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Chapter 3
Light Trapping in Coaxial Nanowires
of c-Si Cores and a-Si Shells

Jeong Il Oh, Wenfu Liu, Weiqiang Xie and Wenzhong Shen

Abstract Light absorption is investigated in coaxial nanowires (NWs) of crystalline
silicon (c-Si) cores and amorphous silicon (a-Si) shells, including both cases of single
coaxial NWs and coaxial NW arrays, for an incident light spectrum of 1.0–4.0eV
covering the major solar band for photovoltaic cells. Based on the Lorenz-Mie light
scattering theory for the single coaxial NWs and the rigorous coupled-wave analysis
method for the coaxial NW arrays, it is found that the incident light is effectively
trapped in the coaxial NWs through absorption resonances so that the light absorption
of the coaxial NWs can be significantly enhanced compared to that of c-Si NWs.
In the coaxial NWs, the absorption resonances occur due to their subwavelength
dimensions, as in the c-Si NWs, whereas the absorption enhancement originates
from the a-Si shells. By tuning their structural parameters, the light absorption in the
coaxial NWs can be readily optimized for photovoltaic applications. At the optimal
absorption conditions, the photocurrent in the coaxial NWs can be enhanced up to
560% (single case) and 14% (array case) compared to that in the c-Si NWs. The
underlying physics of the light absorption in the coaxial NWs is discussed in terms
of the excitation of leaky-mode resonances. The practical use of the coaxial NWs
for photovoltaic cells is also addressed.

3.1 Introduction

Light trapping is a very important technology to increase the light absorption of and
thereby to enhance the power conversion efficiency of photovoltaic (PV) cells [1–35].
Surface texturing combinedwith front-surface antireflection coating and rear-surface
reflector is conventionally used to elongate the optical path length of the incident light
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in commercial PV cells [2], whereas light interaction with subwavelength-scaled
matters is becoming a new approach to effective light trapping for next generation
PV cells, including plasmonic PV cells [3–8], thin-film PV cells with submicron-
sized light scatterers [9], and NW-based PV cells [10–35]. Among these, the latter
PV cells, especially based on c-Si NWs [15–35], have recently drawn considerable
attention because of their great potential to reduce the cost of the power generation
mainly owing to the new light-trapping scheme.
Sunlight can be effectively trapped in c-Si NWs mainly through absorption reso-

nances, leading to significant absorption enhancement compared to the bulk counter-
parts. The absorption resonances originate from the interaction between the incident
sunlight and subwavelength-scaled c-Si NWs. [32–34] The light absorption in c-Si
NWs can exceed the conventional Lambertian limit of light trapping [35–38] so that
the light-trapping scheme in c-Si NWs is particularly important in designing next
generation PV cells based on Si nanomaterials. The light absorption in c-Si NWs can
be further enhanced by coating highly absorptive a-Si shells. [29] These hybrid NWs
of coaxial structure, comprising c-Si cores and a-Si shells, would be very attractive
since they could take advantage of superior light absorption property of a-Si [39]
while retaining long charge carrier diffusion lengths of c-Si (>200μm) [40]. More
specifically, in PV cells made of such coaxial NWs of c-Si cores and a-Si shells,
the Si cores could serve as an efficient charge collector [41] to compensate for short
diffusion lengths of a-Si (∼100nm) [40], and the a-Si shells could be used not only
as an excellent surface passivator [42] but also as an excellent energy absorber to
overcome rather poor light absorption of c-Si [39].
In this chapter, the light absorption and its underlying mechanism in the coaxial

NWs of c-Si cores and a-Si shells are investigated for both cases of single coaxial
NWs and coaxial NW arrays, based on the Lorenz-Mie light scattering theory [43]
and the rigorous coupled-wave analysis method [44–46], respectively. Three impor-
tant findings of this investigation are: (1) The excitation of LMRs governs the light
absorption in the coaxial NWs; (2) the significant absorption enhancement in the
coaxial NWs, as compared to that in the c-Si NWs, stems from the a-Si shells; and
(3) the dimensions of the coaxial NWs can be optimally tuned for PV applications.
This chapter will first describe the calculation methods of the light absorption in the
coaxial NWs in the next section, extensively deal with the light trapping mechanism
in the coaxial NWs and its potential uses in PV applications in the following two
sections, and close with the summary and conclusions at the last section.

3.2 Light Absorption Calculation Methods

3.2.1 Lorentz-Mie Scattering Theory

The light absorption efficiency of singleNWs can be calculated as follows:Within the
framework of the Lorentz-Mie light scattering theory, where single NWs are treated
as infinitely long cylinders, normally illuminated by a plane wave of the incident
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propagation vector k0 [43]. For unpolarized light, the light absorption efficiency
Qabs, defined as the ratio of the absorption cross section to the geometrical cross
section of NWs, can be expressed as

Qabs = (QTEabs + QTMabs )/2, (3.1)

where QTEabs and QTMabs are the light absorption efficiencies for transverse-electric (TE,
electric field perpendicular to the NW axis as in Fig. 3.1a) and transverse-magnetic
(TM, electric field parallel to the NW axis as in Fig. 3.1a) illuminations, respectively.
These are decomposed into

QTEabs = QTEext − QTEsca, QTMabs = QTMext − QTMsca , (3.2)

where QTEext(Q
TE
sca) and QTMext (Q

TM
sca ) are the extinction (scattering) efficiencies for TE

and TM illuminations, respectively. These efficiencies are given by

QTEext =
2

k0r
Re

{ ∞∑
n=−∞

an

}
, QTMext =

2

k0r
Re

{ ∞∑
n=−∞

bn

}
, (3.3a)

QTEsca =
2

k0r

{ ∞∑
n=−∞

|an|2
}
, QTMsca =

2

k0r

{ ∞∑
n=−∞

|bn|2
}
, (3.3b)

where r is the radial dimension of the absorption part of a NW. In the case of a coaxial
NW of Si core and SiO2 shell (a case of Fig. 3.1b) under a major solar illumination
(1.0–4.0eV), for instance, r is r2 but not r1, since the bandgap of SiO2 is over 4.0eV
so that the SiO2 shell acts as a nonabsorbing medium in such a coaxial NW [13]. an

and bn can be readily obtained by solving Maxwell’s equations with the appropriate
boundary conditions at such interfaces as air/NW (Fig. 3.1a), air/shell and shell/core
(Fig. 3.1b), and air/outer shell, outer shell/inner shell, and inner shell/core (Fig. 3.1c).
The coefficients an and bn can be written as

an = an0/�
TE
n , bn = bn0/�

TM
n . (3.4)

Fig. 3.1 Schematic diagrams of cylindrical NWs. Incident light polarizations with respect to the
NW axis (TE and TM), radii (r), and complex refractive indices (m) are indicated. a Single material
NW of r1 and m1. b Coaxial NW of core (r2 and m2) and shell (r1 − r2 and m1). c Coaxial NW of
core (r3 and m3), inner shell (r2 − r3 and m2), and outer shell (r1 − r2 and m1)
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For single material NWs as in Fig. 3.1a,

an0 =
∣∣∣∣ J ′n(k0r1) J ′n(k1r1)
m0 Jn(k0r1) m1 Jn(k1r1)

∣∣∣∣ , (3.5a)

�TEn =
∣∣∣∣ H ′

n(k0r1) J ′n(k1r1)
m0Hn(k0r1) m1 Jn(k1r1)

∣∣∣∣ , (3.5b)

bn0 =
∣∣∣∣ Jn(k0r1) Jn(k1r1)
m0 J ′n(k0r1) m1 J ′n(k1r1)

∣∣∣∣ , (3.5c)

�TMn =
∣∣∣∣ Hn(k0r1) Jn(k1r1)
m0H ′

n(k0r1) m1 J ′n(k1r1)

∣∣∣∣ . (3.5d)

For coaxial NWs of core/shell structure as in Fig. 3.1b,

an0 =

∣∣∣∣∣∣∣∣
0
0

J ′n(k0r1)
m0 Jn(k0r1)

J ′n(k1r2)
m1 Jn(k1r2)

J ′n(k1r1)
m1 Jn(k1r1)

H ′
n(k2r2)

m1Hn(k2r2)
H ′

n(k1r1)
m1Hn(k1r1)

−J ′n(k2r2)
−m2 Jn(k2r2)

0
0

∣∣∣∣∣∣∣∣
, (3.6a)

�TEn =

∣∣∣∣∣∣∣∣
0
0

H ′
n(k0r1)

m0Hn(k0r1)

J ′n(k1r2)
m1 Jn(k1r2)

J ′n(k1r1)
m1 Jn(k1r1)

H ′
n(k1r2)

m1Hn(k1r2)
H ′

n(k1r1)
m1Hn(k1r1)

−J ′n(k2r2)
−m2 Jn(k2r2)

0
0

∣∣∣∣∣∣∣∣
, (3.6b)

bn0 =

∣∣∣∣∣∣∣∣
0
0

Jn(k0r1)
m0 J ′n(k0r1)

Jn(k1r2)
m1 J ′n(k1r2)

Jn(k1r1)
m1 J ′n(k1r1)

Hn(k2r2)
m1H ′

n(k2r2)
Hn(k1r1)

m1H ′
n(k1r1)

−Jn(k2r2)
−m2 J ′n(k2r2)

0
0

∣∣∣∣∣∣∣∣
, (3.6c)

�TMn =

∣∣∣∣∣∣∣∣
0
0

Hn(k0r1)
m0H ′

n(k0r1)

Jn(k1r2)
m1 J ′n(k1r2)

Jn(k1r1)
m1 J ′n(k1r1)

Hn(k1r2)
m1H ′

n(k1r2)
Hn(k1r1)

m1H ′
n(k1r1)

−Jn(k2r2)
−m2 J ′n(k2r2)

0
0

∣∣∣∣∣∣∣∣
. (3.6d)
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For coaxial NWs of double shell structure as in Fig. 3.1c,

an0 =

∣∣∣∣∣∣∣∣∣∣∣∣

0 0 0 −J ′n(k2r3) −H ′
n(k2r3) J ′n(k3r3)

