordance with the analytical solution of the first order
resonant diffraction frequency ν = c/

√
ε p of the gratings,

where c is the light speed in vacuum. When the duty cycle
is around 50%, the normalized peak coupling efficiency γ
reaches its maximum value of about 3.0, which is larger than
the measurement value [4]. Such discrepancy may stem from
the metal loss of grating in measurement due to the imperfect
quality of metal strips. The value of γ decreases with the
decrease of duty cycle, and at the same time the shape of the
resonant peak becomes more asymmetric.

On understand the above relations of the value of γ to
duty cycle, we consider the grating as an array of metal
dipole antennas. The resonant properties of an individual metal
strip are explored. Since it is difficult to set an absorption
boundary at the air-dielectric layer interface without introduc-
ing an artificial reflectivity, we still use periodic boundary
conditions in the x direction with a large p = 4000μm to
compute the coupling efficiency of a single metal strip on
a dielectric material. The integral region is the same as the
case of grating with p = 16.8μm. The frequency interval
between two neighboring diffractive modes is 0.023 THz
for p = 4000μm. For such a close mode interval, it is
reasonable to approximate the envelope of diffractive modes
as the exact coupling efficiency of the single metal strip.
Fig. 2 presents the normalized coupling efficiency of single
strips with s = 6.0μm and 8.4 μm. Due to the fringe
effect, the resonant frequencies are red-shifted compared to
c/2

√
εs [17]. The final coupling efficiency is determined

by both the resonant property of single metal strip and the
grating coherent superposition. At the same time, the metal
grating provides a phase-matching mechanism, which leads to
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Fig. 3. (a) Normalized coupling efficiency versus frequency of metal-cavity-
coupled terahertz QWPs, and |Ex | and |Ez | field distributions for (b) peak 1
at 3.68 THz and (c) peak 2 at 7.20 THz .

Fig. 4. Dependences of normalized coupling efficiency to frequency
for different grating periods, metal strip widths, and metal cavity heights,
(a) p = 16.8 μm and L = 3.8 μm, (b) s = 8.4 μm and L = 3.8 μm, and
(c) p = 16.8 μm and s = 8.4 μm.

the constructive interference of electric fields with frequency
ν = c

/√
ε p. Such a mechanism can qualitatively explain

the decrease of peak coupling efficiency and the asymmetric
resonant peak when the duty cycle deviates far from 50%.

A thin metal layer can be inserted into semiconductors with
high metal-semiconductor interface quality by using metal-
metal bonding fabrication technique, which has been success-
fully utilized in the fabrication of double-metal waveguide
terahertz quantum cascade lasers [18]. When a bottom metal
mirror is added underneath the bottom contact layer of
terahertz QWPs, the coupling properties are significantly
changed (Fig. 3(a)). In the metal-cavity-coupled terahertz
QWPs, the original grating-determined resonant coupling peak
at 5.48 THz disappears, and two other resonant coupling peaks
with their maximum values at 3.65 THz and 7.20 THz emerge.
In comparison with the case of metal-grating-coupled terahertz
QWPs, the maximum coupling efficiency increases by about
an order of magnitude. The |Ex | and |Ez| field distributions at
3.65 THz and 7.20 THz are shown in Fig. 3(b) and 3(c). For
peak 1, the Ex and Ez components of electric field is mostly

Fig. 5. Comparison of numerical data and analytical results based on the
ray propagation method of resonant coupling peak frequencies as functions
of frequency with fixed grating period of 16.8 μm and duty cycle of 50%:
(a) for (m = 1, n = 0) mode and (b) (m = 1, n = 1) mode.

localized at the edges of the metal strip, and in the MQWs
region, the normalized field intensity of |Ez| attenuates from
more than 1.0 near the edges of the metal strip to about 0.5 on
the z = −3.8μm plane. Such field distribution of |Ez| means
that the resonant coupling peak 1 corresponds to evanescent
modes. On the contrary, for peak 2, the maximum value of |Ex |
is not at the edges of the metal strip, but appears at the middle
of the grating slit. The field component |Ez | is not localized
and the distribution is nearly uniform along the z direction in
the MQWs region, which indicates that the peak 2 originates
from the resonance of propagating modes.

For identifying the origins of the two resonant peaks shown
in Fig. 3(a), we calculate the coupling efficiency of the metal-
cavity-coupled terahertz QWPs with different structure para-
meters. First, the normalized coupling efficiencies as functions
of frequency are calculated for different metal strip widths
(Fig. 4(a)) with the grating period p and the cavity height
L fixed at 16.8 μm and 3.8 μm. The lower resonant peak is
sensitive to the metal strip width; with the increase of metal
strip width from 4.8 μm to 9.6 μm, the peak shifts to low
frequency by about 1.80 THz. Such dependence of the lower
resonant peak to the width of the metal strip can be attributed
to the localization of the field to the edges of the metal strip.
For the upper resonant peak, there are only very small shifts
with different metal strip widths; this is as a result of the
delocalization of the field related to the upper resonant peak.
Fig. 4(b) shows the coupling behavior of the metal cavity
with different grating periods and fixed metal strip width s of
8.4 μm and cavity height L of 3.8 μm. The coupling properties
are converse to that shown in Fig. 4(a). With increasing the
grating period from 15.0 μm to 20.0 μm, the upper resonant
coupling peak shifts from 7.63 THz to 6.15 THz, and the lower
one is only blue-shift by about 0.19 THz. Finally, we set the
grating period to 16.8 μm and the metal strip width to 8.4 μm,
and calculate the coupling efficiencies with different metal
cavity heights. In this case, both resonant coupling peaks are
red-shifted with increasing the metal cavity height (Fig. 4(c)).

In order to provide more physical insight into the origins
of the two resonant coupling peaks, we use a simple ray
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propagation method to analyze the resonant behaviors in the
metal-cavity-coupled terahertz QWPs qualitatively. The ray
propagation method has been successfully applied to explore
the resonant properties of TE-polarization incident plane wave
in dielectric grating waveguide structures [19], [20]. The
terahertz QWPs that are inserted into the metal cavities can
be dealt with as waveguides. We believe that the resonant
coupling peaks correspond to the formation of guided modes
in the terahertz QWPs. For supporting guided modes in such
structures, the following condition must be satisfied [21],

2kz L + ϕ1 + ϕ2 = 2πm, (2)

where kz is the wave-vector in the z direction, ϕ1 and ϕ2
are phase shifts after the ray being reflected by the bottom
metal layer and the GaAs (metal strip)-air interface, and the
integer m = 1, 2, 3. . . specifies the propagation mode order.
The metal reflection introduced phase shift is π [22]. However,
since the wavelength is comparable to the width of the metal
strip and the grating period, the ray propagation method is
not rigorously correct [19]. Therefore the phase shift ϕ2 in
Equation (2) is not well-defined, and it is difficult to obtain
the exactly value of ϕ2 due to the presence of metal grating
on the GaAs-air interface. After some algebra, the resonant
frequency νres can be expressed as,

νres = c√
ε

√
[(2m − 1) − ϕ]2

16L2 +
(

n

p

)2

, (3)

where ϕ = ϕ2/π , n = 0, ±1, ±2 … is the diffraction order
of grating. Fig. 5 shows the resonant frequencies of νres as
functions of device thickness for the two lowest modes of
(m = 1, n = 0) and (m = 1, n = 1) calculated from Equation
(3). The grating period and the duty cycle are set to 16.8 μm
and 50%, respectively. The phase shift ϕ is taken as a fitting
parameter. The numerical results of the resonant frequencies
for different device thicknesses are also presented. For the
(m = 1, n = 0) mode supported by the device, there is no Ez

component. This mode however can enhance the field intensity
at the edges of metal strips. As a result the dipole scattering
field having Ez component is increased. The localized |Ez|
field distribution shown in Fig. 3(b) also provides evidence that
the lower resonant coupling peak is induced by the (m = 1,
n = 0) mode. Such resonant coupling peaks stemming from
the zero diffraction mode have been found in metal-grating-
coupled terahertz QWPs with finite substrates [6]. The upper
resonant coupling peak originates from the (m = 1, n = 1)
mode whose wave-vector is determined by the grating period
(kx = 2π/p) and the device thickness (Equation (2)). The
more extended |Ez| field distribution also demonstrates that
the upper resonant coupling peak is from the (m = 1, n = 1)
propagation mode.

We fit the numerical data by using Equation (3) with the
values of phase shift being selected manually. For modes of
(m = 1, n = 0) and (m = 1, n = 1), three typical values of
phase shifts are selected by using a simple dichotomy method
for the two modes, respectively. The results shown in Fig. 5
indicate that the ray propagation method can qualitatively
describe the resonant coupling behaviors in metal-cavity-
coupled terahertz QWPs.

Fig. 6. Scaled coupling efficiencies versus frequency for metal-cavity-coupled
terahertz QWPs operating at 5.40 THz with different metal cavity parameters.

The phase shift introduced by the reflection from the GaAs
(metal strip)-air interface presents complicated behaviors. The
numerical results cannot be fitted by Equation (3) with a single
value of phase shift. If the phase shift ϕ is fixed, as shown
in Equation (3), the resonant coupling frequency is inverse
proportional to the device thickness for (m = 1, n = 0) mode.
However, the numerical resonant peak frequency decreases
nearly linearly with the increase of the device thickness. The
large difference between the rigorous numerical data and the
analytical results based on the ray propagation method for the
resonant coupling peak frequency indicates that the phase shift
induced by the reflection of GaAs (metal strip)-air interface
is sensitive to resonant frequency. Moreover, from Fig. 4(a),
the resonant peak frequency depends on the width of the
metal strip, which cannot be accounted by the ray propagation
method at all. Since the lower resonant coupling peak is
directly related to the electric field intensity near the edges
of metal strip, it is reasonable that the phase shift for (m = 1,
n = 0) mode is sensitive to the resonant coupling frequency. In
addition, since the lower resonant coupling peak comes from
the dipole scattering of the metal strip, the dipole scattering
properties are also partly responsible for the dependence of
resonant coupling peak on the width of metal strip. It is
difficult to separate the effect of the two factors. On the
contrary, the numerical resonant coupling peak frequency can
be fitted by a constant phase shift approximately for (m = 1,
n = 1) mode (Fig. 5(b)), and the maximum error is less than
0.25 THz (ϕ = 0.32). This behavior of phase shift for the
upper resonant coupling peak may result from the extended
property of the (m = 1, n = 1) mode. More sophisticated
methods are needed to explain the phase shift induced by the
reflection of GaAs (metal strip)-air interface in a quantitative
level.

Because of the complex dependence of the phase shift on the
resonant frequency and the interactions of waveguide modes,
the dipole scattering, and the grating diffraction modes, it is
necessary to utilize rigorous numerical tools to design metal
cavity light coupler for terahertz QWPs working at given
peak response frequencies. In general, the frequency difference
between the two resonant peaks is larger than the response
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band of terahertz QWPs. Therefore, one of the two modes
(m = 1, n = 0) and (m = 1, n = 1) should be selected.
With the assistance of Equation (3) and the numerical data
presented in Fig. 4, we numerically design three optimized
metal cavity couplers for the terahertz QWPs working at
5.48 THz and the device thicknesses of 2.0 μm, 3.8 μm, and
6.0 μm. The normalized coupling efficiency versus frequency
and the corresponding coupler parameters are shown in Fig. 6.
For L = 2.0μm, the peak coupling efficiency related to the
(m = 1, n = 0) mode is larger than that (not shown) related
to the (m = 1, n = 1) mode. But for the cases of L = 3.8μm
and 6.0 μm, the peak coupling efficiencies of the (m = 1,
n = 1) mode show better performances. The asymmetric shape
of coupling efficiency for L = 3.8μm results in the mixing of
(m = 1, n = 1) and (m = 2, n = 0) modes due to the large
width of metal strip. The peak coupling efficiencies for the
three device thicknesses are all larger than those of 45 degree
facet coupling scheme by 40∼120 times.

There are two main loss mechanisms of the metal cavity.
The first loss mechanism is due to the Joule heat of the
metal grating. The Joule loss is partly considered by setting
the conductivity of the metal strips as 4.56 × 107 S/m in
the numerical simulations. The second loss is induced by
free electron absorptions in the contact layers. The electron
doping concentration is 1.0 × 1017/cm3 in the contact lay-
ers. The plasmon frequency in the contact layers is νp =√

ne2
/
(ε0ε∞m∗)

/
2π = 3.4THz, where n is the doped

electron density in the contact layers, ε0 is the dielectric
constant, and m∗ = 0.067m0 is the electron effective mass
of electron in GaAs with m0 the mass of electron. The Drude
model indicates that the free electron absorption is strong at
the frequencies near the Plasmon frequency νp . Therefore, the
loss of metal cavity due to the free electron absorption can be
neglected at the designed frequency of 5.48 THz in this work.

IV. CONCLUSION

In conclusion, we theoretical investigate the coupling behav-
iors of metal gratings and metal cavities as the light cou-
plers for terahertz QWPs. Because of the strong waveguide
effects, the coupling properties of the metal cavities are
significantly changed. Numerical calculations show that there
are two resonant coupling peaks for a sub-wavelength metal
cavity. A simple ray propagation method is applied to explain
the behaviors of the two resonant coupling peaks on a
qualitative level. The lower resonant coupling peak origi-
nates from the (m = 1, n = 0) mode of the grating-
waveguide structure, and its resonant coupling properties
are determined both by the dipole scattering character of
metal strip and the propagation condition of waveguide. The
upper resonant coupling peak stems from the (m = 1,
n = 1) mode. The resonant coupling peak frequency can
be fitted by Equation (3) with a fixed phase shift induced
by the reflection of GaAs (metal strip)-air interface. Due
to the complex interactions of dipole scattering of metal
strip, grating diffraction, and the waveguide propagation,
numerical tools are necessary for the design of metal-cavity-
coupled terahertz QWPs. Our numerical data show that the

coupling efficiencies of metal cavity couplers are several tens
of times higher than that of the 45 degree facet coupling
scheme.
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A lasing scheme for terahertz quantum cascade lasers, based on consecutive phonon-photon-phonon

emissions per module, is proposed and experimentally demonstrated. The charge transport of

the proposed structure is modeled using a rate equation formalism. An optimization code based

on a genetic algorithm was developed to find a four-well design in the GaAs/Al0.25Ga0.75As

material system that maximizes the product of population inversion and oscillator strength at

150K. The fabricated devices using Au double-metal waveguides show lasing at 3.2 THz up

to 138K. The electrical characteristics display no sign of differential resistance drop at lasing

threshold, which, in conjunction with the low optical power of the device, suggest—thanks

to the rate equation model—a slow depopulation rate of the lower lasing state, a hypothesis

confirmed by non-equilibrium Green’s function calculations.

[http://dx.doi.org/10.1063/1.3702571]

I. INTRODUCTION

Nearly a decade after the first demonstration of terahertz

(THz) quantum cascade lasers (QCL),1 the maximum operat-

ing temperature (Tmax) of these devices has reached 199.5K,

using a three-well resonant phonon design.2 The high tem-

perature THz-QCLs (Tmax & 175K) are mostly designed

using resonant tunneling-based injection and extraction of

carriers from the lasing states in a GaAs/Al0.15Ga0.85As

material system.2–5 Despite the relatively slow progress on

improving the Tmax, research efforts remain very intense to

bring THz QCL into a temperature range achievable with

thermo-electric coolers. This would open up a profusion of

THz applications in many areas, including high speed com-

munications, pharmacology, non-invasive cross sectional

imaging, quality control, gas and pollution sensing, biochem-

ical label-free sensing, and security screening.6

Several theoretical models have been employed to

understand details of charge transport and optical gain in

THz QCLs, including density matrix formalism,7–9 non-

equilibrium Green’s function (NEGF),10–12 and Monte Carlo

techniques.13,14 These models have identified several limita-

tions of THz QCLs based on resonant tunneling injection

(RT-QCL), which make it difficult for the lasers with photon

energy �hx to operate at temperatures T > �hx=kB (kB being

the Boltzmann constant). It is therefore necessary to find

alternative designs with novel lasing schemes and/or investi-

gate materials with lower electron effective mass.15 In this

paper, we focus on the first approach.

Yasuda et al.,16 Kubis et al.,17 and Kumar et al.18 have

also pointed out the limitations of RT-QCL and examined a

family of designs for THz QCLs that was formerly proposed

with the terminology “indirect pump” scheme (IDP) and dem-

onstrated experimentally in mid-infrared devices by Yama-

nishi et al.19 In this scheme, carrier injection to the upper

lasing state (ULS, also called level 2) is assisted by longitudi-

nal optical (LO) phonon scattering, and is, hence, so-called

scattering-assisted QCL (SA-QCL) or, alternatively, IDP-

QCL. This type of lasing scheme has recently proven its capa-

bility to significantly surpass the empirical Tmax � �hx=kB li-

mitation of RT-QCL: Kumar et al. have demonstrated a four-

well GaAs/Al0.25Ga0.85As SA-QCL at 1.8 THz with

Tmax ¼ 163 K � 1:9�hx=kB.
18 A design of IDP-QCL consist-

ing of five wells per module was also demonstrated at 4 THz

with Tmax � 47 K in the lattice-matched InGaAs-AlInAs-InP

material system.20 In the following, we propose a four-well

SA-QCL design, where the lower lasing state (LLS, also

called level 1) is depopulated via resonant phonon scattering,

but without the mediation of resonant tunneling. The proposed

design involves only four fairly confined states that are iso-

lated from higher energy levels.

We recall the main drawbacks faced by the RT-QCL.

The population inversion (DN/Ntot) in the QCLs based on

resonant tunneling for the injection is limited to 50%. This is

due to the direct pump scheme in such designs, i.e., to the ex-

istence of the injector level, i, where carriers wait to get reso-
nantly injected into the ULS. Ideally, in the coherent

transport regime, the ULS holds as many carriers as the in-

jector level, which is only half of the total available carriers.

In a realistic case, with rather thick injection barrier and

presence of scattering channels, the population inversiona)Electronic mail: emmanuel.dupont@nrc-cnrc.gc.ca.
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falls below 50%. Moreover, as the injector state is populated,

thermal backfilling to the lower lasing state (LLS) cannot be

ignored at high temperatures.16,21 It was also predicted that

the presence of injection and extraction tunneling couplings

broadens the gain with a complicated electric field depend-

ency,8,9,22,23 which makes it hard to predict the laser fre-

quency. In order to inject carriers selectively to the ULS and

not the LLS, the injection barrier should be chosen meticu-

lously: thick enough to avoid the counterproductive (also

called “wrong”) injection of carriers to the LLS as well as to

reduce the negative differential resistance (NDR) at the

i-LLS level alignment and, at the same time, thin enough to

increase the laser’s current density dynamic range. It is im-

portant to note that, due to the small ULS and LLS energy

spacing (small photon energy), the i-ULS and i-LLS level

alignments happen at similar electric fields. The diagonality

of the lasing transition was used as a design tool to decouple

the intermediate tunneling resonances and the injection reso-

nance, which occur before and at the design electric field,

respectively.4,24 The trade-off in designing the injection tun-

neling barrier is even harder to satisfy for devices with

smaller photon energy. As a consequence, the transport

across the injection barrier may not become completely

coherent, particularly when considering all existing scatter-

ing processes, and therefore the peak current becomes sensi-

tive to variations of dephasing scattering during tunneling.18

Cited here in chronological order, Refs. 16, 17, 18, and

19 provide comprehensive discussions of how SA-QCL

designs address the shortcomings of the RT-QCL. Figure 1

illustrates schematically the operation principle of the SA-

QCLs, with consecutive “phonon-photon-phonon” emissions

per module. In energy ascending order, the states are named

e (for extraction from LLS), 1, 2, and i (for injection to

ULS). Such design schemes rely on an injection energy state,

i, lying about one LO-phonon energy above the ULS. The

carriers are injected from the upstream extraction level, e0, to
the next injection level i by resonant tunneling. Since the

electric field at e0-i alignment is much larger than that for

e0-2 and e0-1 alignments, the injection resonance e0-i is well
decoupled from the last two resonances, and a large coupling

strength, Xei, can be used in the design. Therefore, it is possi-

ble to have thin tunneling barriers, while preserving the

pumping selectivity to the ULS, provided the diagonality

between the lasing states is adjusted to minimize the relaxa-

tion from i to 1. As a result, this type of design relies on a

large diagonality between lasing states; hence, the occur-

rence of photon emission–assisted tunneling through a rather

thick “radiative barrier”.18 By choosing a thin injection bar-

rier, i.e., a strong tunneling coupling strength, Xei, one can

ensure coherent transport and subsequent accumulation of

carriers on the state with longest lifetime—preferably the

ULS. Therefore, the indirect pump scheme can overcome the

50% limitation of the population inversion in RT-QCL.19

Subsequently, the large population inversion would result in

a small concentration of carriers on the short lifetime injec-

tion state i and its tunneling partner, the extractor state e0,
which reduces the effect of backfilling to state 10. The strong
reduction of carrier concentration in the injector of mid-

infrared IDP-QCL was confirmed experimentally; it results

in a reduced backfilling of carriers to the LLS, as well as a

low optical absorption in the injector. All of the above proc-

esses contribute to the observed high T0, the characteristic

temperature of the threshold.19,25 Additionally, the coherent

transport through the barrier makes current and population

inversion relatively insensitive to variations of dephasing

processes.

As shown in Fig. 1, for depopulating the LLS, we pro-

pose to rely on LO-phonon emission scattering, an extraction

scheme already demonstrated in two-well RT-QCLs.23,26

Our design is analogous to the THz IDP-QCL theoretically

studied in Ref. 17, where the carrier thermalization is maxi-

mized within one period by adjusting the electrostatic poten-

tial per module to twice the LO-phonon energy.27

Alternatively, one could use the mediation of tunneling to an

excited state in resonance with LLS before LO-phonon emis-

sion scattering to the extraction state, a configuration that

could be named “phonon-photon-tunnel-phonon”.18,20 One

could also skip the depopulation by LO-phonon emission

and make the LLS act as a state that feeds the injection state

of the next module by resonant tunneling, an extraction-

controlled “phonon-photon” configuration, which offers the

advantage of a lower voltage defect.28

In this work, we focus on “phonon-photon-phonon”

scheme and evaluate the lasing states (and gain profile) that

are not perturbed by injection and/or extraction tunnelings.

In such a scheme, the relative diagonality between the four

states should be carefully adjusted to ensure fast injection to

ULS and extraction from LLS, while minimizing the wrong

injection i ! 1 and extraction 2 ! e channels and, at the

same time, maintaining a sufficient oscillator strength

between the lasing states. In Sec. II, we will discuss the key

figures of merit derived from rate equations and used for

design optimization.

II. RATE EQUATIONS

The key figures of merit, such as population inversion

and transit time of a “phonon-photon-phonon” design, can

be derived analytically from rate equations, thanks to the

operational simplicity of such SA-QCL designs. We denote
FIG. 1. Schematic diagram of a scattering assisted QCL active region based

on a “phonon-photon-phonon” configuration.
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the scattering rate from state l to m as glm and the inverse of

glm as slm. The tunneling time across the injection barrier can

be written as stun ¼ ð1þ D2s2kÞ=2X2sk, where �hD and �hX
are, respectively, the detuning energy and tunneling coupling

strength between the states e and i and sk denotes the phase

coherence time constant.29 For the rate equation model, the

basis of states is taken from the eigenstates of “isolated mod-

ules”, as if the injection barrier were very thick. Simplified

analytical forms can be obtained when backscattering is

neglected (i.e., at low temperature): gml � glm, where

El>Em. The total down scattering rates from levels i and 2

are defined as gi¼ gi2þ gi1þ gie and g2¼ g21þ g2e, respec-
tively. For the sake of simplicity, we define g1¼ g1e. In the

absence of stimulated emission, i.e., below threshold

(J< Jth), the population inversion normalized to the total

number of carriers per period reads

Dq ¼ ~s2eff
stun þ s<tr

; (1)

where ~s2eff is called the modified effective lifetime of ULS

and is defined as

~s2eff ¼ gi2ðg1 � g21Þ � g2gi1
g1g2gi

(2)

and s<tr is the transit time below threshold defined as

s<tr ¼
gi2ðg1 þ g21Þ þ g2ð2g1 þ gi1Þ

g1g2gi
: (3)

The normalized populations on states i and e can be written

simply as

qii ¼
si

stun þ s<tr
; (4)

qee ¼
stun þ si
stun þ s<tr

; (5)

respectively. The current density below threshold was calcu-

lated in the middle of the tunneling barrier. Assuming this

layer to be crossed only by tunneling currents, the current

density can be written simply as

J< ¼ qNs

qee � qii
stun

¼ q
Ns

stun þ s<tr
; (6)

where Ns is the two-dimensional carrier density per module.

In the ideal case, where leakages gi1, gie, and g2e are negligi-
ble, the transit time and population inversion converge

toward intuitive expressions: s<tr � 2si2 þ s21 þ s1 and

Dq � ðs21 � s1Þ=ðstun þ s<tr Þ, respectively. If the inter-

subband relaxation time between the lasing states, s21, is

much longer than the injection and extraction lifetimes, and if

the tunneling time is much shorter than the transit time, the

population inversion could approach 100%. Equation (5) also

suggests that, to avoid accumulation of carriers behind the

tunneling barrier, the transport should be coherent (stun � si
or, equivalently, 2X2sksi � 1). We note that Eqs. (1)–(4) are

equivalent to those derived in Ref. 19 for IDP-QCL.

In the presence of stimulated emission (J> Jth), the pop-
ulation inversion is clamped at Dqth, which is fixed by the

cavity loss and the gain cross-section. Following the same

method as in Ref. 8, one can show that the current density

above threshold is

J> ¼ qNs

1� Dqth
g1�g2e
g1þg2e

stun þ s>tr
; (7)

where s>tr is the transit time above threshold and is approxi-

mately 4si, assuming efficient and analogous (gi2 � g1)
injection and depopulation rates. More precisely, the transit

time above threshold becomes

s>tr ¼ 2si 1þ gi2 þ gi1
g1 þ g2e

� �
: (8)

The fractional change in differential resistance at threshold,

DRth/Rth, is also calculated as

DRth

Rth

¼ R<
th � R>

th

R<
th

¼ Dqth
g1 � g2e
g1 þ g2e

: (9)

A discontinuity of differential resistance is expected at

threshold, as the current below threshold depends on the

intersubband relaxation between lasing state, s21 (see

Eq. (2)), and above threshold, this relaxation is governed

by stimulated emission. Implicitly, the Eqs. (6) and (7)

for the current density below and above threshold include

the electric field dependence on each term: stun, but also
s<tr , Dqth, s

>
tr , g1, and g2e. The Eq. (9) for the fractional

change in differential resistance was extracted by neglect-

ing the Stark effect; in other words, two assumptions

were used: (i) a voltage-independent population inversion

Dqth, i.e., a frequency independent resonator loss in con-

junction with a voltage-independent gain cross section, or

equivalently, a constant product between the lasing oscil-

lator strength and gain bandwidth and (ii) a low electric

field dependence of the transit times s<tr , s
>
tr , and the ratio

(g1� g2e)/(g1þ g2e). These assumptions may be too dras-

tic, especially when the lasing transition is highly diago-

nal; nevertheless, these expressions give important

guidelines.

From Eqs. (1), (6), and (7), the current density dynamic

range gives a condensed form of

Jmax

Jth
¼ 1� DRth=Rth

Dqth

2X2sk~s2eff
1þ 2X2sks>tr

;

lim
coh:trans:

Jmax

Jth

� �
¼ 1� DRth=Rth

Dqth

~s2eff
s>tr

:

(10)

The second expression shows the importance of using coher-

ent transport across the tunneling barrier in order to

maximize the dynamic range, a condition reached when

2X2sks>tr � 1 or approximatively when 8X2sksi � 1. The

differential internal efficiency of the laser is obtained as

g ¼ gi2ðg1 � g21Þ � g2gi1
giðg1 þ g2eÞ : (11)
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If we define the effective lifetime of level 2 by the standard

expression, s2eff ¼ s2ð1� s1=s21Þ, more intuitive expres-

sions for the modified effective lifetime and the internal effi-

ciency can be obtained as

~s2eff ¼ gi2
gi

s2eff � gi1
gi

s1; (12)

g ¼ ~s2eff
s2eff þ s1

; (13)

respectively. Equation (12) shows how the effective ULS

lifetime is modified by the leakages channels i ! 1 and i !
e that are shunting the “correct” trajectory of carriers inside

a module from i ! 2 ! 1 ! e. The fractional change in dif-

ferential resistance at threshold is closely related to the inter-

nal efficiency; it can be re-written versus s2eff as

DRth

Rth

¼ Dqth
s2eff þ s1

g21�g2e
g2

s2eff þ s1
; (14)

an expression which shows similarities with Eq. (13). From

Eq. (9), it appears that the discontinuity in differential resist-

ance would vanish if the depopulation rate, g1, is inefficient
and close to the wrong depopulation channel, g1 � g2e.
Nevertheless, in such adverse conditions, population inver-

sion is still possible if the transition rate between lasing

states, g21, is lower than g21lim ¼ g2e
gi2�gie
gi2þgie

. In this situation,

the modified effective lifetime, s2eff , would be small

� g21 lim � g21ð Þ=2g22e ðfor g21 . g21 limÞ, implying the effi-

ciency of the laser will be impeded. Of course, the transit

time above threshold would be much longer than 4si. In Sec.

III, we describe how the rate equation model was employed

to design the first iteration of SA-QCL based on the

“phonon-photon-phonon” scheme.

III. DESIGN OF STRUCTURE

Our first iteration of the “phonon-photon-phonon”

design optimized a figure of merit proportional to the gain

per number of carriers in a module. This figure of merit is

defined as the product of population inversion, oscillator

strength, and the inverse of the superperiod length. We chose

to maximize this figure of merit using four quantum wells in

the GaAs/Al0.25Ga0.75As material system at 21 kV/cm and a

lattice temperature of 150K. We assumed a Maxwell-

Boltzmann distribution for the carriers in all subbands, with

a characteristic temperature of Te¼ 200K. For the first itera-

tion, we assumed that transport is dominated by LO-phonon

scattering and neglected electron-impurity and interface

roughness (IR) scattering, which can be a serious shortcom-

ing. The calculation included both forward and backward

scattering channels. A more accurate figure of merit would

include several scattering potentials acting on the population

rate and dephasing of the lasing transition. To avoid leakage

channels to higher energy states, we deliberately opted for a

rather thick injection barrier of 44 Å. Within this model, a

genetic algorithm–based optimization approach was used to

find the optimum thicknesses of four quantum wells and

three barriers (the injection tunneling barrier thickness being

fixed). The energy spacing between the four levels were

unbound during the optimization process.

The optimization resulted in the solution schematically

shown in Fig. 2 at 21 kV/cm. Starting from the injection bar-

rier, it consists of four wells and barriers with the layer thick-

nesses of 44/62.5/10.9/66.5/22.8/84.8/9.1/61 Å—the barriers

are indicated in bold fonts. The injection barrier is delta-

doped with Si to 3.25 � 1010 cm�2 at the center. Interest-

ingly, with the discussed figure of merit, which only includes

LO-phonon scattering and the assumption of the same elec-

tronic temperature of 200K in all subbands, the genetic algo-

rithm converged toward a low energy spacing between the

LLS and the extraction level, E1�Ee¼ 27.7meV, i.e.,

9meV lower than the bulk GaAs LO-phonon energy. This

suggests that, within our simplified model, the depopulation

rate is thermally activated (with a 9-meV activation energy),

which impedes population inversion at low temperature. The

electrostatic energy per module is 76meV, i.e., approxi-

mately twice the phonon energy.17,27 With the choice of

thick injection barrier, the tunneling coupling strength is

rather weak (�hX¼ 1.14meV), comparing with 1.5meV from

the first demonstrated THz SA-QCL in Ref. 18.

In the conduction band diagram shown in Fig. 2 at

21 kV/cm, the four main wavefunctions are completely iso-

lated from higher energy states. For simplicity, when the

wavefunctions are solved for several modules (opposite case

to “isolated modules”) we keep the already discussed nota-

tion of states e, 1, 2, and i, even when the wavefunctions are

hybridized from a pair of states that are in resonance, like

levels e and i00 in Fig. 2. The optimization converged toward

excellent wavefunction overlaps between i-2 and 1-e, which

FIG. 2. Conduction band diagram and the moduli squared of wavefunctions

at 21 kV/cm of the designed THz QCL active region based on “phonon-pho-

ton-phonon” scheme. The “þ” signs denote the ionized impurities used for

doping. The LO-phonon emission–assisted scattering times sðLOÞlm are given

for the initial kinetic energy ELO � Elm.
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led to short LO-phonon emission scattering times of 0.25 ps

for both transitions at initial kinetic energy ELO � Ei2,1e. The

thick “radiative barrier” (22.8 Å) and the strong diagonality

between the lasing states lead to an oscillator strength of

0.39 at 3.46 THz and a LO-phonon emission scattering time

sðLOÞ21 �1.1 ps at 22.4meV initial kinetic energy (ELO – E21).

Considering the high overlap between levels i-2 and between

1-e, this design behaves like a two-well structure. Since the

four wavefunctions are fairly diagonal to each other and iso-

lated from higher subbands, the free carrier absorption of the

active region is probably small.30 This type of design would

need to be experimentally optimized versus the doping den-

sity. Without the concern of free carrier absorption, the dop-

ing could be increased; for instance, electron-electron

scattering could favor carrier thermalization and potentially

improve device performance, but on the other hand,

e-impurity scattering could increase the gain linewidth, par-

ticularly at high temperatures.21 Even though the optimiza-

tion process was performed with only LO-phonon scattering,

the subsequent simulations include LO-phonon, IR, and

ionized impurity scattering potentials. For the sake of com-

parison, the scattering lifetimes of the six channels, shown in

Fig. 1, are listed in Table I. As expected, with the assumption

of Maxwell-Boltzmann carrier distributions, the total scatter-

ing time for depopulation, s1e, is shorter at elevated tempera-

tures, which is due to the 9-meV activation energy of LO-

phonon scattering. The IR scattering is expected to give a

large contribution between vertical states (i.e., i-2 and 1-e),
but we find it is also not negligible between the two diagonal

lasing states.17 The IR scattering contributes 71% (36%) to

the total scattering rate g21 at 20K (150K). In the next opti-

mization iteration, it would be important to include IR scat-

tering in the figure of merit. Several wafers based on this

simple design with different growth conditions could be

tested in order to elucidate the role of IR scattering in THz

QCL, a subject which is debated in the literature.11,12,31 A

more elaborate figure of merit could also include the gain

bandwidth, estimated by various scattering potentials (IR

scattering is likely to contribute the most).32,33 These refined

models would adjust the relative diagonality between the

four states. Table I shows that electron-impurity scattering

gives a small contribution.

The current density, optical gain, populations, and dif-

ferent characteristic lifetimes were calculated within the rate

equation model. The results versus electric field at two tem-

peratures (20K and 150K) are shown in Fig. 3. In the simu-

lation, the coherence time constant, sk, has a pure dephasing
time component, s*¼ 0.35 ps, which is assumed to be

temperature-independent for simplicity. The optical gain was

estimated by assuming a constant intersubband linewidth of

1 THz. The different lifetimes, as introduced in Sec. II, are

plotted in Fig. 3(a). We can see the tunneling time, stun, is
slightly shorter than the transit time above threshold, s>tr (by
a factor �2.8 at 20K), meaning that the current dynamic

range is not optimized (see Eq. (10)). The tunneling time is

substantially longer than the injection state lifetime, si, by a

factor of 2, which indicates transport is not coherent through

the barrier. As a result, at the design electric field, the popu-

lations on the states e and i are very different. In other words,
carriers tend to accumulate on the extraction state and hence

promote backfilling to the LLS (see Eq. (5)). Figure 3(b)

illustrates the effect of backfilling on populations q11, qee,
and q22, particularly at electric fields below 21 kV/cm. At the

design electric field, the effect of backfilling at high

TABLE I. Scattering lifetimes (including LO-phonon, IR, and ionized im-

purity) in ps at 20K and 150K lattice temperatures. The IR scattering times

are calculated with a correlation length of KIR¼ 100 Å and a mean rough-

ness height of DIR¼ 2 Å. In the fourth column, e-impurity scattering times

are reported. In the last column, the total backscattering lifetimes at 150K

are reported. Values are not reported for very long slm > 400 ps. In all sub-

bands, electrons were distributed according to Maxwell-Boltzmann statistics

with a temperature, Te, 50K higher than lattice.

20K 150K

l – m slm sðIRÞlm sðimpÞ
lm slm sðIRÞlm sml

1-e 0.85 2.9 11.8 0.44 3.3 3.4

2-e 2.8 41.6 … 3 43.6 59.6

2-1 3 4.2 12.7 1.95 5.3 5.25

i-e 13.6 90 … 13 75 …

i-1 3 19.9 … 3.2 19.9 87

i-2 0.42 2.4 26.3 0.37 2.7 4.4

FIG. 3. Results of simulations based on the rate equation model performed

on the structure proposed in Fig. 2. (a) Different characteristic times at 20K

(thick blue lines) and 150K (thin red lines)—70K and 200K for electrons,

respectively. As discussed in Sec. II, stun is tunneling time (solid line), s<tr
(dot line) and s>tr (dash dot line) are transit times before and after threshold;

si is injection state lifetime (dash line); s2eff is standard effective lifetime of

ULS (short dash line); and ~s2eff is modified effective lifetime (dash dot dot

line). (b) Normalized populations of the four states at 20 and 150K lattice

temperatures. (c) Current density, lasing frequency, and optical gain vs elec-

tric field at 20 and 150K lattice temperatures.
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temperature is mitigated by the faster relaxation between

laser states s21 and depopulation s1e. At the design electric

field, the population of level i increases with temperature, as

the transit time s<tr for carriers contributing to current

decreases, while its lifetime remains unchanged. As shown

in Fig. 3(c), the slight decrease in current density at higher

temperature is related to backfilling to the LLS, meaning that

less carriers participate in the transport. We note that the op-

tical gain increases with the electric field at a slower pace

than the population inversion; this is due to the electric field

dependence of the oscillator strength, for instance, between

19 and 21 kV/cm, it changes from 0.472 to 0.392.

The peak gain value at 21 kV/cm was simulated versus

temperature, and the results are displayed in Fig. 4. Accord-

ing to the model presented in Sec. II, a peak gain value of

more than 40 cm�1 is maintained up to Te¼ 250K. The sur-

prising rise of gain from low temperature up to Te¼ 110K

originates from the assumption of Maxwell-Boltzmann dis-

tributions. This is due to the temperature-induced enhance-

ment of the depopulation rate (1 ! e) being greater than

that of the intersubband relaxation between the lasing states

(2 ! 1) at low temperatures. Indeed, the latter has an activa-

tion energy of 22.4meV by LO-phonon scattering (versus

9meV for g1e) and involves a pair of states that are more di-

agonal than the pair 1-e. Consequently, at low temperature,

g21 has a stronger contribution from IR scattering than g1e,
which is harder to change by LO-phonon scattering (see

Table I and right axis of Fig. 4). We can further see from

Fig. 4 that the temperature dependence of s21 – s1e and the

modified effective lifetime, ~s2eff , are mirrored in the gain. In

Sec. IV, we will describe the experimental results obtained

with the structure proposed in Fig. 2.

IV. EXPERIMENTAL RESULTS

The design presented in Fig. 2 was grown on a semi-

insulating GaAs substrate by molecular beam epitaxy with

276 repeats to obtain a 10 -lm-thick active region. The

active region was sandwiched between a bottom stack

100 nm of 3� 1018 cm�3 nþ GaAs followed by 20 nm of

non-intentionally doped GaAs spacer and a top stack of

8� 1017/5� 1018 cm�3 (40 nm/50 nm) nþ GaAs layers fol-

lowed by 10 nm of a 5� 1019 cm�3 nþ GaAs layer and

capped with 3 nm of low-temperature-grown GaAs. The

lower doping concentration of the bottom contact layer

(3� 1018 cm�3) and the 20-nm spacer were meant to limit

diffusion of Si dopants to the first period, which could induce

intermixing between the first layers of the active region.

Indeed, by transmission electron microscope imaging, we

observed blurred interfaces on the first three barriers of the

structures that were grown with 100 nm of 5� 1018 cm�3

bottom nþ GaAs followed by 10 nm of GaAs spacer.34

Special emphasis was put on minimizing the drift of fluxes

for Ga and Al during this long growth process. The x-ray dif-

fraction rocking curve could be fitted perfectly with nominal

parameters with no extra broadening of satellites peaks, con-

firming the excellent stability of the growth rates (better than

0.5%) throughout the active region. The wafers were

processed into THz QCL structures with Au double metal

waveguides. Devices have the following dimensions: �144 -

lm-wide ridges with �120 -lm-wide top Ti/Au metalli-

zation forming a Schottky contact and �1-mm-long

Fabry-Perot resonator. An In-Au wafer bonding technique

was used,35,36 and the ridges were fabricated by reactive-ion

etching. The laser bars were indium soldered (epi-layer side

up) on silicon carriers and then mounted in a He closed-

cycle cryostat for measurements.

Figure 5 shows the light (L)-voltage(V)-current density (J)

characteristics of the fabricated device from 10K to 138K in

pulsed mode, with pulse duration of 250 ns and repetition rate

of 1 kHz. The maximum collected power from this SA-QCL is

much lower than from a well-performing RT-QCL. The device

shows a Tmax of 138K at a current density of 1.65 kA/cm2. At

10K, the threshold current density is 1.17 kA/cm2 and the

maximum current density is 1.55 kA/cm2, resulting in a small

ratio of Jmax/Jth¼ 1.325. The laser action starts at 20.25V and

FIG. 4. Left axis: peak gain at 21 kV/cm vs the electronic temperature from

simulations based on rate equation model. Right axis: intersubband recombi-

nation time between lasing states, s21, and depopulation time constant, s1e,
the difference s21 � s1e, and the modified effective lifetime of ULS, ~s2eff .

FIG. 5. Right axis: collected THz light (optical output power) vs current

density curves for Au double- metal THz QCLs based on the “phonon-pho-

ton-phonon” lasing scheme at different heat sink temperatures. Left axis:

voltage (V) vs current density (J) at 10K and 130K. The dashed horizontal

lines highlight the position of resonances in the V-J plot. The devices are

�144 -lm-wide, 1-mm-long, and are fabricated using TiAu metal contacts.

The bias is applied in pulsed mode (pulse width¼ 250 ns; repetition

rate¼ 1 kHz). The top inset shows a zoom of THz light and differential re-

sistance vs current density around threshold at 10K. The bottom inset shows

the threshold density vs temperature.
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stops at 21.8V, where a NDR is observed. By subtracting the

Schottky voltage drop on the top contact (0.8V),36 the NDR

voltage corresponds to the design electric field of 21 kV/cm. A

zoom-view of the differential resistance, Rac, versus current

density around threshold at 10K (inset of Fig. 5) does not show

a clear discontinuity at threshold. Several measurements around

threshold with different voltage steps were attempted, but,

within the noise level of this pulsed measurement, no clear

change in the slope of the V-J characteristic could be

detected.37 The continuity of the differential resistance at

threshold was also observed at higher temperatures. According

to the rate equation model and its simplified solutions (Eq. (9)),

if we assume a resonator loss of 30 cm�1 and a gain bandwidth

of 1 THz, one expects a �6.4% drop of differential resistance

at threshold. By taking into account the electric field dependen-

cies of the oscillator strength and the scattering rates, this num-

ber raises to�11.6% for a threshold found at 19.45 kV/cm. The

noise level of the measured differential resistance is estimated

�8%, meaning that the detection of the expected�10% change

of Rac would be challenging. We propose that the vanishing dis-

continuity of differential resistance and the low output power of

the laser (proportional to the internal efficiency) are probably

related. The latter observation suggests that the effective life-

time of the ULS is much shorter than expected and conse-

quently reduces the internal efficiency of the laser (see

Eq. (13)). Analyzing the two observations together with the

model discussed in Sec. II suggests that the depopulation rate

1 ! e is not as efficient as expected. Moreover, according to

Eq. (10), the experimental ratio Jmax/Jth is an approximation of

~s2eff=Dqths
>
tr .

The slow rate of depopulation could be related to the

E1e energy spacing, being 9meV smaller than the GaAs

LO-phonon energy. As the LO-phonon emission scattering

shows a strong resonance at initial kinetic energy ELO –

E1e, any deviation from the Maxwell-Boltzmann distribu-

tion could seriously alter the average depopulation rate

g1e—a crucial parameter for laser action. If thermalization

of carriers by e-e intrasubband scattering is not significantly

more efficient than intersubband scattering processes, the

carriers accumulate in the subband 1 up to the kinetic

energy of 9meV, in contrast to the Fermi-Dirac or the

Maxwell-Boltzmann distributions.38,39 The relative sim-

plicity of this device would make it a good candidate for

studies of electron temperature by microprobe photolumi-

nescence experiments.40

At 10K, the voltage versus current density plot shows a

tunneling resonance with a shoulder at �5.6V and a strong

NDR region starting at 9.4V and extending up to 17.6V (left

axis on Fig. 5). Once the NDR region is crossed, the traces

of the current and voltage pulses are very clean and stable on

the oscilloscope. The same NDR region is observed at Tmax.

Taking into account the Schottky voltage drop on the top

contact (0.8V), the electric field of these features correspond

well to the alignment of the extraction state e with levels 1
and 2, predicted at 4.4 kV/cm and 8.7 kV/cm, respectively.

Figure 6 depicts the wavefunction configurations for these

electric fields. The anticrossing of the lasing states occurs at

13 kV/cm, implying that below 13 kV/cm level 2 (1) is

located on the downstream (upstream) side of the module. At

4.4 kV/cm, levels en�1 and 1 n are aligned with a coupling

strength of Xe1¼ 0.385meV, while the next set of anti-

crossed states, en and 1 nþ1, are 16meV below (qLe, e being
the electric field). It would suggest that the transition

1 n ! en is mainly assisted by IR scattering with a few ps

lifetime. At 20K and for the e ! 1 tunneling transport,

4X2
e1ske1s1 � 1, suggesting that transport is “in between” the

coherent and incoherent regimes. Interestingly, at the same

electric field, levels 2 nþ1 and inþ2 anticross and are also

aligned with 1 n and en�1. These four states could form a

weakly coupled miniband (see Fig. 6(a)). One could imagine

transport occurring two periods at a time from en�1 to 2 nþ1,

since 2qLe¼ 32meV � ELO. Therefore, one can propose

that the shoulder in V-J plot at �5.6V, which is also slightly

higher than the e�1 alignment voltage (4.4þ 0.8¼ 5.2V),

corresponds to an electric field for which 2qLe � ELO

(4.8 kV/cm when taking into account the Schottky voltage

drop). At 8.7 kV/cm, levels en�1 and 2 n are aligned with a

small coupling strength Xe2¼ 0.24meV. Transition to the

next lower extraction state en should be efficient, as

qLe¼ 32meV � ELO. The figure of merit of e ! 2 tunneling

transport is 4X2
e2ske2s2 � 0:04 � 1 at 20K, suggesting that

this transport channel is incoherent and hence very depend-

ent on the phase coherence time constant.8,18

RT-QCLs with a small number of wells per module tend

to show large parasitic currents and sometimes pre-eminent

resonances in the V-J characteristic before threshold;4,24,26,41

this “quasi-two-well” SA-QCL confirms this phenomenon.

In order to raise the dynamic range, the coupling strength, X,
should be increased, but, with the present configuration, the

current due to parasitic resonances would drastically increase

as well. Several options to mitigate this latter effect exist,

including: (i) increasing the spatial separation between

wavefunctions of levels e and 2 (lower Xe2) by inserting

another well, lowering the design electric field while preserv-

ing the same oscillator strength, extraction mechanism, and

pump scheme to the next module;42 (ii) inserting one (or

more) well(s) between the extractor well and the injection

barrier, which results in a doublet (or a miniband) behind the

injection barrier that will selectively pump the injector state i
of the downstream module. The latter strategy was adopted

in a THz IDP-QCL with a two-well extractor, where, even

with a large coupling strength, �hX � 4meV, the V-J

FIG. 6. Conduction band diagram and the moduli squared of wavefunctions

at (a) 4.4 kV/cm and (b) 8.7 kV/cm.
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characteristic of the devices did not show any sign of pump-

ing to the lower states.20

Figure 7 depicts the measured spectra for the lasing

device at different biases and temperatures. At 10K and

slightly above threshold, the emission line is at �2.83 THz;

at higher bias, it eventually shifts to higher frequency, 3.23

THz. According to the solution of Schrödinger equation, in

the range of electric fields for which the spectra were

recorded (�19.7–21 kV/cm), the frequency spacing between

the lasing states should move from 3.05 to 3.46 THz (see

Fig. 3(c)). At this stage, it is difficult to strongly affirm that

this difference of �0.9meV in photon energy is an unequiv-

ocal sign of a physical phenomenon we did not take into

account in the discussed model of Sec. II. However, since we

have identified signatures of a significantly long LLS life-

time (no detectable discontinuity of Rac at threshold and low

output power) and, therefore, a residual population on this

state, we cannot exclude the occurrence of Bloch gain

between the lasing states.43,44 The dispersive contribution of

Bloch gain would drag the peak gain frequency to a lower

value than �21. This design would be an interesting candidate

for gain measurements by THz time-domain spectros-

copy45,46 to see if any spectral asymmetry in gain can be

detected. In Sec. V, the results of NEGF simulations for this

QCL structure are presented.

V. SIMULATIONS BY NONEQUILIBRIUM GREEN’S
FUNCTION THEORY

We have simulated current density, gain spectra, and car-

rier densities with the method of NEGF.10,47 The lesser

Green’s function G< is related to the density matrix

qabðkÞ ¼ �i
Ð
dE
2pG

<
abðk;EÞ. The calculation is done with the

basis states A�1=2 P
a uaðzÞe�ikr, where the bold typeface sig-

nifies two-dimensional in-plane vectors and A is the cross-

section. This gives the energy resolved electron density

nðz;EÞ ¼ 2

A

X
k

X
ab

=fG<
abðk;EÞu�

bðzÞuaðzÞg: (15)

The current density (in A/cm2) is

jðtÞ ¼ 1

d

ðd
0

dzjðz; tÞ¼ 2

A

X
ab

X
k

W
per
ab qabðk; tÞ; (16)

where

Wper
ab 	 1

d

ðd
0

dz
�he

2imðzÞ u�
bðzÞ

@uaðzÞ
@z

� @u�
bðzÞ
@z

uaðzÞ
� �

:

(17)

G< is calculated on the basis of the envelope function Hamil-

tonian of the perfect QCL structure, where perturbations by

interface roughness, ionized impurities, and phonons are

treated by self-energies in the self-consistent Born approxima-

tion. The electron-electron interaction is taken into account

within the mean-field approximation. In the simulations, we

have used an effective roughness height DIR ¼ 2 Å and an av-

erage roughness distance KIR ¼ 100 Å. The simulated elec-

tron densities are shown in Fig. 8 along with the significant

basis states ua(z). The darker regions close to the bottom of

the subbands indicate that carriers are not thermalized, con-

trary to the assumption used in the previous simulations based

on rate equations. We can clearly identify in which states and

up to which energy carriers accumulate. This graph suggests

that electrons get trapped in the LLS, since the energy gap

between this level and the injector state is 9meV lower than

GaAs LO-phonon energy. Moreover, we observe a slight

accumulation of carriers at the bottom of the injector subband

i, since the energy gap between this state and the ULS does

not match exactly the LO-phonon energy. One can see that

the shaded region associated with the extraction state is darker

than that of the injection state: in other words, the population

of the extraction state is significantly higher than the injection

state, due to the thick injection barrier. We recall the tunneling

coupling strength is rather small: 1.14meV. This makes the

emptying of the extraction level slow, hence promoting the

backfilling to LLS.