0 0 0 −m2 Jn(k2r3) −m2Hn(k2r3) m3 Jn(k3r3)
0 J ′n(k1r2) H ′

n(k1r2) −J ′n(k2r2) −H ′
n(k2r2) 0

0 m1 Jn(k1r2) m1Hn(k1r2) −m2 Jn(k2r2) −m2Hn(k2r2) 0
J ′n(k0r1) J ′n(k1r1) H ′

n(k1r1) 0 0 0
m0 Jn(k0r1) m1 Jn(k1r1) m1Hn(k1r1) 0 0 0

∣∣∣∣∣∣∣∣∣∣∣∣
,

(3.7a)

�TEn =

∣∣∣∣∣∣∣∣∣∣∣∣

0 0 0 −J ′n(k2r3) −H ′
n(k2r3) J ′n(k3r3)

0 0 0 −m2 Jn(k2r3) −m2Hn(k2r3) m3 Jn(k3r3)
0 J ′n(k1r2) H ′

n(k1r2) −J ′n(k2r2) −H ′
n(k2r2) 0

0 m1 Jn(k1r2) m1Hn(k1r2) −m2 Jn(k2r2) −m2Hn(k2r2) 0
H ′

n(k0r1) J ′n(k1r1) H ′
n(k1r1) 0 0 0

m0Hn(k0r1) m1 Jn(k1r1) m1Hn(k1r1) 0 0 0

∣∣∣∣∣∣∣∣∣∣∣∣
,

(3.7b)

bn0 =

∣∣∣∣∣∣∣∣∣∣∣∣

0 0 0 −Jn(k2r3) −Hn(k2r3) Jn(k3r3)
0 0 0 −m2 J ′n(k2r3) −m2H ′

n(k2r3) m3 J ′n(k3r3)
0 Jn(k1r2) Hn(k1r2) −Jn(k2r2) −Hn(k2r2) 0
0 m1 J ′n(k1r2) m1H ′

n(k1r2) −m2 J ′n(k2r2) −m2H ′
n(k2r2) 0

Jn(k0r1) Jn(k1r1) Hn(k1r1) 0 0 0
m0 J ′n(k0r1) m1 J ′n(k1r1) m1H ′

n(k1r1) 0 0 0

∣∣∣∣∣∣∣∣∣∣∣∣
,

(3.7c)

�TMn =

∣∣∣∣∣∣∣∣∣∣∣∣

0 0 0 −Jn(k2r3) −Hn(k2r3) Jn(k3r3)
0 0 0 −m2 J ′n(k2r3) −m2H ′

n(k2r3) m3 J ′n(k3r3)
0 Jn(k1r2) Hn(k1r2) −Jn(k2r2) −Hn(k2r2) 0
0 m1 J ′n(k1r2) m1H ′

n(k1r2) −m2 J ′n(k2r2) −m2H ′
n(k2r2) 0

Hn(k0r1) Jn(k1r1) Hn(k1r1) 0 0 0
m0H ′

n(k0r1) m1 J ′n(k1r1) m1H ′
n(k1r1) 0 0 0

∣∣∣∣∣∣∣∣∣∣∣∣
,

(3.7d)

where Jn is the nth-order Bessel function of the first kind, and Hn is the nth-order
Hankel function of the first kind. The prime superscript stands for differentiation
with respect to the propagation vector ki = mi k0 (i = 0, 1, 2, and 3) for the air
environment (m0 = 1). It is worth noting that the optical properties of single NWs
retain qualitatively same for a wide range of the angle of incident light so that the
angle of incident does not play an important role in designing NW-based optical
devices [32, 47].

3.2.2 Rigorous Coupled-Wave Analysis

The light absorption of coaxial NW arrays can be calculated by the rigorous coupled-
wave analysis (RCWA) method [44–46]. It has been initially developed for calcu-
lating the diffraction orders of one-dimensional (1D) gratings by solving Maxwell’s
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Fig. 3.2 Schematic illustrations of a 2D grating, comprising a rectangular array of coaxial pillars
with periodicities px and py. a Incident light (kinc) and electric field (Einc) are shown with respect
to the grating. b Side view of the grating, showing three regions of the grating. c Top view of the
unit cell of the grating

equations and later extended to two-dimensional (2D) periodic structures with sub-
wavelength scale such as surface-relief gratings [46] and periodic nanostructures
[48]. As a frequency-domain simulation, it can readily incorporate material disper-
sion, thereby offering reflectance (R), transmittance (T), and absorptance (A) for
investigating the optical properties of subject materials. The RCWA approach to cal-
culating the light absorption of coaxial NW arrays can be programmed as described
in the following procedures.
Figure3.2 illustrates a 2D NW pillar grating, consisting of three regions: The

incident region or reflected region with the relative permittivity ε1 (Region I), the
transmitted region with ε2 (Region II), and the grating region of a coaxial NW array
with three relative permittivities whose geometric parameters are shown in Figs. 3.2b
and 3.2c. A linearly polarized plane wave (kinc) at an arbitrary angle of incidence
(θ, φ) is considered. The angle between the electric field (Einc) and the plane of
incidence is denoted by ψ so that ψ = 0◦ and 90◦ correspond to TE and TM
polarizations, respectively. The periodic relative permittivity ε(x, y) in the grating
region (0 < z < d) can be expanded in a Fourier series as

ε(x, y) = ε(x + px , y + py) =
∑
m,n

εmn exp

(
j
2πmx

px
+ j

2πny

py

)
, (3.8)

where εmn is the (m,n)th Fourier coefficient, which is determined only by the geom-
etry of the grating as shown in Fig. 3.2c. The electric-field vectors in the regions I
and II are given by

EI = Einc +
∑
m,n

Rmn exp[− j (kx,m x + ky,n y − kIz,mnz)], (3.9a)
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EII =
∑
m,n

Tmn exp{− j[kx,m x + ky,n y + kIIz,mn(z − d)]}, (3.9b)

where Einc is the normalized incident electric-field vector (i.e., |Einc|2 = 1) and
rmn(Tmn) is the normalized amplitude of electric-field vector in the (m,n)th reflected
(transmitted) diffraction order. In Equations3.9a and 3.9b, the components of wave
vector are determined from the Floquet condition as

kx,m = kincx − 2πm/px , (3.10a)

ky,n = kincy − 2πn/py, (3.10b)

ki
z,mn =

⎧⎨
⎩
√

k20εi − (k2x,m + k2y,n) (k2x,m + k2y,n < k20εi )

− j
√
(k2x,m + k2y,n)− k20εi (k2x,m + k2y,n > k20εi )

i = I and II,

(3.10c)
where kinc is the wave vector of the incident light and k0 = 2π/λ0 with λ0 the
wavelength of the incident light in free space. The electric- andmagnetic-field vectors
(Eg and Hg) in the grating region can be expressed in terms of the space-harmonic
fields as

Eg =
∑
m,n

Smn exp[− j (kx,m x + ky,n y)], (3.11a)

Hg = − j

(
ε0

μ0

)1/2∑
m,n

Umn exp[− j (kx,m x + ky,n y)], (3.11b)

where Smn and Umn are the normalized amplitudes of the (m,n)th space-harmonic
fields, ε0 is the permittivity of free space, and μ0 is the permeability of free space.
Eg and Hg satisfy Maxwell’s curl equations in the source-free space as

∇ × Eg = − jωμ0Hg, ∇ × Hg = jωε0εEg. (3.12)

Inserting Equations3.11a and 3.11b into 3.12, one can obtain a set of coupled-wave
equations, which can be readily solved by applying the boundary conditions for
electric- and magnetic-field components. The reflected and transmitted efficiencies
for the (m,n)th diffraction order are defined as

DER
mn = |Rmn|2Re

(
kIz,mn

kincz

)
, DET

mn = |Tmn|2Re
(

kIIz,mn

kincz

)
(3.13)

The total reflectance (R) and transmittance (T) are obtainedby summing all diffraction
orders as

R =
∑
m,n

DER
mn, T =

∑
m,n

DET
mn (3.14)

7



52 J. I. Oh et al.

For lossy dielectric materials, the total absorptance (A) is simply calculated by A =
1 − R − T . The accuracy of the RCWA simulation depends on the number of
the space-harmonic fields retained in Equations3.11a and 3.11b. It is worth noting
that although it is a powerful simulation tool for periodic subwavelength structures,
the RCWA method is also well applied to capturing the main optical properties of
aperiodic structures by modeling the structures appropriately [49, 50].