In Fig. 9, we find excellent agreement with the measured

data for the current densities. The second NDR at 30 mV

FIG. 7. THz spectra recorded for different biases and temperatures. The

bias per module is reported between brackets.

FIG. 8. Energy resolved electron density and the most significant basis

states juaðzÞj2 (a.u.) at a bias of 78mV per period and a temperature of

140K.
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predicted by NEGF simulations is confirmed by the experi-

ment. The device was driven in current mode, hence, on the

oscilloscope, the voltage suddenly changed from 30mV to

60mV. The first tunneling resonance is predicted at around

4.3 kV/cm, whereas the experimental current density shows

a shoulder at 4.8 kV/cm (see the vertical arrow in Fig. 9),

which was attributed to sequential tunneling across three

modules from en�1 ! 1 n ! 2 nþ1 in Sec. IV. NEGF simula-

tions performed around the first resonance confirmed a non-

negligible transport channel by phonon emission (and more

marginally by other scattering sources) from the anticrossed

levels 2 and i. Experimentally, the current is more phonon

driven at the first resonance than predicted in NEGF simula-

tions. For this latter model, the scattering potentials are very

efficient when levels e and 1 are best aligned and, therefore,

give rise to a current peaked at 4.3 kV/cm. The current den-

sity simulated by the rate equation model (without the effect

of stimulated emission) is also displayed in Fig. 9, showing

the maximum current levels are comparable for both models.

Finally, gain spectra have been simulated using NEGF

at different temperatures and voltage biases. The results of

these simulations for a fixed bias of 21.5 kV/cm (78mV per

module) and a temperature of 140K are displayed in Fig. 10.

It is important to point out that simulations at low tempera-

tures showed a maximum gain and peak gain frequency

lower than expected from the measurements. There were nu-

merical problems at low temperature, due to the lack of e-e

scattering in the simulations, whereas, at 140K, the acoustic

phonons assist to a higher degree in the thermalization of the

carriers. An underestimated thermalization of the carriers at

low temperature would enhance the trapping of electrons on

the LLS and subsequently result in a reduced population

inversion and a higher contribution from Bloch gain. At

140K, a gain of 37 cm�1 at 3.4 THz is predicted, a value that

is consistent with previous measurements of waveguide loss

by cavity frequency pulling.48 Theoretically, from 72 to

76mV per module, the peak gain frequency moves from 2.8

to 3.24 THz, while experimentally, the laser emission shifts

from 2.8 to 3.23 THz in a similar bias range (71.6 to

76.3mV) at 10K. This latter comparison would support the

hypothesis that the simulated thermalization at 140K by

NEGF is close to the actual thermalization at lower tempera-

tures. At 76mV per module, the gain bandwidth derived by

NEGF simulations is �1.38 THz, a value slightly larger than

the assumed value of 1 THz used in the simulations based on

rate equations.

VI. CONCLUSION

This paper presented a THz SA-QCL design with con-

secutive “phonon-photon-phonon” emissions. The simplicity

of the lasing scheme made it convenient to calculate the

energy level populations and lifetimes using a rate equation

model. The first iteration structure was designed by optimiz-

ing a figure of merit defined as the product of population

inversion and oscillator strength. The optimum design at

150K only took LO-phonon scattering into account in trans-

port calculations and assumed a Maxwell-Boltzmann distri-

bution of carriers, with a temperature of 200K in the

subbands. In the designed structure, the lasing states were

fairly isolated from higher bands and not perturbed by tun-

neling. The fabricated device using Au double metal wave-

guide lased up to 138K. The voltage-current density

characteristic of the device showed no obvious discontinuity

in the differential resistance at threshold, an observation con-

sistent with the low output power of the laser. The rate equa-

tion model suggests that these two effects stem from rather

slow depopulation of the LLS, due to smaller-than-phonon-

energy E1e. This hypothesis was confirmed by NEGF calcu-

lations. Both rate equation and NEGF calculations indicated

FIG. 9. Current density vs voltage bias per period: experimental data (scat-

tered points) at 10K in pulsed mode and comparison with simulations by

nonequilibrium Green’s function formalism. The position of the first reso-

nance at �4.8 kV/cm in the experimental data is highlighted by a vertical

arrow and is attributed to sequential tunneling from e to 1 and then 2 in three
consecutive periods. The NEGF simulation is performed for higher tempera-

tures than the experimental data, but the simulated results are weakly tem-

perature sensitive. Moreover, by the end of the current pulses (250 ns), it is

well known that the lattice temperature can be several tens of kelvin higher

than heat sink. The large fluctuations around 40–60meV are artifacts of the

simulation. The device was driven in current mode, which explains why the

valley of the second NDR predicted by theory is not observed. The simu-

lated current density by the rate equation model is plotted in dashed line.

The dash-dot line represents the strong leakage current from the wrong

extraction channel 2-e.

FIG. 10. Gain spectra simulated using NEGF model at T¼ 140K and differ-

ent biases per module.
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that the tunneling barrier is the bottleneck of the carrier

transport and the carriers are piled up behind it.

Using the models discussed in this paper, we identified

the shortcomings of the first iteration design and addressed

them in detail for the next generations of THz SA-QCL

designs. We found out that it is important to maximize the

phonon scattering–assisted extraction and injection rates by a

better optimization of energy spacing between corresponding

subbands. Moreover, one has to take interface roughness scat-

tering into account in the optimization process. It was found

that interface roughness scattering, particularly between the

lasing states, is comparable to the LO-phonon scattering rates

and should not be neglected. Its effect on population dynamics

and linewidth of the lasing transition also has to be considered

for the next generation of THz SA-QCL designs.

The proposed lasing scheme in this work benefits from a

rather simple operation principle. Consequently, such a 4-

level quantum mechanical structure provides a unique plat-

form to study experimentally various debated effects in THz

QCLs, including effect of interface roughness on population

dynamics and gain linewidth. The authors suggest conducting

a comprehensive doping study to elucidate the debated topic

of free carrier absorption and the role of e-e and e-impurity

scatterings in THz QCL. Furthermore, one can explore the

effect of injection tunneling barrier thickness on the coherence

of the transport and its effect on the device performance. Fur-

ther understanding of the carrier dynamics and gain is possible

by microprobe photoluminescence experiments to study the

electron distributions in the different subbands and by THz

time-domain spectroscopy to investigate the possibility of

Bloch gain in such a structure, respectively.
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Abstract: We report on a study of terahertz (THz) generation using implanted InGaAs photomixers and

multi-wavelength quantum dot lasers. We carry out InGaAs materials growth, optical characterization, device

design and fabrication, and photomixing experiments. This approach is capable of generating a comb of

electromagnetic radiation from microwave to terahertz. For shortening photomixer carrier lifetime, we employ

proton implantation into an epitaxial layer of lattice matched InGaAs grown on InP. Under a 1.55 µm multi-

mode InGaAs/InGaAsP quantum dot laser excitation, a frequency comb with a constant frequency spacing

of 50 GHz generated on the photomixer is measured, which corresponds to the beats of the laser longitudinal

modes. The measurement is performed with a Fourier transform infrared spectrometer. This approach affords

a convenient method to achieve a broadband multi-peak coherent THz source.

Keywords: Proton implanted InGaAs; Trahertz; Photomixer; Multi-wavelength quantum dot laser; Fourier
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Introduction

Convenient sources of terahertz (THz) radiation,
100 GHz∼10 THz, fall between the capability of elec-
tronics and photonics. Many potential applications ex-
ist in this frequency region, for example in sensing,
aerospace, medical and biological sciences, information
and communication. A key advantage is its low energy,
for example, the photon energy is only 4 meV at 1 THz,
making it a safer alternative to X-ray in medical imag-
ing. Many rotation and vibration modes of biological

and chemical species are in the THz spectrum. Despite
of many application prospects, due to the lack of conve-
nient THz radiation sources, a wide spread application
is yet to come.

There are mainly four approaches to generate THz
radiation. One is the development of THz quantum
cascade lasers [1,2], the other is to use femtosecond
lasers [3], the third way is by nonlinear optics [4,5], and
the fourth is heterodyne photomixing [6]. The quan-
tum cascade laser approach is suited for the upper part
of the THz spectrum, for example, greater than about
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2 THz. The femtosecond laser technique provides a
broadband THz source, but needs a sophisticated laser
and therefore tends to be expensive. The same is true
for nonlinear optics. The heterodyne photomixing ap-
proach has attracted a lot of interests, and impressive
advances have been made notably by Brown et al. [7]
Such an approach has the potential of achieving conve-
nient and low-cost THz sources based on semiconduc-
tor diode lasers and ultrafast photomixers, albeit more
suited for the lower frequency region of about less than
2 THz. Substantial advances have been made based
on low-temperature-grown GaAs materials and lasers
at wavelengths less than about 0.9 µm, i.e., photon
energy at about the GaAs band gap. But it was not
convenient to apply it to telecommunication field with
lasers working in the 1.3∼1.55 µm region.

In this research, we use proton implanted In-
GaAs THz photomixers and 1.55 µm multi-mode In-
GaAs/InGaAsP quantum dot (QD) lasers to achieve
THz generation. With this method a broadband THz
radiation comb with constant frequency spacing and
high degree of coherence may be generated. This ap-
proach may result in convenient THz sources suitable
for applications such as sensing and spectroscopy. Sim-
ilar work using heavy ions was reported in Refs. [8,9].

Material and device

The InGaAs photomixing material was grown by
MOCVD on an InP substrate. The layer structure con-
sists of 0.1 µm InP buffer, 2.0 µm InGaAs, and 10 nm
InP top capping layer. Ion implantation is expected to
shorten the carrier lifetime. Different fluences of 1 MeV
proton implantation are used from 3E10, 9E10, 3E11,
9E11, 3E12, 9E12, to 3E13 cm−2.

To characterize the implanted materials photolumi-
nescence (PL) spectroscopy is carried out. Figure 1 is
a set of PL spectra taken on an un-implanted reference
and implanted samples of various fluencies, all from the
same wafer (M1094). With increasing implantation flu-
ence, the PL intensity progressively decreases, implying
an increase of non-radiative recombination rate and a
decrease of the carrier lifetime. About a 1000-fold de-
crease is observed on the 3E12 cm−2 sample, expect-
ing a decrease of the lifetime to the picosecond region.
More heavily implanted samples (PL too weak to mea-
sure) are expected to have a lifetime much less than 1
ps, suitable for THz photomixing.

For the device design, factors such as device area,
number of interdigited electrodes, and spiral antenna
geometry limit the frequency response. Simulations are
carried out to ensure the device performance. In the
following we concentrate on 36×36 µm2 area devices
with a simulated RC time of 0.62 ps. Figure 2 is a
photograph of the completed device.
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Fig. 1 PL spectra of implanted InGaAs materials together
with a spectrum from an un-implanted reference sample.

Fig. 2 Photographs of the device (36×36 µm2) and inter-
digit (2 µm wide) details (above) and of the spiral antenna.
The horizontal full picture dimensions are 150 µm and 7 mm
for the above and below pictures, respectively.

Experimental and discussion

An optics based THz radiation measurement system
was set up. Different from electronic instrument sys-
tems based on harmonic mixers, we used an FTIR
(Fourier transform infrared) spectrometer. An elec-
tronic system would have limitations in reaching high
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THz region due to the lack of harmonic mixers. Figure
3 is a schematic of the THz radiation detection system.

In this measurement system, the photomixer was il-
luminated by the laser beam, which was from the multi-
mode QD InGaAs/InGaAsP laser at around 1.55 µm.
An Er-doped amplifier was employed to increase the
laser power. A 5 or 6 µm diameter conical lensed fiber
was used to focus the laser power onto the photocon-
ductive area. A 1.55 µm multi-mode QD laser spectrum
taken on the FTIR is displayed in Fig. 4. From the
laser spectrum, a constant frequency spacing between
the modes which will create the different optical beats
is seen. The minimum spacing is 50 GHz, which means
in subsequent measurements the optical beats are at N
times 50 GHz, N is a positive integer.
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Fig. 3 Schematic of the THz radiation measurement sys-
tem.
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Fig. 4 Spectrum of the multi-mode QD InGaAs/InGaAsP
laser taken with an FTIR.

The packaged photomixer is fixed to a stand which
is about 1inch away from the FTIR input-port window.
The DC biased device is excited by the 1.55 µm laser
beam from the lensed fiber. To couple out the THz
emission more efficiently, a 3 mm diameter high resis-
tivity hyperhemispherical silicon lens is affixed to the
backside of the photomixer substrate. The laser out-
put power from the Er-doped amplifier is in the range

of 30∼50 mW. When the multi-mode QD laser output
total power is 35 mW, the highest single mode out-
put power is about 8 mW. A black polyethylene film
is placed after the photomixer to block the laser from
reaching the FTIR detector which is a liquid He cooled
Si bolometer. The signal is sent to a lock-in amplifier
and then to the FTIR analog to digital converter.

Photomixers with different proton implantation flu-
ences are measured. Figure 5 is an FTIR spectrum of a
photomixer with a proton fluence of 9E12 cm−2 (Device
A). From this spectrum, three peaks with wavenumber
values of 1.66, 3.38, 5.32 cm−1 are observed. Given the
FTIR resolution, this spectrum shows generated radi-
ation at 50, 100, and 150 GHz from the photomixer.
The spectrum also shows that the signal intensity de-
creases with increasing frequency, an effect of the ph-
tomixer frequency roll-off. The spectrum from another
photomixer (Device B) with a higher fluence (3E13)
and the same device area is shown in Fig. 6. Though a
calibrated power measurement was not done, in relative
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terms, signal in Fig. 6 is weaker than that in 5, likely
due to a lowering of the responsivity on increasing the
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fluence. In the FTIR spectrum of Fig. 6, five peaks
at 1.5, 3.4, 5.0, 6.4, and 8.0 cm−1 are observed, cor-
responding to 50, 100, 150, 200, and 250 GHz, respec-
tively. Comparing Figs. 5 and 6, the higher implanted
device shows a higher frequency capability, and one
could therefore conclude that the carrier lifetime is the
limiting factor.

Conclusion

We have investigated the approach of using ion-
implanted InGaAs photomixer and muti-wavelength
QD laser to generate a frequency comb covering from
microwave to THz frequencies. The InGaAs materials
system is technologically advanced due to its relevance
in the telecom applications, and the QD laser works in
the telecom wavelength region of 1.55 µm. For the ex-
perimental testing, we used a FTIR spectrometer suit-
able for measurements extending in the high THz re-
gion. With this approach a broadband THz frequency
comb may be generated, which would be useful for var-
ious applications such spectroscopy and sensing.
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ABSTRACT: We report a simple chemical vapor deposition
method to fabricate Cu-doped ZnO hemispherical shell
structures with room-temperature ferromagnetism (RTFM).
Through a series of controlled experiments by changing the
growth temperature and reaction time, we observe the
evolution of product morphology from whole spherical
structures into partially broken shells and hemispherical shells
at different temperatures together with the reinforced
hemispherical shells with the reaction time extended. The
growth mechanism of the ZnO:Cu hemispherical shell
structures has been proposed to involve the synthesis of Cu-doped Zn sphere, surface oxidation, and sublimation of the
inner Zn from the broken shell. The structural and optical properties of the ZnO:Cu system with different Cu contents (below
4%) were investigated by X-ray diffraction, Raman spectroscopy, and photoluminescence measurements indicating that the Cu
ions were successfully substituted into the Zn2+ lattice sites, and more intrinsic structural defects were introduced with the
increase of the Cu content. X-ray photoelectron spectroscopy shows that the Cu ions are majorly in the cuprous state, which
cannot contribute to ferromagnetism. We have attributed the origin of the enhanced RTFM with Cu contents in our ZnO:Cu
hemispherical shell structures to the increased intrinsic lattice defects triggered by the Cu doping.

I. INTRODUCTION
Transition metal (TM) doped ZnO has recently attracted
considerable attention for the potential application in
spintronic devices because its Curie temperature is theoretically
predicted to be well above room temperature1,2 and room-
temperature ferromagnetism (RTFM) has been observed
experimentally in Co-,3 Fe-,4 Mn-,5,6 and Cu-doped7 ZnO
systems. Among these TM doped magnetic semiconductors,
Cu-doped ZnO (ZnO:Cu) is free of ferromagnetic impurities
because neither metallic Cu nor its oxides are ferromagnetic
leading to form an intrinsic dilute magnetic semiconductor.8 In
addition, the substitution of Zn by Cu in ZnO:Cu is a p-type
doping,9 which may promote RTFM, and the size mismatch
between Cu and Zn is very small (∼5%) resulting in the low
formation energy.10

ZnO:Cu system with RTFM has been successfully realized
through methods such as rf magnetron sputtering,11 pulsed
laser deposition,7,12,13 ion beam technique,14 filtered cathodic
vacuum arc technique,15 sol−gel method,16 and chemical vapor
deposition.17−19 However, it remains controversial whether the
observed ferromagnetism originates from the extrinsic Cu
doping or the intrinsic structural defects of ZnO. Herng et al.15

have shown that the origin of the ferromagnetism in Cu-doped
ZnO films is mainly due to the Cu ions substituted into the
ZnO lattice inducing the p−d hybridization between 3d of Cu
and ZnO valence bands [O−p bands]. In contrast, Xu et al.13

have observed that the ferromagnetism appears only in pure
ZnO films (not in intentionally ZnO:Cu) and have concluded

that the intrinsic defects, such as oxygen vacancies and defects
of Zn sites, are responsible for the RTFM rather than the Cu
dopant.
Most of the investigations of RTFM ZnO:Cu system have

been focused on bulk materials or thin films, whereas only a few
reports on nanostructures (e.g., nanoparticles,20 nanowires,17,18

nanonails, and nanoneedles19) have been published to date.
These nanostructures have been known to have a longer spin
lifetime than that of the film implying that they have great
potential in nanoscale spintronic devices.21 Compared with
other one dimension ZnO nanostructures (nanowires, nano-
rods, nanonails, etc.), the hollow spherical structures have wide
applications in many fields such as catalysis, sensors, drug
delivery, energy-storage media, chemical/biological separation,
sensing, and so forth because of their geometrically hollow
shape and large surface area.22 Nevertheless, there is no report
on the Cu-doped hollow micro- and nanospherical structures
with RTFM. It is difficult to prepare the hollow spherical ZnO
structure with no aid of spherical template because of its
different growth rates of ZnO crystal in different directions.
In this paper, we report on the successful synthesis of

ZnO:Cu hollow spherical structures through a simple chemical
vapor deposition method6 at low temperatures of 580−650 °C.
Detailed structural and optical studies reveal that Cu ions are
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indeed substituted into the ZnO lattice existing mainly in
univalent, which cannot produce p−d hybridization.23 Because
RTFM can be observed in both ZnO:Cu spherical structures
and undoped one, we have attributed the origin of RTFM in
our ZnO:Cu system to the increased intrinsic defects
introduced by Cu doping.

II. EXPERIMENTAL DETAILS

ZnO:Cu hollow spherical structures were prepared on Si
substrate by a simple chemical vapor deposition method in a
horizontal tube furnace (150 cm long). Zn (99.99% purity) and
CuCl2·2H2O (99.99% purity) powders were first mixed at an
appropriate proportion as the source materials. The mixture
was loaded into an alumina boat and was placed at the bottom
of a one-end-sealed quartz tube (2 cm diameter, 70 cm long).
Carefully cleaned n-type Si(100) substrates were then placed
about 45 cm away from the source materials to receive the
products. After that, the quartz tube was evacuated to ∼10 Pa
using a mechanical rotary pump to remove the residual oxygen
before heating. The heated temperature of the furnace was
raised to 650 °C at a rate of 10 °C/min. When it reached the
desired temperature, the carrying gas mixed with Ar (flow rate
of 260 sccm) and O2 (flow rate of 60 sccm) was introduced
from the open end of the quartz tube. The duration of growth
lasted for 30, 60, and 120 min. We finally obtained the deep
yellow layer on the Si substrate after the quartz tube was cooled
to room temperature naturally. For comparative studies, we
also prepared the ZnO:Cu samples at heated temperatures of
580 and 620 °C as well as the undoped ZnO hollow spherical
structure synthesized without copper source.
The morphology and structure of the ZnO:Cu hollow

spherical structures were characterized using a field emission
scanning electron microscope (FE-SEM; Philips XL30FEG)
with an accelerating voltage of 5 kV, a high-resolution
transmission electron microscope (HRTEM) (JEOL JEM-
2100F), and X-ray diffraction (XRD) (Bruker/D8 Discover
diffractometer with GADDS) with a Cu Kα source (λ = 1.5406
Å). Energy-dispersive X-ray (EDX) analysis was also performed
during the FE-SEM observation. The bonding characteristics
were analyzed by a PHI Quantum 2000 X-ray photoelectron
spectroscopy (XPS). The micro-Raman in the backscattering
geometry and the photoluminescence (PL) spectra were
recorded at room temperature by a Jobin Yvon LabRAM
HR800UV micro-Raman system under an Ar+ (514.5 nm) and
a He−Cd (325.0 nm) laser excitation, respectively. The
measurements of the magnetic properties were carried out
using a physical property measurement system (PPMS-12).

III. RESULTS AND DISCUSSION

We start from the Cu-doped ZnO hollow spherical structures
synthesized by evaporating the mixture of Zn and CuCl2·2H2O
powders at 650 °C for 120 min. The EDX analysis shown in
Figure 1a indicates that the as-fabricated sample consists of Cu,
Zn, and O with the Cu content 1.17%. The signal of Si
originates from the substrate. Figure 1a′ presents the typical FE-
SEM image of the as-prepared ZnO:Cu sample. We can
observe that the sample obtained at 650 °C exhibits
hemispherical shell structures with a uniform diameter of ∼5
μm. Moreover, it is found that the structures are accumulated
by nanoparticles in the size of several hundred nanometers. To
exploit the influence of the Cu dopant on the morphology of
the synthesized products, we have also prepared the undoped

counterpart under the same experimental conditions with the
exception of the Cu source. Figure 1b displays the EDX
spectrum of the undoped ZnO sample demonstrating that the
obtained structures are composed of only Zn and O elements.
The corresponding typical morphology shown in Figure 1b′
also exhibits hemispherical shell shape with a relatively smooth
surface. The diameter of the spherical shell is in the range of 5−
8 μm with most distributed around 8 μm. Comparing Figure
1a′ with Figure 1b′, it is obvious that the hollow spherical
structures get rougher on the surface and much more uniform
in size after Cu doping.
To clarify the growth mechanism of the ZnO:Cu hemi-

spherical shell structures, we have prepared different samples by
adjusting the temperature of the source materials and the
reaction time. As seen from the SEM images in Figure 2a−c,
three different kinds of ZnO:Cu spherical structures were
realized after the reaction was carried out at 580, 620, and 650
°C for 120 min, respectively. At the temperature of 580 °C
(Figure 2a), the as-synthesized sample exhibits sealed micro-
spheres with a diameter of about 1 μm. When the reaction
temperature increases to 620 °C, the as-prepared ZnO:Cu
microspheres shown in Figure 2b are partly opened with a shell
thickness of about 1 μm and a uniform size of ∼2 μm. Further
increasing the temperature to 650 °C (Figure 2c), the diameter
of the hollow microsphere becomes larger (5 μm) and the
opened shell of the hollow sphere is thinner (600 nm) than that
of the microspheres at 620 °C. It is clear that with the increase
of reaction temperature, the products are changed from sealed
microspheres at 580 °C to partially opened spherical structures
at 620 °C and to hemispherical shells at 650 °C together with
the corresponding spherical microstructures becoming larger in
size and thinner in the thickness of the shell.
We have also prepared the ZnO:Cu samples by changing the

reaction time from 30 to 120 min at 650 °C to observe the
morphology evolution with the reaction time. Loose Cu-doped
ZnO hemispherical structures with lots of holes were obtained
at the reaction time of 30 min (Figure 2d) indicating that at an
early stage a sparse layer of Cu-doped ZnO nanoparticles was
synthesized. Relatively reinforced hemispherical shells can be
observed in Figure 2e for the sample prepared for 60 min.
Compared with the morphologies of the samples produced for
120 min in Figure 2c, the structures of the products were found
to be reinforced with the extension of reaction time.
Transmission electron microscopy (TEM) observation is

helpful to further understand the crystalline structures of the
hollow spherical structures. Figure 2f shows the typical TEM
image of a single hollow hemisphere shell structure produced at
650 °C for 120 min with the Cu content 1.17%, which clearly

Figure 1. (a) EDX spectrum and (a′) FE-SEM image of hollow
spherical structures with Cu (1.17%) doped ZnO; (b) EDX spectrum
and (b′) FE-SEM image of undoped ZnO hollow spherical structures.
The EDX spectrum in b was obtained from the powder scrapped off
the silicon substrate unlike the doped case in a.
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reveals that the microspheres are hollow and have a relatively
smooth surface. Figure 2g is the lattice-resolved HRTEM image
of the selected Cu-doped nanoparticle indicated in Figure 2f
with a red rectangle. The lattice fringe is about 0.524 nm, which
corresponds to the [0001] crystal planes of wurtzite ZnO. It
indicates that the ZnO:Cu nanoparticle is single crystalline and
that the growth direction is perpendicular to the [0001] plane.
From the above observation and the previously reported

results on the synthesis of pure ZnO hollow microspheres,24,25

we suggest the following possible growth mechanism of the
ZnO:Cu hollow spherical structures. Cu-doped Zn spheres
were first synthesized through the Zn and Cu vapor depositing
on Si substrates. When the oxygen is introduced into the quartz
tube at a desired temperature, the outside layer of the Cu-
doped Zn spheres was quickly oxidized forming a sparse layer
of ZnO:Cu nanoparticles. Because the temperature of the
substrate was higher than the melting point of Zn (419 °C),
inner Zn could be further sublimed from the holes of the sparse
layer and was simultaneously oxidized to form a dense ZnO:Cu
layer leading to the formation of hollow spherical structures.
This argument can also be confirmed in Figure 2c−e that with
the time extended, the structures became more and more
compact. As we know, as the inner pressure generated by the
Zn steam increases with the reaction temperature (from 580 to
650 °C), the weakest part of the outside ZnO:Cu layer is apt to
break up to balance the pressure in and out. As a result, the
whole spherical structures (Figure 2a) grew into partially
broken shells (Figure 2b) and hemispherical shells (Figure 2c)
with the increasing pressure difference.
We have successfully realized the synthesis of Cu-doped ZnO

hemispherical shell structures with different Cu contents
(below 4%, including undoped ZnO one). Figure 3a presents
the typical XRD pattern of the yielded ZnO:Cu hemispherical
shell structures. It is clear that all the diffraction peaks can be
indexed to the hexagonal wurtzite structure of ZnO (JCPD No.
36-1451) coincident with the above HRTEM observation. No
other peaks corresponding to copper and its related secondary
or impurity phase were found in the ZnO:Cu samples revealing
that the substitution of copper does not affect the wurtzite
structure of zinc oxide.26 Typically, with the increase of Cu
content, the XRD peaks of Cu-doped samples have constantly
shifted slightly toward lower scattering angle indicating an
increase of the lattice constant which can be attributed to the

nonuniform substitution of Cu ion into the Zn site as the radius
of Cu ion (0.057 nm) is smaller than that of the Zn ion (0.06
nm).27 The unusual shift results from the lattice distortion
caused by the stress during the preparation.28 A similar
observation has been found in Cu-doped ZnO nanowire
arrays29 and Co-doped ZnO bulk materials.30

Figure 3b shows the Raman spectra of the as-prepared
samples with different Cu contents in the range 250−650 cm−1

measured at room temperature. In the undoped ZnO sample,
the peak at about 330 cm−1 can be assigned to the second-order
acoustic mode [2-E2(M)], that at 384 cm−1 to A1 transverse
optical (TO) mode [A1(TO)], and that at ∼580 cm−1 to E1
longitudinal optical (LO) mode [E1(LO)]. The sharp and high
peak around 437 cm−1 corresponds to the nonpolar optical
phonon E2(high) mode of ZnO, which is related to the motion
of oxygen atoms and is a typical Raman active branch of
wurtzite ZnO.31 The presence of the E2(high) mode in all the
four samples indicates the hexagonal wurtzite structure, which
is consistent with the above HRTEM and XRD analysis. It can
be seen that the E1(LO) mode of Cu-doped ZnO samples shifts
to lower frequency after doping resulting from the destruction
of the long-range order in ZnO by the Cu dopant. In
comparison with the Raman spectrum of pure ZnO, an
additional mode that is indicated as “*” at around 530−540
cm−1 is observed in the Cu-doped ZnO samples, which can be
attributed to the lattice defects triggered by the incorporation of

Figure 2. (a−c) FE-SEM images of hollow spherical ZnO:Cu structures prepared at 580, 620, and 650 °C for 120 min, respectively; (d, e) FE-SEM
images of hollow spherical ZnO:Cu structures prepared at 650 °C for 30 and 60 min, respectively; (f) TEM image and (g) HRTEM of Cu (1.17%)
doped ZnO hollow spherical structures.

Figure 3. (a) XRD and (b) Raman spectra of undoped ZnO and Cu-
doped hemispherical shell structures with Cu contents of 1.17, 2.36,
and 3.24%.
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Cu ions into the ZnO.32 Moreover, the intensity of the
additional peak increases with the Cu content suggesting that
more and more lattice defects are introduced by the Cu doping.
We now turn to investigate the magnetic properties of the

undoped and Cu-doped ZnO hemispherical shell structures.
Figure 4 shows the magnetization versus magnetic field (M−H)

loops at room temperature (300 K) in the field range of 0 ∼
±8kOe for the different Cu contents of the yielded samples. It
is clear that RTFM can be observed in not only all the three
different Cu contents of ZnO:Cu samples but also the undoped
ZnO one. There are some reports in the literature on RTFM in
pure ZnO films,33 nanoparticles,34 and nanowires,35 where the
observed ferromagnetism has been attributed to the local
magnetic moment of intrinsic defects, such as the Zn
interstitials and O vacancies. However, RTFM in undoped
ZnO hemispherical shell structures has not been reported
before. From an application point of view, the synthesis of
ferromagnetism hemispherical shell structures is very important
because of their unique hollow structures. In addition, the M−
H characteristics in Figure 4 demonstrate that the saturation
magnetization of the ZnO:Cu semispherical shell structures
increases noticeably with the Cu content of the samples. In
other words, the saturation magnetization in ZnO:Cu semi-
spherical shell system can be tuned by controlling the Cu
content.
For further comparative study of the effect of copper, we

have also prepared the pure copper oxide nanostructures in the
same condition as ZnO:Cu hemispherical shell structures
without Zn source. They have exhibited very weak ferromag-
netism (∼0.006 emu/g) at 300 K (noted as 100% Cu content
in Figure 4). For comparison, the corresponding saturated
magnetizations are 0.036, 0.058, and 0.105 emu/g for the as-
prepared ZnO:Cu hemispherical shell structures with low Cu
concentrations of 1.17, 2.36, and 3.24%, respectively.
Furthermore, there are no observable Cu-related secondary
phases existing in the ZnO:Cu structures, which have been
confirmed by the results of TEM (Figure 2), XRD, and Raman
(Figure 3) spectroscopy. On the basis of the above results, we
can draw the conclusion that the influence of the Cu-based
secondary phases can be neglected for the observed RTFM. On
the other hand, the structural XRD and Raman characterization
in Figure 3 have provided unambiguous evidence of the
substitution of Cu in Zn lattice site and of more and more
lattice defects introduced with the increase of Cu content in the
as-prepared ZnO:Cu system. In combination with the magnet-

ism characteristics in Figure 4 and the structural properties in
Figure 3, a question is raised whether the observed
ferromagnetism is due to the substitution of Cu or to the
defects introduced by the Cu doping. To clarify the origin of
the ferromagnetism in ZnO:Cu hemispherical shell structures,
we resort to the XPS measurements to examine the valence
state of copper and to the PL spectra to study the defect
properties after the Cu doping.
Figure 5 presents the high-resolution XPS spectrum of the

synthesized ZnO:Cu hemispherical shell structures with the

highest Cu content of 3.24%. As shown in Figure 5a, the XPS
spectrum of Zn 2p reveals the binding energies of Zn 2p3/2 at
about 1021.5 eV and Zn 2p1/2 centered at 1044.7 eV without
any noticeable shift after the Cu doping.36 The XPS spectrum
of O 1s (Figure 5b) is asymmetric indicating the presence of
multicomponent oxygen species. We can fit the XPS structure
with two components, which are centered at 530.1 and 531.2
eV, respectively. The former is attributed to the oxygen ions in
the crystal lattice while the latter is associated with adsorbed
oxygen.37 Figure 5c shows the Cu 2p XPS spectrum of the
synthesized ZnO:Cu hemispherical shell structures. Cu 2p3/2
and Cu 2p1/2 of the sample are found to locate at 933.1 and
952.5 eV, respectively, similar to the results of Cu-doped ZnO
nanowires.14 The dominated peaks can be Gaussian fitted with
major cuprous Cu+ (fixing 2p3/2 peak at 932.9 eV and 2p1/2
peak at 952.5 eV) and extremely minor Cu2+ (fixing 2p3/2 peak
at 934.3 eV and 2p1/2 peak at 954.5 eV) components, which is
consistent with the result reported by Shuai et al.38 As we
know, all electrons are paired in the 3d10 configuration of Cu+

ion, and hence, Cu+ cannot produce a magnetic moment.23

Therefore, the origin of the RTFM in our ZnO:Cu system
cannot be due to the major cuprous Cu+ substitution.
We finally find out the answer by the aid of the room-

temperature PL measurements on these undoped and Cu-
doped ZnO semispherical shell structures with different Cu
contents through exploring the role played by the defects in
tuning the magnetic properties. As shown in Figure 6, all the
samples show two distinct emission peaks: a sharp one in the
ultraviolet (UV) region and another broad one in the visible
region. The former is attributed to exciton-related near-band-
edge luminescence while the latter is generally referred to deep-
level emission.39 For the pure ZnO sample, the visible
luminescence is generally referred to the recombination of a

Figure 4. M−H curves at 300 K of undoped ZnO and Cu-doped
hemispherical shell structures with Cu contents of 1.17, 2.36, 3.24, and
100% (pure copper oxide).

Figure 5. High-resolution XPS spectra of (a) Zn 2p, (b) O 1s, and (c)
Cu 2p in hemispherical shell structures of Cu (3.24%) doped ZnO.
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photogenerated hole with the singly ionized oxygen vacancy,
and its intensity could be used as an indicator of the oxygen
vacancy concentration in ZnO.40 We can observe that the
undoped ZnO possesses a strong near band edge UV emission
together with a weak visible emission indicating that the
synthesized undoped ZnO hemispherical shell structures have a
fairly high quality with low oxygen vacancy concentration. The
presence of Cu rapidly reduces the UV emission of ZnO:Cu
samples and broadens the peak toward longer wavelengths
compared with the undoped counterpart. The UV peaks of
undoped and doped ZnO hemispherical shell structures are
located at 377 and 384 nm, respectively. The redshift of ∼7 nm
in the Cu-doped samples, that is, a reduction of ZnO band gap
caused by the Cu doping, also indicates the substitution of Cu
ions on Zn sites in the lattice. Similar results have been
reported by He et al.41 in Ni-doped ZnO nanowires. Notably,
the UV peaks in doped samples are suppressed severely because
of Cu doping while the visible luminescence is enhanced by Cu
ions because of the poorer crystallinity and greater level of
structural defects, which were attributed to more intrinsic
defects introduced by Cu ion incorporation into ZnO. The
intensity ratio of the visible band emission to the UV peak
enhances from ∼0.38 to ∼20 with the Cu content change from
0 to 3.24% demonstrating that the Cu doping strongly increases
the concentration of defects. This result is consistent with the
above Raman observation that the lattice defects are generated
gradually with the Cu doping.
With the above PL observation and the structural properties

in Figures 3 and 5, we go back to the magnetic properties of the
as-prepared samples in Figure 4, which demonstrates that the
undoped ZnO sample shows very weak magnetic properties
and that the saturation magnetization of the ZnO:Cu
semispherical shell structures increases gradually with the Cu
content. The observation of RTFM in the undoped ZnO
sample indicates that the ferromagnetism originates from the
local magnetic moment of intrinsic structural defects. The
presence of low concentration (below 4%) Cu in ZnO does not
favor the conventional superexchange or double-exchange
interactions to produce long-range magnetic order.42 From
the Cu ionic valence state by XPS, we have found that the Cu
ions are mainly in the cuprous state, which cannot induce the
p−d hybridization between 3d of Cu and ZnO valence bands

[O−p bands]. Hence, the substitution of Zn2+ by cuprous Cu+

does not likely contribute directly to ferromagnetism, but it
introduces more intrinsic structural defects, which has been
confirmed by our Raman and PL data in these ZnO:Cu
samples. The defect concentration could play very important
roles in enhancing the magnetism,43,44 which has been observed
in Cu-doped ZnO films,13 nanonails, and nanoneedles.19 Gao et
al.45 have also reported that the Zn0.93Cu0.07O nanowires
annealed in vacuum have much stronger ferromagnetism than
that annealed in air indicating that more oxygen vacancy defects
are responsible for the enhancement of ferromagnetism.
Therefore, we attribute the origin of RTFM in our ZnO:Cu
samples to intrinsic defects because the concentrations of
defects are significantly increased with the Cu doping in the as-
prepared ZnO:Cu system.

IV. CONCLUSION

In summary, we have developed a simple chemical vapor
deposition method to synthesize Cu-doped ZnO hemispherical
shell structures with RTFM. The morphology of the products
grew into sealed microspheres or partially opened spherical
structures at different temperatures and was found to be
reinforced with the reaction time extended. The hollow
spherical structures became rougher on the surface and much
more uniform in size after Cu doping. The growth mechanism
has been proposed to involve the synthesis of Cu-doped Zn
sphere, surface oxidation, and sublimation of the inner Zn from
the broken shell. We have employed TEM, XRD, and Raman
spectroscopy to demonstrate that the hemispherical structures
are composed of single crystalline ZnO:Cu nanoparticles and to
confirm that the Cu ions successfully substituted in Zn2+ lattice
sites while maintaining the wurtzite structure. Both the
undoped and Cu-doped ZnO semispherical shell structures
exhibit RTFM, and the ferromagnetism increases gradually with
the Cu content. However, the XPS results show that the Cu
ions are mainly in the cuprous state, which cannot contribute to
ferromagnetism for its fully occupied d shell. Furthermore, the
additional mode in Raman spectra at around 530−540 cm−1 is
related to the visible emission in their PL spectra, which is
generated from intrinsic defects created by the Cu incorpo-
ration into ZnO. As a result, we have attributed the origin of the
observed RTFM in our ZnO:Cu hemispherical shell structures
to more lattice defects introduced with the increase of Cu
content. The present method is expected to be employed in a
broad range to fabricate other TM doped ZnO hemispherical
shell structures for potential application in spintronic devices.
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A facile chemical conversion synthesis of Sb2S3
nanotubes and the visible light-driven
photocatalytic activities
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Abstract

We report a simple chemical conversion and cation exchange technique to realize the synthesis of Sb2S3
nanotubes at a low temperature of 90°C. The successful chemical conversion from ZnS nanotubes to Sb2S3 ones
benefits from the large difference in solubility between ZnS and Sb2S3. The as-grown Sb2S3 nanotubes have been
transformed from a weak crystallization to a polycrystalline structure via successive annealing. In addition to the
detailed structural, morphological, and optical investigation of the yielded Sb2S3 nanotubes before and after
annealing, we have shown high photocatalytic activities of Sb2S3 nanotubes for methyl orange degradation under
visible light irradiation. This approach offers an effective control of the composition and structure of Sb2S3
nanomaterials, facilitates the production at a relatively low reaction temperature without the need of organics,
templates, or crystal seeds, and can be extended to the synthesis of hollow structures with various compositions
and shapes for unique properties.

Keywords: Nanotubes, Chemical transformation, Cation exchange, Growth mechanism, Optical and photocatalytic
properties

Background
Since the discovery of carbon nanotubes in 1991 [1],
extensive research has been carried out on one-dimen-
sional (1D) tubular nanostructures, owing to their
unique size-dependent properties and remarkable poten-
tial applications in electronics, optoelectronics, catalysis,
biotechnology, separation, and so on [2-7]. However, the
preparation of nanotubes is relatively difficult, and fewer
synthetic techniques have been developed compared to
those for other 1D nanostructures, such as nanorods
and nanowires [8-10]. So far, different types of nano-
tubes have been prepared by various approaches includ-
ing vapor-liquid-solid, chemical vapor deposition,
template-directed synthesis, and low-dimensional sacrifi-
cial precursors [11-14]. Nevertheless, these strategies
often require high temperature, special conditions, and
tedious procedures, and most of them are complicated

and uncontrollable. Therefore, development of a facile,
versatile, and effective synthetic pathway to prepare 1D
nanotubes is very important and quite necessary. In par-
ticular, it is highly desirable to control and manipulate
the chemical compositions and structures of nanotubes.
In fact, chemical conversion and cation exchange have

been demonstrated as powerful tools to convert the che-
mical compositions of nanostructures without destroy-
ing the original morphology [15,16]. Our previous
studies on the transformation of composition in the
core/shell microspheres (from ZnO/ZnS to ZnO/Ag2S
and ZnO/CuS) [17] and in the hollow microspheres, as
well as nanotubes (from ZnS to other various metal sul-
fides) [18,19], have indicated the significance of chemical
conversion and cation exchange. Compared to other
strategies, the chemical conversion and cation exchange
have the following advantages: (1) reactions can take
place in a solution under mild conditions (low growth
temperature, without any special equipments or tem-
plates); (2) this approach is a typical one-step process,
which needs no tedious procedures or further purifica-
tion of the products; (3) the products can be produced
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on a large scale; and (4) this strategy can be developed
as a general method to fabricate functional semiconduc-
tor hollow structures with various compositions and
shapes for unique properties, which is quite important
with respect to technical applications.
As an important V-VI group binary chalcogenide, anti-

mony trisulfide (Sb2S3) with an energy bandgap varying
between 1.5 and 2.2 eV has attracted particular attention,
owing to its good photovoltaic properties, high thermo-
electric power [20], broad spectrum response, and suita-
ble valence band position [21]. This material has been
applied in various areas such as television cameras with
photoconducting targets, thermoelectric cooling devices,
electronic and optoelectronic devices, solar energy con-
version, and visible light-responsive photocatalysis
[20-26]. It has been demonstrated that the properties of
antimony trisulfide are determined predominantly by
their crystal structure, size, and morphology. Therefore,
the synthesis of Sb2S3 materials with well-controlled size
and shape is of great significance for their applications.
Up to date, a variety of 1D nanostructures of Sb2S3 such
as nanorods [27-30], nanowires [31], microtubes [32,33],
and nanoribbons [34] have already been synthesized by
various methods. Nevertheless, little has been devoted to
the development of a general and low-cost synthetic
method to fabricate Sb2S3 nanotubes without using any
templates or crystal seeds. Although as-grown Sb2S3 pre-
sents in general an amorphous structure, it can be trans-
formed in the polycrystalline phase by successive
annealing [35]. Considering the technical importance of
this material, fabrication of Sb2S3 with some inspired
structures such as a tubular structure by a convenient
and efficient method has always been a great interest.
In this paper, we have realized the first synthesis of

Sb2S3 nanotubes by conversion from ZnS nanotubes via
chemical conversion and cation exchange at a low tem-
perature of 90°C. The key point of the method is to utilize
the large difference in solubility between ZnS and Sb2S3
for the effective transformation. Structural, morphological,
and optical changes have been observed in these samples
after annealing at different temperatures in an argon
atmosphere. We have further shown high photocatalytic
activities of Sb2S3 nanotubes for methyl orange (MO)
degradation under visible light irradiation, due to the large
specific surface area and good crystallinity [36,37]. The
present technique is very convenient and efficient, free of
any organics, templates, or crystal seeds, and has been
demonstrated to control and manipulate effectively the
chemical compositions and structures of nanotubes.

Methods
Synthesis of ZnS nanotubes
The preparation details for ZnS nanotubes can be found
in our recently published papers [19]. Briefly, ZnO

nanowires were first prepared by a hydrothermal pro-
cess. As a typical synthesis process, 0.2 g ZnCl2 and
20.0 g Na2CO3 were added into a 50-mL Telfon-lined
stainless steel autoclave and filled with distilled water up
to 90% of its volume. After vigorous stirring for 30 min,
the autoclave was maintained at 140°C for 12 h, fol-
lowed by cooling down naturally to room temperature.
The synthesis of ZnO nanowires could be realized after
the product was washed and dried. Subsequently, the
as-prepared ZnO nanowires on substrates (silicon or
glass slides) were transferred to a Pyrex glass bottle con-
taining 40 mL of 0.2 M thioacetamide (TAA). The
sealed bottle was then heated to 90°C for 9 h in a con-
ventional laboratory oven to synthesize ZnS nanotubes.
The final products on the substrates were washed
repeatedly with deionized water and then dried at 60°C
before being used for the next step in the reaction and
further characterization.

Synthesis of Sb2S3 nanotubes
The synthesis of Sb2S3 nanotubes was realized by trans-
ferring the silicon or glass slides with ZnS nanotubes on
them to a Pyrex glass bottle containing 150 mM
C8H4K2O12Sb2 and 70 mM tartaric acid. During the
reaction process, the solution temperature was kept at
90°C. The final products on the substrates were washed
thoroughly using deionized water to remove any co-pre-
cipitated salts and then dried at air at 60°C. For better
crystal quality, the as-prepared Sb2S3 nanotubes were
annealed in an argon atmosphere.

Morphological and structural characterization
The morphology and structure of the samples were char-
acterized using field-emission scanning electron micro-
scopy (FE-SEM; Philips XL30FEG, FEI Co., Hillsboro,
OR, USA) with an accelerating voltage of 5 kV and a
high-resolution transmission electron microscopy
(HRTEM; JEOL JEM-2100 F, JEOL Ltd., Akishima,
Tokyo, Japan). Selected area electron diffraction (SAED)
and energy dispersive X-ray (EDX) microanalysis were
also performed during the TEM and SEM observations.
X-ray diffraction (XRD) was carried out on a diffract-
ometer (D/max-2200/PC, Rigaku Corporation, Tokyo,
Japan) equipped with a high intensity Cu Ka radiation (l
= 1.5418 Å). Raman spectra were measured at room tem-
perature on a Jobin Yvon LabRAM HR 800 UV micro-
Raman/PL system (HORIBA Jobin Yvon Inc., Edison, NJ,
USA)at a backscattering configuration under the excita-
tion of a He-Cd laser (325.0 nm) for ZnS nanotubes and
a Ar+ laser (514.5 nm) for Sb2S3 nanotubes.

Photocatalytic activity measurements
The photocatalytic activities under visible light were
monitored through the photodegradation of MO. Visible
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light irradiation was carried out using a 500-W Xe lamp
with a 420-nm UV cutoff filter, which was surrounded
by a quartz jacket to allow for water cooling. Photocata-
lyst powder (30 mg) was added into 80 mL of aqueous
MO (20 mg L-1) solution and magnetically stirred in the
dark for 30 min to reach the adsorption-desorption
equilibrium before visible light illumination. The absor-
bance of the corresponding target organics was moni-
tored by measuring with a UV-vis spectrophotometer
(PerkinElmer Lambda 950, PerkinElmer, Waltham, MA,
USA).

Results and discussions
In our experiments, we start from the ZnO nanowires
which were prepared by a hydrothermal process [19].
We then transfer the ZnO nanowires into a solution
containing 0.2 M TAA to convert the ZnO nanowires
into ZnS nanotubes. The TAA solution provides sulfide
ions to react with zinc ions dissolved from the ZnO
nanowires to form ZnO/ZnS core/shell structures.
When prolonging the sulfidation time to 9 h under
hydrothermal conditions, all ZnO nanowires can change
into ZnS nanotubes due to the Kirkendall effect, which
normally refers to comparative diffusive migrations
among different atomic species in metals and/or alloys
under thermally activated conditions [38]. Figure 1a
shows the FE-SEM image of the obtained ZnS nano-
tubes. One can see that some of the shells have an irre-
gular open tip, demonstrating the hollow nature of the
prepared nanotubes. Further evidence for the hollow
structure can be found from the TEM observation. Fig-
ure 1b displays the TEM image of the obtained ZnS
nanotubes. The strong contrast difference in the nano-
tubes with a light inner center and a relatively dark edge
confirms that the yielded ZnS nanotubes are all hollow.
Figure 1c presents a HRTEM image taken on the edge
of the ZnS nanotube, which clearly exhibits that the
shell is composed of ZnS nanocrystalline grains with a
polycrystalline nature. The inset of Figure 1c is the cor-
responding ring-like SAED pattern without a spotted
pattern taken on a single nanotube, also providing evi-
dence for the polycrystalline nature of ZnS nanotubes.
The composition of the ZnS nanotubes can be easily
identified by the EDX (Figure 1d) and XRD (Figure 1e)
spectra. Figure 1f shows the room-temperature Raman
spectrum of the ZnS nanotubes. The observation of
multiple resonant Raman peaks indicates that the
yielded ZnS nanotubes possess good optical quality [39].
The main attempts in the present work are to synthe-

size Sb2S3 nanotubes and to investigate their optical
properties and photocatalytic performances. To make
the conversion of ZnS nanotubes to Sb2S3 ones, we
transfer the substrates with ZnS nanotubes on them
into 40 mL of 150 mM C8H4K2O12Sb2 and 70 mM

tartaric acid aqueous solution. A series of time-depen-
dent experiments were conducted to track the formation
process of Sb2S3 tubular structures, as shown in Figure
2. Under the reaction time of 1 h, some Sb2S3 nanopar-
ticles on the ZnS nanotubes were observed because ion
exchange happens as Sb3+ reacts with S2- slowly dis-
solved from the surface of ZnS nanotubes to form initial
Sb2S3 shells, as depicted in Figure 2a. After another 2-h
reaction, more Sb2S3 nanoparticles piled up on the
initial Sb2S3 shells (Figure 2b). When the reaction time
reached to 8 h, large numbers of Sb2S3 nanoparticles
were produced (Figure 2c). When further prolonging
the reaction time to 16 h, uniform Sb2S3 nanotubes of
large quantities with diameters of about 70 nm were
fully converted from ZnS ones (Figure 2d).
The corresponding EDX spectra in Figures 2a’,b’,c’,d’

give clear evidence for the FE-SEM observation of the
samples obtained through various reaction times. From
Figure 2a’, we can observe the successful incorporation
of the Sb element into the ZnS nanotubes in the com-
positional information. The signal of Si originates from
the substrate. With the increase of the reaction time,
the Sb/Zn stoichiometric ratio becomes higher and
higher due to the fact that more and more Zn atoms
were replaced by Sb atoms with the reaction processing,
as shown in Figures 2b’,c’. Further chemical reaction
will yield pure Sb2S3 nanotubes, which can be unam-
biguously confirmed by the EDX spectrum in Figure 2d’.
There are only Sb, S, and Si elements without any Zn
element.
According to the experimental observation described

above, the whole process can be described as follows:
Once the obtained ZnS nanotubes were transferred into
C8H4K2O12Sb2 solution, cation exchange began at the
interfaces between the ZnS nanotube surfaces and solu-
tion. With the increase in the reaction time, Zn2+ was
gradually substituted by Sb3+, resulting in the synthesis
of Sb2S3 nanotubes. The driving force for the cation
exchange is provided by the large difference in solubility
between ZnS and Sb2S3 (solubility product constant
(Ksp) of ZnS is 2.93 × 10-25, whereas Ksp of Sb2S3 is 1.5
× 10-93) [40]. The above conversion mechanism reveals
that the ZnS nanotubes can act as both reactants and
templates during the cation-exchange process. There-
fore, a general, facile, and economic method has been
proposed and realized to synthesize Sb2S3 nanotubes,
and this strategy can control and manipulate effectively
the chemical compositions and structures of nanotubes.
Furthermore, we can extend this chemical conversion
approach to the synthesis of other metal sulfide nano-
tubes under the condition that those yielded metal sul-
fides have lower Ksp values than ZnS. In fact, it is
because of the large Ksp in ZnS that we choose ZnS
nanotubes as the reactants and templates to synthesize
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various metal sulfide nanotubes, like Ag2S, CuS, PbS,
Bi2S3 [19], and Sb2S3 nanotubes in the present paper. It
is a convenient one-pot method without using any
organics, templates, or crystal seeds and has great
potential in industrialized high-volume production.

The annealing treatment exerts an important influence
on the morphology and structure of the Sb2S3 nano-
tubes. Figure 3a presents the SEM image of Sb2S3 nano-
tubes fabricated at 90°C for 16 h before annealing,
clearly showing that these nanotubes exhibit rough
structures with myriad Sb2S3 nanoparticles. When the
as-prepared Sb2S3 16-h nanotubes were annealed in
argon atmosphere under 200°C for 1 h, the nanotubes
were gained with Sb2S3 nanoparticles agglomerating on
the surface (Figure 3b), and compact and uniform nano-
tubes were observed for Sb2S3 16-h nanotubes annealed
at higher temperature of 250°C (Figure 3c). Further
increasing the annealing temperature to 400°C, we were
able to realize more uniform and slippery Sb2S3 nano-
tubes, as illustrated in Figure 3d.
We have investigated the crystal structures of the

Sb2S3 nanotubes under different annealing temperatures
by TEM and HRTEM. Figure 4a shows the TEM image
of as-prepared Sb2S3 nanotubes obtained at 16 h before
annealing. One can notice that the outer layers were
composed of numerous Sb2S3 nanoparticles with a
mean size of 18 nm. As the Sb2S3 16-h nanotubes were
annealed in argon atmosphere at 200°C for 1 h, the
Sb2S3 nanoparticles on the surface of nanotubes became
coacervated (Figure 4b), and compact and uniform
nanotubes were formed at a higher annealing tempera-
ture of 250°C (Figure 4c). Figure 4d presents the TEM
image of the Sb2S3 16-h nanotubes with the annealing
temperature increased to 400°C, where the Sb2S3 16-h
nanotubes appear to be smooth on the surface, and the
diameter of the nanotubes is about 70 nm with a shell
as thick as 18 to 21 nm.
HRTEM observation can give deep insight into the

structural features of the Sb2S3 nanotubes before and
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Figure 1 Images of ZnS nanotubes with their corresponding
spectra. (a) FE-SEM and (b) TEM images of ZnS nanotubes. (c)
HRTEM image of a ZnS nanotube shell, together with the
corresponding SAED pattern shown in the inset. The corresponding
(d) EDX, (e) XRD, and (f) room-temperature Raman spectra of ZnS
nanotubes.
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Figure 2 FE-SEM images of Sb2S3 nanotubes and their corresponding EDX spectra with different reaction times. FE-SEM images of Sb2S3
nanotubes with different reaction times (a) 1 h, (b) 3 h, (c) 8 h, and (d) 16 h. (a’ to d’) The corresponding EDX of Sb2S3 nanotubes with different
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after annealing. Figure 4e is a representative HRTEM
image taken on the edge of the obtained Sb2S3 16-h
nanotube before annealing (Figure 4a). The lattice
fringes are highly disordered and ambiguous, revealing
that the un-annealed Sb2S3 16-h nanotubes have poor
crystallization [34]. The corresponding SAED pattern of
the nanotube (inset of Figure 4e) exhibits weak ring dif-
fractions, indicating slight crystallization. Figure 4f pre-
sents a HRTEM image recorded from a certain Sb2S3
16-h nanotube after annealing at 400°C (Figure 4d); only
the polycrystalline nature of Sb2S3 nanotubes can be
observed. The clearly observed crystal lattice fringes
demonstrate that the nanotubes are highly crystallized
and free from dislocation and stacking faults [24]. The
corresponding SAED pattern shown in the inset of Fig-
ure 4f having characteristic ring diffractions also con-
firms the polycrystalline feature of the nanotubes after
annealing.
The effect of argon annealing treatment on the crys-

tallographic properties of Sb2S3 nanotubes has been
further revealed by the XRD patterns for Sb2S3 16-h
nanotubes annealed at different temperatures. As shown
in Figure 5a, for the sample before annealing, the broad-
ening and low intensity of the diffraction peaks indicate
weak crystallization of the sample [37]. When annealed
at 200°C for 1 h, indistinct diffraction peaks of the sam-
ple appeared. Peaks become sharper as the annealing
temperature increases to 250°C, as can be seen in the
same figure, while the intensity and shape of the diffrac-
tion peaks reveal that the sample is not perfectly crystal-
lized [41]. Upon increasing the annealing temperature to
400°C, the peak intensities steadily become stronger,
showing an enhancement of the crystallization. All of

the clear diffraction peaks can be indexed to an orthor-
hombic phase of Sb2S3 (JCPDS Files, No. 06-0474). The
shape of the diffraction peaks demonstrates that the
products should be well crystallized [41]. No other
impurities were found in the samples, indicating that
the products are pure stibnite Sb2S3.
To confirm the transition from a weak crystallization

to a polycrystalline structure, Raman spectra have also
been measured at different annealing temperatures. The
results are summarized in Figure 5b. For Sb2S3 16-h
nanotubes before annealing, the spectrum is very broad,
indicating poor crystallinity [35]. The sample after
annealing in argon at 200°C for 1 h presents similar
spectrum to the un-annealed sample but with a single
peak. At higher temperatures of 250°C and 400°C, sev-
eral sharp peaks appear, which correspond to the
Raman spectra of crystalline Sb2S3 (stibnite structure)
[24,42]. The band centered at 170 cm-1 can be assigned
to the vibration of Sb-Sb bonds in S2Sb-SbS2 structural
units [43]. The presence of peaks at 189 and 252 cm-1

suggests the formation of a good crystalline product
[42]. The peak at 279 cm-1 is in accordance with the
symmetric vibrations of SbS3 pyramidal units having C3v

symmetry [44,45], and the peak at 450 cm-1, with the S-
S vibrations [44] or the symmetric stretching of the Sb-
S-S-Sb structural units [45]. These results agree well

Figure 3 FE-SEM images of the Sb2S3 nanotubes under
different annealing temperatures. (a) as-prepared at 90°C for 16
h before annealing; annealed in argon atmosphere at (b) 200°C, (c)
250°C, and (d) 400°C for 1 h, respectively.

Figure 4 TEM and HRTEM images of Sb2S3 16-h nanotubes.
TEM images of the Sb2S3 16-h nanotubes (a) just grown and
annealed in argon at (b) 200°C, (c) 250°C, and (d) 400°C for 1 h.
HRTEM images of the Sb2S3 16-h nanotubes (e) just grown and (f)
annealed at 400°C, together with the corresponding SAED patterns
shown in the insets.

Shuai and Shen Nanoscale Research Letters 2012, 7:199
http://www.nanoscalereslett.com/content/7/1/199

Page 5 of 8

82



with the XRD observation in Figure 5a. Our Sb2S3 nano-
tubes will yield a poor morphology and crystal quality
when annealed above 400°C, which can be attributed to
a sulfur deficiency as a consequence of sulfur loss dur-
ing the high-temperature annealing without sulfur vapor
[35].
To characterize the photocatalytic efficiency of Sb2S3

nanotubes, we employ MO as a model pollutant. Figure
6 shows photocatalytic MO degradation over the Sb2S3
16-h nanotubes before and after annealing at 400°C
under visible light (C0 and C are the equilibrium con-
centration of MO before and after visible light irradia-
tion, respectively), from which one can see that our as-
prepared Sb2S3 16-h nanotubes show great visible light-
induced photocatalytic activities and that the degrada-
tion percentage of MO increases rapidly with increasing
time. The high photodegradation rate of MO (driven by
visible light) can be attributed to the large specific sur-
face area of nanotubes since the enlarged surface helps
to increase the photocatalytic reaction sites and promote
the efficiency of the electron-hole separation [36].
Furthermore, we are able to achieve significant improve-
ment on the photocatalysis activities in the Sb2S3 16-h
nanotubes calcined in argon at 400°C, and the degrada-
tion percentage is nearly complete in a time period of
120 min, which indicates that the crystalline phase
should be another main factor influencing the photoca-
talytic activities. Therefore, the large surface area of the
Sb2S3 nanotubes was not the only factor responsible for
the high photocatalytic activities, and the good crystalli-
nity could also be critical, which may be due to the fact
that the better the crystallinity, the fewer lattice defects

act as recombination centers for photoinduced electrons
and holes [37]. As far as we know, the degradation effi-
ciency of our Sb2S3 nanotubes on MO is comparable
with other oxides and sulfides [21,24,25,46].

Conclusions
In summary, Sb2S3 nanotubes have been successfully
synthesized by chemical conversion and cation exchange
at a low temperature of 90°C. The conversion mechan-
ism of the Sb2S3 nanotubes from ZnS nanotubes is due
to the large difference in solubility between ZnS and
Sb2S3. Samples have been annealed at different tempera-
tures in the range of 200°C to 400°C in an argon atmo-
sphere. The morphological, structural, and optical
characteristics of the yielded Sb2S3 nanotubes before
and after annealing were characterized by SEM, TEM,
XRD, and Raman spectra in detail. It is revealed that the
synthesized Sb2S3 nanotubes can be transformed from a
weak crystallization to a polycrystalline structure
through the successive annealing treatment. Further-
more, the Sb2S3 nanotubes exhibit high photocatalytic
activities for MO degradation under visible light irradia-
tion as a result of large specific surface area and good
crystallinity. The present strategy is a very convenient
and efficient method to control and manipulate effec-
tively the chemical composition and structure of nano-
materials. Although the present work focuses on Sb2S3
nanotubes, other metal sulfide hollow structures are also
expected to be realized based on ZnS hollow structures
with the corresponding shapes as the precursors during
the chemical conversion process. We have therefore
expected that the general and economic technique of
material synthesis demonstrated in this article can be
used in a broad range of applications to fabricate inno-
vative micro- and nanostructured semiconductor
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materials with different compositions and geometries
having unique properties.
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EDX: energy dispersive X-ray; FE-SEM: field-emission scanning electron
microscopy; HRTEM: high-resolution transmission electron microscopy; MO:
methyl orange; 1D: one-dimensional; SAED: selected area electron diffraction;
TAA: thioacetamide; XRD: X-ray diffraction.
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Fabrication and characterization of ordered
CuIn(1−x)GaxSe2 nanopore films via
template-based electrodeposition
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Abstract

Ordered CuIn(1−x)GaxSe2 (CIGS) nanopore films were prepared by one-step electrodeposition based on porous
anodized aluminum oxide templates. The as-grown film shows a highly ordered morphology that reproduces the
surface pattern of the substrate. Raman spectroscopy and X-ray diffraction pattern show that CIGS nanopore films
had ideal chalcopyrite crystallization. Energy dispersive spectroscopy reveals the Cu-Se phases firstly formed in initial
stage of growth. Then, indium and gallium were incorporated in the nanopore films in succession. Cu-Se phase is
most likely to act as a growth promoter in the growth progress of CIGS nanopore films. Due to the high surface
area and porous structure, this kind of CIGS films could have potential application in light-trapping CIGS solar cells
and photoelectrochemical water splitting.

Keywords: CuIn(1−x)GaxSe2, nanopore films, electrodeposition, anodic aluminumoxide, annealing

PACS: 82.45.Yz, 81.05.Rm, 81.15.Pq, 81.40.Ef

Background
In recent years, solar cells attract people’s attention for
its clean and renewable properties [1]. Chalcopyrite
CuInSe2/CuIn(1−x)GaxSe2 (CIS/CIGS) thin films are con-
sidered as a promising candidate for solar cells since they
have a high light absorption coefficient (about 105 cm−1),
good radiation, and thermal stability [2-7]. Also, CIGS
has a direct and tunable bandgap range from 1.04 to 1.72
eV owing to the components of indium and gallium.
Moreover, photoelectrochemical water splitting property
of CIGS has been discussed in works in recent years
[8,9]. Several methods have been reported to fabricate
CIGS thin films such as co-evaporation, electrode
position, selenization of sequentially stacked precur-
sors, etc. [3,10-12]. A high conversion efficiency of
19.9% at laboratory scale was reported via a three-
stage co-evaporation with a modified surface termin-
ation [3]. Also, the new record has been reported to

achieving 20.3% last year [13]. Both of them have
high conversion efficiency, but they all have the same
disadvantages that the method is sophisticated and
needs an expensive vacuum technology. However,
electrodeposition is a competitive method that is eco-
nomic and convenient. It also has high deposition
speed and can prepare large area films [14]. Though
the conversion efficiency of one-step electrodeposition
is much lower than that of co-evaporation method, it
can be improved by annealing and selenization.

As is well known, nanostructures can mostly improve
properties of materials at a certain aspect [15-20]. In re-
cent years, much effort has been devoted to fabricating
CIS/CIGS nanowires and nanotubes, trying to improve
cell properties through changing their microstructures
[21-24]. Herein, we firstly fabricated CIGS nanopore
films using one-step electrodeposition method based on
anodized aluminum oxide (AAO) templates. Due to the
high specific surface area and the porous structure, the
ordered CIGS nanopore films could be used in light-
trapping solar cells and photoelectrochemical water
splitting. AAO templates are used to confine the struc-
ture of the film during the process of growth. The
film, after being annealed at 550°C, shows a better
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performance in crystallization through analyzing by
Raman spectroscopy and X-ray diffraction. Mechanism
of deposition has also been discussed.

Methods
The fabrication process of CIGS nanopore film is
shown schematically in Figure 1. AAO templates have
been used as the substrate in the experiment, and the
AAO templates were prepared by a two-step method
which was described in our previous work [25]. Anodi-
zation of Al foil was carried out in 0.25 M H3PO4 elec-
trolyte (C2H5OH/H2O = 1:4 v/v) at 195 V while the
temperature was kept at −5°C. Then, the as-prepared
AAO films were immersed in 5 wt.% phosphoric acid
at 45°C for about 40 min to get a proper pore diam-
eter. A layer of gold was sputtered on the AAO tem-
plate with the power of 100 W for 3 min. CIGS thin
films were deposited on Au-coated AAO template via a
three-electrode configuration. It consists of a reference
electrode (saturated calomel electrode (SCE)), a counter
electrode (graphite), and the working electrode (Au-
coated substrate). The electrodepositing bath contains
2 mM CuCl2, 6 mM InCl3, 16 mM GaCl3, 4 mM
H2SeO3, and 0.17 M LiCl. LiCl serves as the support-
ing electrolyte. The pH was adjusted to 2.2 by NaOH
buffer. The experiment with the applied potential of
−0.8 V (vs. SCE) was carried out for 20 min at room
temperature. The as-prepared CIGS films were rinsed
with deionized water and dried with nitrogen. Then,
the films were annealed at different temperatures with
the heating rate of 10°C/min in a vacuum tube furnace
for 30 min.

The morphology of as-prepared and annealed CIGS
films was observed by field emission scanning elec-
tron microscopy (FE-SEM; Philips Sirion 200, Philips,
Netherlands). The composition was investigated by
energy-dispersive X-ray spectrometer (EDS) system
attached to FE-SEM. The Raman spectra were mea-
sured by LabRam HR 800 UV system (Jobin Yvon,
France). The crystallographic structure was deter-
mined by X-ray diffraction (XRD; D8 DISCOVER X-
ray diffractometer, Bruker, Germany) with Cu Kα ra-
diation (λ = 1.54Å).

Results and discussion
Surface morphology
Figure 2a shows a FE-SEM image of typical AAO tem-
plate prepared by a two-stepoxidization method. From
the figure, we can see the typical hexagonally arranged
shape of the pore of AAO template. The average diam-
eter of nanopores is about 220 nm, which could be
adjusted to about 250 nm by immersing in 5 wt.% phos-
phoric acid for 40 min. Au-coated AAO template with a
diameter of 242 nm has been shown in Figure 2b, corre-
sponding to the diameter of AAO template after being
adjusted. Figure 2c is the FE-SEM image of as-grown
CIGS nanopore film deposited on Au-coated AAO
membrane. It can be seen in the figure that the as-
grown CIGS nanopore film has the same morphology
with AAO substrate, ordered and hexagonally arranged,
and consists of small grains. Figure 2d shows the morph-
ology of CIGS nanopore film annealed at 550°C. It is
similar with the as-grown films in shape, but the surface
is getting smoother and the grain size is much bigger.
The pore diameters of as-grown and annealed films are
131 and 89 nm, respectively. Compared with thatof
AAO substrate, they are much smaller, indicating a
thickness limit of CIGS nanopore films.

Figure 3 displays the EDS spectrum of as-grown films
together with that annealed at 550°C. From the spectrum,
energy response of the four elements including copper, in-
dium, gallium and selenium can be easily recognized.
Through the table inserted in Figure 3, we know the as-
grown film is approximately equal to the ideal stoichio-
metric ratio of chalcopyrite CIGS films with the Cu, In,
Ga, and Se atomic ratio of 1:0.65:0.35:1.86. However, the
ratio has been slightly changed after the film had been
annealed. With the annealing process, the component of
selenium has clearly decreased. Meanwhile, the compo-
nent of indium has increased. The result may suggest pro-
ducing a film with higher selenium content or adding a
selenium source in the tube furnace to maintain the stoi-
chiometric ratio.

Structure characterization
Figure 4 shows the Raman spectra of CIGS nanopore
films prepared at room temperature and annealed at

Figure 1 Fabrication process of ordered CIGS nanopore films. (a) AAO template with Al foil at the bottom and surrounding on its outside
edge. (b) Au film sputtered on the top of the AAO template. (c) Ordered CIGS nanopore film deposited on the Au-coated substrate.
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Figure 2 FE-SEM images of AAO template, Au-coated AAO template, and as-grown and annealed CIGS nanopore films. (a) Top view of
the AAO template prepared by high-field anodization method. (b) Au-coated AAO template after broadening the pores. (c) As-grown CIGS
nanopore film deposited with aqueous solution of 2 mM CuCl2, 6 mM InCl3, 16 mM GaCl3, and 4 mM H2SeO3. (d) CIGS nanopore film annealed at
550°C.

Figure 3 EDS spectrum of as-grown CIGS nanopore films and
that annealed at 550°C. Figure 4 Evolution of Raman spectra of CIGS nanopore films.
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400°C and 550°C in the Stocks frequency range from
100 to 400 cm−1. For CuInSe2, CuGaSe2 and CIGS are
all AIBIIIC2

VI chalcopyrite compounds; the active vibra-
tions of these compounds should be very close to each
other. The spectrum of as-grown films has two broad
peaks at about 180 and 240 cm−1, in agreement with the
A1 and E mode frequencies at 184 and 239 cm−1 of
CuGaSe2 obtained by Rincon and Ramirez [26]. The
spectrum of the films annealed at 400°C is similar to that
of as-grown films. However, when the annealing
temperature reached 550°C, the peak at 240 cm−1 disap-
pears and replaced by a broad peak at about 215 cm−1,
which is in agreement with the B2 mode in reports
[26,27]. Since the peak at 240 cm−1 is indexed by elem-
entary selenium due to trigonal selenium [27], the result
indicate the decrease of selenium in the films annealed
at 550°C, consistent with that of the EDS spectrum
(Figure 3). It cannot be ignored that there is a strong
peak at 174 cm−1 of films annealed at 550°C, corre-
sponding to the A1 mode of chalcopyrite compounds.
With the full width at half maximum (FWHM) value
of 7 cm−1, it indicates that the films annealed at 550°C
are pure chalcopyrite CIGS with improved crystallinity.
XRD patterns of CIGS nanopore films were shown in
Figure 5. Spectra of Au-coated and pure AAO tem-
plates were measured for comparison. The as-grown
CIGS films show chalcopyrite CIGS structure as seen
from the XRD spectrum because there is a broad peak
at 26.92° in agreement with (112) reflection (PDF#35-
1102). At the temperature of 400°C, the peak has be-
come sharpened. When the temperature increased to
550°C, the peak at 26.92° has been more prominent,
and a peak at 52.88° corresponding to (312) reflections
of chalcopyrite CIGS structure has arisen. The most

prominent peak at about 45° is indexed by the reflec-
tion of Al2O3, which conceals the (220) reflection of
CIGS. From the XRD patterns, it shows that thermal
treatment improves crystallinity of the films, and the
size of grains increases after being annealed due to the
decrease in FWHM of the diffraction peaks, consistent
with the result of Raman spectra.

Process of growth
Figure 6 shows a set of FE-SEM images of CIGS nano-
pore films deposited for different times. From the SEM
images and EDS spectra, the process of growth of CIGS
nanopore films can be qualitatively discussed. In
Figure 6a,b, grains are easily deposited on the corner of
every single hexagonal Au-coated substrate for the first
30 to 90 s. When the deposition time continues to
10 min (see Figure 6c), the as-grown film gradually
covers the surface of Au-coated substrate. When the
films keep on depositing, grains will combine together
to form clusters. Then, the clusters grow bigger, and
finally, a thin film without porous structure was
formed (see Figure 6d). In addition, the morphology of
Figure 6d is different from that of Figure 2c because
the pores of the substrate have not been broadened.

Table 1 displays the elementary component of Cu, In,
Ga, and Se associated with the films shown in Figure 6.
It is obvious that Cu and Se are firstly deposited when
the three-electrode configuration works for 30 s. It
should be noted that this EDS spectrum was investigated
at such positions marked with a circle in Figure 6a. Most
area only shows the energy reflection of Cu. Subse-
quently, In and Ga were incorporated in the film by 90
and 600 s, respectively. The component of In and Ga
increases when the electrode keeps on working. The re-
duction succession corresponds to the standard reduc-
tion potential values of Se4+/Se, Cu2+/Cu, In3+/In, and
Ga3+/Ga which are +0.740, +0.342, −0.338, and −0.523 V
vs. standard hydrogen electrode, respectively. According
to the report of Saji et al. [14], the electrochemical
mechanism of CIGS deposition is not very different from
that of CIS. The early stages of the CIS film growth were
dominantly affected by Cu-rich phases. The deposition
of Se did not occur separately but only when the binary
Cu-Se phases have been deposited [28]. The formed Cu-
Se phase provided active sites for the In incorporation
[29]. Also, Calixto et al. reported that In incorporation
occurs by reacting with H2Se formed by previous Cu-Se
phase [30]. Another work reported by Lai et al. [31] sug-
gests an underpotential deposition mechanism that In3+

and Ga3+ reduction occurs by surface-induced effect
from Cu3Se2 and/or reaction with H2Se. Therefore, Cu-
Se phases are necessary in the incorporation of In and
Ga during the deposition of CIGS, which results in this
reduction succession as shown in Table 1.

Figure 5 XRD patterns of as-grown CIGS nanopore film and
samples annealed at 400°C and 550°C, respectively. White circle
indicates Au; black circle, chalcopyrite Cu(In0.7Ga0.3)Se2.
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Conclusions
In summary, we firstly fabricated highly ordered CIGS
nanopore films. The deposited film reproduced the
morphology of the AAO substrate. With heat treatment,
the CIGS nanopore films present an almost pure chalco-
pyrite nanocrystal. Moreover, Cu-Se phases firstly occur
during growth of the film. Then, In and Ga incorporated
in the films through reactions with Cu-Se phases. This
large-scale ordered CIGS nanopore films could be used
in light-trapping CIGS solar cells and photocatalytic
hydrogen generation.
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The collective spontaneous emission of N multilevel atoms is studied in optical vector theory and without
applying the rotating-wave approximation. The counter-rotating terms are included using a unitary transformation
method. We analyze the decay dynamics starting from two initial conditions, the standard Dicke and timed Dicke
states. In addition to the dependence on ensemble volume and density, we also study the effect of the ensemble
geometry on cooperative emission for spheres, cubes, and quasi-two-dimensional shapes in different orientations.
Finally, time-dependent cooperative spontaneous emission rates are introduced and investigated.
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I. INTRODUCTION

The phenomenon of spontaneous emission from atomic
systems is one of the most intriguing effects in quantum optics.
Spontaneous emission and the Lamb shift are not immutable
properties of the atom itself, but also depend on external
influences such as the environment [1]. In a pioneering work
by Dicke [2], it was found that the spontaneous emission from
an ensemble of two-level atoms confined inside a volume of
dimensions much smaller or much larger than the involved
emission wavelength is modified by collective effects. The
emission can either be accelerated (superradiance) or slowed
down (subradiance) compared to the natural decay time scale.
Subsequently, superradiance and subradiance were extensively
studied theoretically and experimentally [3–22]. In most
theoretical studies, the rotating-wave approximation (RWA)
is applied to simplify the discussion. Then the atomic system
can be reduced to a small number of states, as counter-rotating
contributions to the Hamiltonian leading to evolutions to
higher excited states are neglected [14–18]. It is commonly
assumed that the RWA is a reasonably good approximation
as the counter-rotating terms formally violate energy conser-
vation, leading to virtual processes, and thus are suppressed.
Recently, Scully and co-workers [19,20] and Friedberg and
Manasseh [21] discussed the collective spontaneous emission
of N two-level atoms with the counter-rotating terms included.
Surprisingly, it was found that the virtual processes from the
counter-rotating terms could induce non-negligible effects in
the long-time cooperative spontaneous emission.

Recently, an alternative method based on unitary transfor-
mations was introduced to include the effects of the counter-
rotating terms [23] for the case of a single multilevel atom. It
was found that the time evolution of the spontaneous emission
at short times is different from that obtained with the RWA,
which could be interpreted in terms of the quantum Zeno
[24] and anti-Zeno effects [25]. A similar method was later
used [26–35] to consider both the short-time and the long-time
spontaneous emission behavior for a two-level or multilevel
atom either in vacuum or in other reservoirs with different
spectra. The method has also been used [36] to study the
Lamb shift [37] and emission spectra of spontaneous emission
of two identical multilevel atoms. The unitary transformation
method has three major advantages: (1) After the unitary

transformation, the effective Hamiltonian has the form of
an RWA Hamiltonian, even though the RWA is not applied.
(2) The self-energy of the electron can be subtracted from the
Hamiltonian at the beginning. (3) The full level structure of
the original atom can easily be considered [28]. This is crucial,
as with counter-rotating terms included, the original atom can
no longer be modeled as a two-level system. The reason is
that the influence of other levels is of the same order in the
counter-rotating terms.

In this paper, we study the collective spontaneous emission
of N multilevel atoms in vacuum. We consider two initial
states with one excitation coherently spread out over many
atoms and zero photons in the reservoir: first, the standard
Dicke state, and, second, the timed Dicke state [17,19]. As the
polarization and the vector character of the fields are important
in the study of the collective spontaneous emission, we use a
vector theory including all possible wave-vector directions and
polarizations of the vacuum modes in the three-dimensional
space. For low atomic density, the correlations between the
atoms are negligible, while for very small volumes with large
density (V � λ3 with λ the involved optical wavelength),
the standard Dicke state and the timed Dicke state coincide.
Therefore, we mainly focus on intermediate densities in the
range of 10 atoms/λ3. Note that the decay dynamics depends
on the spatial structure of the atoms, as well as on the
initial state (the relative phases between atoms), as it is the
superposition of one excitation in a large number of atoms.
This excitation involves all atoms coherently, so that all atoms
take part in the system’s time evolution. The relative phases
between the atoms are important. For the standard Dicke state,
the relative phases are zero, while for the timed Dicke state, the
relative phases depends on the distance between the atoms and
the wave vector of the exciting field. Our main observables are
the population in the initial state, the total population in atomic
excited states, and the cooperative decay rates. We find that, as
expected, both the timed and the standard Dicke initial states
form approximately exponentially decaying eigenstates of the
ensemble for small volumes. But for intermediate volumes,
they are not eigenstates of the ensemble, resulting in complex
time evolutions of the initial excitation. Next, we consider
the effect of the ensemble geometry on the cooperative
emission. We find that at intermediate sizes, the emission
dynamics depends on the shape of the ensemble, which can
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be interpreted as arising from the geometry dependence of
the cooperative Lamb shift. After a comparison of a sphere
to a cube, we also analyze quasi-two-dimensional samples
in different orientations, and find characteristic differences in
the dependence on the geometry for timed and regular Dicke
states. We further analyze the dependence of the emission
dynamics of the timed Dicke state on the relative orientation
of the atomic dipole moments to the wave vector of the exciting
photon. Finally, we introduce the time-dependent cooperative
emission rate in order to describe the emission dynamics for
intermediate ensemble volumes, and study its time evolution.

II. MODEL AND HAMILTONIAN

We consider N identical multilevel atoms interacting with
the electromagnetic vacuum field. The total Hamiltonian of
the system reads (h̄ = 1)

H =
∑

j

∑
l

ωl |l〉jj 〈l| +
∑

k

ωkb
†
kbk

+
∑
j,k

∑
l,m

gk,lm |l〉jj 〈m| (b†ke
−ik·rj + H.c.), (1)

where ωl is the energy of the level |l〉, bk (b†k) is the
creation (annihilation) operator of the kth-mode vacuum field
of frequency ωk and wave vector k, rj is the position of the
j th atom, and

gk,lm = |ωlm|dlm

√
1

2ε0ωkV
(d̂lm · êk) (2a)

:= gk,lm(d̂lm · êk) (2b)

is the coupling strength. Here êk is the polarization direction
of the kth-mode field such that êk · k = 0. Usually, there are
two polarizations for each optical mode. But throughout this
paper, we consider only one of the two, êk, which is in the
plane spanned by dlm and k, and neglect the other one, ê′

k,
which is normal to both dlm and k and brings no contribution.
We assume that the dipole moments of all atoms are aligned,
such that the dipole moment dlm ≡ dlmd̂lm for the transition
between the levels |l〉 and |m〉 is identical for all the atoms.
For the sake of simplicity, we can further assume that gk,lm is
real. Note that gk,lm = 0 for l = m, and we define the notations
rjj ′ ≡ rj − rj ′ and ωlm ≡ ωl − ωm.

Next, we introduce a unitary transformation U = exp(iS)
with

S =
∑
j,k

∑
l,m

gk,lmξk,lm

iωk
|l〉jj 〈m| (b†ke

−ik·rj − H.c.) (3)

and

ξk,lm = ωk

ωk + |ωlm| . (4)

Subtracting in addition the free-electron self-energy

Eself = −
∑
j,k

∑
l,m

|gk,lm|2
ωk

|l〉jj 〈l| , (5)

the effective Hamiltonian after the transformation can be
written as

HS = U †HU − Eself

= HS
0 + H1 + HV 1 + HV 2 + O(g2). (6)

In the above expression, we have expanded the Hamiltonian
in powers of gk,lm. The zeroth-order term evaluates to

HS
0 =

∑
k

ωkb
†
kbk +

∑
j

∑
l

ω′
l |l〉jj 〈l| , (7)

where we have introduced the effective state energies ω′
l =

ωl + δl with

δl = −
∑
m,k

|gk,lm|2
ωk

(
2ξk,lm − ξ 2

k,lm + ωlm

ωk
ξ 2

k,lm − 1

)
. (8)

Here, the energy shift δl can be interpreted as the single-atom
nondynamic Lamb shift [28] for level |l〉 as it is not related to
any decay process.

The first-order term of the Hamiltonian (6) can be
expressed as

H1 =
∑
j,k

∑
l>m

2gk,lm|ωlm|
ωk + |ωlm| (|l〉jj 〈m| bke

ik·rj + H.c.), (9)

and describes vacuum-induced transitions between the states.
Note that Eq. (9) has the form of a Hamiltonian in the
RWA, even though we did not apply the RWA to the original
Hamiltonian Eq. (1). Instead, the simple structure of Eq. (9)
originates from the unitary transformation Eq. (3).

The second-order terms in the Hamiltonian (6) are

HV 1 = −
∑
j,k

∑
l,m,n�=l

gk,lmgk,mnξk,lmξk,mn

2ω2
k

|l〉jj 〈n|

× (2ωk + 2|ωlm| + 2|ωnm| + ωlm + ωnm), (10)

HV 2 = −
∑

j �=j ′,k

∑
l,l′,m,m′

gk,lmgk,l′m′ξk,lm

2ωk
(2 − ξk,l′m′)

× (eik·rjj ′ + c.c.) |l〉jj 〈m| ⊗ |l′〉j ′j ′ 〈m′|. (11)

They arise due to virtual photon processes involving the
emission and reabsorption of a photon related to the counter-
rotating terms in Eq. (1). The term HV 1 describes virtual pho-
ton processes within the same atom, whereas HV 2 describes
virtual photon processes between two different atoms.

In the interaction picture with respect to HS
0 , the interaction

Hamiltonian becomes

HI = eiHS
0 t (H1 + HV 1 + HV 2)e−iHS

0 t

= HI
1 + HI

V 1 + HI
V 2, (12)

where

HI
1 = eiHS

0 tH1e
−iHS

0 t

=
∑
j,k

∑
l>m

2gk,lm|ωlm|
ωk + |ωlm|

×(|l〉jj 〈m|eiω′
lmt bke

−iωkt eik·rj + H.c.), (13a)

053830-293



COLLECTIVE SPONTANEOUS EMISSION BEYOND THE . . . PHYSICAL REVIEW A 85, 053830 (2012)

HI
V 1 = eiHS

0 tHV 1e
−iHS

0 t

= −
∑
j,k

∑
l,m,n�=l

gk,lmgk,mnξk,lmξk,mn

2ω2
k

eiω′
lnt

× (2ωk + 2|ωlm| + 2|ωnm| + ωlm + ωnm)|l〉jj 〈n|,
(13b)

HI
V 2 = eiHS

0 tHV 2e
−iHS

0 t

= −
∑

j �=j ′,k

∑
l,l′,m,m′

gk,lmgk,l′m′ξk,lm

2ωk
(2 − ξk,l′m′ )

× |l〉jj 〈m|eiω′
lmt ⊗ |l′〉j ′j ′ 〈m′|

× eiω′
l′m′ t (eik·rjj ′ + c.c.). (13c)

III. TIME EVOLUTION FOR SINGLE-ATOM-
EXCITATION STATES

A. Equations of motion

We next consider the special case of a single excitation
distributed in the ensemble of atoms. We denote the ground
and first excited levels of the individual atoms as |g〉 and |e〉,
respectively. The ensemble ground state of HS

0 then is

|G0〉 := |G,0〉 = |g1g2 · · · gN 〉 |0〉 , (14)

with |0〉 being the vacuum state of the electromagnetic field.
The single-atom excited states of the system can be expressed
as superpositions of basis states (j ∈ {1, . . . ,N})

|ej 〉 := |g1g2 · · · ej · · · gN 〉. (15)

Finally, we denote the state with all atoms in the ground state
and a single photon in mode k as |G,1k〉 = |G〉|1k〉.

From the structure of the effective Hamiltonian, Eqs. (13),
it is clear that when we start with the single-atom first excited
state, the influence of the higher excited states is at the fourth
order of the coupling constant, which can be neglected, so
that the higher excited levels can be discarded. Therefore, the
single-excitation states (|ej 〉 and |G,1k〉) span the sub-Hilbert
space relevant for the dynamics of the system with initially
one excitation in the atoms.

In the following, we will consider two types of initial state
of the atoms, the standard Dicke state [2]

|D〉 = 1√
N

∑
j

|ej ,0〉, (16)

and the timed Dicke states [17,19]

|TkI
〉 = 1√

N

∑
j

eikI ·rj |ej ,0〉. (17)

Here, kI is the wave vector of the single photon field which
prepared the state and thus defined the relative phase of
the different excitation possibilities. Note that there is a
nondynamic shift δe [as in Eq. (8)] for these two initial states
coming from HS

0 due to the counter-rotating terms, which is the
same for the above two initial single-excitation states [23,28].

The single-excitation wave function in the interaction
picture can be written as

|ψ(t)〉 =
∑

j

βj (t)|ej ,0〉 +
∑

k

ηk(t) |G,1k〉 . (18)

This simple structure is in contrast to the formulation in terms
of the original Hamiltonian Eq. (1), which contains counter-
rotating terms leading to higher excited states. Thus, due to
the unitary transformation Eq. (3), the problem reduces to
that of an ensemble of two-level atoms, even though (i) the
modification to the energies of the lowest two levels from all
the higher levels is included and (ii) the atom-atom interaction
through virtual photons is included.

The time evolution of Eq. (18) follows the Schrödinger
equation

i∂t |ψ(t)〉 = HI |ψ(t)〉 , (19)

which leads to the equations of motion for the state amplitudes

β̇j (t) = −i
∑

k

gk,eg

2ωeg

ωk + ωeg
eiω′

egt e−iωkt eik·rj ηk(t)

+ i
∑
j ′ �=j

∑
k

gk,eggk,geξk,eg

ωk
(2 − ξk,ge)

× (eik·rjJ + c.c.)βj ′ (t), (20)

η̇k(t) = −i
∑
j ′

2gk,egωeg

ωk + ωeg
e−i(ω′

eg−ωk)t e−ik·rj ′ βj ′ (t). (21)

Formal integration of Eq. (21) with the initial value ηk(0) = 0
leads to

ηk(t) = −i
∑
j ′

2ωeggk,ege
−ik·rj ′

ωk + ωeg

×
∫ t

0
e−i(ω′

eg−ωk)t ′βj ′ (t ′)dt ′. (22)

Substituting Eq. (22) into Eq. (20), and noting that in the
Markov approximation and long-time limit t → ∞,∫ t

0
ei(ω′

eg−ωk)(t−t ′)βj ′ (t ′)dt ′

≈ βj ′ (t)
∫ t

−∞
ei(ω′

eg−ωk)(t−t ′)dt ′

= βj ′ (t)

[
πδ(ω′

eg − ωk) + iP

(
1

ω′
eg − ωk

)]

= βj ′ (t)
i

ω′
eg − ωk + i0+ , (23)

where P(·) stands for the principal value, one finds

β̇j (t) = −�0

2
βj (t) −

∑
j ′(�=j )

�
(j )
j ′

2
βj ′ (t). (24)

Here,

�0 = 8ω2
eg

∑
k

g2
k,eg

(ωk + ωeg)2

i

ω′
eg − ωk + i0+ (25)
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is the complex single-atom decay rate which is identical for
each atom. The second term

�
(j )
j ′ = −i

∑
k

g2
k,eg

[−8ω2
ege

ik·rjj ′

(ωk + ωeg)2

1

ω′
eg − ωk + i0+

+ 2ξk,eg

ωk
(2 − ξk,ge)(eik·rjj ′ + c.c.)

]

≈ 2i
∑

k

g2
k,eg cos(k · rjj ′ )

×
(

1

ωeg − ωk + i0+ − 1

ωeg + ωk + i0+

)
(26)

describes the interaction between two different atoms j and
j ′. Note that we approximated ω′

eg ≈ ωeg in the final step
in Eq. (26). This introduces an error proportional to g4 and
therefore has a negligible effect on the value of �

(j )
j ′ (or �0)

[28]. A detailed calculation in the Appendix yields

�0 = γ0 − i
2γ0

π
, (27)

where γ0 = k3
egd

2
eg/(3πε0) is the standard single-atom spon-

taneous emission rate in vector theory [38]. The term −γ0/π

(=: L0) coming from the imaginary part is the single-atom
dynamic Lamb shift [39]. Note that the single-atom (half-
)decay rate γs in scalar photon theory [19,20] is different from
the result for vector theory, as γs = k3

egd
2
eg/(2πε0).

Similarly, �
(j )
j ′ in Eq. (26) can be evaluated to

�
(j )
j ′ = sin2 θjj ′�

(j )
j ′,1 + (3 cos2 θjj ′ − 1)

2
�

(j )
j ′,2, (28)

where

�
(j )
j ′,1 = −i

3 exp(iζjj ′)

2ζjj ′
γ0 (29)

is proportional to the induced term in scalar photon theory [see
Eq. (A7) in Ref. [20]], and

�
(j )
j ′,2 = 3

ζ 3
jj ′

γ0[(sin ζjj ′ − ζjj ′ cos ζjj ′ )

+ i(1 − cos ζjj ′ − ζjj ′ sin ζjj ′ )] (30)

with ζjj ′ := kegrjj ′ ≡ ωegrjj ′/c. Note that θjj ′ is the angle
between d̂eg and rjj ′ , and we have assumed the dipole moments
of the atoms to be aligned along the z direction (d̂eg = êz).

B. Eigensystem analysis

After having established the equations of motions Eq. (24)
for the state coefficients βj , the problem of the time evolution
of cooperative spontaneous emission of N atoms reduces to

finding all eigenstates
−→
β (n) and complex eigenvalues λn of

the evolution matrix, as in [20]. The time evolution in such an
eigenstate is given by

−→
β (n)(t) = −→

β (n)e−λnt , (31)

where
−→
β (n) ≡ (β(n)

1 ,β
(n)
2 , . . . ,β

(n)
N ) and Re(λn) > 0 is the

decay rate of the eigenstate. Substituting this ansatz into

Eq. (24) yields the secular equation

λn

−→
β (n) = −→

β (n)�, (32)

where the matrix element of � is

�jj ′ =
{

�0/2 for j = j ′,

�
(j )
j ′ /2 for j �= j ′.

(33)

Technically,
−→
β (n) is the left eigenvector of the symmetric and

non-Hermitian matrix � which is the effective Hamiltonian
describing the time evolution of the singly excited atoms, and
λn is the corresponding complex eigenvalue. One can also
write the secular equation as

λn(
−→
β (n))T = �(

−→
β (n))T , (34)

where (
−→
β (n))T = (β(n)

1 ,β
(n)
2 , . . . ,β

(n)
N )T is the right eigenvector

of �. Here T denotes the transpose. That is, the symmetric
non-Hermitian matrix � can be diagonalized as

� =
N∑

n=1

λn(
−→
β (n))T

−→
β (n) (35)

with
−→
β (n) satisfying

−→
β (m)(

−→
β (n))T = δmn.

After obtaining the eigenvalues and eigenvectors from the
secular equation (by numerical calculation), one can consider
the time evolution of an arbitrary initial single-atom-excitation
state |ψ(0)〉. For this, the initial state is decomposed into a

superposition of eigenstates |λn〉 corresponding to (
−→
β (n))T as

|ψ(0)〉 =
N∑

n=1

an |λn〉 , (36)

such that its time evolution is

|ψ(t)〉 =
∑

n

ane
−λnt |λn〉 . (37)

If one of the an’s dominates the initial state, then the
initial state |ψ(0)〉 is an approximate (exponentially decaying)
eigenstate. Otherwise, |ψ(0)〉 is not an eigenstate, such that
the time evolution is a superposition of different exponentially
decaying components.

We start by analyzing the eigenvalue structure of the
system, which is dependent on the atom number and volume,
but is independent of the initial state of the single-atom
excitation. We consider two ensemble shapes, a cube and a
sphere, for an intermediate volume V = (5λ)3 and a small
volume V = (0.1λ)3 with the same atom density. There are
N = 8000 atoms randomly distributed in the cubes or spheres.
In Figs. 1(a) and 1(b), we plot eigenvalues for V = (5λ)3 and
V = (0.1λ)3, respectively. The eigenvalues are arranged in the
order of decreasing real part.

It can be seen that the real and imaginary parts of the
eigenvalues for the sphere and the cube with the same volume
(as well as the same density) are similar. However, a difference
for the eigenvalues with largest real parts can be observed in
the intermediate-volume case as shown the inset of Fig. 1(a).
Thus we find that a sphere gives rise to faster decay in the case
of superradiance. This can be viewed as a manifestation of the
shape dependence of the cooperative superradiance. For small
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(a)

(b)

FIG. 1. (Color online) Real [curves (i) and (ii)] and imaginary
[curves (iii) and (iv)] parts of the eigenvalues (in units of γ0). Results
are shown for an ensemble of N = 8000 atoms (a) in an intermediate
volume V = (5λ)3 and (b) in a small volume V = (0.1λ)3. Note that
(ii) and (iv) show the results for a cube, whereas (i) and (iii) show
those of a sphere of equal volume.

volumes, the real part of the first eigenvalue is much larger
than the others; see Fig. 1(b). This is the dominant superradiant
decay mode with half-decay rate approaching Nγ0/2. This is
the expected behavior of Dicke superradiance for volumes
much smaller than the typical optical wavelength [2]. In
contrast to the intermediate-volume case, the results for the
sphere and the cube of small volume are almost the same, as
the cube and the sphere have no difference perceptible to the
optical fields in this case. As will be discussed further in the
following, in the intermediate-volume case, the decay rates
can also scale with the number of atoms N , even though the
absolute rates are smaller than in the small-volume case.

C. Observables

Next, we discuss the observables analyzed in the following.
To characterize the ensemble state, we calculate the time-
dependent population in the initial state

P (I )(t) = |〈ψ(0) |ψ(t)〉|2 , (38)

and the total population in all atomic excited states

P (T )(t) =
∑

j

〈ej ; 0 |ψ(t)〉 〈ψ(t) |ej ; 0〉. (39)

Here, the superscript “(I)” stands for the initial state and the
superscript “(T)” for the total (atomic) excitation. Note that
P (I )(t) and P (T )(t) differ, if the initial state is not an eigenstate
of the system. Then, transitions between the different excited
atomic states of the system occur, which change P (I )(t), but
not P (T )(t).

The time-evolved state |ψ(t)〉 in Eq. (37) can also be
written as

|ψ(t)〉 = cI (t) |ψ(0)〉 +
N−1∑
α=1

cα(t) |ψα〉 , (40)

where the |ψα〉 form a basis of the single-atom-excitation
states orthogonal to |ψ(0)〉, such that 〈ψ(0)|ψα〉 = 0 for
α ∈ {1, . . . ,N − 1}. (The specific form of |ψα〉 is not of
relevance here.) In this notation, the observables can be
written as

P (I )(t) = |〈ψ(0) |ψ(t)〉|2 = |cI (t)|2 (41)

and

P (T )(t) = P (I )(t) +
∑

α

|cα(t)|2 � P (I )(t). (42)

Note that as the initial state is a subset of all single-atom-
excitation states, one always has P (I )(t) � P (T )(t).

We can further write

cI (t) = exp

[
−γ

(I )
eff (t)

2
t − iL

(I )
eff (t)t − iL0t

]
, (43)

which defines the time-dependent effective decay rate γ
(I )
eff (t)

and the time-dependent effective collective dynamical Lamb
shift L

(I )
eff (t) of the initial state, respectively. Note that here we

have extracted the single-atom dynamic shift L0 (= −γ0/π )
from the collective one. From this definition we find

P (I )(t) = exp
[ − γ

(I )
eff (t)t

]
. (44)

Similarly, we can also define a corresponding time-dependent
effective decay rate γ

(T )
eff (t) for the total excitation of the

system, such that

P (T )(t) = exp
[ − γ

(T )
eff (t)t

]
. (45)

IV. NUMERICAL ANALYSIS OF COLLECTIVE
SPONTANEOUS EMISSION

A. Time evolution of the timed Dicke state

First, we consider the dependence of the evolution of a
timed Dicke state |TkI

〉 in Eq. (17) on the direction of the
wave vector of the preparing photon kI . For this, we analyze a
spherical volume V = 4π

3 (4λ)3 containing N = 7000 atoms.
The wave number is chosen as |kI | = keg, and we denote
the angle between kI and the dipole moment deg (assumed
along êz) as the incident angle θI . The results are shown
Fig. 2. Figure 2(a) shows the time evolution of the total
upper-state population with incident angles θI = 30◦, 90◦,
and 170◦, respectively. It can be seen that the time evolution
strongly depends on the direction of the preparing field, which
determines the relative phases entering the initial state. The
decay of the total upper-state population for an initial timed
Dicke state is fastest when the wave vector of the preparing
field is normal to the direction of the atomic dipole moment,
i.e., for incident angle close to 90◦. Instead, when the wave
vector of the preparing field is along the direction of the atomic
dipole (that is, θI close to 180◦ or 0◦), the system decays slowly.
For comparison, the evolution for the Dicke state |D〉 is also
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(a)

(b)

FIG. 2. (Color online) (a) Time evolution of the total upper-state
population for different initial states. Curve (i) shows the results
for the untimed standard Dicke state |D〉, and (ii)–(iv) for timed
Dicke states with different incident angles θI of the preparing wave
vector relative to the atomic dipole moments. The wave number of
the preparing initial field is chosen as |kI | ≡ keg. Each case (i)–(iv)
shows the results for five realizations of atom positions in the volume,
which lie on top of each other. (b) The effective decay rate for the total
excitation at short time instant τ , γ

(T )
eff (τ ) as functions of the incident

angle θI . The curve is an average over five realizations of the atom
positions. In both panels, N = 7000 atoms are distributed randomly
in a sphere of volume V = 4π (4λ)3/3.

plotted [see curve (i) in Fig. 2(a)], which tells us that the
standard Dicke state has the slowest decay.

To analyze the angle dependence further, we concentrate
on the effective decay rate for the total upper-state population
at short times τ (but still in the Markovian time limit, that is,
γ0/ωeg � γ0τ � 1), γ (T )

eff (τ ), as functions of the incident angle
of kI . The results are shown in Fig. 2(b). Again, we find that
the effective decay rate is fastest when the initial state is timed
orthogonal to the dipole moment. An intuitive explanation for
this relies on the fact that the superradiant emission of a timed
Dicke state predominantly occurs in the forward direction, i.e.,
in the direction of the preparing field [19]. On the other hand,
the dipole emission pattern has minima along the direction
of the dipole moments. Therefore, fast superradiant decay can
occur only if the emission direction imprinted on the ensemble
matches the dipole emission pattern of the atoms. This result
is obtained due to the vector nature of our calculation.