3.3 Light Trapping in Single Coaxial Nanowires

The light absorption in single coaxial NWs of c-Si cores and a-Si shells can be well
described within the framework of the Lorenz-Mie light scattering theory [43]. The
term ‘single’ will be omitted hereafter if there is no confusion in this section. Such
a hybrid system, which is a case of Fig. 3.1b, is simply characterized by the core
radius r of c-Si, the shell thickness t of a-Si, and the total radius R = r+ t . The cross
section of the coaxial NWs is illustrated in Fig. 3.3a, together with the incident light
perpendicular to the NW axis (thick arrows). The light absorption efficiency Qabs,
which is ameasure of the capability to absorb light, can be obtained from equation 3.6

Fig. 3.3 a A schematic diagram of the cross section of coaxial NWs. Thick arrows indicate the
incident light. b Qabs versus Ep for various t at r = 50nm. c Qabs versus Ep for various t at
R = 150nm. Qabs for bulk Si and bulk a-Si is shown for comparison. d Qabs versus t at Ep ∼ 1.32
and 1.53eV. (Reproduced with permission from Liu et al. [53]. © 2011 IOP Publishing Ltd.)
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for the coaxialNWs. For Qab calculations, the complex refractive indices of c-Si (m2)
and a-Si (m1) were taken from [39].
The absorption efficiency Qabs is presented versus photon energy Ep in Fig. 3.3b,

in coaxialNWsof afixed core radius (r = 50nm) for various shell thicknesses (t = 0,
25, 50, and 100nm) in air (m0 = 1). Regardless of the shell thicknesses, there occur
distinct absorption resonances even for c-Si NWs (t = 0), indicating that they do not
simply come from the hybrid nature of coaxial NWs. These absorption resonances
are in fact an interesting property of NWs, so-called leaky-mode resonances (LMRs)
that can arise when light is incident onto subwavelength structures of high refractive
indices, as will be discussed in detail later. In the figure, it has to be emphasized that
the coaxial NWs (t �= 0) have significantly enhanced light absorption for the weak
absorption region (Ep <3.0eV) of the c-Si NWs (t = 0), likely due to the a-Si shells.
The absorption efficiency Qabs is also presented versus photon energy Ep in

Fig. 3.3c, in coaxial NWs of a fixed total radius (R= 150nm) for various shell thick-
nesses (t = 0, 10, 50, 100, and 150nm) in air, together with those in bulk c-Si and
a-Si of 300nm (=2R) thickness for comparison. Note that t = 0 and 150nm rep-
resent c-Si and a-Si NWs of the radius 150nm, respectively. The light absorption
in the c-Si and a-Si NWs, as compared to in their bulk counterparts, is signifi-
cantly enhanced for the entire solar band investigated (Ep= 1.0−4.0eV) and, more
importantly, this absorption enhancement is more significant for the weak absorp-
tion solar bands of the bulk materials (Ep<3.0eV for c-Si and <1.8eV for a-Si)
mainly owing to the occurrence of absorption resonances in these NWs. As the
a-Si shell thickness increases, on the other hand, the overall light absorption in the
coaxial NWs is quickly enhanced and becomes rather saturated for t > 100nm.
Such saturating behavior can be clearly seen from Fig. 3.3d, which displays a scaled
absorption efficiencyQabs = Qabs(t)/Qabs(t = 150nm) at two representative pho-
ton energies, i.e., at Ep ∼ 1.53eV (off-resonance) and ∼1.32eV (resonance). Note
that Qabs(t = 150nm) is the absorption efficiency of the a-Si NWs of the radius
150nm. The absorption efficiency of the coaxial NWs reaches ∼90% of that of the
a-Si NWs (90.1% at Ep ∼ 1.32eV and 88.3% at∼1.53eV) at t = 100nm (=2r). It
is important to address that the light absorption of coaxial NWs can further increase
up to additional∼10% for t > 100nm, however, the performance of PV cells made
of such coaxial NWs may be degraded due to the poor charge collection of thick
a-Si shells: charge carrier diffusion lengths of a-Si ∼100nm. Thus, the saturating
behavior of the absorption efficiency may help in designing coaxial NWs-based PV
cells of enhanced light absorption (owing to the a-Si shells) with still high charge
collection (owing to the c-Si cores).
The absorption resonance behavior of coaxial NWs presented above can be

understood in terms of LMRs that may occur in subwavelength structures of high
refractive indices such as semiconductor NWs [13, 32] and nanospheres [51]. For
high-refractive index NWs, the incident light can be trapped in the NWs by multi-
ple internal reflections, between which constructive interference arises and leads to
LMRs when the wavelength λ of the incident light matches up with one of LMRs
supported by the NWs. LMRs can be expressed as TMml or TEml , where m and l
are the azimuthal mode number and the radial order of LMRs, respectively. As in
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Fig. 3.4 (Left) Qabs versus Ep at r = 50nm and t = 100nm for TM- and TE-polarized illumi-
nations. (Right) Distributions of the electric field intensity |E |2 (normalized to the incident light)
inside the coaxial NWs are shown for the LMR peaks indicated. (Reproduced with permission from
Liu et al. [53]. © 2011 IOP Publishing Ltd.)

Fig. 3.4, showing the absorption efficiency Qabs for coaxial NWs of r = 50nm and
t = 100nm under TM-/TE-polarized illumination, each absorption resonance corre-
sponds to such a specific LMR as TM12/TE21 (nondegenerate) near Ep ∼ 1.70eV
(λ ∼ 730nm) and TM21/TE11 (exact degenerate) at Ep ∼ 1.32eV (λ ∼ 940nm).
Fig. 3.4 also shows the cross-sectional distributions of the electric field intensity |E |2
inside the coaxial NWs at the resonance peaks. The amplitudes of |E |2 are clearly
stronger in the a-Si shells than in the c-Si cores. Thus, Fig. 3.4 provides compelling
evidence that the incident light can be effectively trapped in the coaxial NWs through
LMRs and also that the light absorption enhancement in the coaxialNWsarises owing
to the a-Si shells.
The light absorption in coaxial NWs can be better seen from two-dimensional

(2D) Qabs maps, as plotted in Fig. 3.5, versus R and Ep at a fixed g = 2 for TM-/TE-
polarized illumination, where g is defined as the ratio of the a-Si shell thickness to
the c-Si core radius, i.e., g = t/r . Each absorption resonance corresponds to a LMR,
as labeled in the figure. These 2D Qabs maps provide extensive tunability of the light
absorption in coaxial NWs. As the total radius R increases, there occur more LMRs
and the position of each mode is shift to lower energy, indicating a redshift. At a
given R, the coaxial NWs show relatively high absorption at a high photon energy
region (Ep > EC ), e.g., EC ∼ 1.32eV at R = 150nm, as indicated with an arrow in
Fig. 3.5a. Such high absorption has also been reported in similar yet arrayed coaxial
NWs [29]. Importantly, it is evident from the figure that the light absorption can be
particularly high if the total radius R is tuned such that the light absorption spectrum
contains TM01 (the strongest LMR) or TM11 (the second strongest LMR) mode,
respectively.
The tunability of the light absorptiongives a useful hint to designhigh-performance

PV cells based on coaxial NWs. In order to investigate a potential benefit of such PV
cells, one can calculate the photocurrent density or short-circuit current density JSC
in coaxial NWs as
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Fig. 3.5 Qabs versus R and Ep at g = 2 for a TM- and b TE-polarized illuminations. The dashed
lines represent the results shown in Fig. 3.4. LMRs are indicated. See text for Ec. (Reproduced with
permission from Liu et al. [53]. © 2011 IOP Publishing Ltd.)

JSC (R, g) = q
∫

Qabs (EP, R, g) F (EP) d EP, (3.15)

where q is the elementary charge, F(Ep) is the reference AM 1.5G spectra [52],
and 100% charge collection efficiency is considered to obtain the ultimate pho-
tocurrent density. A 2D JSC versus R and g is presented in Fig. 3.6a. At a given
R, JSC is fast enhanced with g increased and its enhancement then becomes slow
for g > 2 (i.e., t > 2r ), e.g., JSC(g = 2) reaches 93.6% of JSC(g → ∞)
at R = 150nm, where JSC(g → ∞) implies JSCof a-Si NWs. In Fig. 3.6b, the
R-dependent JSC in the coaxial NWs is presented at a fixed g = 2, together with
those in Si NWs, bulk Si, and bulk a-Si, having the same volume of materials, for
comparison. The coaxial NWs can clearly produce much larger photocurrent than
their counterparts. For example, the coaxial NWs yield JSC = 28.2mA/cm2 at
R = 150nm (or r = 50nm and t = 100nm), which appears significant as com-
pared to 8.5mA/cm2in the Si NWs. Such photocurrent enhancement of the coaxial
NWs with respect to the counterparts can be readily seen from Fig. 3.6c, where
the photocurrent enhancement factor (PEF) is plotted versus R. The PEF is defined
as (ISC,cN W /VcN W − ISC,C P/VC P )/(ISC,C P/VC P ), where ISC,cN W (VcN W ) and
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Fig. 3.6 a Jsc versus g and R. The dashed line indicates the case of g = 2. b Jsc versus R for
coaxial NWs (g = 2), together with for Si NWs, bulk Si, and bulk a-Si for comparison. c PEF
versus R with respect to Si NWs, bulk Si, and bulk a-Si. See text for triangles. (Reproduced with
permission from Liu et al. [53]. © 2011 IOP Publishing Ltd.)

ISC,C P (VC P ) are photocurrents (volumes) for the coaxial NWs (g = 2) and the
counterparts (Si NWs, bulk Si, and bulk a-Si), respectively. The PEF curves with
respect to the bulk counterparts exhibit a series of local maxima at certain R’s as
indicated with the triangles in Fig. 3.6c. These local maxima result primarily from
the occurrence of such LMRs as TM01, TM11/TE01, TM21/TE11, and TM12/TE21
from the left to the right. At these R’s (11, 55, 125, and 165nm), the PEF against the
bulk Si (bulk a-Si) are 30.1 (4.1), 13.0 (1.7), 8.5 (1.2), and 7.2 (1.0), respectively.
Also, it ranges between 2.1 and 5.6 with respect to the Si NWs for the entire R
investigated.
A practical use of coaxial NW PV cells may be limited since the electrical power

generated is extremely low due to their nanoscale dimensions. They may be however
still useful to power nanoelectronic devices that may require ultralow power. There
has been a pioneer work recently, demonstrating that coaxial NW PV cells can serve
as power sources to drive functional nanoelectronic sensors and logic gates [15]. The
coaxial NW PV cells were made of p-type c-Si cores, intrinsic nanocrystalline Si
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Fig. 3.7 a SEM images of a coaxial NW PV cell: (left) p-type c-Si core, intrinsic nc-Si shell, and
n-type nc-Si shell. (middle) selective etching to expose the p-core. (right) metal contacts
deposited on the p-core and n-shell. Scale bars are 100nm (left), 200nm (middle), and 1.5μm
(right). b Dark and light I–V curves. c Real-time detection of the voltage drop across an
aminopropyltriethoxysilane-modified silicon nanowire at different pH values. The silicon nanowire
pH sensor is powered by a coaxial NW PV cell operating under 8-sun illumination (Voc = 50.34V,
Isc = 58.75nA). Inset shows circuit schematics. (Reprinted with permission from Tian et al. [15].
© 2007 Nature Publishing Group.)