Our numerical calculations also show that the initial decay
at very short times τ of the population in the initial state,
γ

(I )
eff (τ ), coincides with the total decay rate γ

(T )
eff (τ ). This is

consistent with the physical analysis from Eq. (42). At short
times τ , the decay of the initial state to the ground state is
proportional to τ : [1 − |cI (τ )|2] ∝ τ . However, the transition
of the initial state to other single-atom-excitation state is
proportional to τ 2: |cα(τ )|2 ∝ τ 2. Thus, the initial decrease

of the total upper-state population at the short-time instant
τ is dominated by the decay of the initial atomic state to
the atomic ground state. The transition of the initial state to
other excited states becomes significant only later in the time
evolution. Therefore, γ

(T )
eff (τ ) ≈ γ

(I )
eff (τ ) for short-time instant

τ , such that the effective decay rates in Fig. 2(b) can directly be
compared with the superradiant decay rates of the timed Dicke
state predicted previously [19]. Moreover, Fig. 2(b) shows that
γ

(T )
eff (τ ) is symmetric with respect to the angle of θI = 90◦ at

short-time instants τ , which also agrees with the theoretical
analysis of the system’s properties.

Finally, we note that Fig. 2 also illustrates the dependence of
the results on the specific patterns of random atom positions in
the chosen volume. There are five curves due to five different
patterns for each incident field angle in Fig. 2(a), and the
result in Fig. 2(b) is averaged over five different atom position
patterns. It can be seen that an ensemble size of N = 7000
atoms is sufficient to average out statistical fluctuations, such
that the different realizations lead to virtually indistinguishable
results. In the following, results from single realizations of the
random atom positions are shown, as averaging over several
patterns would lead to similar results.

B. Time evolution of spherical ensembles

We now turn to the dependence of the dynamics of the
timed Dicke state |T 〉 = ∑

j eikegxj |ej ,0〉/√N on the volume
for intermediate atomic density. We consider N = 8000 atoms
located randomly in spheres with different radii. The results are
shown in Fig. 3, where (a) is for the total upper-state population
P (T )(t), and (b) for the population in the initial state P (I )(t).
The corresponding results for the time-dependent effective
decay rates γ

(T )
eff (t) and γ

(I )
eff (t) are plotted in Figs. 3(c) and

3(d). Here and in the following, we set kI = kegêx in the case
of the timed Dicke state.

One finds that for an initial timed Dicke state |T 〉 in
intermediate volumes, P (T )(t) always decreases with time, and
the corresponding effective decay rates γ

(T )
eff (t) are larger than

the single-atom rate γ0 in the time interval t � 1/γ0. Thus we
find superradiance. Usually, the decay γ

(T )
eff (t) of P (T )(t) will

decrease with time such that eventually subradiance occurs.
In the long-time limit t → ∞, P (T )(t) ∝ exp[−2Re(λN )t],
where Re(λN ) (>0) is the smallest real part of the N complex
eigenvalues in Eq. (32) and is much less than γ0/2 for large
N . This explains why P (T )(t) shows superradiance at first and
then subradiance later [22].

The time evolution of P (I )(t) exhibits dips. The reason
is that starting from an initial timed Dicke state, the system
decays incoherently to the atomic ground state with generation
of one photon, but also undergoes coherent transitions to other
single-atom-excitation states, which can decay incoherently to
the atomic ground state and evolve coherently to the initial state
(also other single-atom-excitation states). At the beginning,
the incoherent decay always dominates over the coherent
transition back to the initial state and the related population
projection on the initial state always decreases with time. After
some time, the coherent transition back to the initial state may
dominate over the incoherent decay, and the population in the
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FIG. 3. (Color online) The dynamic evolution (a) of the total
upper-state population P (T )(t) and (b) of the population in initial state
P (I )(t), and (c) the corresponding effective decay rates γ

(T )
eff (t) and

(d) γ
(I )
eff (t), with fixed N = 8000 atoms in a sphere of V = 4πR3/3

with R = 12λ (i), R = 6λ (ii), or R = 3λ (iii). Here the initial state
is the timed Dicke state |T 〉 = ∑

j eikegxj |ej ,0〉/√N .

initial state may increase. This happens in a limited period
throughout the evolution.

We also see that in both cases the decay is faster with smaller
radius as expected, since the effective interaction between the
atoms becomes stronger and enhances the collective decay
with decreasing radius. Similar results can also be obtained
for other shapes of the atomic ensemble such as cubes. This
is evidenced by the evolution of the population projection on
the initial state, as the population minimum occurs at later
times for larger volumes, which can be interpreted as slower
population exchange between various excited states due to
smaller interaction strength.

In the inset of Fig. 3(c), we plot the dynamic evolution of the
collective decay rate (after subtracting the single-atom part),
which shows that the collective decay rate is proportional to

FIG. 4. (Color online) The effective decay rates of the total upper-
state population (a) for different atom numbers (i) N = 2000, (ii) N =
8000, and (iii) N = 32 000, and (b) for different spheres (different
atom numbers) with fixed atomic density: (i) R = 2λ and N = 500,
(ii) R = 4λ and N = 4000, and (iii) R = 8λ and N = 32 000. The
insets are the corresponding collective decay rates scaled to the atom
number [the inset in (a)] or scaled to the radius [the inset in (b)] in
arbitrary units. Here the initial state is still the timed Dicke state |T 〉
in Fig. 3.

R−2 throughout a short initial period. The dependence of the
effective decay rate on the atom number N for fixed radius
R is shown in Fig. 4(a), and the dependence on the radius R

with fixed atomic density is shown in Fig. 4(b). Interestingly,
we find that at the very beginning, the collective decay rate
(after subtracting the single-atom part) divided by NR/V

(∝N/R2) is constant, as shown by the insets of Figs. 3 and
4, which was predicted in Ref. [19]. At the beginning, the
fast decay due to the eigenmodes, whose eigenvalues’ real
parts are large, dominates. Therefore, at the very beginning,
the decay rate scales with the number of atoms as in the
ordinary superradiance. Note that it also depends on the
ensemble volume and shape. This scaling will not be observed
at later times, because then the other eigenmodes, whose real
parts of the eigenvalues are smaller, will dominate the decay.
We observed such a scaling behavior at the very beginning
also for other shapes such as cubes, but only when N � 1
and the dimension of the atomic ensemble is larger than λ.
Otherwise, when the dimensions of the atomic ensemble are
much smaller than λ, the well-known superradiance result is
obtained wherein the collective decay rate for a standard Dicke
state is proportional to N , independent of the atomic volume.

C. Time evolution of ensembles in quasi-two-dimensional
cuboids

Next, we analyze the dynamics of atomic ensembles
confined to a quasi-two-dimensional square sheet. The longer
sides have length 10λ, and the thickness (short axis) is chosen
as 0.01λ, resulting in a volume of 1λ3. In Fig. 5, we plot the
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time evolution of the upper-state population for an initial timed
Dicke state and the Dicke state for three different orientations
(the short axis in the x, y, and z directions, respectively) and
three different atom numbers (densities). The timed Dicke state
|T 〉 ≡ ∑

j eikegxj |ej ,0〉/√N is assumed to be initialized by a
plane wave whose vector points in the x direction and whose
polarization is parallel to the atomic dipoles (z direction). Due
to the fixed directions of the wave vector and the dipoles, in
general the evolutions in the three orientations are different
from each other for a given initial state.

Now let us consider the effect of the orientation on the decay
in detail. The slowest decay (subradiance) occurs in the case
of an initial Dicke state |D〉 with the short axis of the cuboid
along the z direction of the atomic dipoles [see Fig. 5(a)].
In this case, the position vectors connecting any two atoms
are normal to the atomic dipoles, and the emission from a
dipole is strongest in the direction normal to the dipole, which

FIG. 5. (Color online) Time evolution of the total upper-state
population P (T )(t) for the quasi-two-dimensional cuboid cases
of (a) V = 10λ × 10λ × 0.01λ, (b) V = 10λ × 0.01λ × 10λ, and
(c) V = 0.01λ × 10λ × 10λ. In all cases, curves (i)–(iii) stand for
the initial standard Dicke state |D〉 and curves (iv)–(vi) for the
timed Dicke state |T 〉 = ∑

j eikegxj |ej ,0〉/√N [with curves (i) and
(iv) N = 2000, curves (ii) and (v) N = 4000, and curves (iii) and
(vi) N = 8000]. For comparison, the decay of a single atom is also
plotted.

results in the strongest interference between atoms and the
quenching of spontaneous emission. The decays of the initial
Dicke state |D〉 in the cases of the two other orientations
are faster [see Figs. 5(b) and 5(c)] and show superradiance,
because some position vectors are not normal to the atomic
dipoles. Note that the curve for |D〉 in Fig. 5(b) is the same
as that in Fig. 5(c) for the same N . The decay of the timed
Dicke state |T 〉 with short axis along the incident wave vector
(x direction) is the same as the decay of |D〉 with the short
axis along the x orientation [see Fig. 5(c)], as |T 〉 = |D〉 in
this orientation. In the two other orientations of the short axis
(along the y and z directions), the decay dynamics of the timed
Dicke states are similar [but not the same; see Figs. 5(a) and
5(b)], and are substantially different from the case of the short
axis along the x orientation in Fig. 5(c). As expected, we find
faster decay for higher densities. The detailed calculation (not
shown in the figures here) shows that the collective decay rates
for the superradiance in Fig. 5 are proportional to N at very
short times, as discussed in Fig. 4(a) above.

V. CONCLUSION

In conclusion, we investigated the collective spontaneous
emission for N multilevel atoms in vacuum. We used the
method of unitary transformations to include the counter-
rotating terms in our analysis. We focused on the case with
only one excitation initially in the atomic ensemble. Then,
following the unitary transformation method, the system
Hamiltonian assumes the simple RWA form for N two-level
atoms, even though the RWA was not applied, and even though
multilevel atoms are considered. The decay dynamics can then
be studied by finding all eigenstates as well as their complex
eigenvalues for an effective non-Hermitian matrix.

We analyzed the decay dynamics for different initial states
chosen as timed Dicke states |TkI

〉 or untimed standard Dicke
states |D〉, for different atom densities and different ensemble
volumes and shapes. For this, we considered both the time
evolution of the total upper-state population [P (T )(t)] and that
of the population in the initial state [P (I )(t)].

Unlike some previous works based on the scalar optical feld
theory, here, we considered all the directions and polarizations
of the wave vectors for all the vacuum modes.

In the case of small volume, the timed Dicke state reduces
to the standard Dicke state. Our numerical calculations show
that then the timed or untimed Dicke states are approximately
exponentially decaying eigenstates of the system. In this setup,
superradiance appears with the effective decay rate increased
by a factor of N .

However, in the intermediate-volume case, neither the
standard Dicke state nor the timed Dicke state is an “eigen-
state” of the system. Throughout their decay, the population
in the initial state or all the upper states can exhibit both
superradiance and subradiance. We found that for intermediate
volumes, the emission dynamics depends on the shape of
the ensemble, which can be interpreted as arising from the
geometry dependence of the cooperative emission effect.
After a comparison of a sphere to a cube, we also analyzed
quasi-two-dimensional samples in different orientations, and
found characteristic differences in the dependence on the
geometry for timed and regular Dicke states. These effects arise
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'jj

g

e

0
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FIG. 6. (Color online) The ensemble of randomly distributed
atoms with the two chosen coordinate systems. After the unitary
transformation, the atoms are reduced to two-level systems with γ0

the single-atom spontaneous decay of the first excited state |e〉 to the
ground state |g〉. All atoms are assumed to have identical transition
dipole moments deg aligned along the z direction.

from the dependence of the emission dynamics of the Dicke
states on the relative orientation of the atomic dipole moments
to the wave vector of the exciting photon. Note that we could
not identify collective phenomena in very large volumes by
our numerical calculation since the atom number is limited to
about 104. For large volumes, the atomic density is then so
low that the emission approaches the single-atom spontaneous
emission.
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APPENDIX: CALCULATION OF Eqs. (27) AND (28)

In this Appendix, we provide details of the angular
integration required for the calculation of Eqs. (27) and (28).
As shown in Fig. 6, we assume the N atoms to be located
randomly in space with all dipole moments deg aligned along
êz. For a given pair of two atoms j and j ′, we denote the
direction of rjj ′ as r̂jj ′ = (θjj ′ ,φjj ′ ). To simplify the angular
integration, we define a new basis ê′

x,y,z such that r̂jj ′ ≡ ê′
z,

d̂eg = (θjj ′ ,0), and k̂ = (θ,φ) in the new basis. Thus, d̂eg is
in the plane spanned by ê′

x and ê′
z. The direction of the

polarization êk is in the plane spanned by k̂ and d̂eg.

Then the angle between d̂eg and k̂, which we denote as θd ,
satisfies

cos θd = cos θ cos θjj ′ + sin θ cos φ sin θjj ′ . (A1)

In Eq. (25), the integral over the solid angle for fixed |k| then
gives ∫ 2π

0
dφ

∫ π

0
dθ sin θg2

k,eg

= g2
k,eg

∫ 2π

0
dφ

∫ π

0
dθ sin θ sin θ2

d

= 8π

3
g2

k,eg. (A2)

Further performing the integral over |k| in Eq. (25) with
standard methods, one obtains

�0 ≈ γ0 − i
2γ0

π
. (A3)

To obtain this result, we replaced ω′
eg in the denominator in

Eq. (25) by ωeg. Here, γ0 ≡ ω3
egd

2
eg/(3πε0c

3) = k3
egd

2
eg/(3πε0)

is the standard single-atom decay rate of spontaneous emis-
sion, and γ0/π , which comes from the corresponding imagi-
nary part, is the single-atom Lamb shift.

In Eq. (26), the integral over the solid angle for fixed |k|
gives∫ 2π

0
dφ

∫ π

0
dθ sin θg2

k,eg cos(k · rjj ′ )

= 2πg2
k,eg

∫ π

0
dθ sin θ sin θ2

d cos(krjj ′ cos θ )

= sin2 θjj ′

[
2πg2

k,eg

2 sin krjj ′

krjj ′

]
+ (3 cos2 θjj ′ − 1)

2

×
[

2πg2
k,eg

4 sin krjj ′ − 4krjJ cos krjj ′

(krjJ )3

]
. (A4)

Then, after the integration over |k|, the term �
(j )
j ′ in Eq. (26)

can be evaluated to

�
(j )
j ′ = sin2 θjj ′�

(j )
j ′,1 + (3 cos2 θjj ′ − 1)

2
�

(j )
j ′,2, (A5)

where

�
(j )
j ′,1 = i

3 exp(iζjj ′)

2ζjj ′
γ0 (A6)

and

�
(j )
j ′,2 = − 3

ζ 3
jj ′

γ0[(sin ζjj ′ − ζjj ′ cos ζjj ′ )

+ i(1 − cos ζjj ′ − ζjj ′ sin ζjj ′)] (A7)

with ζjj ′ := kegrjj ′ ≡ ωegrjj ′/c.
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Effects of counter-rotating interaction on driven tunneling dynamics:
Coherent destruction of tunneling and Bloch-Siegert shift
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We investigate the dynamics of a driven two-level system (classical Rabi model) using the counter-rotating-
hybridized rotating-wave method (CHRW), which is a simple method based on a unitary transformation with
a parameter ξ . This approach is beyond the traditional rotating-wave approximation (Rabi-RWA) and more
importantly, remains the RWA form with a renormalized tunneling strength and a modified driving strength.
The reformulated rotating-wave method not only possesses the same mathematical simplicity as the Rabi-RWA
but also allows us to explore the effects of counter-rotating (CR) components. We focus on the properties of
off-resonance cases for which the Rabi-RWA method breaks down. After comparing the results of different
RWA schemes and those of the numerically exact method in a wide range of parameter regime, we show that
the CHRW method gives the accurate driven dynamics which is in good agreement with the numerical method.
Moreover, the other RWA methods appear as various limiting cases of the CHRW method. The CHRW method
reveals the effects of the CR terms clearly by means of coherent destruction of tunneling and Bloch-Siegert shift.
Our main results are as follows: (i) the dynamics of the coherent destruction of tunneling is explicitly given and
its dependence on � is clarified, which is quantitatively in good agreement with the exact results; (ii) the CR
modulated Rabi frequency and the Bloch-Siegert shift are analytically calculated, which is the same as the exact
results up to fourth order; (iii) the validity of parameter regions of different RWA methods are given and the
comparison of dynamics of these methods are shown. Since the CHRW approach is mathematically simple as
well as tractable and physically clear, it may be extended to some complicated problems where it is difficult to
do a numerical study.

DOI: 10.1103/PhysRevA.86.023831 PACS number(s): 42.50.Ct, 42.50.Pq, 03.67.−a, 03.65.−w

I. INTRODUCTION

Two-level quantum system (TLS) provides a ideal testing
ground for exploring nonclassical phenomena and understand-
ing the nature of quantum physics [1,2]. Despite its simplicity,
it is an important candidate for modeling diverse situations in
nearly every field of physics. The primary importance of a TLS
in the fast-developing area of quantum information processing
is in its controlled manipulation as the elementary building
block [3]. Moreover, a series of steps have been taken in this
way by time-dependent driving fields. The widely used model
here described by the classical Rabi model in the tunneling or
localized representation is

H (t) = −�

2
σx − ε(t)

2
σz,

= −�

2
σx − A

4
(σ+e−iωt + σ−eiωt )

− A

4
(σ−e−iωt + σ+eiωt ), (1)

where � is a time-independent tunneling strength and ε(t) =
A cos(ωt) is a driving force with amplitude A > 0 and
frequency ω, σx , σy , and σz are the usual Pauli matrices,
σ± = (σz ± iσy)/2. Since |s1,2〉 are the eigenstates of σx ,

then σ+|s1〉 = |s2〉 and σ−|s2〉 = |s1〉, where |s1〉 = 1√
2
( 1

1 ) and

|s2〉 = 1√
2
( 1

−1 ). Thus, the last two terms in the Hamiltonian
Eq. (1) represent the counter-rotating (CR) coupling. Subject-
ing the Hamiltonian to a rotation about the y axis, we get a new

representation, exp (iπσy/4)H (t) exp (−iπσy/4) = −�
2 σz +

ε(t)
2 σx , which is widely used in quantum optics and nuclear

magnetic resonance. Throughout this paper we set h̄ = 1.
If the CR terms are dropped [in other words, the Rabi

rotating-wave approximation (RWA) method is applied],
Eq. (1) can be solved exactly. This raises the question on
the validity of the results in the strong driving strength and
off-resonance regimes, where the breakdown in the RWA
occurs [4]. Recently, it has been found that the effects of
CR terms are significant in different interesting topics, such
as the quantum Zeno effect [5], entanglement evolution [6],
and so on. The main purpose of this paper is to demonstrate
the significant role of CR coupling on the time evolution
and physical properties of the driven TLS. We provide a
simple analytical method beyond the Rabi-RWA to extract
important dynamical features in a wide range of parameter
regimes. Meanwhile, we also present some methods to find
the transition probability for Eq. (1) without the RWA. After
we compare the results obtained by our method with those of
the other RWA method and the numerical method, we clearly
show the validity of the different methods and prove that the
counter-rotating-hybridized rotating-wave (CHRW) method is
more efficient and accurate than the other RWA methods.

The studies of driven TLSs have quite a rich history
and wide application for both experimental and theoretical
investigations [4,7–14]. Recently, great progress has been
made experimentally using superconducting devices based on
Josephson tunnel junctions [15–20], optically and electrically
controlled single spins in quantum dots [21–25], individual
charge in quantum dots [26,27], and nitrogen vacancy centers
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in diamond [28–30] to implement the study of the controllable
coherent dynamics of qubits. On the other hand, even for the
most simple driving force with a periodic oscillating field
A cos(ωt), it is a difficult task to present an analytical and
exact solution for this model. Although the model is simple,
there appears to be a wide variety of interesting dynamical
features [31], like Rabi oscillations, the invalidity of the RWA
[32], Bloch-Siegert shifts [4,33,34], nonlinear phenomena
due to level-crossing-induced quantum interference, coherent
destruction of tunneling (CDT), and the possibility of chaos
[35–38]. In order to discover the driven tunneling physics
analytically, a number of approximate methods, such as
Rabi-RWA, the RWA in a rotating frame (RWA-RF) (in
Refs. [32,39]), have been developed, even though the dynamics
of the Rabi model can be solved exactly by numerical methods.

The dynamics of the TLS with far off-resonance and strong
driving strength conditions is interesting but difficult to study
due to its complexities [39]. In these approximate methods,
the traditional Rabi-RWA [the CR term A

4 (σ−e−iωt + σ+eiωt )
is neglected] is one of the most widely used approximations
in its study of the resonant interaction between a TLS and a
coherent electromagnetic field. This is because it has simple
mathematics and possesses a clear physical picture. At the
same time, it is well known that the Rabi-RWA as a valid
method is applicable only to the case of near-resonance
(ω ∼ �) and weak driving strength (or small amplitude A).
In the driven tunneling problem, the former constraint (near-
resonance) is removed to a certain extent but the latter one
(small A) still persists. Though much investigation has been
done for more than half a century, obtaining an analytical
solution has proved to be extremely difficult [40]. Thus,
some important approximate methods have been developed
to study this problem in certain valid parameter regions,
such as the RWA-RF method in the Ref. [32]. The RWA-RF
method works well in the strong driving field case and gives
the resonance properties but fails in the small oscillation
frequency case (ω � �) and might be invalid to describe
zero static bias case. In order to treat the driven dynamics
better, we propose the counter-rotating-hybridized rotating-
wave method. It possesses the same simple mathematical
structure of Rabi-RWA and, more importantly, takes into
account the effects of CR wave terms. Furthermore, the CHRW
method has improved the RWA method in great many cases
and can give the accurate dynamics in a wide range of driving
parameter. The obtained results are in good agreement with
the exact ones, even in the strong driving strength case, as, for
example, the CDT phenomenon, which is of great interest
in the physics of driven quantum tunneling. For a certain
condition of the driving parameter, the tunneling is much
reduced and even frozen, which is called CDT. This results
from the effects of CR couplings and happens in some strong
driving strength cases. We will show that it is clearly obtained
by the CHRW method. Besides, we obtain analytically the
exact Rabi frequency and accurate Bloch-Siegert shift up to
fourth order by the CHRW method, which manifests the effects
of the CR coupling and also strongly supports the reasonability
and feasibility of this method.

As the Hamiltonian Eq. (1) can be numerically solved easily
and quickly, why do we pursue an approximate analytical
solution? The purpose of this work may be (1) to demonstrate

the physics more clearly, such as effects of the CR coupling;
(2) to test the accuracy of the analytical solution for extending
it to more complicated models where it is difficult to obtain a
numerically exact solution; and (3) to discuss the validity of
the different RWA schemes and to show how previous results
appear in the various limits of the CHRW method. Hence, we
have the following criterion for the validity of an approximate
analytical solution: First, it should be as simple as possible,
especially mathematically, so it can be easily extended to
more complicated situations where we cannot do a numerical
study; second, the main physics should be considered, at least
for the interesting and concerned range of the parameters,
and it should be as accurate as possible compared with the
numerically exact result.

The structure of this article is as follows: We introduce
the equations of motion for the Rabi model in Sec. II and
then discuss briefly the necessary statement of the numerically
exact method to tackle the spin dynamics with an arbitrary
condition. In Sec. III, we develop a simple and efficient method
to analytically and quantitatively solve the monochromatically
driven dynamics. In Sec. IV, we give the analysis of the
dynamics within a wide range of parameters, including
resonance and near- and far off-resonance. Moreover, we
demonstrate the effects of CR wave terms on the dynamics,
such as the CDT and the Bloch-Siegert shift. Finally, we sketch
a complete diagram of the parameter regions to show the
validity of the different approximations before we present the
conclusion.

II. THE NUMERICAL SOLUTION

We give the driven dynamics of the TLS in an arbitrary
driving field by a numerical method. The Schrödinger equation
is

i
d

dt
�(t) = H (t)�(t). (2)

The wave function is assumed to be

|�〉 = a(t)

(
1

0

)
+ b(t)

(
0

1

)
,

where |a|2 + |b|2 = 1. Substituting the above wave function
into Eq. (2), we get the Schrödinger equation for the TLS,

i
da

dt
= −�

2
b − ε(t)a, (3)

i
db

dt
= −�

2
a + ε(t)b. (4)

We define X = a∗b + ab∗, Y = i(−a∗b + ab∗), and Z =
a∗a − bb∗. Using them in Eqs. (3) and (4), we write down the
following set of equations of motion:

dX

dt
= −ε(t)Y, (5)

dY

dt
= ε(t)X − �Z, (6)

dZ

dt
= �Y. (7)

By these equations we can give |a|2 or |b|2 in the Schrödinger
picture. When ε(t) is dependent on time, it is difficult to give
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the exact analytical solution in terms of the known special
functions due to its complexity [31,40]. Luckily, the group of
differential equations can be solved by a numerical method
for any given initial condition. Thus, in order to obtain the
driven dynamics of the TLS, we resort to the fourth-order
Runge-Kutta method to give the solutions of Eqs. (5)–(7).
At the same time, we give a comparison with the results of
the other methods like the Rabi-RWA, CHRW, and RWA-RF
methods in Sec. IV. In principle, we can give the dynamics
and physics of the model in the whole parameter regime. In
this article we consider the situation of the driven TLS with
zero static bias and ω �= 0.

III. COUNTER-ROTATING-HYBRIDIZED
ROTATING-WAVE METHOD

In this section, we apply a unitary transformation to
calculate the driven tunneling dynamics [5,41]. We propose
that the generator of the unitary transformation is S =
−i A

2ω
ξ sin(ωt)σz, a time-dependent operator. The parameter

ξ is introduced in S and will be determined later. Thus, we
use the time-dependent Schrödinger equation (2) to solve the
dynamics. After the unitary transformation, we obtain readily
the interaction picture formulas with � ′(t) = exp(S)�(t) and
i d

dt
� ′(t) = H ′(t)� ′(t), where

H ′ = −�

2

{
σx cos

[
A

ω
ξ sin(ωt)

]
+ σy sin

[
A

ω
ξ sin(ωt)

]}

− A

2
[1 − ξ ] cos(ωt)σz. (8)

After making use of the relation given in Ref. [32],

exp(iz sin α) =
∞∑

n=−∞
Jn(z)einα, (9)

where Jn(z) are Bessel functions of the first kind, we rewrite
Eq. (8) as

H ′ = −�

2

∞∑
n=−∞

Jn

(
A

ω
ξ

)
[cos(nωt)σx + sin(nωt)σy]

− A

2
[1 − ξ ] cos(ωt)σz. (10)

We divide the Hamiltonian into three parts H ′ = H ′
0 + H ′

1 +
H ′

2.

H ′
0 = −�

2
J0

(
A

ω
ξ

)
σx, (11)

H ′
1 = −�

2
2J1

(
A

ω
ξ

)
sin(ωt)σy − A

2
(1 − ξ ) cos(ωt)σz, (12)

and H ′
2 = H ′ − H ′

0 − H ′
1 includes all higher-order harmonic

terms, such as cos(2ωt), sin(2ωt). Then, in order to make the
CR wave terms in H ′

1 disappear, we should choose a proper
parameter ξ , which satisfies

0 = A

2
(1 − ξ ) − �

2
2J1

(
A

ω
ξ

)
. (13)

Notice that, from Eqs. (8) to (13), no approximation is
involved. In the following treatment, we neglect the higher-
order harmonic terms of H ′

2 (nω, n = 2,3,4 . . .) and, thus, we

obtain our reformulated rotating-wave Hamiltonian, which is
called the counter-rotating-hybridized rotating-wave method,

HCHRW = H ′
0 + H ′

1

= −�̃

2
σx − Ã

4
[σ+ exp(−iωt) + σ− exp(iωt)], (14)

where �̃ = �J0(A
ω
ξ ) is the renormalized tunneling strength

and Ã = 2A(1 − ξ ) = 4�J1(A
ω
ξ ) is the renormalized ampli-

tude of the driving field. It is obvious to see that the effects of
CR terms have been taken into account in our treatment, which
leads to the renormalization of the physical properties. An
interesting point about the CHRW method is that the CHRW
Hamiltonian has the same mathematical formulation as the
Rabi-RWA one except for the renormalized physical quantities.
Therefore, it is easy to obtain the CHRW dynamics as well as
the Rabi-RWA one.

In the following, we calculate the occupation probability
Pup(t) [32] in both the CHRW and Rabi-RWA Hamiltonians.
Pup(t) denotes the probability that a system under an initial
down state of σz [Pup(0) = 0] is in the up state of σz at time
t . As it is readily obtained by many approaches, we use the
Schrödinger equation method to get it. Besides, because the
generator S is a function of sin(ωt), the initial condition of
the wave function is invariant after the unitary transformation,
namely � ′(0) = �(0). The wave function in the basis |s1,2〉 is

� ′(t) = c1(t)|s1〉 + c2(t)|s2〉. (15)

Using the Schrödinger equation, we have

i
dc1

dt
= −�̃

2
c1 − Ã

4
eiωt c2, (16)

i
dc2

dt
= �̃

2
c2 − Ã

4
e−iωt c1. (17)

On setting c̃1 = c1e
−i�̃t/2, c̃2 = c2e

i�̃t/2, we immediately
obtain

i
dc̃1

dt
= − Ã

4
ei(ω−�̃)t c̃2, (18)

i
dc̃2

dt
= − Ã

4
e−i(ω−�̃)t c̃1. (19)

These equations give us a complete solution of the problem.
All the physically relevant quantities can be obtained from
Eqs. (18) and (19). We find that c̃1 satisfies a linear second-
order differential equation with constant coefficients [31]. For
any initial conditions, for example, c1(0) = c2(0) = 1√

2
, i.e.,

〈σz(0)〉 = 1, we can readily solve the equations (18) and (19)
as given in Ref. [42],

c1(t) = ei ωt
2

{
1√
2

cos

(

̃Rt

2

)
+ i

Ã
2 − δ̃√

2
̃R

sin

(

̃Rt

2

)}
,

(20)

c2(t) = e−i ωt
2

{
1√
2

cos

(

̃Rt

2

)
+ i

Ã
2 + δ̃√

2
̃R

sin

(

̃Rt

2

)}
,

(21)

where δ̃ = ω − �̃ is the renormalized detuning parameter and

̃R =

√
δ̃2 + Ã2/4 is the modulated Rabi frequency of the
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CHRW method. Thus, the population of the state ( 0
1 ) in the σz

basis is

P CHRW
up (t) =

(
Ã

2
̃R

)2

sin2

(

̃Rt

2

)
sin2

(
ωt

2

)

+
[

cos

(

̃Rt

2

)
sin

(
ωt

2

)

− δ̃


̃R

sin

(

̃Rt

2

)
cos

(
ωt

2

)]2

. (22)

The renormalized Rabi frequency 
̃R has taken into account
the effects of CR terms on frequency shifts and will give
the Bloch-Siegert shift in a simple way (we will show the
calculation in Sec. IV). In addition, we clarify the relation
between the CHRW approach and the other RWA methods in
Sec. V.

The Hamiltonian of the Rabi-RWA method reads

HRabi = −�

2
σx − A

4
[σ+ exp(−iωt) + σ− exp(iωt)]. (23)

Since we have the CHRW solution, we can immediately obtain
the Rabi-RWA result,

P Rabi
up (t) =

(
A

2
R

)2

sin2

(

Rt

2

)
sin2

(
ωt

2

)

+
[

cos

(

Rt

2

)
sin

(
ωt

2

)

− δ


R

sin

(

Rt

2

)
cos

(
ωt

2

)]2

. (24)

where δ = ω − � is the detuning parameter and 
R =√
δ2 + A2/4 denotes the Rabi freqency of the Rabi-RWA

method.
Finally, we show the result of the RWA-RF method [39]

is a limit case of the CHRW method. From Eq. (13), we get
ξ = 1 in the limit of A → ∞ and, simultaneously, obtain the
Hamiltonian of the rotating frame [32] by Eq. (10). Notice
that there still exist counter-rotating couplings in σy term
though the σz term has been eliminated in this case. For the
resonance condition |nω| = 0 to hold, only one value of n is
kept. Therefore, the effective RWA-RF Hamiltonian is written
as

HRWA−RF = −J0

(
A

ω

)
�

2
σx. (25)

Thus, the probability Pup(t) of the RWA-RF approach in
Ref. [32] is obtained,

P RWA−RF
up (t) = sin2

{
J0

(
A

ω

)
�t

2

}
, (26)

whose amplitude is always one for any driving parameter.
This means that the Pup(t) always exhibits a full periodic
oscillation between the up and down states of σz except the
CDT case [P RWA−RF

up (t) ≡ 0 due to J0(A
ω

) = 0]. Therefore, the
result Eq. (26) of the RWA-RF is distinguished from that
of the CHRW [Eq. (22)]. This treatment simply corresponds to
the case ξ = 1 of the CHRW method, which is only valid in the
limit of really strong driving strength A � ω,�. Furthermore,
the derivation of the modified tunneling �J0(Aξ/ω) and

rescaled driving strength Ã is extremely significant in Eq. (14).
By quantitative comparisons with numerical results it is
shown that for some parameters the CHRW method gives a
significantly better description than the previous treatments.
The discussion of the CR effects and comparisons of these
RWA dynamics with the numerically exact ones are shown in
the following section.

In summary, the present work provides a renormalized
scheme based on a unitary transformation to study driven quan-
tum dynamics. After the unitary transformation, we obtained
the renormalized RW form with mathematical simplicity and
physically clear picture. Simply speaking, one can compare
the physical quantities of the original model with those of the
transformed model,

(i) A −→ A = 2A(1 − ξ );
(ii) � −→ �̃ = �J0

(
A
ω
ξ
)
;

(iii) 
R −→ 
̃R .
The renormalized quantities in the transformed Hamiltonian
Eq. (14) results explicitly from the effects of CR interactions.
Physically, the renormalized effects can be detected from the
Bloch-Siegert shift. More obviously and straightforwardly,
the time evolution of the driven TLS is sensitive to the
renormalized quantities. In the renormalized rotating-wave
framework, we would demonstrate it by the driven TLS
dynamics of different parameter regions in the next section.

IV. RESULTS AND DISCUSSION

We systematically discuss the dynamics of different param-
eter ranges: resonance, near-resonance, and far off-resonance.
Increasing the driving strength from the weak coupling regime
to the strong coupling case we will see a rich distinct dynamics.
At the same time, we compare all the results of the CHRW
approach with those of the other methods, namely the Rabi-
RWA method, the numerically exact method, and the RWA-RF
method. More importantly, we give significant discussions
about the interesting phenomena CDT and the Bloch-Siegert
shift which clearly emerges in the strong coupling or large
detuning case. Finally, we give an overview of the parameter
regime in which the different approaches are valid. We discuss
how previous RWA results appear in the various limits of the
CHRW method.

A. Resonance and near-resonance

Let us take a look at the resonance (ω = �) and near-
resonance (ω ∼ �) dynamics from the weak driving strength
to the strong driving strength. In Fig. 1, we show the
occupation probability Pup(t) at resonance with A/ω � 1. For
comparison, we also give the results of the other different
approaches. It is easy to check that for a very weak driving
strength the results of all methods are nearly the same.
However, for A/ω > 2, the Rabi-RWA method breaks down,
while our method still works quite well and P CHRW

up is in
quantitatively good agreement with numerically exact results.
It is obvious to see that, for the RWA-RF results P RWA−RF

up , the
deviation from the exact results becomes much larger with the
increase of the driving strength, which is clearly seen in Fig. 1
from A/ω = 1 to A/ω = 2.5. In contrast, the CHRW results
agree well with the exact results even for A/ω = 2.5.
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FIG. 1. (Color online) Pup(t) as a function of dimensionless time �t for A/ω = 1,2, and A/ω = 2.5 in the on-resonance case, which is
shown in (a), (b), and (c), respectively. In each figure, the result of numerically exact method is plotted by the red dot, those result of the RWA-RF
method by the blue dashed dotted line, those of the RWA method by the green dashed line, those of CHRW method by the black solid line.

In the near-resonance and moderate driving strength cases
(ω = 1.2� and A/ω � 1; see Fig. 2), the Rabi-RWA dynamics
exhibits distinct differences from the exact one. However,
our results are in good agreement with the numerically
exact results. In addition, one can observe the coherent fast
oscillation from Fig. 2; meanwhile, the modulated amplitudes
clearly exhibits a slow oscillation [see Fig. 2(b)]. Physically,
the driven tunneling dynamics has two intrinsic frequencies:
one is the Rabi frequency and the other is the driven frequency.
The results of the CHRW method illustrate this character and
agree very well with the exact results. However, the RWA-RF
method gives only a coherent oscillating character with a
single oscillatory frequency and shows that the amplitude
of P RWA−RF

up (t) is always 1. It is because that the only term
fulfilling the resonance condition nω = 0 remains while the
other rotating components are dropped [see Eq. (26)]. Thus,
for the near-resonance case ω > �, the RWA-RF dynamics
totally differs from the exact one as the Rabi-RWA does.

We show the dynamics of near-resonance ω < � for
different approaches in Fig. 3. When 1 < �/ω < 1.2, the
Rabi-RWA works for 2 � A/ω with small errors of both
amplitude and frequency. However, it breaks down in the
strong coupling case. From the calculated results, one can see

that the Rabi-RWA treats the detuning case [ω < �, Fig. 3(a)]
better than the other detuning case [ω > �, Fig. 2(a)].
However, in both near-resonance cases, the RWA-RF gives
the perfect oscillatory behaviors with a longer period which is
larger than the exact result [Fig. 3(b)]. In comparison with the
exact results, the CHRW performs quite well at resonance and
near-resonance even in the moderately strong driving strength
regime, for example, A/ω = 2.5.

From all the above figures, it is clear to see that the
CHRW obtains correctly the novel dynamical characters of
on-resonance and near-resonance. By comparison with the
numerical results, it is shown that the CHRW treatment
gives a significantly better description than the previous
treatments. Physically, it treats the CR and rotating-wave
terms on equal footing. Moreover, the CR coupling results
in the renormalization of physical quantities in the CHRW
Hamiltonian [see Eq. (14)]. For example, in the near-resonance
case of A/ω = 2 and ω/� = 1.2 [Fig. 2(b)], we get ξ =
0.5894 by solving Eq. (13). Thus, we obtain the renormalized
physical quantities Ã = 1.9711�, �̃ = 0.6817�. One can see
that the time evolution of the CHRW method is quantitatively
in good agreement with the numerically exact result, but the
Rabi-RWA and RWA-RF results show large deviation from the
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FIG. 2. (Color online) Pup(t) as a function of dimensionless time �t for A/ω = 1 and A/ω = 2 in the near-resonance case (ω/� = 1.2),
which is shown in (a) and (b), respectively. In each figure, the result of numerically exact method is plotted by the red dot, those result of the RWA-
RF method by the blue dashed dotted line, those of the RWA method by the green dashed line, those of CHRW method by the black solid line.

exact result. Due to the renormalization, the dynamics Pup(t) of
the TLS [Eq. (22)] not only recovers the usual form of the Rabi-
RWA method [see Eq. (24)] but also gives the correct driven
tunneling dynamics. Thus, it is a simply tractable method.
More importantly, it allows us to study the influence of the CR
terms on the dynamics and the physics in the invalid parameter
regime of the Rabi-RWA method, especially the moderately
strong driving strength and the far off-resonance regimes.

B. Far off-resonance and CDT

From the weak to moderately strong driving strength
regime, the results obtained by the CHRW method in the
off-resonance case agree well with the numerically exact ones.
The traditional Rabi-RWA method can describe the physics in
the weak driving strength and the near-resonance cases but is
invalid in the far off-resonance case and beyond the weak
driving strength regime. In contrast, the CHRW approach

works well in all cases. We show the dynamics P (t) for
�/ω = 0.2 with different driving strengths in Figs. 4(a)–4(d)
[(a) A/ω = 1, (b) A/ω = 2, (c) A/ω = 2.5, and (d) A/ω = 6,
respectively] and show the other detuning case �/ω = 6 in
Fig. 4(e) (A/ω = 2) and Fig. 4(f) (A/ω = 6). In the ultrastrong
driving strength regime with far red detuning �/ω � 1 [see
Fig. 4(f)], the CHRW results are qualitatively in agreement
with the numerically exact results. When �/ω < or ∼1, even
in the strong driving strength regime, the CHRW results are
consistent with the numerically exact ones [see Fig. 4(d),
A/ω = 6]. But a large discrepancy emerges between the
results of the RWA-RF method and those of the exact method
for a weak driving strength and � > ω, which is most clearly
seen in Figs. 4(e) and 4(f). It is obvious to see that the
sinusoidally oscillating function in Eq. (26) agrees with the
main oscillation of the exact result for the strong driving
strength regime and � = 0.2ω [see Figs. 4(a)–4(d)]. However,
the exact numerical dynamics exhibits a distinct characteristic,
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FIG. 3. (Color online) Pup(t) as a function of dimensionless time �t for A/ω = 1, and A/ω = 2 in the near-resonance case (ω/� = 0.8),
which is shown in (a) and (b), respectively. In each figure, the result of the numerically exact method is plotted by the red dot, those result of
the RWA-RF method by the blue dashed dotted line, those of the RWA method by the green dashed line, and those of CHRW method by the
black solid line.
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FIG. 4. (Color online) Pup(t) as a function of dimensionless time �t for A/ω = 1,2,2.5, and A/ω = 6 in the far off-resonance case
(ω/� = 5), which is shown in (a), (b), (c), and (d), respectively. The dynamics of the other far off-resonance case 6ω = � is shown in (e)
(A/ω = 2) and (f) (A/ω = 6). In each figure, the result of numerically exact method is plotted by the red dot, those result of the RWA-RF
method by the blue dashed dotted line, those of the RWA method by the green dashed line, and those of CHRW method by the black solid line.
(Inset) The detailed comparison of these methods in the aspect of the structure of short-time dynamics.

a remarkably oscillatory structure in the short-time dynamics.
From the insets of Fig. 4, the short time evolution of the
exact results displays some fine structures consisting of fast
oscillations, while that of the CHRW method shows small

wiggly oscillations and that of the RWA-RF method shows
no oscillation but the monotonic smooth increase. Physically,
the fine structure of the dynamics, especially in the strong
driving strength case, comes from the effects of the harmonic
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FIG. 5. (Color online) Pup(t) as a function of dimensionless time �t with A/ω = 2.4048(J0(2.4048)  0) for different driving frequencies,
ω/� = 2 (a), ω/� = 6 (b), ω/� = 10 (c), and ω/� = 20 (d). The red dot denotes the predicted exact dynamics from the numerical method,
the green dashed line denotes the predicted dynamics from the RWA method, the blue dashed dotted line denotes the predicted dynamics by
the RWA-RF method, and the black solid line denotes the CHRW result. Because of J0(2.4048)  0, the RWA-RF method shows the CDT for
any driving frequency, which is not accurate and needs improvement. (Inset) A comparison of these methods.

terms (nω, n = 1,2,3, . . .) which were included by H ′
1 + H ′

2.
Since the CHRW method has taken into account the effects
of H ′

0 + H ′
1, it gives rise to some characteristics of the fine

structure as well as the main oscillation of the envelope. We
will discuss the validity of the different methods at the end of
the next subsection.

The CDT, an intriguing phenomenon of suppression of
coherent tunneling in the TLS dynamics, has been found
[35], which comes from the effects of CR couplings on the
dynamics. We demonstrate the well-known CDT when ω � �

and A/ω = 2.4048,5.03 (zero points of the zero-order Bessel
function). In Fig. 5, we set A/ω = 2.4048 and show the CHRW
dynamics for ω/� = 2 [Fig. 5(a)], ω/� = 6 [Fig. 5(b)],
ω/� = 10 [Fig. 5(c)], ω/� = 20 [Fig. 5(d)], respectively. The
results of the other methods are also shown for comparison in
these figures. The main results are summarized in Table I.
Since J0(A

ω
= 2.4048) ≡ 0 in Eq. (26), the RWA-RF result

P RWA−RF
up = 0 is independent of the value of ω/�. It is

important to notice that when ω ∼ � [see Fig. 5(a)], there is
no CDT but a long-periodic oscillation superposed with small-

amplitude fast oscillations obtained by the CHRW methods,
which is in good agreement with the result of the numerically
exact method. These fast oscillatory characteristics result
from the multi-ω terms of Eq. (10) (nω, n = 1,2,3, . . .).
The CHRW results indicate that, as ω/� increases from 2
to 20, the driving-induced suppression of tunneling emerges
clear only for ω/� � 6 [see Figs. 5(a)–5(d)]. There is
still a small-amplitude fast oscillation for ω/� = 6 in the
short-time evolution and the long-time evolution �t � 10

TABLE I. Summary of the results of Fig. 5 (A/ω = 2.4048).

Figure ω

�
RWA RWA-RF CHRW Exact

5(a) 2 NO CDT CDT P (t) = 0 NO CDT NO CDT
5(b) 6 NO CDT CDT P (t) = 0 NO CDT NO CDT
5(c) 10 NO CDT CDT P (t) = 0 CDTa CDTa

5(d) 20 NO CDT CDT P (t) = 0 CDTa CDTa

aAn oscillation with a nonvanishing small amplitude. The CDT of the
RWA-RF method is P (t) = 0.
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exhibits a very long periodic oscillation [it is not shown in
Fig. 5(b)]. Until ω/� � 10 the amplitude is extremely small
[see Figs. 5(c) and 5(d)]. For A/ω = 2.4048 and ω/� = 20,
we get ξ = 0.9780 by self-consistently solving Eq. (13). Thus,
we obtain the renormalized physical quantities Ã = 2.1205�,
�̃ = 0.0278�. It is obvious to see the renormalized effects
on the dynamics P (t) by the CHRW method, i.e., the large
suppression of the amplitudes in Fig. 5(d), in comparison
with the results of the Rabi-RWA method. It means that it
is necessary to take into account the CR interactions in order
to illustrate correctly driven tunneling dynamics, especially
in the strong coupling regime or the far off-resonance case.
On the other hand, there emerges a periodic oscillation with a
small amplitudes [in Fig. 5(c), the amplitude is about 0.012;
in Fig. 5(d), the amplitude is about 0.003], which agrees
well with the numerically exact result, while the RWA-RF
result is P (t) = 0. Therefore, only when ω/� � 1 and for
A/ω satisfying the condition J0(A

ω
ξ )  0, the amplitude of

the oscillation tends to zero. It is worth noticing that only for
this condition does the TLS remain in its initial state forever,
which indicates that a dynamical broken symmetry happens.
However, the Rabi-RWA results totally differ from the exact
ones for A/ω = 2.4048.

We show the condition of the CDT in the following. From
the literature [32,35–38], it is believed that the tunneling of the
TLS is determined only by the factor J0(A/ω), which leads to
a reduction of the effective tunneling and even the complete
destruction for A/ω satisfying J0(A/ω) = 0. It is obvious that
this condition is independent of �. While analytical results of
the CHRW method turn out that the condition of the CDT is
J0(Aξ/ω) = 0, which is confirmed by the numerically exact
results. Furthermore, if A/ω = 2.4048, the CDT predicted by
the RWA-RF method is determined only by �J0(A/ω) = 0
in Refs. [31,32], but if J0(Aξ/ω) �= 0 there is no CDT. For
example, when ω ∼ �, a periodic oscillation with a large
amplitude appears [see Fig. 5(a)]. Moreover, for ω ∼ 20� an
oscillation with a small nonzero amplitude exists. The results
of the CHRW method agree well with the numerical results,
as shown in Fig. 5(d). At the same time, the results of the
RWA-RF method in Fig. 5 show Pup ≡ 0. For the Rabi-RWA
method, because of no J0(Aξ/ω) in Eq. (23), its dynamics
exhibits highly oscillatory with large amplitudes.

Finally, let us discuss the difference of the CDT condition
between the CHRW treatment and RWA-RF method. For
the CHRW method, when A � ω and ω � �, ξ tends to
1 by Eq. (13), and then Aξ/ω goes to A/ω. Thus, the CDT
occurs if A/ωξ satisfies J0(A

ω
ξ ) = 0. However, according to

the probability P (t) of the RWA-RF approach in Ref. [32], as
the value of A/ω is a zero point of zero-order Bessel function
J0, Pup(t) remains zero forever. In other words, for a symmetric
TLS, the occurrence of the CDT phenomenon obtained by the
RWA-RF method is irrelevant to the value of �. From our
analysis, we know that this condition can be invalid for the
lower driving frequency case, ω/� < 10. In Figs. 5(c) and
5(d), it is seen that the CDT occurs only when the driving
frequency ω is much higher than � and A

ω
ξ is a zero point

of J0. Therefore, the renormalized effects of the CR terms
should be properly taken into account in order to describe the
physics of driven tunneling dynamics, especially the zero bias
case [32].

C. Bloch-Siegert shift and validity of different RWAs

In this subsection we calculate the Bloch-Siegert shift. The
shift is a well-known correction to the RWA and accounts for
the CR field to leading order. The renormalized Rabi frequency
is


̃2
R =

[
ω − �J0

(
Aξ

ω

)]2

+
[

2�J1

(
Aξ

ω

)]2

. (27)

We then expand J0(Aξ

ω
) and J1(Aξ

ω
) up to fourth order in A,

J0

(
Aξ

ω

)
= 1 − 1

4

(
Aξ

ω

)2

+ 1

64

(
Aξ

ω

)4

+ O(A6), (28)

2�J1

(
Aξ

ω

)
= �

[
Aξ

ω
− 1

8

(
Aξ

ω

)3

+ O(A5)

]
, (29)

and expand ξ up to second order in A,

ξ = ω

ω + �

[
1 + A2

8

�

(ω + �)3
+ O(A4)

]
. (30)

Thus, the modulated effective Rabi frequency gives


̃2
R = [ω − �]2 + A2�

2(ω + �)
− A4�

32(ω + �)3
, (31)

which is the same result as those of Refs. [31] and [33]. 
̃R has
taken into account the CR couplings. Morover, Eq. (31) can
be used to calculate the Bloch-Siegert shift of the resonance
frequency 
res. It is defined as the frequency at which the
transition probability Pup averaged is a maximum. This occurs
when ∂
̃2

R/∂� = 0 [33]. Thus, we obtain the Bloch-Siegert
shift δωBS,

δωBS = 
res − � = 1

16

A2

�
+ (A/4)4

4�3
. (32)

This is the exact result as given in Ref. [33]. These results
strongly prove that the CHRW method has properly taken into
account the effects of CR terms.

It is significant to note that different approaches have
different parameter regions of validity, as shown in Fig. 6. We
illustrate the valid region of the conventional RWA method (the
weak coupling and near-resonance region), whose dynamics
is most clearly shown before (Rabi physics). Physically, since
the Rabi-RWA has not considered the effects of the CR
interactions, it cannot be used to explore the strong driven
tunneling dynamics or far of-resonance dynamics, such as the
CDT and Bloch-Siegert shift. It is obvious to see that the
parameter region of validity for the generalized RWA method,
i.e., the CHRW method covers that for the Rabi-RWA method,
and the sparse shaded region is much larger and broader than
the dense shaded region of the Rabi-RWA method. It works
very well when ω > �, even for ultrastrong driving strength
case when ω � � and also gives the accurate results for
A/ω � 2 when ω � �. Note that for the red zone parameter
the CDT occurs. As mentioned above, the RWA-RF method
predicts the occurrence of the CDT is irrelevant to the ratio
of �/ω. Further, the RWA-RF method can give the strong
driving physics in the zero bias case [A � ω,A � �,ε(t) =
A cos(ωt)]. By comparison, it is seen that the RWA-RF
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FIG. 6. (Color online) Regions of validity for different RWAs
for the zero static bias case. The CHRW method is an improved
RWA method in this work. The Rabi-RWA stands for the traditional
RWA method, not RWA-RF [the results of the RWA-RF method by
Eq. (26)]. The RWA method give good results in the near-resonance
or on-resonance case for weak driving limit (in comparison with
numerical exact results, the deviation of amplitudes and oscillation
frequencies given the RWA method is limited by 5%) [43]. The axes
are the amplitude A of the driving field and the tunneling strength
� of the TLS, both normalized to the frequency ω of the driving
field. The Rabi-RWA region is shown by the densely shaded area.
The CHRW region is described by the sparsely shaded area. The red
rectangular area indicates the parameter region with the phenomenon
of a largely suppressed tunneling amplitude. Meanwhile, we have
shown all calculated data points in this figure by different symbols
(the data of Fig. 1 by the solid cycle; the data of Figs. 2 and 3 by the
solid triangle; the data of Fig. 4 by the solid star).

results exhibit a large deviation from the exact results for all
off-resonance cases, ω < �.