(nc-Si) shells, and n-type nc-Si shells, as shown in Fig. 3.7a. I-V curves are also shown
in Fig. 3.7b, providing that an open-circuit voltage VOC of 0.260V, a short-circuit
current ISC of 0.503nA, a fill factor of 55.0%, and the maximum power output of
72 pW at 1-sun. The upper bound of a short-circuit current density estimated was
about 23.9mA/cm2, similar to our calculated result (28.2mA/cm2 at R = 150nm)
presented above. Importantly, the functionality of the coaxial NW PV cells has been
demonstrated to power a nanoelectronic sensor, as can be seen from Fig. 3.7c.
Although the coaxial NW PV cells may not be used for large-scale power genera-

tion, the light trapping mechanism in coaxial NWsmay help in designing large-scale
PV cells. A feasible way is to make use of planar semi-coaxial NW arrays, as illus-
trated in Fig. 3.8. Such planar NW arrays can be fabricated on c-Si wafers by means
of current lithography technique (for c-Si cores) combined with chemical vapor
deposition (for a-Si shells). The underlying mechanism of light absorption in planar
NW arrays may not be expected to be much different from that in the single coaxial
NWs (i.e., LMRs) discussed above, except that coupled LMRs might be considered
if neighboring NWs are too close [33]. The optimal dimensions of the planar NW
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Fig. 3.8 Schematic illustrations of wafer-scale PV cells made of planar semi-coaxial NW arrays.
a Overall look. b Side view, showing p-type c-Si core, intrinsic a-Si shell, and n-type a-Si shell

arrays for PV applications, however, need to be further investigated, which is beyond
the scope of this chapter.

3.4 Light Trapping in Coaxial Nanowire Arrays

The light absorption in coaxial NW arrays of c-Si cores and a-Si:H shells can be
numerically calculatedby theRCWAmethod [44–46].Here, vertically aligned square
arrays in air are considered, which are a case of the 2D grating depicted in Fig.3.2,
so that the regions I and II can be treated as air, the pitch p = px = py, and the
length of the NWs L = d. Such coaxial NW arrays are simply characterized by the
pitch p, the length L, the core radius r of c-Si, the total radius R (or the a-Si:H shell
thickness t = R−r ), and the filling ratio f = πR2/p2. For RCWA simulations, TE-
and TM-polarized lights were considered to be incident at an angle of θ in the x − z
plane (φ = 0 in Fig. 3.2a) and the complex refractive indices of c-Si (m2 = ε

1/2
2 in

Fig. 3.2c) and a-Si:H (m3 = ε1/23 in Fig. 3.2c) were taken from [39].
Absorptance and reflectance are presented versus photon energy Ep in Fig. 3.9,

in coaxial NW arrays of p = 200nm, r = 50nm, and L = 1.0μm for various shell
thicknesses (t = 0 − 50nm, corresponding to the filling ratio f = 0.196 − 0.785)
at θ = 0◦ (i.e., parallel to the z axis or the NW axis). As shown in the top panel
of Fig. 3.9a, the light absorption in c-Si NW arrays (t = 0) is clearly enhanced for
high photon energy (Ep >2.5eV) compared to in c-Si thin films, likely resulting
from lower reflection in the former than in the latter (see the top panel of Fig. 3.9b).
This absorption enhancement may be associated with intrinsically lower reflection
in c-Si NW arrays due to their open structure. The NW array structure has a large
open area, naturally leading to low reflection that perhaps results in high absorption.
This absorption enhancement may also be associated with interwire light scattering
[10, 27], which occurs when dimensions of NW arrays (diameter and pitch) are
comparable to the wavelength of incident light, elongating the optical path length.
Although it is enhanced for the high photon energy, the light absorption in c-SiNW
arrays remarkably drops for the photon energy range of 1.5–2.5eV that is the most
important solar band for PV applications. This absorption drop has been known to

14



3 Light Trapping in Coaxial Nanowires of c-Si Cores and a-Si Shells 59

Fig. 3.9 a Absorptance and b reflectance versus Ep for various t at p = 200nm, r = 50nm,
L = 1.0μm, and θ = 0◦. (Reproduced with permission from Xie et al. [54]. © 2011 American
Institute of Physics.)

come from the indirect bandgap nature of c-Si that leads to a poor capability to
absorb low energy photons (Ep < 2.5eV) [19]. Although this low energy absorption
suppression has been known to be improved to some extent by tuning the geometry of
NWarrays (length, diameter, or/and pitch), its improvement is rather limited [19–21].
It is evident in Fig. 3.9a that the light absorption in c-SiNW arrays for the low

energy (1.5–2.5eV) is significantly reinforced by coating a small amount of a-Si:H
(t = 10nm). Such absorption reinforcement in coaxial NW arrays may be expected
from the fact that the imaginary part of complex refractive index, which is propor-
tional to the absorption coefficient, is∼10 times bigger in a-Si:H than in c-Si for the
low energy: e.g., it is 0.217 (0.022) for a-Si:H (c-Si) at Ep = 2.0eV [39]. As the
shell thickness increases to 30nm, the light absorption is further enhanced mainly
owing to distinct absorption resonances. For a further increase of the shell thickness
to 50nm, however, the overall absorption becomes smaller than that for t = 30nm,
since a larger material filling ratio for t = 50nm leads to a smaller open area which
then results in larger reflection as can be seen in Fig. 3.9b. It has to be emphasized
here that the distinct absorption resonances, which are in fact LMRs discussed below,
are clearly a major source of the absorption enhancement in coaxial NW arrays for
the low photon energy. In Fig. 3.10a, the Ep-dependent absorptance is presented for
coaxial NW arrays (R = 80nm, r = 50nm, and L = 1.0μm), c-Si NW arrays
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Fig. 3.10 a Absorptance versus Ep for coaxial NW arrays (R = 80nm, t = 30nm) and c-Si NW
arrays (r = 80nm) at p = 200nm, L = 1.0μm, and θ = 0◦, together with for disordered coaxial
NW arrays (R = 74–90nm, r = 15–30nm, L = 1.282μm from [29]). b JSC versus f for coaxial
NW arrays (r = 50nm) and c-Si NW arrays at p = 200nm, L = 1.0μm, and θ = 0◦, together
with for c-Si thin film of 1.0μm thick. (Reproduced with permission from Xie et al. [54]. © 2011
American Institute of Physics.)

(r = 80nm and L = 1.0μm), and disordered coaxial NW arrays (R = 74–90nm,
r = 15–30nm, and L = 1.282μm from [29]). The amplitudes of resonances indicted
with arrows are evidently bigger in the coaxial NW arrays than the c-Si NW arrays,
similar to a behavior of LMRs occurring in the single coaxial NW system discussed
in the previous section. The number of resonance peaks is less in the coaxial NW
arrays than in the c-SiNWarrays, also similar to another behavior of LMRs occurring
in the single coaxial NW system. Interestingly, absorption resonances won’t occur in
the disordered coaxial NW arrays [29], implying that absorption resonances appear
to be a signature of ordered NW arrays.
In addition to a large open area and the interwire light scattering as mentioned

above, absorption resonances evidently play an important role in the absorption
enhancement in coaxial NW arrays. As discussed in the previous section, LMRs
occur and serve as a primary source to trap light in the single NW system. Further-
more, LMRs have recently been shown to be a major source of absorption enhance-
ment in the NW array system [34]. Note that, in this chapter, the incident light is
considered to be perpendicular to the NW axis in the case of the single coaxial NW
system, whereas it is parallel to the NW axis in the case of the coaxial NW array
system. Although the configuration of incident light versus the NW axis results in
different kinds of excitation of LMRs, i.e., TM and TE modes (perpendicular) and
hybrid TM-dominant HE modes (parallel) [34], a primary role of LMRs in the light
absorption is essentially same for both cases. Note also that LMRs, which result
from the interaction between light and subwavelength matters, are physically differ-
ent from Fabry-Pérot resonances, which come from interference between multiple
reflections of light from two reflecting surfaces. The latter is typically observed in
c-Si thin films (see regular interference patterns in the top panels of Fig.3.9).
As in single coaxial NWs, one can calculate the ultimate photocurrent density or

short-circuit current densityJSC to evaluate the absorption enhancement in coaxial
NW arrays for photovoltaic applications as
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JSC ( f, p) = q
∫

A (EP, f, p) F (EP) d EP, (3.16)

which is the same equation as equation3.15, expressed with absorptance A instead
of absorption efficiency Qabs. The f-dependent (or t-dependent) JSC is presented in
Fig. 3.10b, in coaxial NW arrays of r = 50nm, p = 200nm, and L = 1.0μm.
JSC in the coaxial NW arrays has the maximum of 17.0mA/cm2 at f = 0.5 (or
t = 30nm), at which JSC is 11.3mA/cm2 (8.5mA/cm2) in c-SiNW arrays of the
same dimensions (c-Si thin filmof 1.0μmthick).At this optimal filling ratio f = 0.5,
the light absorption in the coaxial NW arrays is highest as can be seen in Fig. 3.9a.
As a result, the PEF of the coaxial NW arrays is about 0.5 (3.0) with respect to the
c-SiNW arrays (c-Si thin film).
To further investigate the optimal geometry of coaxial NW arrays for PV appli-

cations, absorptance and reflectance are shown versus Ep in Fig. 3.11, in coaxial
NW arrays of f = 0.5, r/p = 1/4, and L = 1.0μm for various pitches (p = 100–
900nm, corresponding to t =14.9–134.1nm) at θ = 0◦. The top views of coaxialNW
arrays with different pitches are schematically shown in Fig. 3.12a. For the smallest
pitch (p = 100nm), the absorption spectrum exhibits a clifflike behavior: a plateau of
high absorption (A = 80 ∼ 87%), a cliff edge (ECE ∼ 2.0eV), and a sharp cliff hill.