Beyond the sparse region and its neighborhood, the CHRW
results are still in qualitatively good agreement with exact
results in respect of overall changes of amplitudes and
oscillation frequency. However, there is a slight discrepancy
for �/ω � 2 and strong driving case (for instance, A/ω = 3
and �/ω = 2). We believe that the discrepancy indicates the
inadequate treatment of the CR terms which gives rise to the
loss of a part of the physics in the regime. It is because that
the CHRW method does not take into account higher-order
harmonics (multiphoton transition processes) which have
important roles in the case of �/ω � 1 and A/ω � 1. While
in the regime �/ω � 1 the effects of these processes are not
prominent, thus, the CHRW method can give the accurate
result that is nearly the same as the exact one. In addition, the
renormalized tunneling �̃ in H ′

0 and the renormalized driving
strength Ã in H ′

1 have properly taken into account the effects
of the driving field. In consequence, our results turn out that
it is necessary to treat both H ′

0 and H ′
1 on equal footing to

obtain accurate effects due to the CR couplings. In contrast, the
RWA-RF method only considers the renormalized tunneling,
whereas the Rabi-RWA method neglects the CR terms from
the beginning.

V. SUMMARY

To summarize, we systematically study the driven tunneling
dynamics of a TLS under a periodic driving field using the
CHRW method, which is based on a unitary transformation.
This method treats the rotating-wave terms and the CR ones
on equal footing. Thus, we not only give the weak driving
strength results, such as the Rabi physics, but also show the
strong driving strength results, such as the CDT phenomena.
Physically, all the results are dependent on the renormalized
tunneling �̃ and renormalized driving strength Ã. Within the
framework of the CHRW method, the interaction between
the driving field and the TLS leads to the renormalization
of the two parameters. It allows us to calculate the analytical
properties of driven tunneling dynamics in the renormalized
rotating-wave framework. Meanwhile, from the driven tun-
neling dynamics, it is seen that the characteristics of the
oscillations are very sensitive to Ã and �̃. In comparison with
the other analytical methods, the CHRW method is a simple
and feasible treatment since it holds the RWA mathematical
form. More importantly, the CHRW approach can give the
dynamics in good agreement with exact results within a wide
region of parameter space. Unlike the conventional Rabi-RWA
method, this technique is nonperturbative, so it can be applied
to study the driven tunneling physics in a broad region of
parameter, especially beyond the weak coupling regime and the
near-resonance case. In a wide range of values corresponding
to �, A and ω parameters, we compare different RWA schemes
and the numerically exact method. The results indicate that
the CHRW method gives the accurate driven dynamics in
the parameter regimes (�/ω < 1, A/ω from small values to
much larger than one) and (�/ω > 1, A/ω � 2), and in the
neighboring regimes, the driven tunneling dynamics, though
not exact, is in good agreement with that of the numerical
method. Moreover, the other RWA methods appear as various
limiting cases of the CHRW method. By the CHRW method,
the CDT induced by the driving field is obtained, which
mimics a local quasiequilibrium and generates a phase with
broken symmetry. We demonstrate that the condition of the
CDT is dependent on both the value of A and the ratio
�/ω. Further comparisons with the numerically exact results
and the calculation of the Bloch-Siegert shift are explicitly
given, which strongly proves the reliability of the CHRW
method. Moreover, our findings allow us to speculate about
some general features and significant effects of the CR wave
terms behind the phenomenon of driven tunneling dynamics.
It might account for the versatile strongly driven experiments
investigated in Refs. [29,34]. The method can be applied to
more complicated driving problems and dissipative dynamics
exposed by strong ac driving [31].

We would like to write down a few words about the
treatment of neglecting H ′

2. After the unitary transformation,
we obtained the transformed Hamiltonian and then divided
it into three parts H ′

0, H ′
1, and H ′

2. H ′
0 is the renormalized

tunneling with the renormalized factor J0(Aξ/ω), including an
infinite order of A. H ′

1 contains all single-ω terms which relates
to single-photon assisted transitions. Moreover, H ′

1 possesses
the RWA form after we choose ξ by the self-consistent equation
Eq. (13). H ′

2 involves all multi-ω terms (nω, n = 2,3,4 . . .),
which correspond to the multi-photon-assisted transitions.
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Our calculations of neglecting H ′
2 work well even for the

moderately strong driving strength region. It is justified by
our following results: (i) by the CHRW method we obtain
the CDT dynamics, which agrees well with the exact results,
and (ii) we calculate the modulated Rabi frequency and the
Bloch-Siegert shift. The results to fourth order are the same
as the exact results; (iii) as H ′

2 includes all the multi-ω terms
(nω, n = 2,3,4 . . .), its contribution to the dynamics is not
prominent except for the ultrastrong driving strength case.
This point has been verified by our calculations of the P (t)
in comparison with the numerically exact results from weak
to moderately strong driving strength. After we compare the
CHRW results with those of the Rabi-RWA method, it turns out
that the valid parameter region of the CHRW method is much
more broader than that of the Rabi-RWA method which is
perturbative in the driving strength [39]. We figure the regions
of validity for the different methods in Fig. 6. In this figure, we
can see clearly that the CHRW method covers the large areas
of the parameter region in which the RWA method breaks
down. All these results conclusively support the reasonability
of neglecting H ′

2.
We would like to clarify the relation between the CHRW

approach and the other RWA methods. The key point of our
treatment is the unitary transformation with the generator S =
−i A

2ω
ξ sin(ωt)σz, where a parameter ξ is introduced. After the

transformation an expansion has been performed according
to the order of the harmonics (photon transfer process: 0
photon, 1 photon,. . ., m photons). The CHRW treatment does
not consider the process of higher-order harmonics (m � 2).
If ξ = 0, in other words, without the transformation, the
expansion would give the Rabi-RWA form with neglecting
the CR terms. While ξ = 1, our transformation is the usual

polaron-like transformation, which gives the rotating-frame
form Refs. [3,32], and if we use the resonance condition,
we then can obtain the results of the RWA-RF method. It
is important to notice that the CR terms exist in the sine
functions [see Eq. (10)]. Our choice in the CHRW method
for 0 < ξ < 1 is in between and thus is an improvement on the
existing analytical methods. Moreover, we clearly establish
the validity of the different RWA methods and the relation of
the CHRW treatment to the other RWA methods. Since the
CHRW approach is mathematically simple as well as tractable
and physically clear, it may be extended to some complicated
problems where we cannot do a numerical study. All in all, the
approach is not an upgrade patch for the conventional RWA
but a much improved innovative RWA. It provides a direct
tool for studying the properties of driven tunneling systems
within a wide range of parameter. The approach introduced
here will prove useful in treating the properties of certain
complicated models, in particular in the context of multimode
driven tunneling quantum dynamics.
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Rev. A 79, 044305 (2009).

[7] K. Hijii and S. Miyashita, Phys. Rev. A 81, 013403 (2010).
[8] Y. Dakhnovskii and H. Metiu, Phys. Rev. A 48, 2342 (1993);

Y. Dakhnovskii and R. Bavli, Phys. Rev. B 48, 11020 (1993).
[9] Y. Kayanuma, Phys. Rev. B 47, 9940 (1993); 50, 843 (1994).

[10] Y. Kayanuma, Phys. Rev. A 55, R2495 (1997).
[11] Ya. S. Greenberg, A. Izmalkov, M. Grajcar, E. Il̄ichev, W. Krech,

H.-G. Meyer, M. H. S. Amin, and A. Maassen van den Brink,
Phys. Rev. B 66, 214525 (2002); Ya. S. Greenberg, A. Izmalkov,
M. Grajcar, E. Il̄ichev, W. Krech, and H.-G. Meyer, ibid. 66,
224511 (2002).

[12] Ya. S. Greenberg, Phys. Rev. B 68, 224517 (2003).
[13] S. K. Son, S. Han, and Shih-I Chu, Phys. Rev. A 79, 032301

(2009).
[14] T. S. Ho, S. H. Hung, H. T. Chen, and Shih-I Chu, Phys. Rev. B

79, 235323 (2009).
[15] Y. Nakamura, Y. A. Pashkin, and J. S. Tsai, Nature 398, 786

(1999).
[16] E. Ilichev, N. Oukhanski, A. Izmalkov, T. Wagner, M. Grajcar,

H. G. Meyer, A. Y. Smirnov, A. MaassenvandenBrink, M. H. S.
Amin, and A. M. Zagoskin, Phys. Rev. Lett. 91, 097906 (2003).

[17] M. S. Rudner, A. V. Shytov, L. S. Levitov, D. M. Berns, W. D.
Oliver, S. O. Valenzuela, and T. P. Orlando, Phys. Rev. Lett. 101,
190502 (2008).

[18] J. Clarke and F. K. Wilhelm, Nature 453, 1031 (2008).
[19] M. Hofheinz, H. Wang, M. Ansmann, R. C. Bialczak, E. Lucero,

M. Neeley, A. D. O’Connell, D. Sank, J. Wenner, J. M. Martinis,
and A. N. Cleland, Nature 459, 546 (2009).

[20] G. Z. Sun, X. D. Wen, B. Mao, Z. Y. Zhou, Y. Yu, P. H. Wu, and
S. Y. Han, Phys. Rev. B 82, 132501 (2010).

[21] J. Berezovsky, M. H. Mikkelsen, N. G. Stoltz, L. A. Coldren,
and D. D. Awschalom, Science 320, 349 (2008).

[22] F. H. L. Koppens, C. Buizert, K. J. Tielrooij, I. T. Vink,
K. C. Nowack, T. Meunier, L. P. Kouwenhoven, and L. M. K.
Vandersypen, Nature 442, 766 (2006).

023831-11112

http://dx.doi.org/10.1103/RevModPhys.59.1
http://dx.doi.org/10.1126/science.1119678
http://dx.doi.org/10.1103/PhysRev.138.B979
http://dx.doi.org/10.1103/PhysRevLett.101.200404
http://dx.doi.org/10.1103/PhysRevLett.101.200404
http://dx.doi.org/10.1103/PhysRevA.80.023801
http://dx.doi.org/10.1103/PhysRevA.81.042116
http://dx.doi.org/10.1007/s11467-009-0078-7
http://dx.doi.org/10.1016/S0370-1573(02)00368-X
http://dx.doi.org/10.1103/PhysRevA.79.044305
http://dx.doi.org/10.1103/PhysRevA.79.044305
http://dx.doi.org/10.1103/PhysRevA.81.013403
http://dx.doi.org/10.1103/PhysRevA.48.2342
http://dx.doi.org/10.1103/PhysRevB.48.11020
http://dx.doi.org/10.1103/PhysRevB.47.9940
http://dx.doi.org/10.1103/PhysRevE.50.843
http://dx.doi.org/10.1103/PhysRevA.55.R2495
http://dx.doi.org/10.1103/PhysRevB.66.214525
http://dx.doi.org/10.1103/PhysRevB.66.224511
http://dx.doi.org/10.1103/PhysRevB.66.224511
http://dx.doi.org/10.1103/PhysRevB.68.224517
http://dx.doi.org/10.1103/PhysRevA.79.032301
http://dx.doi.org/10.1103/PhysRevA.79.032301
http://dx.doi.org/10.1103/PhysRevB.79.235323
http://dx.doi.org/10.1103/PhysRevB.79.235323
http://dx.doi.org/10.1038/19718
http://dx.doi.org/10.1038/19718
http://dx.doi.org/10.1103/PhysRevLett.91.097906
http://dx.doi.org/10.1103/PhysRevLett.101.190502
http://dx.doi.org/10.1103/PhysRevLett.101.190502
http://dx.doi.org/10.1038/nature07128
http://dx.doi.org/10.1038/nature08005
http://dx.doi.org/10.1103/PhysRevB.82.132501
http://dx.doi.org/10.1126/science.1154798
http://dx.doi.org/10.1038/nature05065
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We investigate the steering dissipative dynamics of a two-level system (qubit) by means of the
modulation of an assisted tunneling degree of freedom which is described by a quantum-oscillator
spin-boson model. Our results reveal that the decoherence rate of the qubit can be significantly
suppressed and simultaneously its quality factor is enhanced. Moreover, the modulated dynamical
susceptibility exhibits a multi-peak feature which is indicative of the underlying structure and mea-
surable in experiment. Our findings demonstrate that the interplay between the combined degrees
of freedom and the qubit is crucial for reducing the dissipation of qubit and expanding the coherent
regime of quantum operation much large. The strategy might be used to fight against deterioration
of quantum coherence in quantum information processing. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.3700437]

The emergent field of quantum information processing
has spurred research activities on the controlled manipula-
tion of a qubit. The requisite quantum coherence is very frag-
ile, and lost through interaction with environment or other
sources. Such interactions degrade the information and in as
much as it does exist in nature, how would one implement
realistic quantum manipulation at a rate much faster than de-
coherence occurs? By introducing a dynamical structure with
assisted tunneling, we obtain an effective modulation of dis-
sipation, which leads to an engineered decay of the qubit. It
avoids the fast loss of coherence of quantum states, which is
one of basic prerequisites for quantum information process-
ing. It is applied in different areas of forefront fundamental
research and new emerging topics.1

One of the key challenges for solid state qubits is to
perform quantum coherent manipulation despite the decoher-
ence resulting from the environment. For example, gener-
ally, a critical element for manipulation is the interdot tun-
neling barrier of coupled quantum dots (QD), which have
been designed and realized in the hetero-structure and other
solid state schemes.2, 3 However, those are principally set by
the geometrical constrictions between the QDs defined in the
fabrication3 even if tunnel-barrier transmittances can be mod-
ified by gate voltages. Thus, it is an important challenge in
experiment to increase the tunneling coupling to preserve co-
herent dynamics against decoherence due to uncontrollable
degrees of freedom.3

In this paper, we propose a powerful efficient mecha-
nism to obtain robust coherent dynamics of a qubit even in
a strongly dissipative environment. A qubit coupled to a har-
monic oscillator has been implemented by different systems
in experiment, such as an exciton in a QD coupled strongly
to a phonon in an ultrahigh-Q phonon cavity, or a cooper-pair
box coupled to a nanomechanical oscillator.4–6 We propose a
realistic setup where assisted-tunneling between qubit states

is used to control efficiently the dynamics by coupling ele-
ments, a harmonic oscillator acting as a controllable degree
of freedom. Specifically, the oscillator can be implemented
using the intrinsic lattice vibration of a phonon cavity, i.e.,
single frequency optical phonons,4 or the collective motion
of a designed quantum structure, e.g., a suspended nanome-
chanical oscillator or carbon nanotube on a gate.7, 8 Thus, we
consider a class of systems with induced tunneling assisted by
the oscillator,

Hs = −�

2
σx + ε(t)

2
σz + ω0a

†a + g0

2
(a† + a)σx, (1)

where � is the tunneling element,9 ε(t) the bias, and σ x and
σ z are Pauli matrices. In QD qubit structures, � is propor-
tional to the overlap of wave functions in the two QDs, ε(t)
is the voltage difference between the dots which is tuned to
zero in the measurement. g0 is linear coupling between the
qubit and the oscillator, which determines the assisted tun-
neling strength, while a and a† bosonic operators with fre-
quency ω0. When ε(t) = 0, Eq. (1) becomes the independent
boson model (IBM) with the Hamiltonian HIBM = −�σ x/2
+ ω0a†a + g0(a† + a)σ x/2, describing a two-state system
coupled with a dynamic structure. This is a basic model for
many physical and chemical processes.10

In order to show how the dynamical fluctuations in the
solid-state environment influence the coherent properties of
the qubit, the coupling of qubit states to the heat bath is de-
scribed by the spin-boson model (SBM),11–13

H = Hs +
∑

k

ωkb
†
kbk +

∑
k

gk

2
(b†k + bk)σz, (2)

b
†
k (bk) is the creation (annihilation) operator of a bo-

son mode with frequency ωk, and gk denotes the cou-
pling constant. In this work an Ohmic bath is considered
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and its spectral density is characterized by:
∑

k g2
k δ(ω − ωk)

= 2αω exp(−ω/ωc), where α is the dimensionless coupling
constant and ωc is the cut-off frequency.

Here employing an analytical approach based on uni-
tary transformations and perturbation theory, we calculate the
steered non-Markovian non-equilibrium dynamics, equilib-
rium dynamics, and the susceptibility of the model at T = 0.
The approach puts the qubit’s and oscillator’s degrees of free-
dom on equal footing. It works well for the coupling constant
0 ≤ α < 1 and any bare tunneling �, and then can reproduce
the well-known results of the SBM.14–21 In this paper we set
¯ = 1 and kB = 1.

Unitary transformations, H ′′ = eS2eS1He−S1e−S2 , are ap-
plied to H and their aim is to take into account the cor-
relation between the spin and bosons.22, 23 We propose
the following form for the generators, S1 = g0

2ω0
(a† − a)σx ,

S2 = ∑
k

gk

2ωk
ξk(b†k − bk)[σ−eX + σ+e−X], where σ± = (σ z

± iσ y)/2 and X = (a†−a)g0/ω0. Here we introduce in S2

a k-dependent function ξ k and its form will be determined
later. The transformation can be performed to the end and
the transformed Hamiltonian is divided into three parts,
H ′′ = H ′′

0 + H ′′
1 + H ′′

2 ,

H ′′
0 = −η�

2
σx + ω0a

†a +
∑

k

ωkb
†
kbk + 
, (3)

H ′′
1 =

∑
k

Vk(b†kσ−eX + bkσ+e−X), (4)

where the energy shift 
 = − g2
0

4ω0
− ∑

k

g2
k

4ωk
ξk(2 − ξk),

the renormalized coupling Vk = gk
η�

ωk
ξk , ξk = ωk

ωk+η�
,

η = exp[−∑
k

g2
k

2ω2
k

ξ 2
k ], and H ′′

2 = H ′′ − H ′′
0 − H ′′

1 . H ′′
0 is

the unperturbed part of H′′ and, obviously, it can be solved
exactly in which the spin (qubit), the oscillator, and the
environment are decoupled. The eigenstate of H ′′

0 is a direct
product: |s〉|na〉|{nk}〉, where |s〉 is the eigenstate of σ x:
σ x|s1〉 = |s1〉 and σ x|s2〉 = −|s2〉, |na〉 is the Fock state of the
oscillator, and |{nk}〉 is the eigenstate of environment with nk

bosons for mode k. In particular, |{0k}〉 is the vacuum state
in which nk = 0 for every k. The ground state of H ′′

0 is |g0〉
= |s1〉|0a〉|{0k}〉. H ′′

1 and H ′′
2 are treated as perturbation and

they should be as small as possible. For this purpose ξ k and
η are determined to make H ′′

1 |g0〉 = 0 and 〈g0|H ′′
2 |g0〉 = 0,

respectively, whose forms are essential in our
approach.

In our method H ′′
0 is treated as the unperturbed Hamilto-

nian, H ′′
1 the perturbation which contains the terms of single-

bath-boson transition, and H ′′
2 is neglected since it contains

the terms of multi-bath-boson non-diagonal transitions or the
terms of simultaneous transition of bath-bosons and oscilla-
tor. In H ′′

0 , the tunneling has already been renormalized by η

which comes from the contribution of all diagonal transitions
of bath-boson.10

The equation of motion in the Heisenberg picture for
any operator σ (t) = exp (iH′′t)σexp (−iH′′t) is iσ̇ = [σ,H ′′],
where the time derivative is abbreviated by a dot. Then, we

can derive the chain of equations as follows:

σ̇+ = iη�σ+ + i
∑

k

Vkb
+
k σxe

X, (5)

σ̇− = −iη�σ− − i
∑

k

Vke
−Xσxbk, (6)

i
d

dt
(b+

k σx) = −ωkb
+
k σx − Vkσ+e−X, (7)

i
d

dt
(σxbk) = ωkσxbk + Vke

Xσ−. (8)

Quantum fidelity can measure environment-induced de-
coherence. It is defined as F(t) = Tr(ρ(0)ρ(t)). Thus, suppose
the initial state is |ψ(0)〉 = 1√

2
[|s1〉 + |s2〉]|0a〉|{0k}〉 with

〈ψ(0)|σ z|ψ(0)〉 = 1 and 〈ψ(0)|σ x|ψ(0)〉 = 0. The average of
the operator σ (t) is denoted as σ̄ (t) = 〈ψ(0)|σ (t)|ψ(0)〉 and
we can obtain the integro-differential equations,

˙̄σ+(t) − iη�σ̄+(t) = −
∑

k

V 2
k

∫ t

0
dt ′σ̄+(t ′)eiωk(t−t ′)Ft ′,t ,

(9)

˙̄σ−(t) + iη�σ̄−(t) = −
∑

k

V 2
k

∫ t

0
dt ′σ̄−(t ′)e−iωk (t−t ′)Ft,t ′ ,

(10)

where Ft ′,t=〈0a|e−X(t ′)eX(t)|0a〉 and Ft,t ′ = 〈0a|e−X(t)eX(t ′)|0a〉
can be evaluated by Feynman Disentangling of operators.10

These are non-Markovian. In this work, we pursue controlled
non-Markovian transient dynamics. The integro-differential
equations can be solved by Laplace transformation and the
result for F (t) = [1 + σ̄z(t)]/2 = [1 + P (t)]/2 is

F (t) = 1

2
+ 1

2π

∫ ∞

−∞

�(ω) cos(ωt)dω

[ω − η� − �(ω)]2 + �2(ω)
, (11)

where

�(ω) = e−λ

∞∑
l=0

λl

l!

∑
k

V 2
k

ω − ωk − lω0
, (12)

�(ω) = πe−λ

∞∑
l=0

λl

l!

∑
k

V 2
k δ(ω − ωk − lω0) (13)

with λ = g2
0/ω

2
0. These equations are the main result of the

work. �(ω) and �(ω) are obtained at T = 0.
We summarize our results in Fig. 1. One can see a damp-

ing oscillation of the SBM at λ = 0 due to dissipation.16, 17 Fi-
delity decays due to interference with the environment. When
tuning on the coupling to the oscillator λ > 0, quantum dy-
namics exhibits robust coherent behavior even in the strong
dissipative regime. Furthermore, as λ increases (the oscillator-
qubit coupling becomes strong at a fixed ω0, or the frequency
of the oscillator decreases at a fixed g0.), F(t) shows much
weaker damping behaviors and coherence becomes more ro-
bust (see Fig. 1(a)).
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FIG. 1. (a) Time evolution F(t) modulated by the oscillator with different λ.

(b) Spectral density G(ω) = ∑
k

g2
k
4 δ(ω − ωk) and modulated spectral den-

sity Gsa(ω) = e−λ
∑∞

l=0
λl

l!

∑
k V 2

k δ(ω − ωk − lω0). When λ = 0, it become
Gsb(ω) = ∑

k V 2
k δ(ω − ωk). (c) Quality factor as a function of λ for differ-

ent dissipative strength. (d) Phase diagram of coherent-incoherent transition
in the presence of oscillator tuning. The scaling result αc = 0.5 of the SBM
(�/ωc � 1) is shown by the red dot.

From Fig. 1(b) it is clear that the coupling to the oscilla-
tor has a significant effect on the energy spectrum. �(ω) de-
termines the dissipative effects and also relates the spectral
density. For the SBM (λ = 0), by using the second-order
perturbation theory, we get �(ω) = π

∑
k g2

k δ(ω − ωk)/4
= πG(ω), while from the transformed Hamiltonian (Eqs. (3)
and (4)), we obtain �(ω) = π

∑
k V 2

k δ(ω − ωk) and give the
effective spectral density Gsb = �(ω)/π . By analogy, the mod-
ulated spectrum density Gsa is defined as Gsa(ω) = �(ω)/π
= e−λ

∑
l

λl

l!

∑
k V 2

k δ(ω − ωk − lω0), which has a multi-peak
structure with a shoulder in the lower energy in contrast to the
bare Ohmic spectrum. As λ increases, the shoulder becomes
lower and at the same time clear ridges and peaks above the
shoulder emerges. It has been known that the low-frequency
part of spectrum function determines the dissipative behaviors
of qubit.13 Thus, as the engineered spectrum Gsa possesses the
less weight of low frequency part it leads to the steered dy-
namics with dissipative reduction. Therefore, tuning the cou-
pling of the qubit to the oscillator can control the decoherence
process of the qubit.

In the Hamiltonian Eq. (1), quantum oscillator with
an assisted-tunneling channel is introduced to change quan-
tum decoherence. By means of unitary transformations, one
can see obviously that there happens the mixing (b†kσ−eX

+ h.c.) between the assisted-tunneling channel of quan-
tum oscillator and the dissipative channel of bosonic reser-
voir. Thus it results in neutralizing the inevitable decoher-
ence effect caused by the noisy environment. The pref-
actor e−λ in the fidelity dynamics is a signature of this
result. Furthermore, the reduction of the decoherence rate
originates from the Poisson distribution with the dressing fac-
tor e−λ in �(ω). Therefore, the coherence of the qubit with
a dissipative environment can be significantly enhanced and
improved.

The quality factor is defined as Q = ωeff/�(η�), in which
ωeff is the effective Rabi frequency of the qubit, and �(η�)
is the engineered decay rate modulated by the oscillator.
Figure 1(c) displays the quality factor as a function of λ.
As λ increases, Q shows a steep increase from 6.09 to 205
for α = 0.1, a remarkable enhancement by two orders of
magnitude. Note that ωeff is the solution of the equation ωeff

− η� − �(ωeff) = 0.16, 20, 22 The solution is positive real only
when α < αc. For α > αc there is no solution ωeff > 0 so that
α = αc determines the critical point corresponding to a
coherent-incoherent transition. For λ = 0, it is easy to ob-
tain the well-known result αc = 1/2 in the scaling limit
� � ωc.22 Figure 1(d) shows the phase diagram of the
coherent-incoherent transition. It is clear that the coherent
regime becomes much broader with increasing λ. In other
words, the oscillator provides both a degree of freedom to
steer the qubit dynamics and also a broad parameter space
to efficiently manipulate its coherence.

Another important quantity is the susceptibility,19–21

χ ′′(ω) = 1

2π

∫ ∞

−∞
dteiωt 〈[σz(t)σz − σzσz(t)]〉H , (14)

where 〈. . .〉H = Tr[exp (− βH). . .]/Tr[exp (−βH)]. The corre-
lation function is calculated at T = 0 as follows.

〈exp(iH t)σz exp(−iH t)σz〉H ≈ (〈eiH̃ tσ−e−iH̃ t σ+〉H̃
+〈eiH̃ tσ+e−iH̃ t σ−〉H̃ )Ft,0. (15)

Here we assume that in the transformed Hamiltonian Ha

= ω0a†a is uncorrelated with H̃ = H ′′ − Ha . The correlation
functions can be calculated by means of Green’s function and
the result is

〈eiH̃ tσ−e−iH̃ tσ+〉H̃ 〈e−X(t)eX〉Ha

= 1

π

∫ ∞

0
dω

γ (ω)

[ω − η� − R(ω)]2 + γ 2(ω)
e−iωt e−φ(t),

(16)

where φ(t) = λ(1 − e−iω0t ). Then, it is substituted into
Eq. (14) and for ω ≥ 0,

χ ′′(ω) = e−λ

π

∞∑
l=0

λl

l!

× γ (ω − lω0)

[ω − lω0 − η� − R(ω − lω0)]2 + γ 2(ω − lω0)
,

(17)

where R(ω) = ∑
k

V 2
k

ω−ωk
and γ (ω) = π

∑
k V 2

k δ(ω − ωk). For

λ = 0, χ ′′(ω) = π−1γ (ω){[ω − η� − R(ω)]2 + γ 2(ω)}−1 is
the result of SBM,18, 22 while for α = 0, χ ′′(ω) = e−λ

∑
lλ

lδ(ω
− lω0 − �)/l! is that of IBM.10

Figure 2 shows clearly the Poisson distributed character
of the susceptibility spectrum (Figs. 2(a) and 2(b)). Without
the coupling to the oscillator, the spectrum has a Lorentzian
shape with a single peak near η� which is a well known
aspect of the SBM.17, 18 Turning on the coupling to the os-
cillator, one can see that a multi-peak structure emerges, in
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FIG. 2. (a) and (b) χ ′′(ω) as a function of ω/ω0 for different λ. (c) The
correlation function C(t). (d) C(t) vs σ̄z(t) ≡ P (t). Note C(0)=1=P(0) is
numerically exact.

which there is a finite frequency interval ω0 between any
two nearest-neighbor peaks, which is the intrinsic frequency
of the oscillator. Moreover, the weight of every peak would
be redistributed with increasing λ. Specifically, the position
of the highest peak will shift, at the same time the height
and width of every peak also change. All these features in
the spectrum can be detected and confirmed experimentally
in the optical spectrum of QDs. In Fig. 2(c), we plot the
symmetrized equilibrium correlation function C(t) = 〈{σ z(t),
σ z}〉/2, where {A, B} = AB + BA.21 As λ increases, the os-
cillatory character shows up chorally multi-peak structure in
the susceptibility because C(t) and χ ′′ satisfy the correlation
C(t) = ∫ ∞

0 dωχ ′′(ω) cos(ωt). In the absence of dissipation
(α = 0), our result immediately recovers the exact result of the
IBM.10 Besides, without the coupling to oscillator (λ = 0), the
dynamics C(t) illustrates a dissipative behavior with a decay
rate γ (η�),22 and C(t) = σ̄z(t) in this case.19 While the dissi-
pative and controllable components coexist, C(t) has a much
different character from P(t), namely C(t) �= σ̄z(t) (Fig. 2(d)).
One of important reasons is the different initial preparation
conditions for two physical quantities.13 In particular, C(t) is
an equilibrium correlation function while σ̄z(t) needs an ini-
tial preparation process and then performs a non-equilibrium
time evolution. From a mathematical viewpoint, the kernel of
σ̄z(t) accounts the total effect of summing multi-boson (lω0,
l = 0, 1, 2. . .) self-energy in Eq. (11) (quantum coherent su-
perposition), resulting in damped oscillations with the corre-
sponding modulated decay rate. The kernel of C(t), on the
other hand, considers the contribution of each multi-boson
term independently, and C(t) takes account of the summation
of separate term as a Poisson distributed weight in Eq. (17)

(incoherent superposition). Therefore, C(t) is different from
σ̄z(t).

In summary, we study the controllable dissipative dynam-
ics coherently tuned with a harmonic oscillator using an an-
alytical approach based on unitary transformations. We show
that the modulated decay rate is controlled and its quality fac-
tor improved under suitable steer of the oscillator. In other
words, when the oscillator is tuned appropriately, the coher-
ence of the system exhibits becomes significantly more ro-
bust. The scheme is realistically done, from an experimen-
tal point of view, i.e., the oscillator can be modeled by a
nanostructural oscillator, a quantum beam, an optical phonon
mode, or even a cavity mode. The mechanisms discussed in
this paper may be used in designing and constructing qubit-
manipulation tools to preserve coherence, and also in find-
ing applications to the dynamics of light-harvesting com-
plexes and quantum information transfer.24, 25 The results of
this work hold for zero temperature. The issue of decoherence
for finite temperature is interesting and in progress.
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Optical absorption spectrum of semiconductor quantum dot is investigated by means of an

analytical approach based on the Green’s function for different forms of coupling strength in an

unified method by using the standard model with valence and conduction band levels coupled to

dispersive quantum phonons of infinite modes. The analytical expression of the optical absorption

coefficient in semiconductor quantum dots is obtained and by this expression the line shape and the

peak position of the absorption spectrum are procured. The relation between the properties of

absorption spectrum and the forms of coupling strength is clarified, which can be referenced for

choosing the proper form of the coupling strength or spectral density to control the features of

absorption spectrum of quantum dot. The coupling and confinement induced energy shift and

intensity decrease in the absorption spectrum are determined precisely for a wide range of

parameters. The results show that the activation energy of the optical absorption is reduced by the

effect of exciton-phonon coupling and photons with lower frequencies could also be absorbed in

absorption process. With increase of the coupling constant, the line shape of optical absorption

spectrum broadens and the peak position moves to lower photon energy with a rapid decrease in

intensity at the same time. Both the coupling induced red shift and the confinement induced blue

shift conduce to decrease in the intensity of absorption spectrum. Furthermore, this method may

have application potential to other confined quantum systems. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4757963]

I. INTRODUCTION

Quantum dots (QDs) based on semiconductor structures

have attracted great attention in recent years1 because of their

similarities of electronic structures to natural atoms or mole-

cules and their potential applications2 of confinement induced

discrete energy spectrum.3 The recent progress in nanotech-

nology has made it possible to control electronic states of QD

by external conditions4,5 and to implement coherent probing

of excited quantum dot states, e.g., by interferometric mea-

surement of coherent current contributions.6 This has greatly

promoted the application prospects of QD, such as in super-

conducting quantum interference devices, molecular mag-

nets,7 entanglement of qubit with environment,8 solid-state

quantum logic gates,9,10 sources of nonclassical light,11 QD-

cavity in strong coupling regime,12,13 and qubits in quantum

computers,14 and hence has stimulated extensive investiga-

tions on intrinsic properties of the QD system15,16 both

theoretically15,17,18 and experimentally.19,20 Electron-phonon

coupling,17,18 size and shape,21,22 and carrier-carrier correla-

tion23 in QDs, as well as external electromagnetic fields have

crucial influence on the exciting and relaxing processes of

carriers in QD, and accordingly lead the line shape of optical

absorption and emission spectra of QD to be broadened and

shifted from d-like lines of density of states. Therefore, the

shift of optical absorption spectrum is useful for characteriz-

ing the physical properties of semiconductor quantum dot,

especially for characterizing the strength of interactions.

Since the electronic energy levels in a QD cannot be com-

pletely decoupled from its environment, effects of these inter-

actions, such as dissipation, decoherence, and coupling

induced mediate interaction of different electronic energy

levels, are unavoidable,24,25 which have remained the most

important obstacle to the development of quantum informa-

tion and quantum computer and are crucial subject in explo-

ration of macroscopic quantum phenomena. Among various

methods for researching the energy state structure of QD, op-

tical response measurement is convenient and efficacious.

The optical absorption has remained an important source of

information about the excitation spectrum of QD26 and the

measurements of optical properties have provided much of

the experimental basis for theoretical studies.27,28 Rapid

advance in preparation and measurement techniques has

greatly changed the optical response experiments from early

period of only able to measure averagely over many QDs to

nowadays of able to measure individually a single QD,29–31

which consequently has stimulated anew the theoretical study

on the optical response of individual QD and endued it with

great significance. By considering the model of discrete elec-

tronic levels with coupling to phonon modes, theoretical stud-

ies have been performed to explore the optical response of

single QD by using numerical diagonalization,17,18 path inte-

gral,32 numerical renormalization group method,33 effective

mass approximation,21,22 and atomistic pseudopotential-

based approach,34 etc. However, with various interactions

existing in QDs, this problem is rather difficult to deal with

analytically,2,35 which has brought much uncertainty in

the interpretation of experimental data and has limited oura)wq@sjtu.edu.cn.

0021-8979/2012/112(7)/074324/10/$30.00 VC 2012 American Institute of Physics112, 074324-1

JOURNAL OF APPLIED PHYSICS 112, 074324 (2012)

Downloaded 28 Mar 2013 to 202.120.52.61. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions

118

http://dx.doi.org/10.1063/1.4757963
http://dx.doi.org/10.1063/1.4757963
http://dx.doi.org/10.1063/1.4757963
mailto:wq@sjtu.edu.cn


understanding of many interesting quantum phenomena of

confinement systems. While considerable efforts have been

made to investigate the effects of interactions, it is urgently

needed to develop an accepted analytical theory for the opti-

cal absorption spectra and photoluminescence in QD,17 which

may make it possible to have an insight into the intrinsic

properties of QDs.36

In this work, we propose an analytical method to study

the optical response of semiconductor QD by using a model

consisting of valence and conduction band energy levels

with coupling to quantum phonons of infinite modes, with

the view of understanding the effects of couplings on the

optical absorption spectra. By developing an analytical

approach, an analytic expression of the optical absorption

coefficient is obtained. The validity of our theory was mani-

fested by the very well agreement of our results with that of

numerical calculations37 (of the current correlation function

and the success in reproducing some well established values

well known as results of non-perturbation in Ohmic case).

More importantly, this physically clear method may provide

a new analytic approach to investigate other confined quan-

tum systems. The paper is organized as follows: In Sec. II,

we introduce the model Hamiltonian and diagonalize it by

using unitary transformation to obtain the ground and the

low-lying excited energy states. In Sec. III, by means of the

Green’s function and the residue theorem, analytic expres-

sion of the optical absorption coefficient is obtained. The cal-

culated results for different couplings and environments are

presented and discussed in Sec. IV. Finally, a brief summary

will conclude our presentation in Sec. V.

II. THE MODEL

We start from the standard model with valence and con-

duction band energy levels coupled to quantum phonons of

infinite modes to describe a semiconductor QD,17,38

H ¼ ðecc†cþ evv
†vÞ þ

X

k

�hxkbþk bk

þ 1

2

X

k

ðMc;v
k c†vþMv;c

k v†cÞðb†
k þ bkÞ: (1)

This model system contains an electronic ground state

(in the valence band) of energy level ev and a lowest-lying

excited (exciton) state (in the conduction band) of energy

level ec, which are represented by the fermion creation and

annihilation operators of the electrons (holes) c† and c (v†

and v). The coupling of these two levels with phonons in the

quantum dot, via the exciton-phonon coupling, is given by

the last term of the Hamiltonian (1) with bþk ðbkÞ, the creation

(annihilation) operator of the phonons with frequencies xk;
and Mc;v

k , the coupling strength describing the interaction

between the transition electron and the phonons of vibra-

tions. The on transition electron-phonon interaction in the

coupling term causes the phonons to be dispersive.

Being made of semiconductor material, the existent

lower energy levels in both valence band and conduction

band of semiconductor QD result in multiple peaks in the op-

tical absorption spectrum relating to the optical transitions

from sublevels in valence band to sublevels in conduction

band. The energy contributions of these levels and the cou-

pling of transition processes with phonons can be described

as
P

iðei
cc†

i ci þ ei
vv

†
i viÞ and

P
i;j;kðMc;v

k;ijc
†
i vj þMv;c

k;ijv
†
i cjÞ

ðb†
k þ bkÞ, respectively. The values of interaction induced

shifts of peak positions in optical absorption spectrum vary

for different transitions and coupling strength, but the rela-

tive order of peak positions is maintained.21 In these transi-

tions, the lowest-energy one between the ground electron

and the hole states is the most typical and important, and is

mostly concerned in previous investigations. In order to pres-

ent our method and result concisely, this work is restricted to

the optical feature of this transition; therefore, the Hamilto-

nian (1) has no the sum for other sublevels and Mv;c
k ¼ Mc;v

k

¼ Mk. Since lattice-vibration, external electromagnetic field,

definition potential of size and shape confinement, and envi-

ronment can all be quantized by bosonic operators, it is of

general significance to use the bosonic creation (annihila-

tion) operator b†
k ðbkÞ to describe any of them. Because we

consider only one electron in the absorption progress and

spin relaxation is a slow process compared to the spin-

conserving electron-phonon interaction, the spin degree of

freedom of electron relating to this excitation has no effect

of the Pauli’s exclusion principle on optical transition, thus

the electron spin is not included in Hamiltonian (1) and

c†cþ v†v ¼ 1.

In order to treat optical transitions between the filled va-

lence band and the empty conduction band, it is convenient

to switch from the conduction-valence-band description used

in Hamiltonian (1) to the electron-hole picture. This is

accomplished by the replacement

c! e; v! h†: (2)

We use the Green’s function method to implement the

perturbation treatment and it is more convenient to work

within a two-component representation,

U ¼ e
h†

� �

; (3)

thus we have

U†rzU ¼ e†e� hh†;

U†rxU ¼ heþ e†h†;

U†ryU ¼ iðhe� e†h†Þ; (4)

and the Hamiltonian (1) becomes

H¼ 1

2
DU†rzUþ

X

k

xkb†
kbkþ1

2

X

k

Mkðb†
kþbkÞU†rxU: (5)

Here, rbðb ¼ x; y; zÞ is the Pauli matrix, D ¼ e2 � e1 is

energy difference between the valence band state and the con-

duction band state. Due to the confinement effect, the energy

difference D of semiconductor QD is larger than that of the

bulk semiconductor material. In order to take into account the

exciton-phonon coupling, an unitary transformation39,40 is

applied to H, H0 ¼ expðSÞH expð�SÞ, with the generator
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S ¼
X

k

Mk

2xk
nkðb†

k � bkÞU†rxU: (6)

The transformation can be done to the end and the result is

H0 ¼ H00 þ H01 þ H02; (7)

where

H00 ¼
1

2
gDU†rzUþ

X

k

xkb†
kbk �

X

k

M2
k

4xk
nkð2� nkÞ; (8)

H01 ¼
1

2

X

k

Mkð1� nkÞðb†
k þ bkÞU†rxU

� i

2
gDU†ryU

X

k

Mk

xk
nkðb†

k � bkÞ; (9)

H02 ¼
1

2
DU†rzU cosh

X

k

Mk

xk
nkðb†

k � bkÞ
( )

� g

" #

� i

2
DU†ryU sinh

X

k

Mk

xk
nkðb†

k � bkÞ
( )"

�
X

k

gMk

xk
nkðb†

k � bkÞ
#

: (10)

The transformed Hamiltonian is separated into three

parts according to their orders of the coupling strength. The

first part H00 contains the zeroth-order terms of the trans-

formed Hamiltonian, H01 the first-order terms, and H02 the sec-

ond as well as the higher-order terms. In perturbation

calculation, H00 is chosen as the unperturbed Hamiltonian

and should include as more terms as possible to make the

perturbation more efficacious on the premise of keeping it

can be diagonalized exactly. H01 and H02 are treated as pertur-

bation and they should be as small as possible. Because of

the decoupled form of electron and boson operators, H00 can

be diagonalized exactly and its eigenstate is a direct product,

j6ijfnkgi, where jþi ¼ 1

0

� �

and j�i ¼ 0

1

� �

are eigen-

states of U†rzU;

U†rzUj6i ¼ 6j6i; (11)

and jfnkgi means that there are nk phonons for mode k. The

ground state of H00 is jg0i ¼ j�ijf0kgi, where jf0kgi is the

vacuum state of phonons in which nk ¼ 0 for every k.

After collecting together the terms of same order and

being compared with Hamiltonian (5), D in the transformed

Hamiltonian is renormalized by the factor g due to the cou-

pling. By letting hg0jH02jg0i ¼ 0, i.e., the contribution of H02
to the perturbation calculation at second order of Mk is zero,

g can be determined as

g ¼ exp �
X

k

M2
k

2x2
k

n2
k

 !

¼ exp � 1

2

ð1

0

dx0

ðgDþ x0Þ2
X

k

M2
kdðx0 � xkÞ

" #

: (12)

The variational ground state energy is supposed to be

Eg ¼ h�jhf0kgjH0j�ijf0kgi: By minimizing Eg; the form of

the introduced parameter nk in the generator of unitary trans-

formation is determined as

nk ¼ xk=ðxk þ gDÞ: (13)

This choice of nk leads the matrix element of H01 between

jg0i and other eigenstates of H00 to be vanished, i.e., in the

perturbation treatment H01 has no perturbative contribution to

both the ground state and the transition process between

ground state and excited states. Thus, H01 is related only to

the higher-lying excited states of H00 and under renormaliza-

tion it should be irrelevant to the ground state and the excit-

ing process from the ground state.

The lowest excited states are jþijf0kgi and j�ij1ki,
where 1k is one phonon state with nk ¼ 1 but nk0 ¼ 0 for all

k0 6¼ k. It’s easily to check that hf0kgjhþjH02jg0i ¼ 0,

h1kjh�jH02jg0i ¼ 0, and hf0kgjhþjH02j�ij1ki ¼ 0. Moreover,

since H01jg0i ¼ 0, we have hf0kgjhþjH01jg0i ¼ 0 and h1kj
h�jH01jg0i ¼ 0. Thus, we can diagonalize the lowest excited

states of H0 and rewrite it in the eigenstate representation as

H0 ¼ � 1

2
gDjg0ihg0j þ

X

E

EjEihEj

þ higher excited state terms: (14)

The details of the diagonalization are described in

Appendix A.

III. OPTICAL ABSORPTION

The optical absorption spectrum has remained an impor-

tant source of information about the excitation spectrum

of QD and the measurement of optical properties is a non-

contact observation which is useful for mesoscopic scale

QDs. The absorptive feature of a semiconductor QD is

related to the optical conductivity which is usually the mea-

surement quantity in experiments. According to the Kubo

formula, the optical absorption coefficient can be expressed

by the retarded Green’s function as36

Re aðxÞ ¼ 2p e2p2

m0cnV

1

x
Im GðxÞ; (15)

where V is the volume of the whole QD system, n is the re-

fractive index of the QD material and GðxÞ is defined as

GðxÞ ¼ 1

p2

ð0

�1
dt e�ixthj†ðtÞjð0Þ � jð0Þj†ðtÞi: (16)

Here, h� � �i means the average with the thermodynamic prob-

ability expð�bHÞ:j is the current operator17 describing the

electron transitions between the top of valence band and the

bottom of conduction band in semiconductor QD,

j ¼ pðc†v� v†cÞ ¼ pðe†h† � heÞ ¼ pU†iryU;

where p is the momentum matrix element. According to the

spectral theorem, GðxÞ can be expressed as
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GðxÞ ¼ 1

2p

ð1

�1
Aðx0Þ ebx0 � 1

ðx� x0Þ dx0; (17)

where the spectral intensity

Aðx0Þ ¼
ð1

�1
dt eix0thW0yð0ÞW0yðtÞi0; (18)

Wl¼U†rlUðl¼ x;y;zÞ;WlðtÞ¼ expðiHtÞWl expð�iHtÞ, and

h�� �i0 means the average with the thermodynamic probability

expð�bH0Þ. The Green’s function GðxÞ satisfies an infinite

chain of equation of motion.36 By means of the cutoff

approximation, the imaginary part of the Green’s function is

obtained,

Im GðxÞ ¼x2

D2

CðxÞ
½x� gD� RðxÞ�2 þ C2ðxÞ

"

þ Cð�xÞ
½xþ gDþ Rð�xÞ�2 þ C2ð�xÞ

#

: (19)

The details of the calculation of the Green’s function are

given in Appendix B. Substituting Eq. (19) into Eq. (15), the

expression of optical absorption coefficient is obtained

aðxÞ ¼ 2pe2p2

m0cnV

� �
x

D2

CðxÞ
½x� gD� RðxÞ�2 þ C2ðxÞ : (20)

This equation reduces the calculation of optical absorp-

tion coefficient to that of RðxÞ and CðxÞ which can be calcu-

lated from the coupling strength, thus, the property of the

optical absorption spectrum is determined, at the end, by the

coupling strength and energy difference D in QD.

IV. EVALUATION AND RESULTS

In order to evaluate the optical absorption coefficient, we

investigate the effects of the coupling strength as well as other

factors on the process of optical response in semiconductor

QD in an unified method for different forms of coupling

strength by making use of the formulae in Secs. II and III.

The calculation of the optical absorption coefficient from Eqs.

(20), (12), (A1), and (A2) requires being given in advance the

concrete form of the coupling strength Mk or, equivalently,

the spectral density. The spectral density,

Jðx0Þ ¼
X

k

M2
kdðx0 � xkÞ; (21)

is defined as sum of the coupling strength41 and its form can be

determined from a prior knowledge of the microscopic interac-

tion or from the classical damped equation of motion.42 With

this expression, Eqs. (12), (A1), and (A2) can be rewritten as,

g ¼ exp � 1

2

ð1

0

Jðx0Þdx0

ðgDþ x0Þ2
 !

; (22)

RðxÞ ¼
ð1

0

dx0
ðgDÞ2Jðx0Þ

ðgDþ x0Þ2ðx� x0Þ ; (23)

CðxÞ ¼ p
ðgDÞ2JðxÞ
ðgDþ xÞ2 : (24)

By means of Eq. (20) with Eqs. (12), (A1), and (A2) or

with Eqs. (22), (23), and (24), the optical absorption in semi-

conductor QD can be evaluated analytically for any form of

the coupling strengths or of the spectral densities.