Fig. 3.11 a Absorptance and b reflectance versus Ep for various p at f = 1/2, r/p = 1/4,
L = 1.0μm, and θ = 0◦. See texts for ECE. (Reproduced with permission from Xie et al. [54].
© 2011 American Institute of Physics.)
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Fig. 3.12 a Schematic top views of coaxial NW arrays with p = 100, 300, 600, 900nm from left to
right at f = 1/2 and r/p = 1/4. b JSC versus p for coaxial NW arrays (r/p = 1/4) and c-Si NW
arrays [r/p = (1/2π)1/2] at f = 1/2, L = 1.0μm, and θ = 0◦, together with for c-Si thin film
of 1.0μm thick. (Fig. 3.12b is reproduced with permission from Xie et al. [54]. © 2011 American
Institute of Physics.)

For p = 300 and 600nm, the absorption resonances strongly occur along the cliff
hill and the cliff edge clearly becomes shifted to the low energy (e.g., ECE ∼ 1.5eV
for p = 600nm), leading to absorption enhancement. For p = 900nm, however,
the overall absorption is evidently smaller than that for p = 600nm. Very interest-
ingly, the p-dependent reflectance behaves just like the absorptance, i.e., it increases
as p = 100 → 600nm and decreases as p = 600 → 900nm. This implies that
the incident light becomes more effectively trapped into coaxial NW arrays through
LMRs as p = 100 → 600nm so that it is less transmitted. Also, the absorption
drop for p = 600 → 900nm has to result from transmission increase, since the
overall reflection for p = 900nm is slightly smaller than that for p = 600nm.
This implies that such subwavelength light-trapping effect diminishes as the pitch
becomes larger (p = 600 → 900nm), in good agreement with [38]. The opti-
mal pitch of coaxial NW arrays for photovoltaic applications is clearly seen to be
∼600nm from Fig. 3.12b, which shows the p-dependent JSC in coaxial NW arrays.
At this optimal pitch p = 600nm, JSC in coaxial NW arrays reaches the maximum
of 18.9mA/cm2, whereas JSC is 16.6mA/cm2 (8.5mA/cm2) in c-SiNW arrays (c-Si
thin film of 1.0μm thick). Thus, the PEF of the coaxial NW arrays is about 0.14
(3.45) with respect to the c-SiNW arrays (c-Si thin film).
To examine the effect of the NW length L of coaxial NW arrays on the light

absorption or the photocurrent density, JSC is plotted versus L in Fig. 3.13a at the
optimal filling ratio ( f = 0.5) and pitch (p = 600nm). The L-dependent JSC in
coaxial NW arrays sharply increases as L varies from 0.1 to 5.0μm and shows a
gradually growing behavior for a further increase of L. To also examine the effect of
the incident angle θ of light on the light absorption, JSC in the 1.0μm-length coaxial
NWarrays is plotted versus θ at the optimal configuration ( f = 0.5 and p = 600nm)
for the TE and TM polarizations in Fig. 3.13b, together with for the unpolarized light
that is simply an average value of those for TE and TM. It is evident from the figure
that the photocurrent density is maintained at a high constant (∼20mA/cm2) over a
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Fig. 3.13 a JSC versus L at f = 0.5, p = 600nm, and at θ = 0◦. b JSC versus θ for TE-, TM-, and
unpolarized-illuminations at f = 0.5, p = 600nm, and L = 1.0μm. (Reproduced with permission
from Xie et al. [54]. © 2011 American Institute of Physics.)

Fig. 3.14 The three-dimensional schematic view of (a) the conventional pyramid-array-textured
c-Si solar cells and (b) the Si NW-array-textured solar cells, in which L represents the length of
the NWs, d is the diameter of the single NW, and X j is the junction depth of the p-n junction after
phosphorus diffusion. (Reprinted with permission from Chen et al. [30]. © 2010 American Institute
of Physics.)

large range of the incident angle of light (θ = 0−70◦), indicating an omnidirectional
light absorption in coaxial NW arrays. Note that the absorption difference between
the cases of the incident light in and out-of the x-z plane is known to be negligible [19].
Coaxial NW arrays may be practically used as a light absorbing layer in wafer-

scale PV cells. There has been a recent work, fabricating c-Si NW-textured PV
cells [30]. There, c-Si NW arrays replaced conventional pyramid-textured layers,
as shown in Fig. 3.14. Such NW-array-textured wafer-scale (125×125mm2) PV
cells (Fig. 3.14b) had a 16.5% power conversion efficiency, which was 35.4%
enhancement as compared to the pyramid-textured control PV cells (Fig. 3.14a). That
enhancement turned out to come from significant absorption enhancement of c-Si
NW arrays. Nonetheless, more efforts need to be made to develop high-performance
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PV cells based on NW arrays. The light absorption properties of coaxial NW
arrays discussed in this section could help in designing high-performance NW-based
PV cells.

3.5 Summary and Conclusions

The light-trapping scheme has been investigated in coaxial NWs of c-Si cores and
a-Si shells for both cases of single coaxial NWs and coaxial NW arrays. Based on
numerical calculations, it has been shown that the incident light can be effectively
trapped in the coaxial NWs through the excitation of LMRs as in other NWs and the
a-Si shells play a primary role in enhancing the light absorption in the coaxial NWs
as compared to in the c-Si NWs of same geometric dimensions. It has been further
shown that the light absorption in the coaxial NWs can be optimized by tuning the
dimensions of the coaxial NWs. For the single coaxial NWs, the light absorption
is optimized when the thickness of the a-Si shell is about as twice as the radius
of the Si core, at which the ultimate photocurrent can be enhanced up to 560% in
comparison with that in the single c-Si NWs. As for the coaxial NW arrays, on the
other hand, the optimal absorption occurs when the coaxial NWs are about half-filled
and the pitch is about 600nm, at which it can be increased up to 14% with the 1μm
long NWs considered, as compared to that in the c-Si NW arrays. The effective
light-trapping scheme in the coaxial NWs together with the absorption optimization
results can provide opportunities for designing not only functional power sources of
nanoelectronic devices but also next generation PV cells.
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Abstract—Terahertz quantum-well photodetectors (QWPs) rep-
resent a new and emerging photon-type detector in a terahertz
region. Recent progress in the development of terahertz QWPs is
reviewed. We first discuss the many-particle effects on the accurate
design of terahertz QWPs. Second, three types of light couplers for
terahertz QWPs are introduced. At resonant coupling frequen-
cies, the polarization of light field is effectively changed by the
light couplers to fulfill the selection rule of intersubband transition.
Meanwhile, the electric field intensities in the active multiquantum-
well region of terahertz QWPs are enhanced. The performance of
terahertz QWPs with these light couplers is improved significantly.
Finally, terahertz-QWP-based wireless communication and imag-
ing are demonstrated.

Index Terms—Imaging, light couplers, quantum-well
photodetectors (QWPs), terahertz, wireless communication.

I. INTRODUCTION

T ERAHERTZ detectors are key components in a wide range
of applications such as material identification, imaging, to-

mography, communication, etc. [1]. Various terahertz detectors
have been applied in these applications. The thermal terahertz
detectors such as Golay cell [2], room-temperature and cooled
bolometers [3], [4], and pyroelectric detectors [5] are used in
terahertz and far-infrared imaging and spectroscopy with a long
history. Semiconductor photoconductive antennas play an im-
portant role in terahertz time-domain spectroscopy systems [6].
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Fig. 1. (a) Device schematic and (b) conduction band profile of an n-type
GaAs/(Al,Ga)As 45◦ facet coupled terahertz QWP.

Combined with the time-delay sampling technique, the pho-
toconductive antennas gated by femto-second laser pulses can
detect the magnitude and the phase of a terahertz electric field
simultaneously. Schottky barrier diodes can be operated in the
temperature range of 4–300 K and used both in direct terahertz
detection and as mixers in coherent heterodyne detection sys-
tems [7]. Due to the absence of narrow band-gap materials in
nature with their interband transition frequencies in terahertz
range, there are no terahertz photon detectors based on inter-
band transitions. Two types of terahertz photon detectors have
been widely utilized for a long time [8], [9]. The first type is
the pair-breaking photon detectors made of low-temperature su-
perconductors, which are sensitive mixers in the low terahertz
range [8]. The second-type terahertz photon detectors are fabri-
cated by extrinsic semiconductors based on Ge, Si, GaAs, GaP,
etc., in which the electrons bounded by shallow-impurity cen-
ters at low temperatures can be excited to conductive bands by
terahertz photons [9].

Recently, terahertz quantum-well photodetectors (QWPs)
based on intersubband transitions have been realized [10], [11].
Fig. 1 presents a schematic of the typical 45◦ facet light-
coupling geometry and conduction band profile of an n-type
GaAs/(Al,Ga)As terahertz QWP. The physical mechanism of
photon response of terahertz QWPs is the same as that of
QWPs working in the usual thermal infrared region. Under dark
condition, because the electrons are bounded to the quantum
wells and the direct tunneling between neighboring quantum
wells is blocked by the thick barriers, the device is in a high-
resistance state. When terahertz radiations are coupled into the
terahertz QWP, the bounded electrons in the ground subbands
are excited into the first excited subbands and continuum states,
a drift photocurrent flows through the biased terahertz QWP,
and the device is in a low-resistance state. Consequently, a

1077-260X/$31.00 © 2012 IEEE23
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TABLE I
COMPARISON OF MAIN FEATURES OF COMMON TERAHERTZ DETECTORS: NOTE THAT NOISE EQUIVALENT POWER (NEP) IS DETECTOR-AREA DEPENDENT

photoconductivity occurs, resulting in the detection of the tera-
hertz radiations. There are two differences between QWPs work-
ing in terahertz and mid-infrared. First, due to the small energy
difference between the ground and the first excited subbands,
many-particle effects are more important in terahertz QWPs.
Moreover, since the dark current in QWPs is mainly due to
thermal excitation and thermally assisted tunneling of localized
electrons in quantum wells, terahertz QWPs must be operated
at lower temperatures due to the decrease of barrier height.
Second, because of the subwavelength scale of device thickness
and a low doping concentration in quantum wells, intersubband
absorption efficiency is much lower for terahertz QWPs with
standard device geometries, and hence the need for enhance-
ment mechanisms discussed in the paper.

There are several other types of intersubband photodetectors.
Photovoltaic terahertz photodetectors based on quantum cas-
cade structures are expected to have low dark current [12]. The
terahertz single-photon detector composed by a single-etched
quantum-dot (QD) absorber and a single-electron transistor is
very sensitive in lower terahertz range (<0.6 THz) at temper-
atures below 1.0 K [13]. Traditional terahertz QD [14] and
quantum-ring (QR) [15] photodetectors were successfully fab-
ricated by using a self-assembled growth method. In comparison
with terahertz QWPs, the QD and QR photodetectors have sim-
ilar performance at low temperatures (<20 K). With increasing
temperature, the degradation in performance for QD and QR
photodetectors is slower due to the 3-D confinement of electrons.

In comparison with other terahertz detectors, intersubband-
transition-based terahertz QWPs display some specific features
[16]. Due to the intrinsic short lifetime of photon-excited elec-
trons, terahertz QWPs can be operated with high response speed
and therefore suited for high-frequency applications [16], [17].
Terahertz QWPs are narrow-band detectors because of the delta-
function-like joint density of states of intersubband transitions.

As a result, filters are not required in some laser-based concealed
object imaging applications. The response peak frequency of a
terahertz QWP is determined by the energy difference between
the first and second subbands of the quantum wells, which can
be well designed and implemented with molecular beam epitaxy
(MBE) growth technique. The mature semiconductor process-
ing technique makes it possible to fabricate large-scale uniform,
high-resolution, and long-term stable focal plane array, which is
important for realizing real-time terahertz imaging systems. The
main characteristics of common terahertz detectors are listed in
Table I. The features of terahertz QWPs mentioned previously
make them attractive for potential applications such as terahertz
imaging, heterodyne detection, terahertz free space communi-
cation, etc.

In this paper, we first discuss the design principle of
GaAs/(Al,Ga)As terahertz QWPs. In comparison with the
QWPs operating in mid-infrared, because the energy differ-
ence between the first and second subbands of terahertz QWPs
is much smaller, many-particle effects play an important role
in band structures and response peak frequencies of terahertz
QWPs. Two main many-particle interactions, the electron
exchange–correlation potential, and the depolarization effect are
considered within the local density approximation (LDA) [18].
Low intersubband absorption efficiency due to the low elec-
tron doping concentration in the quantum wells is a key fac-
tor in limiting the performance of terahertz QWPs. In order
to improve the intersubband absorption efficiency, three light-
coupling schemes, metal diffractive grating couplers, metal–
cavity couplers, and surface plasmon polariton (SPP) couplers
are investigated. High efficient light couplers are expected to
effectively improve the responsivity and working temperature
of terahertz QWPs. Finally, the applications of terahertz QWPs
in wireless communication and concealed metal object imaging
are demonstrated.
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Fig. 2. Calculated and experimental photocurrent spectra of terahertz QWPs:
(a) for V267 and (b) for V266. Vxc denotes the exchange–correlation potential.

II. BAND STRUCTURES AND PHOTOCURRENT

SPECTRA OF TERAHERTZ QWPS

We first calculate the band structures and the photocurrent
spectra of two devices labeled as V266 and V267 reported in [10]
and [11]. The MBE layers consist of a 400-nm top contact layer
with Si doping concentration of 1.0 × 1017 /cm3 , N quantum
wells with Lw -wide GaAs layers, Lb -thick AlxGa1−xAs barri-
ers, and an 800-nm bottom contact layer doped with Si to 1.0 ×
1017 /cm3 . The central 10-nm-wide region of each quantum well
is doped with Si to Nd . For V266, the parameters are N = 30, Lw

= 15.5 nm, Lb = 70.2 nm, x = 0.03, and Nd = 6.0 × 1016 /cm3 .
For V267, the parameters are N = 23, Lw = 22.1 nm, Lb =
95.1 nm, x = 0.015, and Nd = 3.0 × 1016 /cm3 . The barrier
height is 0.87x eV [16]. The electron effective mass is 0.067m0
with m0 being the free electron mass. The band structures and
the photocurrent spectra are determined by the parameters Lw ,
x, and Nd . The barrier thickness Lb is determined by the con-
dition that the direct interwell tunneling is effectively blocked.
The absorption efficiency is proportional to the quantum well
number N. Numerical design details are presented in [23].

The effects of the exchange–correlation potential and the de-
polarization interaction are explored [23]. For V266 and V267,
when the electron Coulomb interaction is considered in the
Hartree approximation, only one localized subband exists in the
quantum well, and the first excited subband is in alignment with
the top of the barrier, which is in coincidence with the design
rule of bound-to-quasibound QWPs [16]. However, when the
exchange–correlation potential is taken into account, the quan-
tum well becomes deeper, which increases the energy difference
between the ground subband and the first excited subband and
pulls the first excited subband deep into the quantum well. The
energy difference between the top of the barrier and the first
excited subband ΔE is 3.2 meV for V266, and 3.0 meV for
V267. The measured photocurrent spectra of the two devices
indicate that the photon-excited electrons in the first excited
subband can escape into the continuum states via scattering
and electric-field-assisted tunneling mechanisms. With further
increasing the doping concentration in the quantum well, ΔE
increases. As a result, instead of escaping, most electrons in the
first excited subband are scattered back to the ground subband

Fig. 3. Calculated well width and barrier Al mole fraction for a GaAs/AlGaAs
quantum well (a) without and (b) with the exchange–correlation potential and
depolarization considered. The red dotted contour lines present the response
peak frequencies; the energy differences between the top of the barrier and the
first excited subband are shown by different colors. Si doping concentration in
the 10-nm central region of the quantum well is 4.0 × 1016 /cm3 .

via electron–phonon and other interactions. Therefore, for such
heavily doped terahertz QWPs, the localized electrons must be
excited to higher subbands, which leads to broadening and blue-
shift of the photocurrent peaks [24], [25]. At the same time, the
performance is degraded [24].

Theoretical and experimental photocurrent spectra for V266
and V267 are shown in Fig. 2 [23]. In order to obtain physical
insights, different many-particle interactions are considered step
by step in our calculations. The deviations of response peaks be-
tween theory and experiment for V266 and V267 are 5.6 meV
(24.8%) and 4.8 meV (36.0%) without including any many-
particle interaction. When the exchange–correlation potentials
are taken into account, the deviations decrease to 2.4 meV
(10.6%) and 2.6 meV (19.4%), respectively. Further improve-
ments of theoretical response peak positions are achieved by
considering the depolarization effects, and the discrepancies are
about 0.2 meV (0.9%) and 1.1 meV (8.2%) for V266 and V267,
respectively. The large remaining discrepancy between theory
and experiment for V267 may originate from the fluctuation of
Al fraction in barriers due to the small Al mole fraction (1.5%).

The optimal quantum-well parameters for a QWP are to have
the first excited subband in alignment with the top of the barrier
[16]. If this condition is satisfied, there is a large transition dipole
between the ground subband and the first excited subband; and
at the same time the photon-excited electrons in the first excited
subband can transport to the continuum states effectively. Fig. 3
presents the calculated response peak frequencies (red dotted
contour lines) and ΔE (color bars, 0.0 ≤ ΔE ≤ 2.0 meV)
in the GaAs/(Al,Ga)As quantum-well parameter space of x =
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0.5–4.0% and Lw = 10–30 nm without and with considering
the many-particle interactions. The Si doping concentration is
set to Nd = 4.0 × 1016 /cm3 in the central 10-nm region of
the quantum well. The many-particle interactions significantly
affect the band structures and the response peak frequencies,
especially for devices working in the lower THz range. For V266
and V267, the energy differences between the top of barrier and
the first excited subband are about 2.5 meV [23]. The measured
photocurrent spectra of V266 and V267 indicate that the photon-
excited electrons in the first excited subbands can transport into
the continuum states and contribute to photocurrent. However, if
this energy difference increases to about 3.0 meV, the electrons
in the first excited subband cannot escape into the continuum
states effectively [23], [24]. Therefore, it is expected that most
photon-excited electrons in the first excited subband can escape
from the quantum well to the continuum states with the value
of ΔE in the range of 0.0–2.0 meV via scattering and electric-
field-assisted tunneling processes. Therefore, it is expected that
most photon-excited electrons in the first excited subband can
escape from the quantum well to the continuum states with the
value of ΔE in the range of 0.0–2.0 meV via scattering and
electric-field-assisted tunneling mechanisms.

At present, the response frequencies of GaAs/(Al,Ga)As
terahertz QWPs cover a frequency range of 3.0–7.5 THz.
Terahertz QWPs working for a lower frequency range of 1.0–
3.0 THz have not been realized. As shown in Fig. 3(b), for
covering 1.0–3.0 THz the Al mole fraction will need to be less
than 1.5% for GaAs/(Al,Ga)As terahertz QWPs. It is therefore
important to control the accuracy and fluctuation of Al fraction
for the growth. Furthermore, because of the decrease of barrier
height, low Si concentrations in quantum wells are favored to
suppressing the dark current. We are carrying on research in
these directions.