The widely used form of the spectral density for simple

power-law behavior on frequency is defined by the index S
in the expression,42

Jðx0Þ ¼
X

k

M2
kdðx0 � xkÞ ¼ 2gx1�S

c x0Shðxc � x0Þ; (25)

where hðxÞ is the usual step function. The assumption of the

boson environment models reduces the characteristics of the

environment and the coupling to two parameters: the dimen-

sionless coupling (damping) constant g and the upper cutoff

xc of the oscillator frequency. The index S¼ 1 corresponding

to the linear dissipation is well known in the literatures as the

Ohmic case. The nonohmic bath consists of the sub-Ohmic

case 0 < S < 1 and the super-Ohmic case S > 1. In studies,

the Ohmic dispersion is exploited commonly to describe the

interaction between exciton and phonons of vibrations,42,43

whereas the super-Ohmic case S¼ 3 is to describe the interac-

tion with solid state phonons. Instead of the step function,

exponentially damped power-law functions, such as e�ax042

and e�ax02 ,41 are also adopted as cutoff factors and to reflect

the bottleneck effect for QDs. Bosons interacting with QD

through other coupling mechanisms lead to other forms of the

spectral density, such as the Lorentzian form for structured

environment,44,45 forms for piezoelectric and deformation

potential phonons,45,46 surface acoustic waves,47 Rayleigh-

Lamb waves in confined geometries,48 etc. Form of the cou-

pling strength Mk in terms of boson mode can be employed

when the dispersion relation is known, and besides, the spec-

tral density concerned can be obtained by the sum of the

coupling strength according to Eq. (21). For example, the

coupling strengths with dispersion relations M2
k � k2e�kk2

;
xk � e0 � bk2; and M2

k � ke�kk2

; xk � vk are utilized,

respectively, to describe the interactions of an exciton with

longitudinal optical and longitudinal acoustic phonons in

semiconductor QD.24 Sum by Eq. (21) for these two cases

gives Jðx0Þ � ðe0 � x0Þe�aðe0�x0Þ and Jðx0Þ � x0e�a2x02 , and

both of them turned out to be Ohmic case merely with differ-

ent cutoff factors. The constant a ¼ k=v is the ratio of the

dimension of the QD to the sound velocity of phonons,

namely a � x�1
c ; the reciprocal of standing wave mode of

phonons in QD. Throughout all above, in the final analysis

the spectral density connotes both the coupling strengths and

the dispersion relations in semiconductor QD, therefore, the

effects of coupling strength and phonons in semiconductor

QD are completely characterized by the spectral density.41

In the following calculations, we chose the Ohmic dis-

persion and the solid state phonons dispersion S¼ 3, both

with step function hðxc � x0Þ and exponential function e�
x0
xc

as cutoff factors, to investigate the properties of the optical

response in semiconductor QD, and for simplicity xc is

taken as energy unit.
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A. Exciton-phonon interaction

The Ohmic form dissipation is experimentally the most

relevant and theoretically the most interesting and has been

widely studied because of its importance. For Ohmic case

S¼ 1, the spectral density with step function as cutoff factor

is

J1ðx0Þ ¼ 2gx0hðxc � x0Þ: (26)

Substituting it into Eqs. (22), (23), and (24), we obtain

g ¼ exp
gxc

xc þ gD
� g ln

xc þ gD
gD

� �

; (27)

RðxÞ ¼ 2gðgDÞ2
ðxþ gDÞ2 x ln

xðxc þ gDÞ
gDðxc �xÞ �

xcðxþ gDÞ
xðxc þ gDÞ

� �

; (28)

CðxÞ ¼ 2gpxðgDÞ2
ðxþ gDÞ2 : (29)

Similarly, for the spectral density with exponential factor

J2ðx0Þ ¼ 2gx0e�
x0
xc ; (30)

we have

g ¼ exp g
gDþ xc

xc
exp

gD
xc

� �

Ei � gD
xc

� �

þ g

� �

; (31)

RðxÞ ¼ 2gðgDÞ2
ðxþ gDÞ2 x exp � x

xc

� �

Ei
x
xc

� ��

�xcxþ gDxþ ðgDÞ2
xc

exp
gD
xc

� �

� Ei � gD
xc

� �

� ðxþ gDÞ�; (32)

CðxÞ ¼ 2gpxðgDÞ2
ðxþ gDÞ2 exp � x

xc

� �

: (33)

Here, Ei is the exponential integral

Eið7xÞ ¼ �
ð1

6x

e�udu

u
; ðx > 0Þ: (34)

Figure 1 shows the calculated optical absorption coeffi-

cient as function of photon frequency (photon energy) in the

case of g¼ 0.02 and D=xc ¼ 0:005 for the spectral densities

J1ðx0Þ and J2ðx0Þ. It is most notable that the peak position of

the optical absorption spectrum is not directly corresponding

to the energy difference between the ground state and the

lowest-lying excited state in QD. The activation energy of

the optical absorption is reduced by the effect of exciton-

phonon coupling and due to this effect, photons with lower

frequency could also be absorbed in absorption process. As

shown in the figure, the shift of the optical absorption

spectrum is different for different spectral densities (cou-

pling strengths) (peak position is 0.00449 for J1 and 0.00498

for J2). Fitting of the calculated results to Lorentzian line

shape gives the linewidth c (half width at half maximum) of

the optical absorption spectrum,30 and by comparing the

linewidth to that from measurement, the upper cutoff xc can

be determined since in this figure the abscissa is scaled by it.

For comparison of our result with those of other works, in

Fig. 2 we show the line shape of optical absorption spectrum

as function of photon frequency with input parameters

g¼ 0.1 and D=xc ¼ 0:01 for the spectral density J1. The

experimental and theoretical results from other works are

also shown in this figure by the solid circles denoting the

results of measurement in an interface fluctuation quantum

dot (Ref. 30, Fig. 2), and by insets (a) the result of theoretical

study from Ref. 21 (Fig. 4(a)), and (b) the result of theoreti-

cal study from Ref. 28 (Fig. 1, line A for R¼ 1.9 nm). For

FIG. 1. The calculated optical absorption coefficients as function of photon

frequency in the case of g¼ 0.02 and D=xc ¼ 0:005 for the spectral den-

sities J1ðx0Þ and J2ðx0Þ. The peak positions of the optical absorption spec-

trum are 0.00449 for J1 and 0.00498 for J2. The linewidth from Lorentzian

fitting are c ¼ 0:000394 for J1 and 0.00032 for J2.

FIG. 2. The line shape of optical absorption spectrum as function of photon

frequency with input parameters g¼ 0.1 and D=xc ¼ 0:01 for the spectral

density J1. The solid circles denote the results of measurement in an inter-

face fluctuation quantum dot (Ref. 30, Fig. 2), and the insets show the results

of theoretical studies for (a) from Ref. 21 (Fig. 4(a)), and (b) from Ref. 28

(Fig. 1, line A for R¼ 1.9 nm). The absorption peak position is set to the

zero detuning position, the same as in Ref. 30 and the photon frequency is

scaled by C, the half-width for the low photon frequency side of the peak.

Note we claim only that the subgap (x < xpeak) optical absorption coeffi-

cients scale.
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convenience of comparison, in the figure the absorption peak

position is set to the zero detuning position, the same as in

Ref. 30 and the photon frequency is scaled by C, the half-

width for the low photon frequency side of the peak. Our cal-

culated result of optical absorption spectrum has presented

asymmetric absorption line shape with inhomogeneous line-

width, which is consistent with experiment observations,

though their peak positions are maybe different due to the

differences in sizes and materials of QDs. To show the shift

of the absorption spectrum clearly, in Fig. 3 we illustrate

the optical absorption coefficients as function of photon

frequency for the spectral densities J1ðx0Þ and J2ðx0Þ in the

case of D=xc ¼ 0:01 for different values of coupling con-

stant g¼ 0.01, 0.03, and 0.05. One can see that as the cou-

pling constant increases, the line shape of optical absorption

spectrum broadens and the peak position moves to lower

photon energy with rapid decrease in intensity at the same

time. Reports of previous investigations on the absorption

spectrum of QD have exhibited this coupling induced red

shift24,49 which is consistent with our results. In the process

of determining the QD size from absorption intensity by the

relation between dipole moment and QD area, if the decrease

of absorption intensity with redshift is not considered, the

theoretical result of dipole moments may be larger than that

obtained by experiment.30

The confinement effect induced blue shift of optical

absorption spectrum of semiconductor QD has been shown

to be proportional to inverse square of radius of QD and the

lowest quantum confined energy level was obtained as50

D ¼ Eg þ ER
ða0pÞ2

R2
; (35)

where Eg means the absorption edge of the bulk material, a0

the Bohr radius of the bulk exciton, and ER its Rydberg

energy. The result of the competition between confinement

induced blue shift and coupling induced red shift determines

the actual peak position and line shape of optical absorption

spectrum. For a semiconductor QD with fixed radius and cer-

tain coupling strength, the actual peak position of absorption

spectrum locates at xpeak ¼ D� Ered, or

xpeak ¼ Eg þ Eblue � Ered; (36)

where Ered ðEblueÞ means the red (blue) shift energy. The time

evolution of the optical response of QD becomes more com-

plicated if the QD changes its shape size and coupling

strength simultaneously, which occurs, for instance, in appli-

cations of single QD as luminescent label in biological sys-

tems,51,52 or for a QD simply exposed to air.53 In these cases,

the photoxidation process results in the shrinkage of QD core

and the formation of nonradiative recombination centers in

QD through oxygen diffusion, and the consequent blue shift,

blink and bleach in the optical spectra of QD. The characteri-

zation of these phenomena and the understanding of their

mechanism depend on investigation on the relation between

these phenomena and the change of optical spectrum of sin-

gle QD, which make it important to study the red and blue

shifts in optical absorption spectrum. The blue shift also has

influence on the peak height of absorption spectrum, which

can be seen clearly in Fig. 4. This figure illustrates the optical

absorption coefficient as function of photon frequency for the

spectral densities J1ðx0Þ and J2ðx0Þ in the case of fixed cou-

pling constant g¼ 0.01 for different values of D=xc ¼ 0:06,

0.08, and 0.1. As shown in the figure, the intensity of optical

absorption spectrum is reduced by more than 60% as the

energy difference D=xc increases from 0.06 to 0.1. This kind

of intensity decrease being concomitant of blueshift has been

observed in experiments (e.g., Ref. 53, Fig. 1(c)) and revealed

in theoretical studies (e.g., Ref. 28, Fig. 1). It is irrelative to

Pauli blocking of interband transitions, but to some extent

has contribution to the bleach of optical spectrum.

B. Solid state phonon

The solid state phonon case S¼ 3 is the mainly con-

cerned super-Ohmic coupling in the literatures and is used to

FIG. 3. The optical absorption coefficients as function of photon frequency

for the spectral densities J1ðx0Þ and J2ðx0Þ in the case of D=xc ¼ 0:01 for

different values of coupling constant g¼ 0.01, 0.03, and 0.05. As the cou-

pling constant increases, the line shape of optical absorption spectrum

broadens and the peak position xp moves to lower photon energy with rapid

decrease in intensity at the same time.

FIG. 4. The optical absorption coefficient as function of photon frequency

for the spectral densities J1ðx0Þ and J2ðx0Þ in the case of fixed coupling con-

stant g¼ 0.01 for different values of D=xc ¼ 0:06, 0.08, and 0.1. The inten-

sity of optical absorption spectrum is reduced by more than 60% as the

energy difference D=xc increases from 0.06 to 0.1.
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describe, for example, a QD with coupling to acoustic pho-

nons. For this case, the spectral density with step function is

J3ðx0Þ ¼ 2gx�2
c x03hðxc � x0Þ; (37)

and from Eqs. (22), (23), and (24), one gets

g¼ exp �gðx2
c �3gDxc�6ðgDÞ2Þ

2xcðxcþgDÞ �3gðgDÞ2
x2

c

ln
xcþgD

gD

 !

;

(38)

RðxÞ ¼ � 2gðgDÞ2
xc

1þ ðgDÞ2
ðxþ gDÞðxc þ gDÞ

"

þ x3

xcðxþ gDÞ2 ln
xc � x

x

�ðgDÞ
2ð3xþ 2gDÞ

xcðxþ gDÞ2 ln
xc þ gD

gD

#

; (39)

CðxÞ ¼ 2gp
x3ðgDÞ2

x2
cðxþ gDÞ2 : (40)

Similarly, the spectral density with exponential factor,

J4ðx0Þ ¼ 2gx�2
c x03e�

x0
xc ; (41)

leads to

g ¼ exp g
ð3xc þ gDÞðgDÞ2

x3
c

exp
gD
xc

� �

Ei � gD
xc

� �"

�g
x2

c � 2gDxc � ðgDÞ2
x2

c

#

; (42)

RðxÞ ¼ � 2gðgDÞ2
x2

cðxþ gDÞ xcxþ gDxc þ ðgDÞ2
h

� x3

ðxþ gDÞ exp � x
xc

� �

Ei
x
xc

� �

þðgDÞ
2

xc

� 3xc þ gD� xcgD
xþ gD

� �

exp
gD
xc

� �

Ei � gD
xc

� ��

;

(43)

CðxÞ ¼ 2gpx3ðgDÞ2
x2

cðxþ gDÞ2 exp � x
xc

� �

: (44)

Figure 5 shows the calculated optical absorption coeffi-

cients as function of photon frequency in the cases of

D=xc ¼ 0:1 with g¼ 0.05, and 0.1 for the spectral densities

J3ðx0Þ and J4ðx0Þ. Again, the coupling induced red shift

and decrease in intensity of optical absorption spectrum are

displayed clearly in the figure. The red shift for the spectral

density J4 is much larger than that for J3. According to

Eqs. (20), (22), (23), and (24), the difference in red shift is

mainly ascribed to the difference of spectral densities, i.e.,

the concrete form of the coupling strength Mk. To see their

relations clearly, in Fig. 6, we plot the optical absorption

coefficients as function of photon frequency and their

corresponding spectral densities as function of excited fre-

quency for definite values g¼ 0.05 and D=xc ¼ 0:1. The

figure shows that the absorption line with greater redshift is

corresponding to the spectral density having larger value.

The smaller the value of the spectral density in low energy

area is, the narrower the linewidth of optical absorption spec-

trum is. Therefore, the features of absorption spectrum of

QD can be changed by choosing the proper form of coupling

strength or spectral density.

FIG. 5. The calculated optical absorption coefficients as function of photon

frequency in the cases of D=xc ¼ 0:1 with g¼ 0.05, and 0.1 for the spectral

densities J3ðx0Þ and J4ðx0Þ. The red shift for the spectral density J4 is much

larger than that for J3.

FIG. 6. The optical absorption coefficients as function of photon frequency

with definite values of g¼ 0.05 and D=xc ¼ 0:1 for (a) the spectral densities

J1ðx0Þ and J2ðx0Þ and (b) the spectral densities J3ðx0Þ and J4ðx0Þ. Insets:

their corresponding spectral densities as function of excited frequency in the

case of g¼ 0.05. Note the abscissae scales of (a) and (b) are different.
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To a certain spectral density, the red shift varies with

coupling constant g or energy difference D. We define ðD�
xpeakÞ=xc to describe the red shift of peak position xpeak in

optical absorption spectrum, where D=xc is the peak position

at g¼ 0. Figure 7 illustrates the calculated red shift ðD�
xpeakÞ=xc as function of coupling constant g in the case of

D=xc ¼ 0:02 for all four kinds of spectral densities. The

inset in this figure depicts the red shift for a view of wider

range D (D=xc ¼ 0:01, 0.05, and 0.1) for the spectral density

J1. The figure has obviously displayed the strong influence

of coupling strength on the optical absorption in electron

transition process. Though, in general, increase of coupling

constant leads to enhancement of the red shift for all spectral

densities, the speed of enhancement is different. The red shift

of absorption spectrum of J1 increases continuously with

coupling constant, while that of J2 approaches to a constant

after increasing in forepart. In another aspect, for a certain

value of coupling constant, the red shift also varies with

D=xc, which is plotted in Fig. 8. The inset in this figure

depicts a view of wider range g (g¼ 0.05, 0.1, and 0.15) for

spectral density J1. It is notable that for certain value of g, as

D=xc increases the red shift of the optical absorption spec-

trum increases at first until it reaches its maximum at a defi-

nite value of D=xc, and thereafter decreases for J1; J2, and

J4, while for J3 it increases monotonously as D=xc increases.

Generally speaking, if the confinement is very strong, the

energy difference D=xc becomes very large and the property

of QD will be much more like as that of an atom, and then

the influence of coupling strength on transition process will

be weakened just like in an atom. Therefore, as an exception,

the spectral density J3 and its corresponding form of the cou-

pling strength maybe not proper for describing the size con-

finement effect in QD.

Although change of parameters of QD will affect the

spectral intensity, in applications of QD, for example, as

luminescent label in biological systems, the spectral intensity

of optical absorption or emission of QD is required to remain

strong and long enough during luminescence measurement

to obtain the optical signal of QD, at least before the dot is

completely bleached. Figure 9 illustrates the peak height

(spectral intensity) of the calculated optical absorption spec-

trum for spectral density J1 as function of the coupling con-

stant g with D=xc ¼ 0:1, and as function of D=xc with the

coupling constant g¼ 0.1, respectively. Cases for other spec-

tral densities have similar change behavior except for differ-

ences in magnitude of the peak height, which is shown in the

inset in this figure by depicting the peak height of the optical

absorption spectrum for all four kinds of spectral densities as

function of the coupling constant g in the case of D=xc ¼
0:1 (note the lines for J3 and J4 are scaled by 10�2). As

shown in the figure, both the red shift (induced by coupling)

and the blue shift (by increasing D) conduce to decrease

in the peak height of absorption spectrum. As g (D=xc)

increases, the peak height of absorption spectrum decreases

FIG. 7. The red shift ðD� xpeakÞ=xc as function of coupling constant g in

the case of D=xc ¼ 0:02 for all four kinds of spectral densities. Inset: the

red shift for spectral density J1 as function of coupling constant g in the

cases of D=xc ¼ 0:01, 0.05, and 0.1.

FIG. 8. The red shift ðD�xpeakÞ=xc as function of D=xc in the case of

g¼ 0.01 for all four kinds of spectral densities. Inset: the red shift for spec-

tral density J1 as function of D=xc in the cases of g¼ 0.05, 0.1, and 0.15.

FIG. 9. The peak height (spectral intensity) of the calculated optical absorp-

tion spectrum for spectral density J1 as function of the coupling constant g
with D=xc ¼ 0:1, and as function of D=xc with the coupling constant

g¼ 0.1, respectively. Inset: the peak height of the optical absorption spec-

trum for all four kinds of spectral densities as function of the coupling con-

stant g in the case of D=xc ¼ 0:1. Note the lines for J3 and J4 are scaled

by 10�2.
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rapidly when g (D=xc) is small but slowly when g (D=xc) is

relatively large.

V. CONCLUSION

In conclusion, by using the standard model with valence

and conduction band levels coupled to dispersive quantum

phonons of infinite modes and employing the Green’s func-

tion treatment as well as residue theorem, an analytical

approach has been developed to investigate the effects of

coupling strength and confinement on the optical absorption

spectrum of semiconductor QD in an unified method for dif-

ferent forms of coupling strength. By means of the analytical

theory, we have obtained the analytical expression of the op-

tical absorption coefficient and applied it to procure the line

shape and the peak position of the absorption spectrum in

semiconductor QD. The relation between the properties of

absorption spectrum and the forms of coupling strength is

clarified by utilizing this analytical expression. The coupling

and confinement induced energy shifts and intensity decrease

in the absorption spectrum are determined precisely for wide

range of parameters. The calculation results show that the

peak position of the optical absorption spectrum is not

directly corresponding to the energy difference between

the ground state and the lowest-lying excited state in QD.

The activation energy of the optical absorption is reduced

by the effect of exciton-phonon coupling and due to this

effect, photons with lower frequency could also be absorbed

in absorption process. As the coupling constant increases,

the line shape of optical absorption spectrum broadens and

the peak position moves to lower photon energy with rapid

decrease in intensity at the same time. Both the coupling

induced red shift and the confinement induced blue shift

conduce to decreasing in the peak height of absorption

spectrum.

The results have clearly presented the differences of red

shift, peak position, linewidth, and decreasing speed of inten-

sity in the optical absorption spectrum of QD for different

spectral densities (or different forms of coupling strength)

and, therefore, can be referenced for choosing the proper

form of the coupling strength to control the features of

absorption spectrum of QD. Furthermore, this presented

theory is simple and may be applied as a potential method to

other confined quantum systems.
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APPENDIX A: THE DIAGONALIZATION OF H 0

The diagonalization of H0 is through the following

transformation:

jþi jf0kgi ¼
X

E

xðEÞ jEi;

j�i j1ki ¼
X

E

ykðEÞ jEi;

and the inverse of these transformation formulas is

jEi ¼ xðEÞjþijf0kgi þ
X

E

ykðEÞj�ij1ki;

where the coefficients x(E) and ykðEÞ are given by

xðEÞ ¼ 1þ
X

k

V2
k

ðEþ 1
2
gD� xkÞ2

" #�1
2

;

ykðEÞ ¼ Vk

Eþ 1
2
gD� xk

xðEÞ;

with Vk ¼ gDMknk=xk. E’s are the diagonalized excitation

energies of H0 and they are the solutions of the equation

E� gD
2
�
X

k

V2
k

Eþ 1
2
gD� xk

¼ 0

obtained by the normalization condition hEjEi ¼ 1. The

real and imaginary parts of the third term in left-hand

side of this equation can be calculated by the residue

theorem as

X

k

V2
k

Eþ 1
2
gD� xk 6 i0þ

¼ RðxÞ7 iCðxÞ;

where

RðxÞ¼P
X

k

V2
k

x�xk

¼
ð1

0

dx0
ðgDÞ2

ðgDþx0Þ2ðx�x0Þ
X

k

M2
kdðx0 �xkÞ; (A1)

CðxÞ ¼ p
X

k

V2
k dðx� xkÞ

¼ p
ð1

0

dx0
ðgDÞ2

ðgDþ x0Þ2 dðx� x0Þ
X

k

M2
kdðx0 � xkÞ:

(A2)

Here, P denotes a Cauchy principal value and a change of

the variable x ¼ Eþ gD=2 is made in the calculations.

APPENDIX B: THE GREEN’S FUNCTION

The Green’s function satisfies an infinite chain of equa-

tion of motion. By means of the cutoff approximation for the

equation chain,

xGðxÞ ¼ g2DhhiWxðtÞjW0yii0x
� g
X

k

MkhhiWzðb†
k þ bkÞðtÞjW0yii0x; (B1)

at the second order of Mk, a closed set of equations is

obtained,
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ixhhWxðtÞjW0yii0x ¼ 2gþ igD
X

k

1k Wzðb†
k � bkÞðtÞjW0y

D ED E0

x
þgDhhWyðtÞjW0yii0x;

xhhWyðtÞjW0yii0x ¼ igDhhWxðtÞjW0yii0x � igD
X

k

1khhWzðb†
k þ bkÞðtÞjW0yii0x;

ixhhWzðb†
k þ bkÞðtÞjW0yii0x ¼ �2g1k � ixkhhWzðb†

k � bkÞðtÞjW0yii0x � VkhhWyðtÞjW0yii0x;
ixhhWzðb†

k � bkÞðtÞjW0yii0x ¼ igD1khhWxðtÞ jW0yii0x � ixkhhWzðb†
k þ bkÞðtÞjW0yii0x: (B2)

Here, 1k ¼ Mk=ðxk þ gDÞ; W0l ¼ exp ðSÞWl exp ð�SÞ; W0lðtÞ
¼ expðiH0tÞWl expð�iH0tÞ. From this set of equations, the

imaginary part of the Green’s function is obtained as Eq. (19).
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Facile synthesis of superhydrophobic surface of
ZnO nanoflakes: chemical coating and UV-
induced wettability conversion
Lujun Yao1, Maojun Zheng1*, Changli Li1, Li Ma2 and Wenzhong Shen1

Abstract

This work reports an oriented growth process of two-dimensional (2D) ZnO nanoflakes on aluminum substrate
through a low temperature hydrothermal technique and proposes the preliminary growth mechanism. A bionic
superhydrophobic surface with excellent corrosion protection over a wide pH range in both acidic and alkaline
solutions was constructed by a chemical coating treatment with stearic acid (SA) molecules on ZnO nanoflakes. It
is found that the superhydrophobic surface of ZnO nanoflake arrays shows a maximum water contact angle (CA)
of 157° and a low sliding angle of 8°, and it can be reversibly switched to its initial superhydrophilic state under
ultraviolet (UV) irradiation, which is due to the UV-induced decomposition of the coated SA molecules. This study
is significant for simple and inexpensive building of large-scale 2D ZnO nanoflake arrays with special wettability
which can extend the applications of ZnO films to many other important fields.

Keywords: ZnO nanoflakes, Chemical coating, Superhydrophobic, Corrosion protection, UV irradiation

Background
Wettability of solid surfaces has been regarded as one of
the most important morphology-dependent characteris-
tics from both fundamental and practical viewpoints,
and tremendous scientific interests are concentrated on
functional surfaces with special wettability due to their
excellent advantages over some particular fields. A
superhydrophobic surface with a water contact angle
(CA) greater than 150° and a water sliding angle less
than 10° has been expected to inhibit snow sticking,
contamination, erosion, and even current conduction
[1-3]. While superhydrophilic surface with a water CA
close to 0° has also prompted extensive interests such as
fluid microchips [4] and papers in ink-jet printing [5].
Recently, with the development of smart devices, such
as intelligent microfluidic switch and lab-on-chip sys-
tems, reversibly controlling the surface wettability has
aroused great interest and been realized by chemical
coating the surface with stimuli-responsive organic

compounds. Various external inducement have been
investigated to trigger this kind of conversion including
ultraviolet (UV) light irradiation and dark storage [6,7],
temperature [8], and electric field [9].
Being an important semiconductor, ZnO is a direct

and wide bandgap (3.37 eV at room temperature), and it
has been widely considered as a great electronic and
photonic material used in UV photo detector, photoca-
talyst, gas sensors, solar cells, and others [10-17]. How-
ever, nearly all of the efforts are focused on the
preparation of one-dimensional (1D) ZnO nanostruc-
tured arrays using kinds of approaches but few reports
on the design of growing two-dimensional (2D) ZnO
nanostructured arrays directly on special substrates
[18,19] at low temperature and studies of their control-
lable wetting behavior.
In this paper, we report the oriented growth of 2D

ZnO nanoflakes on bare aluminum substrate through
low temperature hydrothermal route and reveal a
detailed evolution of surface morphologies during the
growth process. After surface coating with stearic acid
(SA) monolayer molecules, the as-grown superhydrophi-
lic surface of ZnO nanoflakes shows superhydrophobic
property in the pH range from 2.3 to 12.1, which
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denotes that water contact angles are larger than 150°
for not only pure water but also corrosive liquids, such
as acidic and basic solutions, and the sliding angle is as
low as about 8°. Also, we investigate the UV-induced
chemical decomposition of the coated SA monolayer
molecules on the ZnO nanoflake surface by means of X-
ray photoelectron spectroscopy (XPS) analysis and CA
measurement, and an opposite conversion from hydro-
phobicity to hydrophilicity is observed under UV irra-
diation. Therefore, the wettability of this kind of
inorganic oxide films can be reversibly switched by
alternation of UV irradiation and surface chemical coat-
ing with SA molecules.

Methods
Fabrication of oriented ZnO nanoflakes and chemical
coating
Solution-based hydrothermal growth of 2D ZnO nano-
flakes was achieved by dipping aluminum substrates in a
capped Pyrex glass bottle filled with 16 mMol zinc
nitrate hexahydrate (Zn(NO3)2·6H2O) and 16 mMol
hexamethylenetetramine (HMT, C6H12N4); all chemicals
were of reagent grade. The Pyrex glass bottle was sealed
and maintained at a constant temperature of 90°C in a
regular laboratory oven, and the reaction time was kept
from 5-90 min to study the detailed growth process.
Subsequently, aluminum substrates were taken out the
solution, thoroughly washed with deionized water to
eliminate any residual salts and dried by a nitrogen
stream. SA molecules were chemisorbed on the ZnO
nanoflake surfaces by immersing the sample (reaction
time of 90 min) in an ethanol solution of 8 mMol SA
(C18H36O2) for 24 h, followed by rinsing it in absolute
ethanol to remove excess reactants, and then dried
naturally.

Analysis techniques and UV irradiation
Surface morphology was characterized by field emission
scanning electron microscope (FE-SEM, Philips Sirion
200, Philips, Holland, The Netherlands). The X-ray dif-
fraction (XRD) experiment was carried out with a D/
max-2200/PC type diffraction, using CuKa radiation (l
= 1.5418 Å). Fourier transform infrared spectrum
(FTIR) was measured by a spectrometer (Spectrum 100
FTIR, PerkinElmer, Waltham, MA, USA). An optical
contact-angle meter system (Data Physics Instrument
GmbH, Filderstadt, Germany) was used for static CA
measurement at ambient temperature; liquid droplets of
volume approximately 5 μl were suspended with needle-
tube and brought in contact with ZnO nanoflake surface
using a computer-controlled device. The sliding angle
which reflects the relationship between advancing and
receding contact angles was measured by tilting the
sample platform of the optical contact-angle meter

system until the water droplet rolled off the fixed sam-
ple. Surface chemical composition was analyzed by XPS
(Kratos AXIS Ultra DLD, Shimadzu Corporation,
Hadano, Kanagawa, Japan) at room temperature, the
binding energies are calibrated with respect to the signal
for adventitious carbon (284.8 eV).
To investigate the effect of UV irradiation on surface

wettability of SA-coated ZnO nanoflake arrays, the sam-
ple was placed under the UV lamp (ZF-1 UV, Gu Cun,
Shanghai, China), which emits UV light with a center
wavelength of 254 nm, and light intensity was main-
tained at about 40 μW/cm2. Water contact angles and
XPS peak intensities were recorded at different UV irra-
diation times at ambient temperature.

Results and discussions
Figure 1 is the top view FE-SEM images of the as-grown
ZnO nanostructures in different stages. When the reac-
tion time is short (5 min), a few wrinkles can be observed
on aluminum surface; however, the surface is very spar-
sely covered (Figure 1a). Upon increasing the reaction
time to 15 min, these wrinkles become bigger and they
are protuberant, as shown in Figure 1b. The color of alu-
minum surface changes from metallic sheen to a little
gray indicating ZnO deposition. Figure 1c shows the FE-
SEM image of the product with reaction time of 30 min,
and we find out that when more and more ZnO nano-
flakes have formed and self-assembled into clusters, alu-
minum substrate is partially covered with these clusters
and ZnO nanoflakes are very small in width and height.
A further increase in the reaction time (60 min) leads to
an increased surface density of the clusters and nano-
flakes, and when they begin to grow upwards and finally
connect with each other (Figure 1d), it is found that each
nanoflake is about 1.5 μm in width (defined as the hori-
zontal size) and several tens of nanometers in wall thick-
ness. Figures 1e, f are the low magnification and high
magnification FE-SEM images of the as-grown ZnO
nanoflakes. When the reaction time is 90 min, we clearly
observe that these nanoflakes are 2 to approximately 3
μm wide, as the same size as their height, and they are
nearly vertical to aluminum substrate, which was easily
seen from the inset image of Figure 1f. Thus, an interest-
ing continuous growth of 2D ZnO nanoflake arrays is
achieved on the aluminum substrate.
Figure 2 is a representative XRD pattern recorded

from the as-grown 2D ZnO nanoflakes. Three strong
diffraction peaks are in good agreement with standard
powder diffraction peaks of aluminum (Joint Committee
on Powder Diffraction Standards (JCPDS) card number
85-1327), which originate from aluminum substrate.
The other four weak diffraction peaks can be identified
as hexagonal wurtzite phase of ZnO (JCPDS card num-
ber 76-0704). Previous studies have revealed that 1D
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ZnO nanorods will be produced if a silicon wafer,
instead of aluminum, is used as the deposited substrate
in the present experiment [9,20]. ZnO nanorods are
synthesized by the reaction of Zn(NO3)2·6H2O and
HMT, where HMT plays an active part in providing a
controlled supply of OH- anions by reacting with water
[20]. The wurtzite ZnO crystal grows preferentially
along [001] direction due to the lowest surface energy of
(002) facet, and the growth velocity along [001] direc-
tion is the fastest leading to the formation of 1D nanor-
ods [21]. As the substrate is aluminum, flake-like
morphology of ZnO crystal grows, which is reasonable
to presume that aluminum should be responsible for the
suppression effect along [001] direction. Concerning the
growth mechanism of 2D ZnO nanostructures, the (001)

polar surface charges can be compensated by passivating
agents [22,23]; a well-known example is the assistance
of citric acid which absorbs preferably on the (001) sur-
face of ZnO and then slows down the c-axis growth
[23]. An increased OH- concentration in solution can
prevent new Zn(OH)4

2- ions from incorporating effec-
tively and suppress the crystal growth along [001] direc-
tion [24]. In our experimental case, the passivating
agent to control the growth of 2D ZnO nanoflake arrays
should be Al(OH)4

- [25,26] which is formed by the che-
mical reaction between OH- and aluminum substrate
and presumably attaches to Zn2+-terminated (001)
surface.
Water CA measurement shows that the oriented ZnO

nanoflake surface is superhydrophilic. When water
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Figure 1 FE-SEM images of the as-grown ZnO nanostructures on aluminum substrate in different stages. FE-SEM images of the as-grown
ZnO nanostructures on aluminum substrate in different stages, the reaction times are (a) 5 min, (b) 15 min, (c) 30 min, (d) 60 min, (e) 90 min. (f)
A high magnification and cross-sectional images (shown in the inset) of 2D ZnO nanoflake arrays.
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droplets were dropped on the ZnO surface, they spread
out rapidly in a few seconds and CA close to 0° is
observed. This phenomenon was a lot different from
some other reports [27-29] and in which ZnO nanos-
tructured surfaces were often presented as superhydro-
phobic or partially hydrophobic properties, which could
be attributed to their kinds of fabrication methods
including plasma-enhanced chemical vapor deposition
[27], spray pyrolysis [28], and thermal deposition [29]
which was totally different from the low temperature
hydrothermal technique. ZnO nanostructured films fab-
ricated in high temperature often have lower defect den-
sity and lower surface free energies. In the other hand,
aluminum substrate could also be an impact on the
wettability because of Al(OH)4

- formation during the
growth of ZnO nanoflakes. In order to tune surface
wettability, we immerse the as-grown film in an ethanol
solution of 8 mMol SA for 24 h. SA is known as a satu-
rated flexible C18 hydrocarbon chain that stretches out
in a long zigzag to form a dense self-assembled layer of
packed chains on ZnO nanoflake surface as a result of
the strong chelating bonds between carboxylic acid
headgroups and Zn atoms on the surface; the schematic
diagram is shown in Figure 3a. Figure 3b is the top view
FE-SEM image of ZnO nanoflake arrays after chemical
coating with SA molecules; there are no obvious mor-
phological changes in comparison with the as-grown
ZnO nanoflakes. SA molecules are absorbed onto ZnO
nanoflake surface and lower its surface free energy [30].
The model of SA interaction with ZnO nanoflake arrays
is confirmed by Fourier transform infrared spectroscopy
(FTIR) spectrum (Figure 3c). Adsorption bands in accor-
dance with the CH stretching mode peaks are clearly
seen in the range of 2,800 to approximately 3,000 cm-1.
Two sharp peaks at about 2, 918 cm−1 νa (CH3) and

2, 850 cm−1 νa (CH2) indicate the existence of long-

chain aliphatic groups and successful coating of SA
molecules. The characteristic peak of the COOH group
at 1,713 cm-1 disappears after chemisorption, whereas
two peaks appear at 1,453 cm-1 and 1,539 cm-1 were
assigned to the symmetric and antisymmetric carboxy-
late ion COO- stretching modes.
After surface chemical coating with SA molecules on

ZnO nanoflakes, wettability can switch to superhydro-
phobic state (shown in Figure 4a), and the static water
CA and sliding angle were measured to be about 157°
and 8°, respectively. A combination of high surface
roughness with low surface free energy obtained by SA
chemisorption have been considered as the two key fac-
tors to superhydrophobic nature of this kind of SA-
coated ZnO nanoflakes; a large fraction of air kept
within the ZnO film can effectively increase the CA
value according to Cassie model. Wetting stability is
also evaluated by using approximately 5 μl droplets of
buffered solution over a wide pH range (Figure 4b). It
has been remarkable that ZnO nanomaterials is soluble
in biofluids and dissolves in contact with mildly acidic
or alkaline aqueous solutions [31]. But after chemical
coating with SA molecules, the CA value of 2D ZnO
nanoflake surface shows no apparent change within 3
min for an arbitrary solution when the pH is varied
from 2.3 to 12.1, indicating a high stability and excellent
corrosion protection from both acidic and alkaline solu-
tions, This property can be explained that SA monolayer
molecules act as an efficient barrier inhibiting buffered
droplets to directly touch the ZnO nanoflake surface.
CA values of each sample were measured for many
times, and CA value at different PH was shown a differ-
ent deviation form average CA value which was sym-
boled as the black squares.
In order to study the influence of UV irradiation on

surface-wettability response of the SA-coated ZnO
nanoflake arrays, water contact angles are evaluated as a
function of UV irradiation time in ambient conditions.
A series of water contact angles between 157° to 60° are
obtained which is dependent on the UV irradiation
time, and the relationship is shown in Figure 5, black
squares are the symbols of average CA values under dif-
ferent UV irradiation time and CA value was shown lar-
ger variation range with longer UV irradiation time,
three representative photographs of water droplets cor-
responding to the UV irradiation time of 0 min, 5 h,
and 20 h were inset, which are corresponding to super-
hydrophobic state, hydrophobic state, and hydrophilic
state.
After UV irradiation over 5 h, a hydrophilic surface

with CA less than 90° can be observed. When UV irra-
diation time is increased to 20 h, a water CA of about
61° shows. The wettability conversion indicates that UV
irradiation efficiently decomposes the alkyl chains of SA
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Figure 2 XRD pattern of 2D ZnO nanoflake arrays revealing
the wurtzite phase.
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on ZnO nanoflake surface in air. It has been revealed
that alkylsiloxane monolayers can be slowly decomposed
by OH radical and atomic oxygen made from UV disso-
ciation of ozone, which is photogenerated from air [32].
A UV-induced decomposition mechanism of the self-
assembled alky chains is also proposed based on the
gas-phase oxidation mechanism of alkanes. OH radical
and atomic oxygen firstly abstract hydrogen from alkyl
chains and then produce alkyl radicals. Then alkyl radi-
cals react to form alkoxy radicals, further producing
reactive carbonyls through oxidation. Finally, these car-
bonyl groups dissociate through photodecomposition or
attacked by radicals with the loss of carbon and thereby,
gradually reduce the carbon chain length. Another pos-
sible decomposition mechanism is proposed on the
photocatalytic effects [7]. As we all know, ZnO is a
great semiconductor photocatalyst for organic com-
pound degradation [7,11]. When ZnO nanoflakes are
irradiated by UV light with photo energy higher than or
equal to its bandgap, electrons in the valence band can
be excited to the conduction band with the same
amount of holes simultaneously generate in the valence
band. The created holes and electrons will migrate to
the surface of ZnO nanoflakes and initiate redox reac-
tions with water and oxygen, leading to the

decomposition of the alkyl chain of SA molecules in our
experimental case. However, due to the weak UV light
intensity (40 μW/cm2), CA can not reduce to 0° in a
short time. If the UV irradiation time is increased to
more than 80 h, a contact angle of less than 10° can be
also acquired in this condition.
Surface chemical compositions have been characterized

by means of XPS analysis in order to detect any trace of
the photodecomposition of SA molecules; binding energies
are calibrated with respect to the signal for adventitious
carbon (284.8 eV). Figure 6 shows the wide scan XPS
spectrum of as-grown ZnO nanoflakes (sample A), SA-
coated ZnO nanoflakes (sample B), and SA-coated ZnO
nanoflakes with UV irradiation time of 20 h (sample C).
All the XPS peaks are similar and in agreement with the
standard values of ZnO, but some peak intensities are dif-
ferent, such as Zn 2p3/2 (Zn 2p1/2), O 1 s and C 1 s. The
detected Al 2p and Al 2 s peaks (denoted as ‘asterisk’) are
from the aluminum substrates. A further investigation of
the narrow-scan XPS spectrum recorded from Zn, O, and
C regions are shown in Figure 7. It shows that Zn 2p3/2
(Zn 2p1/2) and O 1 s peak intensities of sample A are the
strongest (Figure 7a), but for sample B, they are the weak-
est (Figure 7b). Figure 7c reveals the narrow scan of the C
1 s peak; it locates at about 285 eV which can be assigned
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Figure 3 Schematic model, top view FE-SEM image and FTIR spectrum of ZnO nanoflakes after chemisorptions. (a) Schematic model of
SA interaction with ZnO nanoflakes by grafting -COOH group onto the surface, (b)(c) top viewFE-SEM image and FTIR spectrum of ZnO
nanoflakes after chemisorption of SA molecules.
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to the C-C bond in the saturated carbon chains [33]. It is
clearly seen that the C 1 s peak of the as-grown ZnO
nanoflakes is weak. After chemical coating with SA mole-
cules, the intensity of C 1 s peak becomes sharp and
strong, revealing the successful coating of SA monolayer.

However, the intensity of C 1 s peak decreases when the
SA-coated ZnO sample is treated with UV irradiation time
of 20 h, which indicates the decomposition of hydrocarbon
chains and also the loss of well-packed SA monolayers.
The wide scan XPS spectrum of the as-grown ZnO

nanoflakes (sample A), SA-coated ZnO nanoflakes (sam-
ple B), and SA-coated ZnO nanoflakes with UV irradia-
tion of 20 h (sample C) (the peak intensities of samples
A and B are added by 40,000 C/s and 20,000 C/s,
respectively). Asterisk denotes the detected Al 2p and Al
2 s peaks from the aluminum substrates.

Conclusions
In conclusion, we have demonstrated the oriented
growth process of 2D ZnO nanoflakes on aluminum
substrate through a low-temperature hydrothermal
route; the growth mechanism was proposed on the basis
of the Al(OH)4

- passivating agent formed by the chemi-
cal reaction between OH- and aluminum substrate and
then presumably attaches to Zn2+-terminated (001) sur-
face. After chemical coating with SA monolayer mole-
cules onto ZnO nanoflake arrays, surface wettability was
converted from superhydrophilicity to superhydrophobi-
city with a maximum CA up to 157° and a low sliding
angle close to 8°. This super water repellent surface
revealed a stable property over a wide pH range; how-
ever, an opposite wettability conversion to hydrophilicity
was observed under UV irradiation because of the coop-
eration of the surface photosensitivity and special che-
mical structure of SA molecules. This method possesses
the advantages of being both simple and inexpensive,
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and special wettability of 2D ZnO nanoflakes can be
reversibly switched by alternation of chemical coating
and UV irradiation which is certainly significant for
future industrial applications.
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a b s t r a c t

Low temperature magneto-transport properties and electron dephasing mechanisms of phosphorus-

doped ZnO thin films grown on (1 1 1) Si substrates with Lu2O3 buffer layers using pulsed laser

deposition were investigated in detail by quantum interference and weak localization theories under

magnetic fields up to 10 T. The dephasing length follows the temperature dependence with an index

pE1.6 at higher temperatures indicating electron–electron interaction, yet becomes saturated at lower

temperatures. Consistent with photoluminescence measurements and the multi-band simulation of the

electron concentration, such behavior was associated with the dislocation densities obtained from

x-ray diffraction and mobility fittings, where charged edge dislocations acting as inelastic Coulomb

scattering centers were affirmed responsible for electron dephasing. Owing to the temperature

independence of the dislocation density, the phosphorus-doped ZnO film maintained a Hall mobility

of 4.5 cm2 V�1 s�1 at 4 K.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (ZnO) is a wide band gap II–VI material with an
exciton binding energy of 60 meV, higher than many other
compound semiconductors, which leads to possible light emitting
applications well above room temperature (RT). The band gap of
ZnO can be tuned by dilute alloying with other oxides such as CdO
[1], MgO [2] and BeO [3], suggesting its potential in customized
short-wavelength optoelectronic devices. The major obstacle to
the development of ZnO has been the lack of stable, conductive
p-type epitaxial layers [4] due to its asymmetric doping limits
strongly against p-doping [5]. The theoretically promising dopant
N has low solubility in ZnO and is often compensated by donors
including hydrogen [6] and Zn interstitials [7]. Larger-size ele-
ments in group V were studied as alternatives to N, among which
P doped ZnO (PZO) has attracted intensive interest in recent years
for its transition from as-grown n-type to p-type conduction after
proper thermal annealing [8]. However in these reports, an in-
depth discussion is lacking on the electron transport and scatter-
ing mechanisms. Previous research has shown that the formation
of PZn–2VZn complexes which behave as shallow acceptors is vital
to the onset of p-type conductivity in PZO films [9], while the

existence of high density threading dislocations enhances the
solubility of P in ZnO and also facilitates the injection of Zn
vacancies. In order to better control the performance of PZO based
electrical devices, a solid understanding of the interaction
between electrons and dislocations in these films is necessary.

In this paper, we report the experimental and theoretical
investigation into the microstructure, optical and transport proper-
ties of the PZO thin films grown on (1 1 1) Si substrates with
epitaxial Lu2O3 buffer layers. In addition to temperature dependent
carrier concentration and mobility fittings, electron localization
effect was studied under low temperatures and strong magnetic
fields, where the dephasing length was extracted to analyze the
scattering mechanism. The employment of Si substrate, as com-
pared with sapphire in most reports, contributes to the effort of
integrating ZnO-based materials with Si optoelectronics.

2. Experimental

A 30 nm Lu2O3 buffer layer was first grown on (1 1 1) Si substrate
at 700 1C by reactive molecular beam epitaxy (MBE). The 500 nm
PZO film was deposited on the buffer layer at 500 1C in 20 mTorr O2

by pulsed laser deposition (PLD) from a ZnO target doped with 1 wt%
P2O5. The KrF excimer laser energy was set to 100 mJ per pulse with
a repetition rate of 5 Hz. Secondary-ion mass spectroscopy (SIMS)
determined that phosphorus distributes uniformly through the
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PZO films with a concentration of 2.8�1020 cm�3. Microstructure of
the films was studied by x-ray diffraction (XRD) using a triple-axis
high-resolution BEDE-D1 diffractometer with Cu Ka radiation and by
photoluminescence (PL) using a 325 nm Kimmon He–Cd laser and a
Jobin-Yvon spectrometer with a photomultiplier tube. The tempera-
ture-dependent magnetoconductivity experiments were performed
in Van der Pauw configuration using an Oxford Instruments con-
trollable superconductive electromagnet with a liquid-helium-cooled
cryostat. The studied films were strictly square shaped with a
correction factor equal to 1, and each recorded data point was
averaged over eight measurements by rotating the electrodes and
reversing both current and magnetic field to eliminate errors from
electrode asymmetricity, Nernst effect and Righi–Leduc effect for
reliable and repeatable data acquisition.

3. Results and discussion

Fig. 1(a) is the XRD y-2y scan pattern of the PZO/Lu2O3/Si film,
which clearly shows an out-of-plane orientation relationship of
ð0 0 0 1ÞPZO:ð1 1 1ÞLu2O3

:ð1 1 1ÞSi with no other PZO or impurity
peaks observed. Full width at half maximum (FWHM) of the 0002
PZO o-rocking curve is 1.2461. Agreeing with previous reports on
PZO [9,10], the P dopants existing as PZn antisites are responsible
for the XRD peak broadening as they disturb the original ZnO
lattice, and for the n-type conduction in as-grown samples dis-
cussed below [11]. Dislocations form through the film because of
both the lattice mismatch between PZO and Lu2O3, and the low
mobility of phosphorus atoms in ZnO. The epilayer tilt angle
aO and twist angle aF were obtained from the o-rocking peak
broadening of symmetric reflections 000l (l¼2, 4, 6) [12] and skew
symmetric off-axis reflections 101l 10 (l¼1–5) [13], respectively,
as shown in Fig. 1(b) and (c). The dislocation densities with a

screw- and edge-component were then calculated from these two
mosaic angles to be Nc¼3.9�109 cm�2 and Na¼2.3�1010 cm�2,
respectively [14]. It should be noted that a mixed type dislocation
may have been counted in both Nc and Na. The inclination angles
and o–FWHM values of each reflection are summarized in Table 1.

The PL spectrum of the PZO film at 12 K is shown in
Fig. 2, where the experimental data within the near-band-edge
(NBE) range can be well fitted by six Gaussian peaks. Based on
temperature-dependent measurements, the peaks at 3.370 and
3.341 eV were assigned to ground-state free exciton (FX) and
donor bound exciton (DX) transitions, respectively [15]. ZnO has a
longitudinal optical (LO) phonon frequency of 591 cm�1 [16],
corresponding to an energy separation of �72 meV, so the three
peaks at lower energies were assigned to LO phonon replicas of
the DX and FX lines, as indicated in Fig. 2. The two-electron
satellite (TES) transition of DX is located at 3.318 eV, and hence
the donor binding energy was calculated to be 31 meV in the
hydrogenic effective-mass-approach [17]. Emissions from the
excited states of free exciton were not observed in this sample
because they require highly ordered crystal packing, which is now
perturbed by P dopant and consequently dense dislocations.

The as-grown PZO film shows n-type behavior in temperature
dependent Hall measurements under B¼0–10 T, and its electrical
properties at RT are r¼0.138 O cm, n¼2.98�1018 cm�3, m¼
15.2 cm2 V�1 s�1. No obvious dependence on changing B was
found in carrier concentration or mobility. The discrepancy
between the doping density from SIMS and conducting electron
concentration arises from the limited ionization of dopants due to
the existing n-type background of ZnO caused by native donors
and intrinsic defects and subsequent trapping of free carriers
[8,11]. The Lu2O3 buffer layer is highly resistive, so there is no
concern of possible leakage into the Si substrate. The electron
concentration in Fig. 3(a) was fitted by a two-donor/single-
acceptor model based on the charge balance equation (CBE) [18]

nðTÞþNA ¼
X2

i ¼ 1

NDi=½1þnðTÞ=fi�, ð1Þ

Fig. 1. (a) y-2y XRD pattern of a 500 nm PZO film grown on (1 1 1) Si substrate

with 30 nm Lu2O3 buffer layer. ‘‘*’’ denotes peaks from the Si substrate. (b) The

slope of a linear fit of o–FWHM� Sin yB/ l versus Sin yB/l gives the tilt angle aO,

where yB and l are the Bragg angle of each peak and the x-ray wavelength,

respectively. (c) Fitting the o–FWHM values of PZO 0002 and five off-axis

reflections versus the inclination angle w gives the twist angle aF at the

extrapolation of w¼901.

Table 1
Inclination angles w and o–FWHM values of each symmetric and off-axis

reflections from XRD o-rocking curves.

Plane 0002 0004 0006 1 0 1 5 1 0 1 4 1 0 1 3 1 0 1 2 1 0 1 1

w (1) 0 0 0 20.30 24.81 31.65 42.76 61.60

o–FWHM (1) 0.508 0.464 0.426 0.543 0.552 0.573 0.591 0.603

Fig. 2. PL spectrum of the same PZO film at 12 K, which can be well fitted by six

Gaussian peaks. The open squares represent experimental data, while the solid

curves are calculated results for each peak and their sum.
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assuming the first donor is the ionized dopant and the second
the common native impurity H in ZnO, where the activation
energies of the two donors (which essentially compose fi) were
first estimated by the PL results above and from the literature
[17], respectively. A refining fitting yielded a background acceptor
concentration NA¼2.3�1016 cm�3, and two donor concentra-
tions ND1¼1.6�1019 cm�3, ND2¼5.6�1017 cm�3, with donor
activation energies of ED1¼29 meV and ED2¼47 meV, respec-
tively, consistent with other P-doped ZnO films in the litera-
ture [9]. Electrons freeze out at temperatures lower than 50 K,
where the experimental data fall off the fitting curve. Bringing the
fitted curve of n(T) in Fig. 3(a) to iterative calculation, the Hall
mobility can be further resolved by Matthiessen’s rule including
five scattering mechanisms: ionized impurity (mii), deformation
potential (mdp), piezoelectric potential (mpe), polar optical phonon
(mpo), and dislocation (mdis) scatterings [18,19], as revealed in
Fig. 3(b). The explicit expressions and list of constants used in the
fitting can be found in Ref. [20]. Apparently, dislocation scattering
dominates the mobility behavior within most of the measured
temperature range, while polar optical phonon scattering takes
over at higher temperatures. The dislocation density extracted
from the fitting was Ndis¼2.2�1010 cm�2, agreeing with
Na obtained previously from XRD tests, confirming that the
mechanism of mobility reduction is Coulomb scattering at
charged edge dislocation lines [19].