III. LIGHT COUPLERS FOR TERAHERTZ QWPS

Light coupling is another key factor for better performance of
terahertz QWPs [16]. Since light absorption in terahertz QWPs
is due to intersubband transitions, the selection rule dictates that
terahertz QWPs cannot respond to normally incident light. We
study three types of metal-grating-based light couplers for ter-
ahertz QWPs. For simplicity, only 1-D gratings are considered.
All results for the case of 1-D gratings can be easily generalized
to the 2-D grating case. The metal grating period is in the X
direction, the length of metal strips is infinite in the Y direction,
and the quantum well growth direction is along the Z-axis. We
define a quantity γ, the normalized coupling efficiency of a light
coupler to that of a 45◦ facet coupling scheme

γ =
2

∫∫∫
MQWs |Ez |2 dv

∫∫∫
MQWs |E0 |2 dv

(1)

where E0 is the electric field intensity in the multiquantum-well
(MQW) region of a terahertz QWP with a 45◦ facet coupling
scheme. The factor 2 in (1) accounts for the loss of 50% up-
polarized incident photons in the 45◦ facet coupling geometry.
Because of very low mole fraction of Al in the (Al,Ga)As bar-
riers and low Si doping concentration in the quantum wells, we
use a homogenous dielectric layer of GaAs to replace the MQW
structure, and we also neglect the contribution of intersubband

Fig. 4. Normalized photocurrent spectra of V266-G12, V266-G15, and the 45◦

facet coupled device (Facet V266). The normalized photocurrent spectrum of
V266-G20 (not shown) is similar to that of V266-G15. The frequencies marked
by the vertical lines are the first-order diffraction mode frequencies of 12-μm
grating (blue) and 15-μm grating (red), respectively. (b) Peak responsivities of
V266-G12, V266-G15, and V266-G20. The inset to (a) is a schematic of the
grating-coupled terahertz QWP.

transitions to the relative permittivity. The approximation makes
the designs of light couplers and terahertz QWPs decoupled.

1-D and 2-D diffractive gratings were widely used as light
couplers of mid-infrared, far-infrared QWPs [26]–[28]. Three
different 1-D metal gratings with periods of p = 12.0 μm (V266-
G12), p = 15.0 μm (V266-G15), and p = 20.0 μm (V266-
G20) for the device V266 were fabricated and tested [29]. The
modal method [30] is employed to analyze the results. The
calculated frequencies of the first diffractive modes are 3.80,
5.28, and 6.27 THz for the three gratings, respectively. It is
shown that the photocurrent spectrum of V266-G12 is distorted,
whereas for V266-G15, the shape remains nearly the same and
only shows a small red shift. The vertical lines indicating the
positions of the first diffractive modes of the gratings are shown
in Fig. 4(a) to explain the distortion. According to our numerical
simulations, the incident lights with frequencies indicated by
the vertical lines are most efficiently coupled by the following
gratings: 5.28 THz for the 15-μm-period grating (red dash–
dotted line) and 6.27 THz for the 12-μm-period grating (blue
dashed line). Due to this efficient coupling, a shoulder appears
around the blue vertical line in the spectrum of V266-G12,
and no significant distortion is observed for V266-G15. For
the case of V266-G20, the spectrum (not shown) is similar to
the 45◦ facet one. The possible reason is that the spectrum is
sharply peaked and, hence, the effect of the grating is not clearly
visible. Based on the spectra in Fig. 4(a), peak responsivities of
V266 with different gratings are acquired [see Fig. 4(b)]. At
0.15-V bias, the responsivities are 0.128, 0.197, and 0.070 A/W
for V266-G12, V266-G15, and V266-G20, respectively, which
are much higher than the responsivity of 13 mA/W reported
in [31]. Theoretical calculations show that the peak coupling
efficiency of an optimized metal grating is about three times
larger than that of 45◦ facet scheme [32]. However, the measured
peak responsivity of V266 with 45◦ facet coupling is about
0.3 A/W at temperature of 8 K and biased voltage of 0.15 V [11],
which is larger than that of V266-G15. The possible reason
for the discrepancy between theory and experiment may be the
extra Joule loss due to the imperfection of metal–semiconductor
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Fig. 5. Calculated photocurrent spectra of metal-grating coupled and 45◦ facet
coupled terahertz QWPs. For clarity, the normalized absorption spectrum of the
45◦ facet terahertz QWP is multiplied by a factor of 15. The inset shows the
device geometry.

interface. Further investigations are needed to address the exact
reason of the discrepancy.

SPPs are electromagnetic excitations originating from the
collective motion of free electrons, which propagate along the
interface between a dielectric and a conductor and are con-
fined in the perpendicular direction [33], [34]. We proposed
SPP-based light couplers for terahertz QWPs [35]. Normally,
incident light can be coupled into SPP modes supported by the
top contact layers of terahertz QWPs by a 1-D metal grating.
The resonant coupling peak frequencies are determined by the
parameters of metal grating period p, metal strip width s, Si dop-
ing concentration n in the top contact layer, and the thickness
of the top contact layer a. Because the thicknesses of the active
MQW regions of terahertz QWPs are in subwavelength scale,
the evanescent and z-polarized electric fields related to the SPPs
have a large overlap with the MQW regions of terahertz QWPs.
Therefore, the SPP-based light couplers are expected to im-
prove the coupling efficiencies of terahertz QWPs significantly.
For SPP-based light couplers, the SPP modes are supported by
the trilayer air-n-doped GaAs–GaAs structures. In general, for
normally incident light, the metal grating provides momentums
of ±2πm/p with m = 1, 2, 3 . . . [33]. However, due to the
disturbance from the metal strips on the trilayer structure, we
found that the momentums provided by the metal grating are
±2πm/(p − s) [35]. The modes characterized by ±m corre-
spond to two counterpropagating plane waves having the same
frequency. In the phase-matched condition of p = mλ with λ

the wavelength, the two counterpropagating plane waves form
standing wave patterns. When the values of the device parame-
ters p, s, n, and a are given, aided by the SPP dispersion relation
for the trilayer structure [34], resonant coupling frequencies are
determined. The electric-field distributions are numerically cal-
culated using an electromagnetic simulation software package
based on the finite element method (FEM) [36]. Fig. 5 presents
the calculated normalized photocurrent spectra for the 45◦ cou-
pling scheme and the SPP-based light coupler. The grating pa-
rameters are p = 16.0 μm and s = 8.0 μm. The metal strips are
0.5 μm thick. The Si doping concentration is 5.0 × 1017 /cm3 in
the 0.4-μm-thick top contact layer. The Al mole fraction is 2.2%
in the (Al,Ga)As barriers. The width of the GaAs quantum wells

Fig. 6. Numerical results of normalized coupling efficiencies of metal-grating
couplers and metal-cavity couplers for terahertz QWPs. (a) Metal-grating cou-
pler. (b) Metal-cavity coupler with the same grating parameters shown in (a).
(c) Optimal metal-cavity couplers for terahertz QWPs with the response peak
frequency of 5.48 THz. The inset to (b) is a schematic of the cavity-coupled
terahertz QWP.

is 15.0 nm, and the Si doping concentration in the central 10-
nm-wide regions of the quantum wells is 4.0 × 1016 /cm3 . The
resonant coupling peaks shown in Fig. 5 correspond to different
values of m. The response peak of the terahertz QWP is designed
to match the second resonant coupling peak at 3.91 THz. There
is a large overlap between the response peak of the QWP and
the resonant coupling peaks induced by the SPPs. A maximum
value of about 30-fold enhancement of the coupling efficiency
is achieved in comparison with that of the 45◦ facet coupling
scheme.

Recently, strong interactions of a localized light field and in-
tersubband transitions in MQWs sandwiched between a metal
grating and a bottom metal layer have been systematically in-
vestigated [37], [38]. In such subwavelength metal cavity struc-
tures, the normally incident light coming from the grating side
is strongly compressed into the metal cavity at some resonant
frequencies determined by the geometry and material parame-
ters of the grating-MQWs-metal composite structures, and the
polarization of the field is effectively tuned to fulfill the in-
tersubband transition selection rule. In a metal-cavity coupled
terahertz QWP, a thin metal layer is inserted beneath the bot-
tom contact layer. A subwavelength cavity having high con-
finement factor is formed between the metal grating and the
bottom thin metal layer. We found that the resonant coupling
behaviors of a metal cavity are very different from those of a
metal grating (see Fig. 6) [32]. The relative dielectric constant
and the conductivity of gold, and the relative dielectric constant
of GaAs are set to −1.80 × 104 , 4.56 × 107 S/m, and 10.6,
respectively in our calculations. The FEM numerical resonant
coupling peak of the metal grating is at 5.48 THz [see Fig. 6(a)],
which is in accordance with the analytical solution of the first-
order diffractive mode frequency ν = c/

√
ε p, where c is the

light speed in vacuum. However, in the metal-cavity coupled
terahertz QWPs, the original grating-determined resonant cou-
pling peak at 5.48 THz disappears, and two other resonant
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Fig. 7. Wireless audio signals transmission system based on a terahertz QCL
and a terahertz QWP. (a) Scheme of the terahertz transmission setup. (b) Time
traces of audio signals transmitted over the link, upper trace: modulator signal
and lower trace: received signal.

coupling peaks with their maximum values at 3.65 and 7.20 THz
emerge with the same grating parameters and the thickness of the
cavity h = 3.8 μm [see Fig. 6(b)]. In comparison with the case
of metal-grating-coupled terahertz QWPs, the maximum cou-
pling efficiency increases by about an order of magnitude. The
waveguide effects of the metal cavity are responsible for the
changes of the resonant coupling behaviors. A ray propagation
method [39], [40] is successfully used to analyze the resonant
behaviors in the metal-cavity-coupled terahertz QWPs qualita-
tively. The theoretical maximum value of normalized coupling
efficiency γ is about 100 for the optimal metal cavity parameters
[see Fig. 6(c)].

For the metal-cavity- and SPP-based light couplers for
terahertz QWPs, at resonant coupling frequencies, the polariza-
tion of light field is effectively changed to fulfill the intersubband
transition selection rule. Meanwhile, the electric field intensity
in the active MQW regions of terahertz QWPs is substantially
enhanced, which indicates that a higher absorption efficiency
is expected for a low Si doping concentration in the quantum
wells. The tradeoff [16] between the responsivity and the oper-
ating temperature determined by the Si doping concentration in
the quantum wells needs to be re-evaluated.