A deeper insight into the transport characteristics of the PZO
film was realized by studying the electron dephasing behavior,
where an unusual electrical transport phenomenon of dephasing
length saturation and related scattering mechanism were directly
connected with Hall properties and the sample’s microstructure
discussed above. Fig. 4(a) shows the B dependent conductivity

from 0–10 T at different temperatures. The xx component of the
conductivity tensor calculated from Hall data normally decreases
with increasing B around RT since the magnetic field bends
the pathway of conducting electrons when an external bias is
applied, as shown in the inset of Fig. 4(a) for T¼250 K where the
magnetoconductivity obeys the classical Boltzmann B2 law. How-
ever, when the temperature decreases to a certain level that the
phonons as inelastic scattering sources are largely suppressed, the
strong quantum interference of electron waves will cause weak
localization effect and reduces the conductivity [21]. In such
cases, the magnetic field imposes an additional phase term
exp½7 ieF=_�, F being the magnetic flux enclosed by the electron
path, to the electron wave and breaks the time-reversal symme-
try, which weakens the localization effect and results in
the increase of the conductivity. In our sample, the positive
magnetoconductivity was observed below 40 K, as revealed in
Fig. 4(a) by the normalized change of sxx(B), where it is clearly
seen that the quantum interference becomes stronger at lower
temperature. The solid curves in good agreement with the
experimental data are theoretical calculations by the diffusive
Fermi-surface (DFS) theory [22,23],

DsðBÞ ¼ e2

2p2_d
Fðd,d0Þ,

Fðd,d’
Þ ¼ 2

X1

n ¼ 0

ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nþdþ1
p

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nþd’
þ1

q

ffiffiffiffiffiffiffiffiffiffiffi
nþd
p

þ

ffiffiffiffiffiffiffiffiffiffiffiffi

nþd’
q

0

B
@

1

C
A

2

6
4

�
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2nþ2dþ1
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2nþ2d’
þ1

q

3

7
5, ð2Þ

where d is a characteristic length parameter, d¼ _=ð4eBL2
fÞ and

d¼dþd0 represent microscopic interactions in the system with
d0 associated with the coupling energy along z direction. The
electron dephasing lengths Lf were extracted during the fitting
process at various temperatures and are plotted as open squares
in Fig. 4(b).

Dephasing length Lf is the distance that the electron wave can
travel before losing its phase memory, which typically occurs at
an inelastic scattering event such as electron–phonon interaction
or by a cumulative effect of a series of scattering events [24]. The
dephasing length usually follows a temperature dependence of
LjpT�p/2, and the temperature exponent p determines the type

Fig. 3. Temperature dependence of (a) electron concentration and (b) Hall

mobility of the same PZO film as in Fig. 1. The open squares represent experi-

mental data recorded at B¼5.5 T, while the curves are theoretically calculated

results.

Fig. 4. (a) Magnetic field dependence of conductivity in the PZO film at different

temperatures, which shows classical Boltzmann behavior at 250 K (inset), but

quantum interference phenomenon at low temperature. The solid curves are

fitting results by the DFS model. (b) Temperature dependence of dephasing

lengths extracted from the DFS fitting process. The solid curve represents an

exponential fit, while the dash line is set at a value corresponding to the edge

dislocation density obtained in mobility fitting.
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of interaction [25]. An exponential fit of the experimental data
above 8 K in Fig. 4(b) gives a temperature exponent of �0.82, or
pE1.6, which is a sign of Coulomb electron–electron processes
[25]. At temperatures below 8 K, however, the dephasing length
does not increase with decreasing temperature as fast as pre-
dicted, but seems to have been bounded by a certain mechanism.
Since electrons are mostly driven to move in directions parallel to
the film surface under the Van der Pauw configuration, such
mechanism should relate to a scattering source that mainly
extends in the vertical orientation. A logical deduction would be
the vertically located edge dislocations [19]. The mean distance
between two dislocation lines can be computed by the dislocation
density Ndis obtained in mobility fitting as 1=

ffiffiffiffiffiffiffiffiffi
Ndis

p
¼67.9 nm,

which is drawn as a dash line in Fig. 4(b). The fact that this
estimation matches the saturation behavior of the dephasing
length considerably well indicates that the edge dislocations
may be responsible for breaking the phase coherence of the
electron wave. Although dislocation scattering in crystalline
semiconductors is often treated as elastic interactions, in doped
structures such as our PZO thin film, the dopant atoms are often
embedded in the threading dislocations [19], creating potential
anomalies in the crystal electric field. Therefore the dislocations
could trap free carriers and become charged. Combining with the
lattice vibration, these dislocations may act as inelastic Coulomb
scattering centers.

Such reasoning suggests that certain electrical properties of the
PZO thin film can be controlled by adjusting the growth conditions
and hence the defect structure [26]. To obtain larger dislocation
spacing, a 1 wt% doped PZO film was grown on (0 0 0 1) sapphire
substrate at 800 1C. This film had better structural quality with a
lower edge dislocation density Na¼4.2�109 cm�2 which corre-
sponds to a mean spacing of 154.3 nm, while the above T�0.82 fitting
predicts a dephasing length of 122.7 nm at 4 K. An actual dephasing
length of 131.4 nm was experimentally measured from the localiza-
tion effect, demonstrating that the electron wave was not bounded by
the dislocations in this case. On the other hand, no low temperature
quantum interference phenomenon was observed in the annealed
p-type PZO films reported elsewhere [8] because the edge dislocation
densities are quite high in these samples (41011 cm�2), causing
dephasing over a very short distance and hence steady conductivity
without evident magnetic field dependence.

The above findings point out both the challenge and opportu-
nity in devices based on phosphorus-doped ZnO thin films. For
p-type conductance, the PZn–2VZn complexes which ionize holes
are a direct result from the P dopants and zinc vacancy injection,
but the threading dislocations which help accommodate the
P atoms that are much larger than O atoms constitute inelastic
scattering centers when charged, significantly reducing the carrier
mobility (�1 cm2 V�1 s�1 in the reports [8,27]). Therefore a trade-
off must be designed between the doping level and the target
mobility. Meanwhile, the mobility of the PZO films does not change
drastically with temperature since the dislocations as major
scattering centers are temperature independent. For instance, the
n-type PZO film in Fig. 3 maintained a mobility of 4.5 cm2 V�1 s�1

even at 4 K. The p-type PZO film obtained by post-deposition
annealing that reduces native donor (e.g. oxygen vacancies) con-
centration has much lower mobility for the lack of holes under low
temperature, but is free from localization effects due to short
dephasing lengths, thus favorable to higher conductivity. These
advantages, together with the radiation hardness of ZnO [28], make

PZO a potential candidate for low temperature applications such as
in space environments.

4. Conclusion

Low temperature magneto-transport properties of phosphorus-
doped (0 0 0 1) ZnO thin films grown on (1 1 1) Si substrates with
Lu2O3 buffer layers were studied. Threading dislocations which
form upon phosphorus doping were identified as major scattering
centers, explaining the relatively high mobility under low tem-
peratures, also pointing out a tradeoff for p-type doping. Vertical
edge dislocations can be charged by trapping free carriers and act
as inelastic Coulomb scattering centers, and are affirmed respon-
sible for electron dephasing due to the agreement between the
saturation behavior of electron dephasing lengths and the disloca-
tion densities that can be controlled by growth and processing
conditions.
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A robust exciton-polariton effect in a ZnO whispering gallery microcavity well above room

temperature is presented. The lower polariton branches are tuned by current induced thermal effect.

The red shift can be as large as �40 meV. It is found that the strong coupling can be preserved

and the polariton-phonon interaction quenching effect remains up to �550 K, while the Rabi

splitting is about 330 meV. The tuning speed is in the order of millisecond, showing its

potential in polariton-based optoelectronic device application. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.3693378]

The strong coupling of exciton-photon (i.e., exciton-

polariton) has been observed in various semiconductor

(GaAs, organic, GaN, CdTe, etc.) optical cavities1–4 and has

attracted tremendous attention in the past decades due to its

potential in nano-photonics and polaritonics application.

Compared with the aforementioned semiconductors, ZnO is

an ideal wide band gap semiconductor material for the inves-

tigation of exciton-polariton effect at room temperature or

even above because of its large exciton binding energy

(�60 meV) and oscillator strength.5 The highest temperature

for the strong coupling in ZnO predicted by Chichibu et al.
is � 610 K.6 So far, the exciton-polariton effect in ZnO whis-

pering gallery (WG) and planar microcavities at room tem-

perature has been demonstrated.7–9 However, practical

polariton light-emitting devices such as polariton laser may

require higher tolerable temperature for the strong coupling.

Whether the strong coupling in a ZnO WG microcavity can

be preserved above room temperature or not is yet to be

explored. Besides, it has been proven that polaritons in ZnO

WG microcavity can be thermodynamically decoupled from

the phonon bath, leading to the preservation of high coher-

ence at room temperature.8 However, whether this polariton-

phonon interaction quenching effect remains at even a higher

temperature or not has not yet been investigated experimen-

tally until now, though it is crucial for the realization of high

temperature polariton coherence.

For practical device application, tunability of the exciton-

photon coupling, namely the detuning between pure optical

mode and exciton, is essential. So far, several methods such as

electric field, cavity size, temperature, hydrostatic pressure,

gas, or stress7,10–13 have been applied to tune the exciton-

photon interaction. However, the exciton energy shift tuned by

electrical field is small, while other techniques are either hard

to control or lacking in quick response. Thus, a fast and easily

controllable tuning method of strong coupling is desirable.

In this Letter, we present a robust exciton-polariton

effect in a ZnO WG microcavity at high temperature. The

lower polariton branches (LPBs) are tuned by current

induced thermal effect. A red shift up to �40 meV of LPBs

is observed. Indeed, it is found that the strong coupling can

be preserved and the polariton-phonon interaction quenching

effect remains up to a very high temperature (�550 K),

showing the opportunity of high temperature polariton con-

densate, lasing, superfluidity, etc. The Rabi splitting is

�330 meV, and the thermal equilibrium can be established

in a very short time (order of millisecond).

The sample used in our experiment is a single-

crystalline (wurtzite) ZnO micro-rod grown by carbothermal

method.14 The energy-momentum (E-k) dispersion of LPBs

with different polarization (TE: electric field~e perpendicular

to C-axis and TM: ~e//C) was measured directly by angle-

resolved Fourier space photoluminescence (PL) spectros-

copy technique. The luminescence was excited by a 355 nm

Nd:YAG picosecond pulsed (repetition rate: 120 MHz) laser,

collected by an objective with 0.5 numerical aperture. The

normally incident excitation laser beam was focused on the

sample to a spot size of �10 lm2. The temperature under

different current excitation was measured by non-contact

Raman scattering spectroscopy method,15 performed on a

micro-PL Raman spectrometer (Labram 800, Jobin Yvon

Co., resolution: 1.9 cm�1), and the micro-rod was excited

with a continuous Argon ion laser (514.5 nm).

The sample was placed on two aluminium (Al) electro-

des (the white regions), where a constant current source

was applied. The length of ZnO micro-rod is �190 lm, as

can be seen in Fig. 1(a). Fig. 1(b) is the scanning electron

microscope (SEM) image of the sample. It is clear that the

cross-section of the sample is hexagonal and the facets are

optically smooth, which is favorable for an optical micro-

cavity. The quality factor (Q) of the optical modes (WG

and quasi-WG) is around 1200. The lateral size is uniform

(radius of 2.67 lm) along the C-axis of the sample, forming

an ideal one-dimensional (1D) optical system. The insets in

Fig. 1(b) are schematic diagrams of WG and quasi-WG

modes in the sample, which has already been reported by

Sun et al.7,16a)Electronic mail: zhanghai@fudan.edu.cn.
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Fig. 2 shows the dispersion of WG and quasi-WG LPBs

(TE) at different current: (a) 0 mA, (b) 0.15 mA, (c) 0.25 mA,

and (d) 0.28 mA (the behavior of TM LPBs is similar and not

shown here). In Fig. 2(a), it can be seen that there are two

groups of modes with different curvature and mode spacing.

According to the transition selection rules, the two groups of

modes with TE polarization are the results of strong coupling

between A, B excitons and WG or quasi-WG optical modes.7

The red and blue dashed lines are simulation results by diago-

nalizing the exciton-photon Hamiltonian

Ĥpol ¼
Xi¼A;B

~k

EXið~kÞb̂þi;~k b̂i;~k þ
X

~k

ECð~kÞ
�

âþ~k â~k þ
1

2

�

þ
Xi¼A;B

~k

�hgiðâþ~k b̂i;~k þ â~k b̂
þ
i;~k Þ; (1)

where Ĥpol is the Hamiltonian of the polariton system, EXA

and EXB are energies for A, B exciton, b̂
þ
i;~k ; b̂i;~k ; â

þ
~k
; â~k are

creation and annihilation operators for excitons and photons,

respectively, gi is the coupling strength between A (or B)

exciton and a photon.17 EC is the energy of a photon, and the

background dielectric constant is chosen based on the

reported value of 6.2.18 Accordingly, the curves are identified

as WG and quasi-WG LPBs, respectively. They fit well with

the experimental data (�hgA¼ 0.034 eV, �hgB¼ 0.174 eV). The

spacings of WG LPBs are smaller than those of the quasi-

WG modes. For both WG and quasi-WG LPBs, the closer to

A, B exciton (3.309 eV, 3.315 eV),7 the smaller the curvature

and mode interval, showing typical repulsion-like behavior of

strong coupling between exciton and pure optical modes. The

pure WG cavity optical modes are plotted as green dashed

lines in Fig. 2(d), with larger curvature and equal mode inter-

val compared to WG LPBs. When current increases, both

WG and quasi-WG LPB modes shift to lower energy (red

shift), as shown in Figs. 2(b)–2(d). Take one WG LPB (mode

order of 86) for example, when the current increases from

0 mA to 0.28 mA (Fig. 2(d)), the red shift can be as large as

�40 meV. It can be used as a method to tune the energy posi-

tions of LPBs continuously. The linewidths of WG (mode

order of 86) and quasi-WG (mode order of 76) LPBs hardly

change when the current varies from 0 mA to 0.28 mA: about

3–5 meV for WG and 4–6 meV for quasi-WG modes, imply-

ing the quenching of interaction between polariton and pho-

non. This will be discussed later.

The red shifts of WG and quasi-WG LPBs may come

from current induced thermal effect. The temperature under

different current was measured by non-contact Raman scat-

tering spectroscopy according to15

T ¼ h�i

,(

kln

"
IS

IAS

�
� þ �i

� � �i

�4
#)

; (2)

where h is the Plank constant, � is the frequency of the exci-

tation source, �i is the Raman frequency shift, k is the Boltz-

mann constant, IS and IAS are the intensities of Stokes and

anti-Stokes signal, respectively. The Raman-active phonon

mode (Ehigh
2 : 438 cm�1) with the strongest Stokes and anti-

Stokes peaks in x(yy) �x scattering geometry was chosen to

calculate the temperature, as shown in Fig. 3(a).19 When cur-

rent increases, the intensity of Stokes peak decreases and

blue shift occurs, contrary to the behavior of anti-Stokes

peak. By performing the Lorenz fit for each peak, the tem-

perature at different current can be obtained (error smaller

than 6 7 K), with the highest value of about 550 K under the

current of 0.28 mA, as illustrated in Fig. 3(b). It is noted that

the thermal effect caused by the incident laser spot is small,

within the error range.20 There is another concern that the

Stark effect may also contribute to the red shift of LPBs.

Given the maximum current I¼ 0.28 mA, the electric field

strength across the sample is about 0.23 kV/cm, leading to a

negligible shift of �10�5 meV for exciton.21–23 Therefore, it

can be concluded that the large red shift of LPBs is exclu-

sively ascribed to thermal effect induced by the current.

FIG. 1. (Color online) (a) A homogeneous ZnO micro-rod on two Al elec-

trodes (the white regions); (b) SEM image of the ZnO micro-rod, the insets

are schematic diagrams of whispering gallery (WG) modes and quasi-WG

modes, the external emission angle h is related to the polariton momentum

component parallel to C-axis (k//) by k//¼ (E/�hc) sin h.

FIG. 2. (Color online) The dispersion of WG LPBs and quasi-WG LPBs

(TE) at different currents: (a) 0 mA, (b) 0.15 mA, (c) 0.25 mA, and (d) 0.28

mA with linear gray scale (WG, quasi-WG lower polariton branch, and pure

cavity mode are denoted as WG, quasi-WG, and cavity, respectively.).
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Fig. 4(a) shows the red shifts of A, B exciton, pure opti-

cal WG cavity modes, WG LPBs (order of 86 and 87) with

increasing temperature. The temperature dependence of A, B

exciton can be described by Manoogian-Wooley (M-W)

model: E¼E0þUTsþVh [coth (h/2 T)� 1]. Here, the sec-

ond term is lattice dilatation, the third term is electron-

phonon interaction, and the coefficient h is related to the

Debye temperature.24 The pure optical WG cavity modes

show a small red shift originating from the slight change of

refractive index when the temperature increases,10 as can be

seen in Fig. 4(a). Therefore, the temperature dependence of

WG LPBs at k//¼ 0 (mode order of 87 and 86) can be calcu-

lated: denoted as Theory_87 and 86, fitting well with the ex-

perimental data (LPB 87 and 86). The Rabi splitting is about

330 meV for the WG polariton modes, which is the same

order as the reported values for ZnO.25,26 The fitting of WG

LPBs at high temperature in Figs. 2(b)–2(d) are also based

on M-W formula. In Figs. 2(c) and 2(d), A, B exciton are

illustrated as white dashed lines. The excitonic fraction of

the 86th WG LPB at k//¼ 0 varies from 33.4% in Fig. 2(a) to

44.1% in Fig. 2(d). As mentioned above, the linewidths of

WG and quasi-WG LPBs remain nearly constant while tem-

perature increases from room temperature to �550 K, which

is different from the result of ZnO based distributed Bragg

reflector (DBR) structure reported by Sturm et al.10 Accord-

ing to A. Trichet et al.’s theory, when temperature increases,

the thermal broadening increases greatly only for polariton

modes within the energy range EXi � EXi�ELO (i¼A,B,

ELO¼ 72 meV), while those at lower energy remain virtually

unaffected.8 Here, the 92nd order of the WG LPB at room

temperature is about 120 meV lower than the exciton energy

((EXAþEXB)/2), while the 85th order at 500 K is about

150 meV lower than that at the corresponding temperature,

as shown in Figs. 2(a) and 2(c). They are all beyond the

strong polariton-LO phonon scattering range and hardly

interact with LO phonon, leading to the quenching of

polariton-phonon interaction. This is the reason for the exis-

tence of LPBs and the nearly unchanged linewidths under

such high temperature. As these 1D polaritons can decouple

from phonon bath, high coherence may be preserved up to a

very high temperature, which is essential for realizing high

temperature polariton condensate, lasing, superfluidity, etc.

To estimate the tuning speed of this method, a simple

heat dissipation model was considered with the schematic

diagram shown in Fig. 4(b). Because the thermal conductiv-

ity of pure Al (204 W/m � K) is about 7500 times larger than

that of air (0.027 W/m � K),27 heat will mainly dissipate at

the contact Al electrodes. Since Al electrode sheet is very

thin (�60 nm), heat can be modelled to dissipate radially

from the contact point. The thermal equilibrium equation can

then be written as27

CmDT ¼ ½I2R� 2pjdDT=lnðL=rÞ�t: (3)

Here, C is the specific heat capacity of ZnO (0.1248 kcal/g

deg),28 m is the mass of the sample (density of ZnO: 5.606 g/

cm3),29 DT is the variation of temperature. The two terms on

the right hand side of the equation are heat production and

dissipation power, where R is the resistance of the ZnO

micro-rod (�100 kX), obtained by measuring its current-

voltage (I-V) curve, j is the thermal conductivity of Al, d
and L (�100 lm) are the thickness and length of Al elec-

trode, respectively, r is the radius of the sample (2.67 lm), t
is the time for establishing thermal equilibrium. By solving

this equation numerically, it is found that when DT is 250 K,

FIG. 3. (Color online) (a) Stokes and anti-Stokes Raman spectra under dif-

ferent currents; (b) temperature of ZnO micro-rod under different current.

FIG. 4. (Color online) (a) Red shifts of A, B exciton, pure optical WG cav-

ity modes (denoted as cavity 87, 86), experimental and theoretical WG

LPBs at k//¼ 0 (mode order of 87 and 86, denoted as LPB 87 and 86,

Theory_87 and 86, respectively) with temperature; (b) the schematic dia-

gram of heat dissipation model: ZnO micro-rod on two Al electrodes.
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thermal equilibrium can be established in about one millisec-

ond (ms). This is confirmed experimentally by a pulsed cur-

rent source (pulse width: 1 ms, period: 2 ms). The redshift

within the pulse width is almost the same with that under

CW current and vanishes quickly in the pulse interval, indi-

cating the efficient temperature tuning by current. The fast

tuning speed will be very helpful to control the temperature

and consequently the energy positions of excitons and LPBs

in ZnO microcavities.

In conclusion, we report a robust exciton-polariton

effect in a ZnO WG microcavity at high temperature. The

energy positions of WG and quasi-WG LPBs are tuned by

current induced thermal effect. The red shift can be as large

as �40 meV. It is also demonstrated that strong coupling in

ZnO can be preserved up to � 550 K, and the linewidths are

nearly temperature independent, which is ascribed to

quenching of polariton-phonon interaction. The tuning speed

is fast (in the order of millisecond). Our results show oppor-

tunity of high temperature polariton condensate, lasing,

superfluidity, etc. and polariton-based optoelectronic appli-

cation such as wavelength-tunable polariton light emitting

devices.
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Abstract

We show that the laser spectra of ZnO films composed of particles that look like microtowers represent
two bands with practically constant spectral distances between their peaks. By numerical analysis,
we show that these two bands are due to whispering gallery modes (WGM), and one of these bands
corresponds to the quasi-whispering gallery mode. Thus, we obtain here the first clear demonstration
of the existence of quasi-WGMs, and show, in addition, that the width of the bands is caused by
random spread of sizes of the ZnO particles in the lasing part.

Keywords: zink oxide, ZnO film with microtowers, laser spectra, whispering gallery modes (WGMs),
quasi-WGMs, numerical analysis.

1. Introduction

The wide-band-gap (3.3 eV at room temperature) semiconductor ZnO provides a possibility for the
formation of rich micro/nanostructure diversities, many of which may be suitable for lasing action.
Therefore, the analysis of laser modes in these structures is of certain interest. Since the ZnO refraction
index in the UV radiation region at room temperature is about 2.4, the critical angle of total internal
reflection is < 25◦. This fact makes the formation of laser modes highly probable as a result of total
internal reflections, as we have mentioned in [1, 2] for ZnO rods and tetrapods.

Of certain interest are ZnO structures that represent films composed of several uneven narrowing
parts with oblong distorted cones. We refer to such particles as microtowers. In Fig. 1, microphotographs
(SEM) of samples 1 and 2 of such films are shown. It should be noted that here the particles have the
form of hexagonal prism under the terminal cone. It is very likely that this vary prism may serve as a
laser cavity.
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Fig. 1. Microphotographs of microtowers films of sample 1 (left) and sample 2 (right).

One can expect the existence of whispering gallery modes (WGM) in such a laser cavity. The relevant
scheme is numbered 1 in Fig. 2 (left) where the mode is formed as a result of six-fold total internal
reflections (TIRs). In Fig. 2 (left), a scheme of quasi-WGM is also shown, which is formed as a result of
three-fold TIRs with an angle of incidence equal to 30◦. There are many scientific publications on WGMs
in different ZnO structures, for example, [3–6]. The existence of quasi-WGMs is as demonstrated, for
example, in [7]; see Fig. 2 (right) where weak features of the luminescence spectrum are interpreted as a
demonstration of quasi-WGMs.

Fig. 2. Schemes of WGM shown by solid ar-
rows 1 and quasi-WGM shown by dashed ar-
rows 2 (left) and the WGMs (solid arrows) and
quasi-WGMs (dashed arrows) adopted from
[7] (right).

In our experiments, as a rule, two lasing bands with almost constant spectral distance between them
are obtained. It is not possible to explain such a result by using only WGMs. In this paper, we will show
that one of the two lasing bands in the spectra is due to quasi-WGMs. Thus, from our point of view,
this is the first clear demonstration of the existence of quasi-WGMs.

2. Experimental Details

Zinc oxide samples with microtowers were synthesized by the thermal evaporation method in a hori-
zontal tube furnace. The source material of Zn (99.99% purity) powder was loaded into a ceramic boat
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placed at the end of a one-end sealed quartz tube with 2 cm diameter. Silicon (100) substrates were
placed about 40 cm away from the source materials to receive the products. The evaporation of Zn was
conducted at 600◦C for 60 min under a constant pressure of 76 Pa. Pure argon and oxygen (99.9%) were
used as the carrier gas, which was introduced from one end of the quartz tube at a flow rate of 220 and
120 sccm (standard cubic centimeters per minute), respectively. The ZnO microtowers were obtained
after the furnace was cooled to room temperature in the natural way.

Laser spectra were measured under pumping by the third harmonics of the Q-switched Nd:YAG laser
(355 nm, pulse duration ∼6 ns with repetition rate 15 Hz). The image of the pumping spot was focused
on the entrance slit of an MDR-23 monochromator. The spectra were recorded either by a PET-79 or by
a Videoscan-285 camera with the CCD matrix (size 8.8×6.6 mm2) installed in the plane of the exit slit of
the monochromator covering the wavelength interval of 11.8 nm with dispersion around 0.0085 nm/pixel.
When necessary to obtain a lengthy piece of the spectrum, sequential intervals 11.8 nm were registered
with shifts of the scale on 10 nm. After that, pieces measuring 10 nm long were taken from these intervals
and sewn together.

3. Experimental Results

Figure 3 shows five spectra obtained with the Videoscan-285 camera. These spectra were registered at
different places in sample 1. (All spectra are normalized on shortwave peaks.) It can be clearly seen that
the positions of the spectral peaks change slightly from one place to the other, but the spectral distance
between the peaks remains practically constant, ∼3 nm. The widths of the bands are approximately
1.5 nm.

Fig. 3. Laser spectra at different places under fixed
pumping level (sample 1).

In Fig. 4 (left), lengthy pieces of the spectra of
sample 1 obtained at the same place under different
pumping-energy densities are shown; here it is possible
to estimate the lasing threshold, which is between 4.3
and 5 mJ/cm2. In addition, from this figure it is clear
that only a small part of the particles present in the
pumping spot is involved in the lasing action. As a
result, the main part of the emission in Fig. 4 (left) is
luminescence, and the lasing contribution is small.

Different results were obtained for sample 2, its
microphotograph is shown in Fig. 1 (right); neverthe-
less, the results were absolutely the same in terms of
quality. Figure 4 (right) shows spectra of this sample
obtained under different pumping levels and registered
by a PET. One can see that here again there exist two
bands. However, they are in another spectral range, and the distance between them is longer, i.e., about
5 nm. The lasing threshold in this sample is about 6 mJ/cm2; see Fig. 4 (right).

To study the nature of the band widths obtained, the laser spectra were registered under different
pumping-spot sizes. In Fig. 5 (left), it is clear that the band widths decrease with decrease in the
pumping-spot size. This result is evidence of the width dependence on the number of particles located
inside the spot.
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Fig. 4. Spectra of microtowers under different pumping levels 2.6 (1), 4.3 (2), 5.0 (3), 9.0 (4), and 13.1 mJ·cm−2 (5)
for sample 1 (left) and 4.2 (1), 6.4 (2), 8.1 (3), 11.4 (4), 15.5 (5), 19.1 (6), and 23.7 mJ·cm−2 (7) for sample 2 (right).

Fig. 5. Laser spectra of sample 2 under different pumping-spot sizes 150 (curve 1), 300 (curve 2), 800 (curve 3),
and 1,500 µm (curve 4) (left) and laser spectra under the minimum pumping-spot size with Lorentz components
shown by dashed curves (right).

From our point of view, the bands in the spectra are the result of overlapping of lines correspond-
ing to different particles since the particle diameters vary randomly. This conclusion is confirmed by
Fig. 5 (right) which shows that when the pumping spot is small enough, the spectral bands are not
smooth and can be expanded into Lorentz components. To be sure, a single component does not repre-
sent the lasing action of a single microtower.

4. Analysis of the Results

The form of the particles, microtowers, can be considered as composed of three parts. The bottom is
a badly shaped cone with a nearly ball-shaped understructure, the middle part is the most perfect and
represents a hexagonal prism, and the top of the “tower” is a cone spire (in cross-section, this part has
an irregular shape and its lateral surfaces are uneven). It is very likely that the lasing action emerges in
the middle part.
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Since the cross sections of the most perfect parts of the particles are hexagons, it is natural to suggest
that whispering gallery modes (WGMs) participate in the lasing action. As mentioned above, we obtained
in the experiment that two bands of lasing action appear together (Figs. 3 and 4); thus, they are probably
formed in the same tower. However, the spectral distances between the adjacent WGMs are significantly
larger than 3 or 5 nm, hence the suggestion of quasi-WGMs appears, and we will calculate the dependence
of the wavelength on the hexagon size for the WGMs and quasi-WGMs. For this purpose, we use the
expressions for the wavelength of relevant modes taking into account the formulas for δ phase shift under
TIR [8],

tan
δTE

2
= −

√
sin2 θi − n2

n2 cos θi
, tan

δTM

2
= −

√
sin2 θi − n2

cos θi
,

where θi is the angle of incidence, TM and TE correspond to the polarization of electric fields parallel
and perpendicular to the c axis of ZnO, and n is a parameter inverse to the ZnO refractive index. We
will further refer to n as the ZnO refractive index. Based on the resonance condition for the WGM
wavelength λ, we write the following expressions:

λTE =
3
√

3 nR

N + (6/π) tan−1(n
√

3n2 − 4)
, λQTE =

9nR

2N + (6/π) tan−1
(
n
√

(n2 − 4)/3
) ,

λTM =
3
√

3 nR

N + (6/π) tan−1
(
n−1

√
3n2 − 4

) , λQTM =
9nR

2N + (6/π) tan−1
(
n−1

√
(n2 − 4)/3

) ,

where Q stands for quasi-modes, N is the mode number, n is the ZnO refractive index, and R is the side
of the hexagonal section or half of its diameter.

Fig. 6. Dependence of the lasing wavelength on the
diameter of the hexagonal section.

The calculated dependences of the wavelength
on the diameter for a wide range of modes are shown
in Fig. 6; here the quadratic approximation was
used for the spectral dependence of the ZnO re-
fractive index [9]. Horizontal lines P1,2 indicate the
maximum positions of the lasing bands.

From Fig. 6, we can see that the TM8 and
QTM8 modes best explain the experimental spec-
tra, and the diameters corresponding to the spectral
maxima are in the range of ∼590 nm for a spectral
distance between the maxima of ∼3 nm, and in the
range of ∼615 nm for a spectral distance of about
5 nm. Based on the microphographs (Fig. 1), one
can be sure that, within the margin of error, the di-
ameters of hexagonal parts of samples 1 and 2 are in
these ranges. It is noteworthy that even a relatively
insignificant change in size changes noticeably the
peak positions in the spectrum. Thus, based on the model proposed, one can evaluate the diameter of
the hexagonal sections of the microtowers with a rather high degree of accuracy.

The band widths is a result of spreading of the diameters within the pumping spot. This is confirmed
by the narrowing of the bands with decrease in the pumping-spot size and by the structuring of the bands
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under a small pumping spot. The shift of band maximum from one place to the other is also due to the
spread of diameters — the position of the diameter-distribution maximum can be different.

5. Conclusions

ZnO films composed of particles that look like microtowers were synthesized on a silicon substrate
by a thermal evaporation method using Zn powder as the source material. We have shown that the
laser spectra of such films, as a rule, consist of two bands. The positions of the spectral peaks change
slightly from one place of the sample to the other, but the spectral distance between the bands remains
practically constant, namely, 3 nm for sample 1 and 5 nm for sample 2. Our estimation of the lasing
thresholds showed that they are 5 and 6 mJ/cm2, respectively.

By numerical analysis, we have shown that the short wavelength lasing band is the TM WGM with
mode number 8, and the long wavelength lasing band is the TM quasi-WGM with mode number 8. Thus,
this is the first clear demonstration of the existence of the quasi-WGMs.
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Abstract Dense and vertically aligned ZnO–

ZnGa2O4 core–shell nanowires were synthesized in

large scale on a-plane sapphire substrates by a simple

two-step chemical vapor deposition method. The

synthesized ZnO–ZnGa2O4 core–shell nanowires

were connected through their base by a thick under-

layer of the same material realizing electrical contact

of the nanostructured array. X-ray diffraction and

transmission electron microscopy analyses of the

core–shell nanowires reveal that the ZnO cores and

ZnGa2O4 shells of the core–shell nanowires are of

single-crystal quality and have aligned crystallo-

graphic orientations. The ultraviolet–visible diffuse

reflectance spectra of the core–shell nanowires

showed two sharp edges corresponding to near-band-

edge absorption contributed by the ZnO cores and the

ZnGa2O4 shells. Moreover, the room-temperature

photoluminescence spectra of the core–shell nano-

wires gave three UV emission peaks coming from the

ZnGa2O4 shells and the ZnO cores. The dense and

vertically aligned ZnO–ZnGa2O4 core–shell nano-

wires showing promising photoelectric properties

offer an ideal structure for light harvesting applica-

tions such as a photoanode in a photoelectrochemical

water splitting cell.

Keywords Core–shell nanowires � Vertically

aligned nanowires � Photoanode material � ZnO �
ZnGa2O4

Introduction

Self-assembly of well-aligned one-dimensional semi-

conductor core–shell nanowires (NWs) has been

actively researched in the past decade for their wide

range of applications (Lauhon et al. 2002; Bakkers et al.

2004; Thelander et al. 2006; Li et al. 2006; Fan et al.

2006; Du et al. 2009; Cao et al. 2011). Compared to

single-material NWs, the composite core–shell NWs

can take advantage of each material and compensate for

their individual shortcomings to satisfy the application

requirements. Furthermore, the core–shell NWs can

offer new functionalities, such as broad-range light

sensitivity, prolonged carrier lifetime, and efficient
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charge separation (Wang et al. 2008; Shu et al. 2009;

Huang et al. 2009). These added functionalities are vital

for the development of high-performance energy

devices such as photoelectrochemical water splitting

cells. For example, surface coating of photocatalyst

shells on semiconductor NW cores improves the

efficiency and stability when used as a photoanode

material in a photoelectrochemical water splitting cell

(Huang et al. 2009; Zhong et al. 2012). In this case, the

semiconductor NW cores increase the light absorption

and electrical conductivity, the photocatalyst shells

improve surface photoreaction and anti-corrosive prop-

erty, and the composite core–shell structures enhance

the charge separation. However, the search of suitable

semiconductor and photocatalyst materials to realize

this functional core–shell NW structure with single-

crystal quality remains a major issue.

ZnGa2O4 (ZGO), a wide band-gap semiconductor,

has been investigated for its possible use in the overall

water splitting under ultraviolet (UV) light radiation

owing to the photocatalytic activity of its metal ions

with a d10 electronic configuration (Ikarashi et al.

2002). Recently, visible-light-sensitive water splitting

using Rh-doped ZGO powder has been reported

(Kumagai et al. 2011). In that study, ZGO works as

a host material to tune the energy band structure of

ZnRh2O4 within its forbidden band to satisfy the

requirements of visible-light water splitting reaction.

Moreover, ZGO can be used as a precursor material for

the synthesis of Ga(1-x)ZnxN(1-x)Ox solid-solution

NWs (Han et al. 2010). The oxynitride solid-solution

material is regarded as a promising photocatalyst for

overall water splitting with solar light radiation

(Maeda et al. 2005). Therefore, ZGO is a promising

starting material for photocatalytic water splitting

applications and structuring ZGO into a well-oriented

nano-geometry could further improve the water split-

ting performance. However, a controllable synthesis

of well-aligned single-crystal ZGO nanostructures in

high density is still challenging. In contrast, ZnO can

form dense and well-aligned NW structures in many

fabrication processes (Fan et al. 2009), and the

synthesized ZnO NW samples are good templates to

support a radial growth of other functional materials

forming well-aligned core–shell NW structures.

In this paper, dense and vertically aligned ZnO–

ZGO core–shell NWs were fabricated in large scale by

a simple two-step chemical vapor deposition (CVD)

method. The roots of the core–shell NWs were

connected through a thick underlayer of the same

material realizing electrical contact of the core–shell

NW layer. This structure is ideal for the use as a

photoanode in a water splitting cell. A model was

proposed to explain the growth mechanism of the

ZnO–ZGO core–shell NWs. Moreover, ultraviolet–

visible (UV–VIS) diffuse reflectance spectra and

photoluminescence (PL) spectra of the ZnO–ZGO

core–shell NWs were investigated to understand the

energy band structures and the optical properties of the

ZnO–ZGO core–shell NWs.

Experimental

Large-scale vertically aligned ZnO–ZGO core–shell

NWs were prepared by a two-step CVD process. A

schematic of the growth process is shown in Fig. 1.

First, an a-plane sapphire was cleaned with acetone in

a supersonic bath, and then the sapphire was coated

with a discontinuous gold layer (1 nm in thickness)

through a metal shadow mask. The Au-coated sap-

phire was then used as a substrate in the first-step CVD

growth process. The Au-coated sapphire substrate was

placed at the center of a furnace tube. Mixed powder of

ZnO and graphite (2:1 in weight) was loaded in an

alumina boat as precursors and the alumina boat was

then placed 1 cm upstream of the sapphire substrate.

Oxygen and argon gases were used as carrier gases

(5:1 in volume ratio) at a working pressure of 50 mbar.

The furnace was operated for 30 min at a temperature

of 1,000 �C, and then cooled down to room

Fig. 1 The growth process of vertically aligned ZnO–ZnGa2O4

core–shell nanowires
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temperature naturally. After this process, vertically

aligned ZnO NWs were grown on the Au-coated

surfaces of the a-plane sapphire substrate. The as-

grown ZnO NWs sample was then used as a template

in the second CVD growth process. The ZnO NW

substrate was placed at a temperature position of

900 �C in the furnace tube. Mixed powder of Ga2O3,

ZnO, and graphite was used as precursors, and was

placed 11 cm upstream of the ZnO NW substrate. The

temperature of the precursors was set to 1,180 �C.

Argon and oxygen (10:1 in volume ratio) was used as

carrier gases. After a 30 min growth process, verti-

cally aligned ZnO–ZGO core–shell NWs were

obtained in large scale on the substrate.

Scanning electron microscopy (SEM) images of the

prepared NW samples were taken with a Hitachi

S3000 N SEM equipment. X-ray diffraction (XRD)

patterns of the prepared NW samples were obtained

with a diffractometer (Miniflex II-MW, Rigaku Co.

Ltd., Japan) using the CuKa radiation. Transmission

electron microscopy (TEM) images and selected area

electron diffraction (SAED) patterns of the prepared

ZnO–ZGO NWs were obtained with a JEM 2010

equipment. The UV–VIS diffuse reflectance spectra of

the NW samples were measured with a spectropho-

tometer (DRS, V-560, Jasco). The PL spectra of the

NW samples were measured with a fluorescence

spectrometer (FP-6600, JASCO) under an excitation

wavelength of 325 nm.

Results and discussions

Figure 2a shows a typical SEM image of the vertical

ZnO NWs. The NWs are well-aligned in large scale

and have a uniform diameter of 75 nm and an average

length of 5 lm. A high-resolution SEM image of

Fig. 2b shows that the sidewalls of the ZnO NWs are

straight and smooth. Figure 2c–f shows the SEM

images of three types of ZnO–ZGO core–shell NWs

grown under different conditions as listed in Table 1.

The initial vertical alignment of the ZnO NWs was

largely maintained after the formation of core–shell

nanostructures. Figure 2c, d shows the SEM images of

large-scale vertically aligned ZnO–ZGO core–shell

NWs grown under the ZGO-1 condition. The average

diameter of the NWs increases to about 90 nm.

Figure 2e, f shows large-scale chain-like ZnO–ZGO

core–shell NWs grown under the ZGO-2 condition.

The core–shell NWs are formed by a compact stacking

of ZGO nanocrystals on the ZnO NW cores. The

average NW diameter is estimated to increase to about

130 nm, but have non-uniform shell surfaces in

contrast to the previous case. Figure 2g, h shows the

images of large-scale vertically aligned ZnO–ZGO

core–shell NWs fabricated under the ZGO-3 condi-

tion. The average diameter of NWs is about 160 nm.

The EDX analysis shows that the atomic ratios of Zn/

Ga/O on the side edge of NWs were about 14/28/58

(*1/2/4), indicating the formation of ZGO NW shells.

A tilted-angle SEM image of Fig. 2h shows that all

NWs are straightly aligned but have non-uniform shell

surfaces, bonded together at their roots and grown in a

high density.

XRD measurements were taken to characterize the

as-prepared samples of ZnO NWs and ZnO–ZGO

core–shell NWs. Figure 3a shows a typical XRD

pattern of the vertically aligned ZnO NWs after the

first-step CVD growth. Only two sharp diffraction

peaks indexed to the hexagonal ZnO (0002) and

(0004) were observed. This is strong evidence for the

alignment of the ZnO NWs along the [0001] direction.

Figure 3b–d shows the XRD patterns of the ZnO–

ZGO core–shell NWs fabricated under the three

different growth conditions. Only four diffraction

peaks indexed to the hexagonal ZnO (0002) and

(0004), and the spinel ZGO (111) and (222) were

observed. This result is strong evidence for the

formation of ZGO shell layers with an aligned

orientation along the ZGO [111] direction.

TEM and SAED analyses were further carried out

to examine the crystal quality and the crystallographic

orientations of the ZnO core and the ZGO shell of the

core–shell NWs. The bright-field TEM image of Fig. 4

shows a straight NW with a core–shell structure grown

under the ZGO-1 condition. The diameter of the NW

core is about 70 nm, which is consistent with the

diameter of 75 nm of the ZnO NWs synthesized in the

first CVD growth step. The overall diameter of core–

shell NW is about 90 nm from the TEM image, which

is in agreement with the core–shell NW diameter of

*90 nm shown in Fig. 2d. The SAED pattern of the

shell region A (inset A) shows that the shell of the NW

consists of a single-crystalline spinel ZGO layer with a

[111] oriented crystal direction parallel to the long-

axial direction of the NW. The calculated interplane

spacing between the two close spots along the long-

axial direction in the SAED pattern A is *0.48 nm,
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which is consistent with the value of {111} interplane

spacing of the spinel ZGO. The SAED pattern of the

core region B (inset B) reveals that the core part of the

NW consists of single-crystalline hexagonal ZnO with

a [0002] direction parallel to the long-axial direction

of the NW. In this case, the calculated interplane

spacing between the two close spots in the long-axial

direction is *0.26 nm, which is consistent with the

value of {0002} plane spacing of hexagonal ZnO.

These two SAED results confirm our XRD analyses of

the formation of [111]-oriented ZGO shell layers on

[0002]-orientated ZnO NW cores. Furthermore, the

SAED pattern of the interfacial region C (inset C)

shows two sets of single-crystalline electron diffrac-

tion patterns of the spinel ZGO (from ZGO shell area)

and the hexagonal ZnO (from ZnO core area). The

crystallographic orientations of the ZnO core and the

ZGO shell are clearly revealed in the SAED pattern. It

is found that the ZGO [111] direction is parallel to the

ZnO [0002] direction and the ZGO [2-20] direction is

parallel to the ZnO [-2110] direction. Therefore, a

parallel relationship between the ZGO (11-2) plane

and the ZnO (1–100) plane is predicted. A hetero-

epitaxial growth of ZGO shell on ZnO core likely took

place to form the ZnO–ZGO core–shell NWs, as

shown in Fig. 5.

Usually, spinel ZGO is fabricated through a solid-

state diffusion reaction by annealing the two oxyde

precursors, b-Ga2O3 and ZnO, at a high temperature

(above 1,000 �C). In this method, a three-step process

is used for the fabrication of core–shell NW structures:

a first growth of one precursor oxide AOx (ZnO or

b-Ga2O3) NW cores, a second growth of the other

precursor oxide BOx shells surrounding AOx NW

cores, and a final growth of the AOx-ZGO core–shell

NWs by high-temperature annealing (Chang and Wu

2005). However, non-reacted ZnO or b-Ga2O3 always

remains in the ZGO shell layers using this method. In

addition, multiple diffraction peaks of the spinel ZGO

phases are usually obtained from the reported XRD

patterns, indicating ZGO shells were formed with

random crystallographic orientations. In this study, we

demonstrated a two-step CVD method for the forma-

tion of ZnO–ZGO core–shell NWs with single-crystal

quality and well-aligned orientations. In the first step,

vertically aligned ZnO NW cores were first fabricated

on an a-plane sapphire substrate through an Au-

catalyzed CVD growth process. Such straight ZnO

NWs with smooth sidewall surfaces and an aligned

crystal orientation provide a good foundation for the

second growth of the radial ZGO shells. In the second

CVD step, a vapor-phase diffusion reaction of Ga/O

into ZnO NW cores was taken place to directly grow

Table 1 Growth conditions and PL emission peak wave-

lengths for the three vertically aligned ZnO–ZnGa2O4 nano-

wire samples

ZnO;

(Ga2O3?C) (g)

Pressure

(mbar)

Emissions in PL

spectra (nm)

ZGO-1 0; 0.05 40 360, 375, 389

ZGO-2 0.02; 0.05 40 360, 375, 387

ZGO-3 0.05; 0.05 50 360, 376, 386

Fig. 3 a XRD pattern of the vertical ZnO nanowire sample

b–d XRD patterns of the ZnO–ZnGa2O4 nanowire samples

prepared under different growth conditions (b ZGO-1, c ZGO-2,

d ZGO-3)

Fig. 2 SEM images of the prepared nanowire samples under

low and high magnifications. a, b Large-scale vertically aligned

ZnO nanowires on the a-plane sapphire substrate. c, d Vertically

aligned ZnO–ZGO core–shell nanowires synthesized under the

ZGO-1 condition of Table 1. e, f Vertically aligned ZnO–ZGO

core–shell nanowires synthesized under the ZGO-2 condition of

Table 1. g, h Vertically aligned ZnO–ZGO core–shell nanowire

grown under the ZGO-3 condition of Table 1. The scale bars
are 1 lm in a, c, e, g, h and 200 nm in b, d, f

b
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the conformal ZGO NW shells. It is shown that the

grown ZGO shells are of single-crystal quality with

aligned crystallographic orientation from XRD and

TEM analyses.

The growth process of the vertically aligned ZnO–

ZGO core–shell NWs is proposed. During the first

CVD step, separated Au droplets were likely formed

by melting the pre-sputtered discontinuous Au layer at

a high-temperature condition. When the vapor sources

from the precursors reached the Au droplets, the alloy

droplets were formed (Fan et al. 2006; Cao et al.

2011). The alloy kept crystallizing during the CVD

growth step to form ZnO nuclei and finally vertical

ZnO NWs were formed along the easy growth

direction [0001], benefiting from an epitaxial rela-

tionship between the ZnO a-axis and the a-plane

sapphire c-axis (Yang et al. 2002). Under similar high-

temperature growth conditions with our CVD process,

Au droplets have been reported to gradually wet the

NW sidewalls in a diffusion process and eventually

consumed out from the tip area at which time the

growth of ZnO NWs is terminated (Hannon et al.

2006). This may be the reason why Au droplets were

not found at the tip of NWs. Finally, it should be noted

that nanowire growth through a self-catalyzed process

cannot be ruled out. After this process, large-scale

vertically aligned ZnO NWs were selectively grown

on the Au-coated surfaces of the a-plane sapphire. In

contrast, no ZnO NW was observed on the non-coated

substrate area, which indicates that the ZnO nuclei

were not easily formed without the assistance of Au

under this condition. In the second CVD step, high-

temperature vapor-phase deposition reactions were

performed to fabricate the ZGO shells. A schematic of

the CVD growth of ZGO shells on ZnO cores with an

epitaxial relationship between ZGO shells and ZnO

cores is shown in Fig. 5. The thickness of the ZGO

shells can be tuned by using different amount of

precursors and using different growth pressures during

the process. When only Ga2O3/graphite powder were

used as precursors (ZGO-1 condition), the ZGO shells

were formed through a diffusion reaction of Ga into

ZnO NWs. When a small amount of ZnO powder was

added to the Ga2O3 precursor in the second CVD step,

Fig. 4 A bright-field TEM image of an individual ZnO–ZnGa2O4 core–shell nanowire. Insets are the selected area electron diffraction

patterns of the shell (box A), the core (box B), and interface (box C) of the core–shell nanowire

Fig. 5 A schematic of the

epitaxial growth of ZnO–

ZnGa2O4 core–shell

nanowires and the epitaxial

relationship between the

ZnGa2O4 shells and the ZnO

cores of the core–shell

nanowires
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thick and non-uniform ZGO layers were formed as

shown in the SEM images of the core–shell NWs

under the ZGO-2 and ZGO-3 conditions. This is due to

a direct chemical deposition of Ga, Zn, and O vapor

sources for the formation of ZGO shells, besides the

Ga vapor diffusion reactions for the formation of ZGO

shells.

The optical properties of the vertically aligned ZnO

NWs and the ZnO–ZGO core–shell NWs were

investigated. The UV–VIS absorption spectra of the

ZnO NWs and the ZnO–ZGO core–shell NWs are

shown in Fig. 6. Their corresponding [F(R)*hv]1/2

curves are reported in the supplementary material and

are used to estimate the band-gap values of ZnO and

ZGO. In the UV–VIS absorption spectra, the vertically

aligned ZnO NW sample shows one sharp absorption

edge with an onset at *390 nm (corresponding to a

band-gap value of 3.2 eV). This is attributed to the

near-band-edge absorption of ZnO NWs. In contrast,

two clear absorption edges with the onsets at *295

and *390 nm were observed in the all three UV–VIS

absorption spectra of the ZnO–ZGO core–shell NW

samples. The former absorption edge at *295 nm

(corresponding to a band-gap of 4.2 eV) is related to

the near-band-edge absorption of the ZGO shells,

which is in agreement with the reported band-gap

value (around 4.2–4.7 eV) of ZGO (Kumagai et al.

2011). The later absorption edge at *390 nm has the

same value to that of the ZnO NW sample, indicating

the near-band-edge absorption of the ZnO cores. It is

found that the intensity ratios of the ZGO and ZnO

absorption increase in the spectra of the ZGO-2 and

ZGO-3 samples, indicating that thicker ZGO shells

were formed when ZnO powder was added as a

precursor.

The room-temperature PL properties of the verti-

cally aligned ZnO NWs and the ZnO–ZGO core–shell

NWs are shown in Fig. 7. In addition, their room-

temperature cathodoluminescence spectra were also

measured for comparison and are reported in the

supplementary material. In the PL spectrum of the

ZnO NW sample, one broad visible emission centered

at about 500 nm was observed. This broad green

emission is known to originate from oxygen vacancies

in ZnO (Vanheusden et al. 1996; Wu et al. 2001). The

oxygen vacancies are easily formed on the surface and

in the bulk of ZnO thin films and NWs during CVD

growth process (Soci et al. 2007). In the PL spectra of

the three ZnO–ZGO core–shell NW samples, an

obvious decrease in the visible emission and a clear

increase in the UV emission peaks were observed. The

passivation of the broad visible emission is caused by

the reduction of oxygen vacancies in ZnO NWs,

because the second CVD growth process of the ZnO–

ZGO core–shell NWs was conducted in an oxidizing

environment under high temperature. The increase in

the UV emissions was further investigated. One UV

emission peak centered at 360 nm is considered to be

from oxygen vacancies in ZGO shells (Kim et al.

2003). It is found that the intensity ratio of this 360 nm

peak in the PL spectra increases monotonically from

the ZGO-1 sample to the ZGO-3 sample, indicating

that thicker ZGO layers were formed when an

increased amount of ZnO precursor was used. The

UV emission in the range of 370–400 nm is attributed

to the ZnO NW cores. Fitting of the UV emission with

multiple Gaussians reveals that the broad band UV

emission consists of two emission peaks as shown in

Fig. 7b. One emission peak centered at *375 nm

(corresponding to a band-gap energy of 3.3 eV) is

from the near-band-gap emission of ZnO (or slightly

Ga-doped ZnO) (Ye et al. 2005). The other emission

peak at *386–389 nm is red-shifted from the previ-

ous ZnO near-band-gap emission peak of *375 nm

and may be interpreted as resulting from donor

screening effect in Ga-doped ZnO (Roth et al. 1982,

Walsh et al. 2008). The reduced energy of the near-

band-gap emission observed in PL spectra follows an

empirical relationship (Ye et al. 2005).
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Fig. 6 The UV–VIS diffuse reflectance spectra of the prepared

nanowire samples: ZnO nanowire sample (gray) and the three

ZnO–ZnGa2O4 core–shell nanowire samples (green, blue, and

red)
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In our study, the ZnO–ZGO core–shell NWs were

prepared by a Ga vapor diffusion reaction process, so

that the Ga-doped ZnO layers were inevitably formed

between the ZGO shells and the ZnO cores (or slightly

Ga-doped ZnO cores). Because Ga is a strong donor to

ZnO (Yuan et al. 2008), red-shifted near-band-gap

emissions of the Ga-doped ZnO layers were observed

in the PL spectra. The amount of red shift is related to

the Ga-doping concentration in ZnO. We found that a

monotonic decrease in the emission wavelength from

389 to 386 nm coincides with the increase in ZnO

precursor from 0 to 0.05 g. This is because an

increased amount of the ZnO precursor in the second

CVD process likely passivates the Ga vapor diffusion

reaction, resulting in a decreased Ga-doping concen-

tration in the Ga-doped ZnO layers. From the PL

analyses, a three-layer structure of ZnO core, Ga-

doped ZnO middle-layer, and ZGO shell was likely

formed in the ZnO–ZGO core–shell NWs, as shown in

Fig. 8.

Conclusions

Dense and large-scale ZnO–ZGO core–shell NWs

were synthesized on a-plane sapphire substrate by a
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Fig. 7 a PL spectra of the prepared nanowire samples: the ZnO

nanowire sample (gray) and the three ZnO–ZnGa2O4 core–shell

nanowire samples (green, blue, and red). b Gaussian fitting

results of the PL emission peaks in the 370–400 nm range of the

ZnO–ZnGa2O4 core–shell nanowire samples

Fig. 8 A proposed three-layer nanowire structure of ZnO core,

Ga-doped ZnO middle-layer, and ZnGa2O4 shell
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simple two-step CVD method. The synthesized ZnO–

ZGO core–shell NWs were straightly aligned in high

density, with non-uniform shell surfaces and with their

roots bonded together on an under-layer of the same

material. The ZnO cores and ZGO shells of the core–

shell NWs are found to be of single-crystal quality and

have aligned crystallographic orientations as evi-

denced from XRD and TEM analyses. UV–VIS

diffuse reflectance spectra of ZnO–ZGO core–shell

NWs show two clear near-band-edge absorption of the

ZnO cores and the ZGO shells. PL spectra of the ZnO–

ZGO core–shell NWs show three UV emission peaks

from ZGO shells and ZnO/Ga-doped ZnO cores. We

expect that the controllable synthesis of dense and

vertically aligned ZnO–ZGO core–shell NWs with

promising photoelectric properties will contribute to

the development of energy conversion devices such as

efficient photoanodes in photoelectrochemical water

splitting cells.
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Strain-induced quantum dots (QDs) like island formations are demonstrated to effectively suppress pits/dislocation
generation in high indium content (26.8%) InGaN active layers. In addition to the strain redistribution in the
QD-like islands, strain modulation on the InGaN active layers by using the GaN island capping is employed to
form an increased surface potential barrier around the dislocation cores, which inhibits the carrier transport to
the surrounding dislocations. Cathodoluminescence shows distinct double-peak emissions at 503 nm and 444 nm,
corresponding to the In-rich QD-like emission and the normal quantum well emission, respectively. The QD-like
emission becomes dominated in photoluminescence due to the carrier localization effect of In-rich InGaN QDs
at relatively low “carrier injection current”. Accordingly, green emission may be enhanced by the following ori-
gins: (1) reduction in pits/dislocations density, (2) carrier localization and strain reduction in QDs, (3) strain
modulation by GaN island capping, (4) enhanced light extraction with faceted GaN islands on the surface.

PACS: 81.07.−b, 81.05.Ea, 78.67.−n, 68.65.−k DOI: 10.1088/0256-307X/29/6/068101

As a newly emerging lighting technology,
semiconductor-based solid state lighting has made
remarkable progress in the past decade and may re-
place conventional incandescent and fluorescent tech-
nologies in the next decade.[1−4] One of the limita-
tions for InGaN-based general lighting applications
is the significant drop in internal quantum efficiency
(IQE) for the InGaN-based green light emitting diodes
(LEDs).[5−7] With the increase of indium content
in InGaN, the alloy phenomena and formation of
threading dislocations (TDs)/stacking faults related
surface pits would become severe, resulting in poor
crystalline quality for the green InGaN/GaN quan-
tum wells (QWs).[5,6] Moreover, strong strain-induced
piezoelectric polarization fields (PFs) would further
reduce the overlapping of electron-hole wave func-
tions, and thus significantly reduce the IQE of the
InGaN-based green LEDs.[6,7]

Various methods have been employed to improve
the crystalline qualities as well as to overcome the
negative effects of PFs on the IQE of the InGaN-
based materials and devices by use of lattice matched
AlGaInN barriers, Si-doped GaN barriers, InGaN
triangular QWs or nonpolar/semipolar growth.[8−13]

An alternative method is to reduce the piezoelec-
tric PFs along the polar direction by strain redistri-
bution/reduction via quantum dot (QD) formation,
which has been regarded as a promising technique for
fabrication of high-brightness green light sources.[14,15]

In this work, strain-induced island growth is employed

to form high-density InGaN QDs. The surface pit den-
sity is significantly reduced by strain-induced island
formation, which suppresses the nonradiative recom-
bination at the pits/TDs sites. On the InGaN QDs,
GaN islands are subsequently grown as the top barrier.
Interestingly, the GaN islands preferentially nucleate
near the TDs leading to strain-modulated relatively
high surface potential barrier surrounding the TDs,
which causes lateral carrier confinement away from
nonradiative recombination at the defects and thus
enhances the light emission efficiency.

The metalorganic vapor phase epitaxy (MOVPE)
of GaN films and InGaN/GaN QWs was carried
out on c-sapphire substrates. Trimethylgallium,
trimethylindium, and high-purity ammonia were used
as the source precursors and silane as the n-type
dopant. Firstly the sapphire substrates were cleaned
at 1060∘C and 100 Torr for 15min in H2 ambient
followed by nitridation at 550∘C for 4 min. A con-
ventional GaN nucleation layer was grown at 535∘C
and 500Torr followed by a high-temperature anneal-
ing process. The subsequent growth of a ∼1.6-µm-
thick GaN epilayer was carried out at 1035∘C and
100 Torr. For the sample Q1, bare InGaN layers
grown by MOVPE at 670∘C for 90 s (nominal thick-
ness of ∼3.3 nm) on the surface modified GaN tem-
plates, which has been demonstrated to improve the
growth of InGaN/GaN QWs and also enhance the QW
emission.[16] Relatively thin InGaN layers were grown
for the avoidance of significant strain generation and
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the consequent plastic strain relaxation via pits/TDs
formation. Growth of InGaN layers at relatively low
temperature reduced the adatom diffusion and thus
favored the island growth mode. Before temperature
ramping for the growth of high-temperature barrier
layers, an ultrathin low-temperature GaN layer was
grown at the well temperature for suppressing the
indium outdiffusion to the barrier layers.[17] Further
growth of GaN cap on the InGaN/GaN QWs was car-
ried out for the sample Q2. A moderate ramp rate
(about 1 K/s) for the temperature ramping process
from the growth temperature of InGaN QW to that of
GaN barriers was employed for continuous and grad-
ual relaxation of the thermal strain, which may pre-
vent a considerable increase of thermal strain and thus
suppress the consequent pits/TDs formation. Further,
without long annealing under H2 ambient, significant
morphology changes of the InGaN layers caused by
the annealing effect may be avoided.[18] In order to
clarify the annealing effect, sample Q1A was grown
with the same processes like that for the sample Q1,
but with an additional “annealing” process (ramping
from 670∘C to 786∘C in 108 s) followed by a fast cooling
process.
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Fig. 1. (a) The surface morphology of the sample Q1. (b)
Typical line profiles over the islands of the samples Q1 and
Q1A. The surface morphology of the samples (c) Q1A and
(d) Q2.

The surface morphology of the InGaN epilayers
and InGaN/GaN QWs was investigated by atomic
force microscopy (AFM). The microstructure of
the InGaN/GaN QWs was investigated by high-
resolution transmission electron microscopy (TEM).
The spatially-resolved luminescence was measured by
a scanning electron microscope (SEM) combined with
cathodoluminescence (CL) at room temperature (RT).

The surface chemical compositions were analyzed by
x-ray photoelectron spectroscopy (XPS). The RT pho-
toluminescence (PL) excited by a 325 nm He-Cd laser
was measured for the InGaN epilayers and the In-
GaN/GaN QWs.

Figure 1(a) shows a typical surface morphology of
the bare InGaN layers for the sample Q1. The sur-
face is island-like with an rms surface roughness of
10.8 nm and island density of about 4.0 × 109 cm−2.
An island line profile L1 is drawn in Fig. 1(b). The
average island size and height are about 60 nm and
10 nm, respectively. Generally, for strain relaxation
there is an interplay/coexistence between plastic re-
laxation (for significant strain) via misfit dislocation
generation and elastic strain relaxation via coherent
island formation (for strain below a critical value).[19]

Relatively thin InGaN layers were grown for the avoid-
ance of significant strain generation and the conse-
quent plastic strain relaxation via pits/TDs formation.
Growth of InGaN layers at relatively low tempera-
ture reduced the adatom diffusion and thus favored
the island growth mode. Therefore, for the sample
Q1, strain-induced island formation becomes possible,
leading to the island-like surface feature. As a result,
the overall strain of the relatively thin QW layer can
be partially released by the island formation, which
suppresses the pits/TDs generation.
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Fig. 2. XPS spectra of the (a) Ga 2𝑝3 and (b) In 3𝑑
photoelectron peaks of the sample Q1.

On the InGaN layers a high-temperature GaN bar-
rier was subsequently grown. It has been reported that
the temperature ramp for the barrier growth may alter
the morphology of the InGaN layer to a interlinking
network of InGaN strips if annealing for a relatively
long time (240–960 s) under H2 ambient.[18] Both the
prolonged annealing and the introduction of H2 would
enhance the InGaN decomposition.[20] Accordingly, in
this study, relatively fast ramping (108 s) and lack of
H2 introduction were employed for the avoidance of
obvious morphology changes of the InGaN layers. As
shown in Fig. 1(c) for the surface morphology of the
sample Q1A, the QD-like surface structure is still evi-
dent as that of the sample Q1, indicating that the QD-
like islands formed during the growth of the InGaN
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layers would not be significantly influenced by the
temperature ramping process employed in this study.
An island line profile L2 is drawn in Fig. 1(b). The
island size and height are about 65 nm and 4.5 nm, re-
spectively. After temperature ramps, a small increase
in island lateral size and a small decrease in island
height can be observed, suggesting the tendency of
adatom diffusion from the island top to the bottom,
or relatively fast decomposition rate for the top island
materials. After temperature ramping from 670∘C to
786∘C, GaN cap was subsequently grown on the In-
GaN QD-like islands. As shown in Fig. 1(d) for the
sample Q2, the island size increases whereas the is-
land density decreases to about 1.2 × 109 cm−2. The
presence of InGaN QD-like islands on the surface in-
creases the nucleation sites for the subsequent growth
of the GaN cap, leading to preferential nucleation of
GaN at the edges of the InGaN QD-like islands. After
island coarsening and coalescence, the small InGaN
QD-like islands were buried in the large GaN islands.

(c)

(a) SEM of “Q2” (b) CL of “Q2”
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Fig. 3. (a) SEM and (b) RT CL images, and (c) RT PL
and CL spectra of the sample Q2.

XPS was employed for further compositional anal-
ysis of the InGaN layers. Figure 2(a) shows the XPS
spectrum (after background subtraction and intensity
normalization to the Ga 2𝑝3 peak) of the Ga 2𝑝3 pho-
toelectron peak for the samples T1 and Q1, whereas
Fig. 2(b) shows that of the In 3𝑑 peak. The percentage
of indium composition can be estimated by

𝑋In =
𝐼In3𝑑5/𝐹In3𝑑5

𝐼In3𝑑5/𝐹𝐼𝑛3𝑑5 + 𝐼Ga2𝑝3/𝐹Ga2𝑝3
,

where 𝐼 denotes the integrated intensity of the XPS
photoelectron peaks and 𝐹 the sensitivity factors
(𝐹Ga2𝑝3 = 2.75 and 𝐹In3𝑑5 = 4.53). The indium con-
tent is roughly estimated to be as high as ∼26.8%

for the sample Q1, due to the enhanced indium in-
corporation at relatively low growth temperature and
formation of high-density In-rich InGaN QDs on the
surface.

Figure 3 shows the spatially-resolved luminescence
properties of the sample Q2 investigated by SEM-CL
at room temperature. As shown in Fig. 3(a), discrete
islands distributed over the surface were observed.
Correspondingly, in the CL image of Fig. 3(b) distinct
bright spots were observed at the island sites, indicat-
ing the presence of strong exciton localization corre-
lated with the InGaN QDs buried in the GaN islands;
very weak emission was observed at the non-island
sites. It is expected that a number of QDs would be
embedded in one GaN island. Further, the emission
intensity of different QD-like islands varied in a wide
range due to the variations in island size, height, and
composition. Therefore, it is reasonable that the ob-
served bright spot density (∼3.0×108 cm−2) in the CL
image is less than the QD-like island density observed
in the AFM image. Figure 3(c) shows the RT CL and
PL spectra of the sample Q2. In addition to the GaN
bandedge emission at 365 nm, distinct double-peak CL
emission from the InGaN active layers (black dotted
line) was observed at 503 nm corresponding to the In-
rich QD-like emission (see the cyan dash line, fitted
peak P1) and at 444 nm corresponding to the normal
QW emission (see green dashed line, fitted peak P2),
respectively. The emission peak broadening is likely
caused by variations in indium content and shape of
the QD-like islands. RT PL (red line curve) has also
been employed to investigate the luminescence prop-
erties. Apparently, the QD-like emission dominates
indicating the carrier localization effect of QDs at rel-
atively low carrier injection current in PL compared
with that in CL. At high carrier injection current for
CL measurements, carriers may escape from the In
localized states (In-rich QDs) and recombine in QWs
leading to the increased QW emission in CL.

Surface 
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Fig. 4. (a) The cross-sectional TEM image of the sample
Q2. (b) Schematic diagram of the epitaxial structure and
the surface potential energy barrier fluctuation caused by
the strain modulation of the GaN islands on the InGaN
active layers for the sample Q2.

Figure 4(a) shows the cross-sectional TEM image
of the sample Q2. The epitaxial structure is drafted
in Fig. 4(b). The variation of dark contrast in the
InGaN QWs is likely correlated with the presence of
strained In-rich InGaN QDs. Faceted GaN islands
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of the {11̄01} sidewall faceting were observed on the
surface with an island size of about 50–200 nm and
a sidewall polar angle of 62.2∘. As discussed previ-
ously, preferential nucleation of GaN at the edges of
the InGaN QD-like islands results in GaN island for-
mation around the InGaN QD-like islands. Further,
taking into account the reduced Ga incorporation rate
on the {11̄01} planes and at the TDs sites, GaN is-
landing with the {11̄01} sidewall faceting around the
QDs on the TDs-free sites is preferred. This is fol-
lowed by GaN island coarsening, coalescence and ter-
minating at the TDs sites with a reduced GaN barrier
height around the TDs cores (circled), as observed by
TEM. Considering the geometry of the strain modula-
tion effect on the InGaN active layers induced by the
GaN islands, relatively high surface potential barri-
ers around the TDs sites are formed, as illustrated in
Fig. 4(b), showing the surface potential barrier fluctu-
ation at different sites. Such an increasing potential
barrier around the TDs cores causes the lateral carrier
confinement away from nonradiative recombination at
the defects and thus enhances the light emission effi-
ciency. Further, formation of faceted GaN islands on
the emission surface may increase the light extraction
efficiency.

In conclusion, by strain-induced QD-like island for-
mation, misfit dislocation/pit generation is suppressed
during the growth of thin InGaN layers at low tem-
perature. Continuous and gradual thermal strain
relaxation by a moderate temperature ramping for
GaN barrier growth prevents a considerable increase
of thermal strain and thus suppresses the consequent
pit/TD formation. Relatively short “annealing” time
without introduction of H2 is employed to suppress
the InGaN decomposition phenomena. Spatially re-
solved SEM-CL shows high density bright spots at the
island sites whereas very weak emission from the non-
island sites, indicating the presence of carrier local-
ization effect correlated with the InGaN QDs buried
in the GaN islands. RT CL shows distinct double-
peak emissions at 503 nm and 444 nm, corresponding
to the In-rich QD-like emission and the normal QW
emission, respectively. RT PL of relatively low “carrier
injection current” shows dominated QD-like emission,
which further supports the carrier localization effect
of In-rich InGaN QDs. TEM microstructure analy-
sis exhibits faceted GaN islands on the InGaN active
layers with TDs locating between neighboring islands

and a reduced barrier height around the TDs cores.
Accordingly, strain modulation on the InGaN active
layers caused by the GaN islands on top resulted in
a relatively high surface potential barrier around the
TDs cores. We hereby summarize the origins for the
enhanced green emission as: (1) reduction in pits/TDs
density decreases the nonradiative recombination rate,
(2) strain redistribution via QD formation enhances
the overlapping of electron-hole wave functions, (3)
both carrier localization in QDs and the increased sur-
face potential barrier around the TDs cores inhibit the
transport of carriers to the surrounding dislocations
and defects and their eventual nonradiative recombi-
nation, and (4) enhancement in light extraction effi-
ciency by surface roughening.
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ABSTRACT: To study the mechanism of metal- and nonmetal-ion-
doped TiO2, TiO2 codoped with carbon and molybdenum prepared by
a hydrothermal method following calcination post-treatment is chosen
as the study object. The prepared samples are characterized by X-ray
diffractmeter, Raman spectroscopy, X-ray photoelectron spectroscopy,
and Brunauer−Emmett−Teller measurement. It is found that the
doped carbon exists in the form of deposited carbonaceous species on
the surface of TiO2, and molybdenum substitutes for titanium in the
lattice and exists as the Mo6+ state. All the prepared samples have
comparable large surface areas. The photocatalytic activities are tested
by degradation of rhodamine-B and acetone under visible light
irradiation. The results show that the codoped sample has the best
performance in the degradation of both RhB and acetone. Briefly, the
enhanced photocatalytic activity of codoped TiO2 is the synergistic effect of C and Mo. Mo substitutes in the Ti site in the lattice
for the formation of the doping energy level, and C exists as carbonaceous species on the surface of the TiO2, which can absorb
visible light. The synergetic effects of C and Mo not only enhance the adsorption of visible light but also promote the separation
of photogenerated electrons and holes, which consequently contribute to the best photodegradation efficiency of organic
pollutants under visible-light irradiation. UV−vis diffuse reflectance spectra and photoluminescence spectra of the prepared
samples and fluorescence of terephthalic acid for the detection of hydroxide radical are employed to verify the proposed
mechanism.

KEYWORDS: TiO2, metal and nonmetal codoping, mechanism, C and Mo

1. INTRODUCTION
Recently, the environmental problem has become increasingly
serious, and water pollution caused by an increase in the world
population and the expansion of chemical and textile industries
are two of the most serious issues to be solved. Heterogeneous
semiconductor photocatalysis is considered to be an effective
method for wastewater treatment, and many related studies
have been performed.1−3 Titania or titanium dioxide (TiO2) is
one of the most promising semiconductor photocatalysts owing
to its long-term stability, nontoxicity, and excellent photo-
catalytic property; however, there are two aspects limiting its
application. On one hand, the wide band gap nature of titania
(3.2 eV for the anatase structure or 3.0 eV for the rutile
structure) makes it absorb only ultraviolet (UV) light, which
limits the effective usage of solar light. On the other hand, the
recombination rate of photogenerated electron−hole pairs is
too high to be used for organic pollutant degradation in
practice.4

Doping is a promising approach to extend the spectral
response of TiO2 to the visible region.5−13 Moreover, this

approach can also effectively enhance the interfacial charge
transfer and lower the electron−hole recombination rate.14,15

More recently, codoping of both metal and nonmetal elements
into TiO2 have attracted considerable interest since codoped
TiO2 presents better photocatalytic activity and some particular
characteristics. The advantages of codoping have been
demonstrated in several systems, such as N/Fe,16 V/N,17 N/
Sn,18 C/V,19 etc.
To illustrate their enhanced photocatalytic performance,

several kinds of mechanisms are proposed. There are two
representative views. One is that both the doping elements
including metal and nonmetal are doped into the lattice of
TiO2 for the formation of doping energy levels in the band gap
of TiO2, which enhances visible light absorption and thus leads
to higher photocatalytic activity.16,17 The other one is that
metal elements prefer to substitute at the Ti site in the lattice
for the formation of the doping energy level, and nonmetal
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elements exist as surface species that can absorb visible light.
The enhanced photocatalytic performance is the result of a
synergistic effect of metal and nonmetal ion codoping.18,19

However, some problems are still present in the proposed
mechanisms. First, although the mechanism is proposed in
published papers, some processes involved in the transfer of
photogenerated carriers are not well demonstrated. Second,
there is no direct evidence provided to prove the presence of
the proposed intermediates, so it is necessary to illustrate a
systematic and comprehensive mechanism and conduct
corresponding experiments to support it.
Among all nonmetal doping, carbon-doped TiO2 exhibits

superior photocatalytic activity under visible light.6,20,21 Mo
doping as metal ion doping is also considered an effective
approach to improve the photocatalytic activity of TiO2.

22,23 To
the best of our knowledge, few studies have focused on carbon-
and molybdenum-codoped TiO2. Pan et al.

24 prepared C + Mo-
codoped TiO2 powers by a thermal oxidation method, and the
codoped TiO2 had an enhanced photocatalytic activity under
UV light. Another published work about carbon- and
molybdenum-codoped TiO2 was carried out by Liu et al.
They revealed that the codoped sample exhibited better activity
under visible light.25 Nevertheless, the mechanism of such an
enhanced photocatalytic activity in TiO2 through the C + Mo
codoping has not been discussed convincingly.
In this study, C + Mo-codoped titania was prepared by

hydrothermal treatment of P-25 with NaOH aqueous solution
and Mo and C doping sources. Then the prepared samples
were characterized and their photocatalytic activity was tested
through the degradation of rodamine-B (RhB) and acetone. In
addition, a comprehensive mechanism for C + Mo-codoped
titania is illustrated, and extra experiments are also conducted
to provide evidence for the mechanism.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. C + Mo-codoped titania

samples were fabricated by using a hydrothermal calcining
process, similar to that in ref 26. We employed commercial
TiO2 powder (Degussa P25) and sodium hydroxide as raw
materials, and ammonium heptamolybdate tetrahydrate
((NH4)6Mo7O24·4H2O) and glucose as the Mo and C doping
sources, respectively. Note that all the chemicals used were of
analytic grade so that they did not need further purification.
For the sample fabrication procedure, Degussa P25 (0.75 g)

was mixed with a 10 M NaOH solution (70 mL), then
(NH4)6Mo7O24·4H2O and glucose, containing 2 at. % of Mo
and 1 at. % of C, respectively, were added to the mixed
solution. This mixture was then stirred for 0.5 h for dispersion,
and the dispersed mixture was transferred into a Teflon-lined
stainless steel autoclave (100 mL volume) for hydrothermal
treatment at 150 °C. After 48 h of hydrothermal treatment, the
precipitate (white) was separated from the supernatant by
centrifugation and washed with double distilled water and 0.1
M HCl solution several times until the pH value reached
around 6.5. The washed sample was then dried in a vacuum
oven at 80 °C for 12 h and, finally, calcined at 400 °C for 1 h.
Note that we used the same hydrothermal calcining technique
as described above to synthesize single material (Mo and C)-
doped and undoped TiO2.
2.2. Characterization. X-ray diffraction (XRD) measure-

ments were carried out using a Y-2000 diffractometer (D/max
30 kv) with Cu Kα radiation (λ = 0.154 178 nm) at a scan rate
of 0.06° 2θ·s−1 for the characterization of the crystalline phase,

phase composition, and crystallite size. To probe structural
change at a micrometer scale, Raman spectra were recorded at
room temperature using a Jobin Yvon LabRAM HR 800UV
micro-Raman system under Ar+ (514.5 nm) laser excitation.
UV−vis diffuse reflectance spectra were obtained with a
PerkinElmer Lambda35 spectrophotometer. For analyzing
surface chemicals, X-ray photoelectron spectroscopy (XPS)
was performed in a PHI Quantum 2000 XPS system with a
monochromatic Al Kα source and charge neutralizer. Nitrogen
adsorption/desorption isotherms and the Brunauer−Emmett−
Teller (BET) specific surface area (SBET) were obtained from a
Micromeritics ASAP 2010 analyzer (accelerated surface area
and porosimetry system), in which all the samples were
degassed at 100 °C prior to BET measurements. The Barret−
Joyner−Halender (BJH) method was used to determine the
pore size. The photoluminescence (PL) spectra of the prepared
samples were measured by a photoluminescence spectrometer
(PerkinElmer Lambda 55). The formation of hydroxyl radicals
(·OH) on the surface of the prepared samples in water under
visible light was detected by a terephthalic acid (TA) probe
method.27 The PL spectra of generated 2-hydroxyterephthalic
acid (TAOH) were measured by using the same fluorescence
spectrophotometer as the above.

2.3. Photocatalytic Activity Measurements. The photo-
catalytic activity of the prepared samples was examined via the
photocatalytic degradation of rhodamine-B (RhB) and acetone
under visible light irradiation. For the degradation of RhB, a
350 W xenon lamp (Lap Pu, XQ) was used as the light source
with a 420 nm cutoff filter right above the reactor to remove
the irradiation below 420 nm. The experiments were performed
in self-constructed beaker-like glassware with double walls for
cooling water circulation. The samples (0.1 g) were dispersed
in 10 μM RhB aqueous solution (100 mL). Prior to the
irradiation, the solution was stirred in the dark for 0.5 h to
reach adsorption/desorption equilibrium, then the solution was
exposed to light while being continuously stirred. In addition,
oxygen aeration was kept in operation with an air pump to
ensure a constant supply of oxygen. At intervals of 30 min, 2
mL sample aliquots were removed and centrifuged to remove
particles. The collected supernatant was then investigated using
a Shimadzu UV-1700 UV−vis spectrophotometer, yielding the
residual concentration of RhB.
For the degradation of acetone under visible light irradiation,

the experiments were carried on a closed, cylindrical, stainless
gas-phase batch reactor with a volume of 7.2 L. A 125 W UV
lamp was set on the inner wall of the reactor, and the visible
light irradiation (>420 nm) was achieved with a glass filter. The
reactor was connected to a GC9560 gas chromatograph (GC)
equipped with a flame ionization detector (FID), a methane
converter, a Porapak R column, and a PEG20 M column
through an automatically sampling 10-way valve (VALCO)
with an air actuator. A 0.4 g portion of each catalyst was
dispersed onto the surface of three dishes with a diameter of 14
cm. After the dishes with catalyst were placed in the reactor, the
lamp was not turned on until the concentration of CO2

remained stable to ensure all adventitious organic compounds
adsorbed on the catalyst are removed. Then a certain amount
of acetone was injected with a syringe into the reactor. The
concentration of CO2 produced was obtained by subtracting
the initial concentration of CO2 after the acetone was degraded
for 5 min.
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3. RESULTS AND DISCUSSION
3.1. Structure and Photocatalytic Property. The XRD

patterns in Figure 1 show that all the calcinated samples are of

anatase structure, since all of the indexed peaks correspond to
the anatase phase of TiO2 (JCPDS no. 21-1272). Note that
there are no visible peaks corresponding to Mo or C. The
crystallite sizes of the samples are readily obtained from the
Scherrer equation by using the full width at half-maximum of
the (101) peak of the anatase phase, as listed in Table 1. The
crystalline sizes of pure TiO2 and C-doped TiO2 are17.9 and
17.89 nm, respectively, suggesting that a small amount of C
doping has no obvious effect on the crystalline size of the TiO2;
however, the crystalline size of the Mo-doped and codoped
samples are smaller than that of the undoped one, which

indicates that the doping of Mo in TiO2 can remarkably
suppress the growth of TiO2 nanoparticles. On the basis of the
Bragg’s law, 2dhkl sin Θ = nλ, and the formula for a tetragonal
unit cell, 1/(dhkl)

2 = (h2 + k2)/a2 + l2/c2, the lattice parameters
are calculated and listed in Table 1. The lattice parameters
along the c-axis decrease as the Mo is doped, indicating that the
lattice distortions are caused by the partial substitution of Ti
sites by Mo ions.19 It is known that the ionic radius of Mo6+

(0.059 nm) is smaller than that of Ti4+ (0.0605 nm). When Ti
is replaced by Mo, the lattice will become compacted, which
limits the growth of crystallites. Similar phenomena have been
observed in many transitional metal doping systems.13,27

From the (101) XRD peaks as highlighted in the lower panel
of Figure 1, one can see that the peaks slightly shift to higher
angles with the doping of C and Mo, and the crystallite size of
codoped TiO2 is between that of the C-doped and Mo-doped
samples. These results indicate that carbon and molybdenum
have a synergistic effect on each other. Compared with
undoped TiO2, the crystallite size and the position of diffraction
peaks of C-doped TiO2 show no big differences, implying that
the influence of carbon doping on the crystal structure is slight.
Raman spectroscopy as a sensitive technique has been

employed to examine phase composition and surface
homogeneity. As clearly seen in Figure 2, there are five

Raman peaks at 144, 196, 400, 517, and 640 cm−1 for all the
calcined samples, corresponding to the Eg, Eg, B1g, A1g, and Eg

modes of the anatase phase of TiO2, respectively.
28 It indicates

that the anatase phase dominates the crystalline structure of the
calcinated samples, which is consistent with the XRD results.
There is no observed Raman peak corresponding to either Mo
or C, indicating that all the samples prepared have a

Figure 1. XRD patterns for the calcined samples: (a) C + Mo-
codoped, (b) C-doped, (C) Mo-doped, and (d) undoped TiO2. (lower
panel) XRD peaks correspond to the (101) crystal plane of the
different TiO2 samples.

Table 1. Physical Characteristics of Calcined Samples and P25

lattice parameter (Å)

sample crystallite size (nm)a a c SBET (m2 g−1)b av pore size (nm)b total pore vol (cm3/g)b

undoped TiO2 17.90 3.7712 9.5174 237.02 23.12 1.3700
Mo-doped TiO2 8.95 3.7592 9.2408 188.63 26.63 1.2578
C-doped TiO2 17.89 3.7568 9.6091 183.61 27.32 1.2542
C + Mo-codoped TiO2 14.92 3.7620 9.3425 176.30 28.41 1.2521
P25 43.3 36.494 0.3954

aDetermined by XRD using Scherrer equation. bCalculated from SBET.

Figure 2. Raman spectra for the calcined samples. The inset shows
Raman spectra around the strongest peaks.
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homogeneous structure. Moreover, as can be seen from the
inset of the figure, the Raman peak of the codoped TiO2 at
∼144 cm−1 (the main Eg anatase vibration mode) exhibits a
slight shift to a low wavenumber. As for the monodoped
samples, no apparent shift is observed, which is also in
accordance with the XRD results.
We used the XPS technique to investigate the surface

chemistry of the calcined samples. As in Figure 3, the XPS

survey spectra for undoped, C-doped, Mo-doped, and C + Mo-
codoped TiO2 demonstrate that all the samples contain Ti, O,
and C elements. Note that the carbon peaks are attributed to
adventitious hydrocarbon from the XPS instrument itself or
aromatic carbon on the surface of the catalysts.
In Figures 4a−c, high resolution XPS spectra are presented

near the C 1s band for undoped, C-doped, and C + Mo-
codoped TiO2, respectively. Note that the XPS spectrum for
Mo-doped TiO2 is not presented, since it is almost the same as
that for undoped TiO2 near the C 1s band. For all three
samples, the main peaks are observed at ∼284.7 eV, attributed
to adventitious hydrocarbon from the XPS instrument itself or
aromatic carbon on the surface of the catalysts. In addition,
small peaks are also observed in the cases of C-doped and C +
Mo-codoped samples, indicating the presence of CO bonds
in the doped samples. It may be a result of the deposited
carbonaceous species on the surface of TiO2.

19,29 No peak with
a binding energy around 282 eV from the C−Ti bond is
observed, so the carbon here does not substitute for oxygen in
the titania lattice. In addition, compared with pure TiO2, there
is no shift of the Ti 2p binding energies for all the samples
(Figure S1 in the Supporting Information); thus, the possibility
that carbon elements may be embedded in the lattice without
interacting with Ti is excluded. Hereby, the doped carbon very
likely exists in the form of deposited carbonaceous species on
the surface of TiO2.
To examine the Mo doping state, the Mo 3d binding state is

measured as shown in Figure S2 (in the Supporting
Information). The peak at 231.9 eV is attributed to the Mo6+

3d5/2,
30 which indicates that Mo substitutes titanium in the

lattice and exists as Mo6+. Above all, from the XRD and XPS
results, we can see that the doped carbon exists in the form of
deposited carbonaceous species on the surface of the TiO2, and
Mo replaces titanium in the lattice and presents as Mo6+.
The nitrogen adsorption/desorption isotherms of the

calcined samples are shown in Figure 5a. As shown in the

figure, all the samples have the isotherms of type IV with
distinct hysteresis loops observed in the range of 0.75−1.0 P/
P0. These are called the H3 hysteresis loop that is the
characteristic of mesoporous materials (2−50 nm).31 Figure 5b
shows that all the samples have wide pore-size distributions
from 1 to 40 nm with a maximum pore diameter of about 8 nm.
In addition, the SBET and pore volumes derived from the
nitrogen adsorption/desorption isotherms for calcined samples
are listed in Table 1. It can be seen that the surface area and
pore size significantly increase compared with those for the
precursor of P25: for example, 43.3 m2/g and 0.3954 cm3/g
(P25) → 176.30 m2/g and 1.2521 cm3/g (codoped sample),

Figure 3. XPS survey spectra for the calcined samples.

Figure 4. High-resolution XPS spectra for calcined samples around C
1s: (a) undoped, (b) C-doped, and (c) C + Mo-codoped TiO2. The
green and red curves in b and c are Gaussian fittings in the presence of
adventitious carbons and CO bonds, respectively.
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respectively. These increased SBET and pore volumes may imply
an enhanced capability for organic pollutant adsorption, leading
to the improvement of photocatalytic activity for the calcined
samples. Moreover, the N2 adsorption/desorption isotherms
and the pore size distributions of C and Mo doped samples are
not much different from that of the undoped sample, implying
that all the samples have a comparable surface area and a similar
number of reaction sites on their surface.
3.2. Photocatalytic Activity of Catalyst. The photo-

catalytic activity of the calcinated samples was first evaluated by
the photodegradation of RhB. RhB was stable under visible
light irradiation in the absence of any catalyst. Figure 6a shows
the photodegradation efficiency of RhB over different samples
as a function of time under visible light irradiation. Temporal
changes in the concentration of RhB were monitored by
examining the absorption in UV−vis spectra at 553.5 nm.
Before turning on the xenon lamp, almost no intensive
adsorption of RhB on the surface of the prepared catalysts
was observed in the dark, so the disappearance of RhB
originates mainly from photocatalytic degradation. As can be
seen in Figure 6, both C-doped and C + Mo-codoped samples
show much better photocatalytic activity than the undoped
sample, and the codoped sample displays the best performance;
however, the Mo-doped sample exhibits poorer photocatalytic
activity than the undoped sample. The probable mechanism
will be discussed later. The photodegradation efficiencies of
RhB over different samples are also characterized by the

apparent reaction rate constant, k, which can be calculated
using the equation: ln(C0/C) = kt, with C0 and C being the
initial concentration and the reaction concentration of RhB,
respectively. The results are shown in Figure 6b. C + Mo-
codoped TiO2 has the highest apparent reaction rate constant,
∼4.25 × 10−3 min−1, which is ∼2 times that of the undoped
one.
The spectral changes in the RhB solutions under visible light

irradiation are displayed in Figure S3 (in the Supporting
Information). It can be seen from the figure that as time
increases, the absorption peak shows a blue shift with the
decrease in the peak intensity. Note that RhB degradation
occurs via two competitive processes: de-ethylation or cleavage
of RhB chromophore ring structure.32 Generally speaking, the
weakening of the absorption band comes from the cleavage of
the RhB chromophore ring structure, and the gradual
hypochromic shift of the absorption maximum is caused by
the N-deethylation of RhB molecules.33−35 Among all the
samples, both the intensity of the peak around 553.5 nm and
the absorption maximum change the most for C + Mo-codoped
titania.
The time-dependent wavelength shift for the absorption

maximum is shown in Figure 7, which confirms the de-
ethylation process for RhB degradation. In addition, the color
of the suspension faded gradually during photocatalytic
experiment, indicating the RhB chromophore ring structure is
destroyed simultaneously.36 Therefore, in the degradation of
RhB with all of the prepared samples as photocatalysts, the
mechanism may follow both the de-ethylation process and the
process of the chromospheres ring structure cleavage in RhB. It

Figure 5. (a) N2 adsorption/desorption isotherm plot. (b) BJH pore
size distribution plot. Note that all other curves except for C + Mo-
codoped TiO2 (black squares) are shifted upward for clarity. In the
measurement of the N2 adsorption/desorption isotherm, P0 in relative
pressure P/P0 is set to 104.7 Kpa.

Figure 6. (a) Time-dependent photodegradation efficiency of RhB
and (b) apparent reaction rate constants of the prepared samples of C
+ Mo-codoped TiO2 (A), C-doped TiO2 (B), Mo-doped TiO2 (C),
and undoped TiO2 (D).

ACS Catalysis Research Article

dx.doi.org/10.1021/cs2006668 | ACS Catal. 2012, 2, 391−398395

168



was reported that de-ethylation of the fully N,N,N,N-
tetraethylated rhodamine molecule of λmax = 552 nm (i.e.,
RhB) has the wavelength position of its major absorption band
moving toward the blue region, such as N,N,N-triethylated
rhodamine, 539 nm; N,N-diethylated rhodamine, 522 nm; N-
ethylated rhodamine, 510 nm; and rhodamine, 498 nm.33,34 In
this study, the C + Mo-codoped titania has the largest λmax shift,
from 553.5 to 531 nm, which means that just one ethyl group is
destroyed. Therefore, it is much more possible for the
degradation mechanism to mainly follow the degradation
route of the cleavage of the RhB chromophore ring structure in
this system.
The photocatalytic activity for the prepared samples for

acetone degradation (gas-phase photocatalysis) under visible
light irradiation was also tested. The results are shown in Figure
S4 (in the Supporting Information). From the figure, we can
see that the C + Mo-codoped TiO2 and C-doped TiO2 exhibit a
higher ability for CO2 production from acetone degradation
than undoped TiO2. In addition, Mo-doped titania also shows
better activity than pure TiO2 in the process of acetone
degradation, which is different from RhB degradation. From the
above results of both RhB and acetone degradation, we can
come to the conclusion that C + Mo-codoped TiO2 indeed
does have a better photocatalytic activity than the updoped one.
3.3. Mechanism Discussion. On the basis of the observed

photocatalytic activities and the characterizations shown above,
a probable mechanism about the photodegradation of RhB is
illustrated in Scheme 1. Since all of the samples have a
comparable surface area and pore volume and the number of
reaction sites on the samples may be similar, the difference in
the photocatalytic activity can be related to the structure.
Different structures lead to different sources of photogenerated
carriers and their transfer route. TiO2 is a wide band gap
semiconductor, so its band gap cannot be excited upon visible
light, implying that process A (i.e., one route to photo-
generating electron−hole pairs) cannot occur. It is known that
RhB can be excited by visible light and injects electrons into the
conduction band of TiO2 (process B), so the injected electrons
react with O2 molecules that are adsorbed on the TiO2 surface
to yield the O2

•− radical anion and, subsequently, the HO·
radical by protonation.32 Therefore, in this case, RhB can be
degraded in even an undoped TiO2 system, although its
photodegradation efficiency is not high.

As discussed in the XRD patterns and XPS spectra,
molybdenum substitutes for titanium in the lattice and exists
as the state of Mo6+. The doping energy level of Mo6+/Mo5+ is
0.4 eV,12,37 which is much more positive than the potential of
the conduction band of TiO2 particles [Ecb = −0.5 eV vs NHE
(normal hydrogen electrode) at pH = 1].38 Therefore, after
doping with Mo, the electrons can be excited from the valence
band to the Mo6+/Mo5+ doping energy level under visible light
(process C). In addition, the energy of Mo6+/Mo5+ is below the
conduction band of TiO2, so it is easy for Mo6+ to capture an
injected electron by RhB from the conduction band (process
E). The electrode potential of O2/H2O2 is 0.34 eV,39 which is
above the energy level of Mo6+/Mo5+. Therefore, the electrons
on the Mo6+/Mo5+ level cannot react with O2 to form H2O2/
HO·, and process F cannot occur.
Now we want to note that the Mo doped TiO2 shows a

negative effect on the photodegradation of RhB, as shown in
Figure 6, which is different from the previous studies.12,23 Many
factors can affect the photocatalytic activity of samples, such as
the preparation method, the doping concentration, the dopant
energy level within the TiO2 lattice, and the distribution of the
dopant in the particle.14 In addition, the metal ion dopant can
act as a mediator of interfacial charge transfer or as a
recombination center, so there is an optimal value for the
dopant concentration.40 Here, the doping energy level of
Mo6+/Mo5+ has three functions: First, it can capture electrons
from the conduction band that injected from the dye (process
E), and thus, the number of hydroxide radicals is reduced.
Second, electrons can be excited to the Mo6+/Mo5+ energy
level, and then the holes leaving on the valence band can
degrade organic pollutants (process G and H). Third, the
Mo6+/Mo5+ energy level can be the recombination center if the
dopant concentration is not proper (process I). These three
processes compete with each other, so it is critical to find an

Figure 7. Time-dependent wavelength shift of the major absorption
peak of RhB under visible light irradiation.

Scheme 1. Schematic Diagram of Generation and Transfer of
Electrons and Holes for C + Mo-Codoped TiO2 in the
Degradation of RhB under Visible Light Irradiationas

aThere are nine processes as follows: (A, C) the processes of
photogeneration of electron-hole pairs, (B) the process of dye
sensitization under visible light, (D) the sensitization process of
carbonaceous carbons on the surface of TiO2, (E) the process of
electron capture from the conduction band of TiO2, (F) the process of
hydrogen peroxide formation by the interaction between photoexcited
electrons and oxygen, (G) the process of hydroxide radical formation
by the interaction between photogenerated holes and H2O/OH

−, (H)
the process of dye oxidation by photogenerated holes directly, and (I)
the process of recombination of electrons and hole.
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optimal dopant concentration. In our experiment, from the
results of the photocatalytic activity, we can deduce that
processes E and I prevail over processes G and H, with a Mo
doping concentration of 2 at. %, resulting in the poor
photocatalytic performance of Mo-doped TiO2.
The C element in the doped samples is present in the form

of carbonaceous species deposited on the surface that is labeled
as C* in Scheme 1. It has been suggested19,29 that the carbon
species coated on the surface has a sensitization effect under
visible light. From the UV−vis spectra (Figure S5 in the
Supporting Information), we can see that compared with pure
TiO2, C-doped TiO2 presents an obviously enhanced
absorption of visible light, which is direct evidence that the
carbon species coated on the surface can greatly promote the
photon absorption of TiO2 in the region of visible light. With
the effect of sensitization, the carbon species on the surface can
transfer electrons to the conduction band of TiO2 (process D),
which is beneficial to RhB photodegradation, so the C-doped
TiO2 shows better activity than the undoped one.
As for the codoped TiO2, carbon and molybdenum codoping

may have a synergistic effect on each other, as illustrated in the
XRD patterns and Raman spectra. This synergistic effect
inhibits the recombination of photogenerated holes and
electrons on the Mo6+/Mo5+ doping energy level, which can
be confirmed by the PL spectra shown in Figure 8. PL emission

results from the recombination of photoinduced charge carriers.
The stronger the PL signal, the higher the recombination rate
of the photoinduced charge carriers.16,41 The intensity of C +
Mo-codoped TiO2 is lower than that of mono-Mo-doped TiO2,
indicating that the recombination rate is lower in the codoped
sample. When the recombination rate decreases, more
photogenerated charge carriers can participate in dye photo-
degradation, resulting in the enhancement of photocatalytic
activity. In addition, in the UV−vis spectra (Figure 5S in the
Supporting Information, the C + Mo-codoped sample shows a
strong absorption in the visible light region from 420 to 800
nm, and the absorption intensity is much higher than that of C
or Mo monodoped TiO2. It means that with the presence of C
and Mo, the codoped titania is more sensitive to visible light,
which is also an important factor for the improvement of the
photocatalytic performance of TiO2 under visible light.
Therefore, the synergetic effect of C and Mo not only
enhances the absorption of visible light, but also promotes the
separation of photogenerated electrons and holes, which

contribute to the best photodegradation efficiency of organic
pollutions under visible light irradiation.
From the mechanism, we can deduce that the hydroxyl

radicals are the main reactive species in the photocatalytic
oxidation of RhB. In addition, for the Mo-doped and codoped
TiO2, holes are also important reactive species. To further
verify the mechanism, the production of major reactive species,
hydroxyl radicals, was monitored by a PL technique using TA
as the fluorescence probe. TA easily reacts with hydroxyl
radicals to generate highly fluorescent hydroxyl terephthalic
acid. Thus, the amount of hydroxyl radicals can be quantified by
measuring the fluorescence of TAOH.16 The change in the
fluorescence intensity in suspension solution with the prepared
samples under visible light irradiation is shown in Figure 9. It

can be seen that the amounts of the hydroxyl radicals produced
over C-doped and C + Mo-codoped TiO2 are larger than those
over Mo-doped and undoped ones, which is consistent with the
photocatalytic activity result shown in Figure 6. With respect to
codoped TiO2, holes also participate in photocatalytic oxidation
of RhB. Therefore, although the HO· produced over C-doped
TiO2 is a little higher than that over codoped sample, the C +
Mo-codoped TiO2 still has better photocatalytic activity than
the C-doped one.
As for the gas phase photocatalytic oxidation of acetone, the

dye sensitization process no longer exists. Thus, the mechanism
is a little different. Except for the process of dye sensitization,
the explanations for C + Mo codoped TiO2, C-doped TiO2,
and undoped TiO2 are still effective here. The difference from
RhB degradation is that Mo-doped TiO2 exhibits higher
photocatalytic activity for acetone degradation than pure TiO2.
As discussed above, after doping with Mo, the electrons can be
excited from the valence band to the Mo6+/Mo5+ doping energy
level under visible light, leaving holes in the valence band. Both
the holes and electrons can participate in the process of acetone
degradation. Therefore, Mo-doped TiO2 has a better photo-
catalytic performance than pure TiO2.

4. CONCLUSIONS

To study the mechanism of TiO2 codoped with nonmetal and
metal, C + Mo-codoped TiO2 as a model together with
undoped, C-doped, and Mo-doped TiO2, respectively, was
successfully synthesized by a simple hydrothermal method
following post-treatment. All the samples have a large and

Figure 8. PL spectra of Mo-doped TiO2 and C + Mo-codoped TiO2.

Figure 9. Plots of the induced PL intensity at 425 nm against
irradiation time for terephthalic acid on the prepared samples.
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comparable specific surface and porous structure; however, the
C + Mo-codoped TiO2 have the best photocatalytic activity for
the degradation of RhB and acetone under visible light
irradiation. Mo doping has a negative effect on the degradation
of RhB, but a positive effect on the degradation of acetone. The
mechanism for the phenomenon is that the enhanced
photocatalytic activity of codoped TiO2 is the synergetic effect
of C and Mo. Mo substitutes for the Ti site in the lattice, which
forms a doping energy level while C exists as carbonaceous
species on the surface of the TiO2, leading to visible light
absorption. The synthetic effects of C and Mo not only
improve the absorption of visible light but also promote the
separation of photogenerated electrons and holes. Both of them
contribute to the best photodegradation efficiencies of organic
pollutants over the codoped sample under visible light
irradiation. This study can provide theoretical insight into the
enhancement of photocatalytic activity of TiO2 by a nonmetal
and metal codoping method.
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Meliań, J. A. H.; Peña, J. P. Appl. Catal., B 2001, 32, 49.
(12) Yang, Y.; Li, X. J.; Chen, J. T.; Wang, L. Y. J. Photochem.
Photobiol. A 2004, 163, 517.
(13) Zhu, J. F.; Deng, Z. G.; Chen, F.; Zhang, J. L.; Chen, H. J.;
Anpo, M.; Huang, J. Z.; Zhang, L .Z. Appl. Catal., B 2006, 62, 329.
(14) Choi, W.; Termin, A.; Hoffmann, M. R. J. Phys. Chem. 1994, 98,
13669.
(15) Zhang, H. R.; Tan, K. Q.; Zheng, H. W.; Gu, Y. Z.; Zhang, W. F.
Mater. Chem. Phys. 2011, 125, 156.
(16) Yang, M. J.; Hume, C.; Lee, S.; Son, Y.-H.; Lee, J.-K. J. Phys.
Chem. C 2010, 114, 15292.
(17) Liu, J. W.; Han, R.; Zhao, Y.; Wang, H. T.; Lu, W. J.; Yu, T. F.;
Zhang, Y. X. J. Phys. Chem. C 2011, 115, 4507.
(18) Wang, E. J.; He, T.; Zhao, L. S.; Chen, Y. M.; Cao, Y. A. J. Mater.
Chem. 2011, 21, 144.
(19) Liu, H. B.; Wu, Y. M.; Zhang, J. L. ACS Appl. Mater. Interfaces
2011, 3, 1757.
(20) Ren, W. J.; Ai, Z. H.; Jia, F. L.; Zhang, L. Z.; Fan, X. X.; Zou, Z.
G. Appl. Catal., B 2007, 69, 138.
(21) Wang, H. Q.; Wu, Z. B.; Liu, Y. J. Phys. Chem. C 2009, 113,
13317.
(22) Gomathi Devi, L.; Narasimha Murthy, B. Catal. Lett. 2008, 125,
320.
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