IV. APPLICATIONS OF TERAHERTZ QWPS

Due to the intrinsic short lifetime of photon-excited elec-
trons [16], [17], terahertz QWPs are potentially suited for
applications in high-speed terahertz communications. We
demonstrated an audio terahertz wireless transmission link [41].
A terahertz quantum cascade laser (QCL) [42] is used as the
signal emitter and a terahertz QWP as the receiver. The exper-
imental setup is shown in Fig. 7(a). The lasing frequency of
the QCL is 4.1 THz. The audio signal from a MP3 player is
added to a dc current offset, and amplified by a power ampli-
fier (PA). The modulated bias voltage from the PA is used to
driven the QCL. The light amplitude from the QCL operated in
linear bias range is proportional to the drive bias voltage. The
modulated laser beam is collimated by an off-axis parabolic

Fig. 8. Scanning terahertz imaging of a concealed metal key with a blackbody
source and a terahertz QWP. (a) Schematic of the terahertz imaging setup.
(b) Comparison of the concealed metal key between optical picture (left) and
terahertz images with different blackbody temperatures of 473, 423, and 373 K
(from left to right).

mirror. After a transmission distance of about 2.0 m, the laser
beam is focused onto the QWP. The photocurrent is amplified
by a transimpedance amplifier (TIA). A high-pass filter is used
to eliminate low-frequency noises. The 3-dB bandwidth of the
wireless link is about 580 kHz. The oscilloscope traces of the
modulated signal and the received signal are shown in Fig. 7(b).
The main signal features are well kept, and the audio signal is
reproduced via a loudspeaker on the receiving side.

By utilizing the narrow-band response feature of terahertz
QWPs, we presented a 2-D-scan terahertz imaging of a metal
key in an envelope assisted by a blackbody source [43]. A
terahertz QWP with a response peak frequency of 3.2 THz [10]
is placed on the 3.4 K cold finger of a close-cycle optical cryostat
with a high-density polyethylene window. The experiment setup
is shown in Fig. 8(a). The sample is placed at the focal plane
of an off-axis parabolic mirror (PM1) and mounted on a com-
puter controlled X–Y translation stage. In front of the sample,
we use a pinhole to reduce the background noise. After a chop-
per, the transmission signal is collimated by PM1 and focused
by PM2 onto the terahertz QWP. The photocurrent is amplified
by a low-noise amplifier (LNA), and then read out by a lock-in
amplifier (LIA) which is controlled by a computer for synchro-
nization with the X–Y stage. Fig. 8(b) presents three images of
the concealed metal key with different blackbody temperatures
of 473, 423, and 373 K. The corresponding signal-to-noise ra-
tios are 27, 17, and 10, respectively. As the signal-to-noise ratio
increases, the quality of the image becomes better. The spatial
resolution of the imaging system is ∼1 mm, which is limited by
the scanning system.

V. CONCLUSION

In conclusion, intersubband-transition-based terahertz QWPs
have some specific features such as intrinsic high response
speed, narrow band response, and mature fabrication technique.
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They have potential applications such as terahertz imaging, het-
erodyne detection, terahertz free space communication, etc. Due
to the small barrier height and the energy difference between the
ground subband and the first excited subband, many particle in-
teractions play key roles in the band structure and the response
peak frequency of a terahertz QWP. Because the exchange–
correlation potential is negative, it increases the energy differ-
ence between the top of the barrier and the first excited subband
ΔE. A blue shift of the response peak is introduced by both
the exchange–correlation and depolarization interactions. Light
coupling is another key factor for better performance of terahertz
QWPs. Three types of light couplers are investigated. For the
metal-cavity- and SPP-based light couplers, at resonant cou-
pling frequencies, the polarization of light field is effectively
changed. Meanwhile, the electric field intensity in the active
MQW regions of terahertz QWPs is substantially enhanced.
Terahertz-QWP-based wireless communication and imaging are
demonstrated, which indicates that the terahertz QWPs have po-
tential applications in the aforementioned fields.
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ABSTRACT   

TiO2 nanotubes have been now an attractive nanostructured material due to their unique opto-electronic catalytic ability, 
compatibility to particle materials and feasibility to fabricate. However, these advantages were usually limited by 
morphological and structural defects from the electrochemical anodization method. More detailed understandings of the 
tube formation process are also needed. We have systematically investigated the tube formation with varying conditions. 
Beside discovery of new nanosphere structure, we have systematically investigated the spontaneous oscillating 
phenomena in potentiostatic anodization of TiO2 tubes. Consequently, we have established a novel comprehensive 
physical and chemical method that effectively influences the morphology and structural properties of TiO2 nanotubes. 
With assistance of periodical anodic voltage and moderate mechanical stirring, the efficiency of dye sensitized solar cells 
(DSSCs) can be significantly enhanced. For instance, the efficiency of DSSC with small TiO2 islands in the anode can be 
114% higher than the control sample. This method has also turned the efficiency of DSSC with TiO2 nanotubes by low 
temperature current annealing into announceable value (from 2.05% to 3.51%). 
Keywords: Nanotube, TiO2, physical-chemical modulation, low temperature annealing. 

1. INTRODUCTION 

Over past years, nanostructured semiconducting oxides have been widely investigated, among which the titanium 
dioxide nanotubes have been one of the most attractive materials being applied due to their unique opto-electronic 
property, photocatalytic ability and feasibility for fabrication[1-9].  Based on excellence of this material, it has become 
promising material for photoanode in the DSSCs and quantum dot sensitized solar cells (QDSSCs) [3, 4, 10]. Compared 
to traditional porous TiO2 film composed of nanocrystal particles, the tube arrays has been expected to have much better 
electron conductivity and in the same time avoid the reduction on real loading ability due to the random connections in 
the nanocrystal porous films. Due to that, the thickness of necessary NTAs is normally less than the nanoporous films for 
the same efficiency. 

Nevertheless, the efficiency of DSSCs and QDSSCs based on anodic NTAs still cannot compete with the nanoporous 
filmds. This can be due to multiple reasons, for example, the trapping effects from oxygen vacancies in the normal 
anodic TiO2 NTAs due to the electrochemical process [11]. Its advantage of high loading ability was more significant for 
quantum dots than for dye molecules. Though many efforts have been paid and significant improvements have been  
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achieved, they are often accompanied with complicate procedures or expensive materials. To better improve this 
structure, we might need investigations on its detailed formation behavior with varying key simple factors such as 
voltage, temperature, water content, etc. 

In this work, we present the results on investigation of the morphology evolution of TiO2 nanotube arrays (NTAs). 
New nanosphere structure was discovered. More importantly, we present a comprehensive but simple physical-chemical 
method that can effectively enhance the performance of this NTA structure in the application of photovoltaic devices. 
This method was developed from studies on spontaneous oscillation effect in the anodization systems. By applying fast 
(~0.2Hz) and small (~2.6%Uaverage) periodical voltage modulation in the anodization, very ordered tube arrays with 
smooth inside can be simply fabricated. This method has been applied in back-side illuminated DSSCs of photoanode 
with small islands and photoanode treated by low temperature current annealing, respectively. The former one has a 
114% efficiency boom from 2.03% to 4.35% and the other one about 71% (from 2.05% to 3.51%) In the meantime, the 
fill factor (0.48 and 0.47, respectively) of the cells was not significantly sacrificed, unlike those treated by chemicals (HF, 
TiCl4) only. Further studies on the reaction-diffusion processes in this experiment will be expectably helpful for the other 
nanostructure fabrication and applications. 

2. EXPERIMENTAL  

The Ti sheet for anodization was mostly from Sigma-Aldrich, with purity of 99.7%. The anodization was carried out in a 
two-electrode device, with a copper board as cathode and Ti sheet as the working anode. The electrolyte was ethylene 
glycol with 0.1M NH4F (with varying water content). The electrolyte was mechanically stirred with a tunable rate up to 
800 rpm. The default fabrication temperature was 5oC if not specially indicated. The morphology of the materials was 
examined by a scanning electron microscope (SEM, JEOL JSM). The cross sectional morphology and microstructure of 
the materials was studied by Transmission electron microscopy (TEM, JEM-2100F) and integrated SAED (Selected-area 
electron diffraction). For simple identical comparison, the DSSCs were based on N719 dye and I-/I3- electrolyte, with 
back-side illuminated forms (only one side is illuminated). The j-v characteristics of the solar cells were measured by 
Keithley 2400 source/ammeter with AM 1.5 (100mW cm-2) light source (Oriel Sol 2A) integrated.  

3. RESULTS AND DISCUSSION  

 
Fig.1 Studies of NTA formation: (a) Wall thickness versus temperature and voltage; (b) nanosphere structure (0oC, 220V). 

Firstly, the tube formation has been studied under a wide temperature range and other conditions as well. Results 
have shown that beside the diameter and length [12], the tube walls (d) has also significant variation under different 
conditions, as shown in Fig.1a.  It has demonstrated that unlike the case of single oxide film, the wall thickness changed 
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nonmonotonously with the increasing voltage. Large tubes with thin walls could be formed under low temperatures. 
Moreover, some new structures could be developed in certain region. For instance, Fig.1b shows that small sphere like 
structures could be formed under 0oC at 220 V. Under this condition, the whole film was consisted of layers of spheres 
with sizes of ~100nm and thickness of ~10 nm, much smaller than the previously often reported micrometer sized ZnO 
spheres [13]. This structure is seemly transformed from tube arrays, if comparing the wall thickness. Its sound 
application can be possibly found in photocatalysis. Generally, under low temperatures (<10oC), the tube formation has 
exhibited more complicated behavior compared to normal room temperature, which can be related to the 
diffusion-reaction processes of the reactants under changing viscosity, ion mobility and concentration under the influence 
of low temperatures. 

 
Fig.2 Current oscillation during anodization with constant voltage, with various water concentrations. 

Secondly, according to previous research, current oscillation and spatial morphological changes exist in wide 
experimental conditions [14-16]. In this experiment (From Fig.2) it can be further observed that this kind of oscillation 
was significantly influenced by the water content in the electrolyte during the anodization. The amplitude of oscillation 
monotonously increased as the water content increases. Furthermore, it has been now also observed that when the water 
content and stirring rate were moderate (2.2%, ~400rpm), the oscillation can be quite corresponding to the morphology 
change inside the TiO2 tubes. As shown in Fig.3, the valleys and peaks of the I-t curve are apparently corresponding to 
the narrowing and expansion of the inner tube, respectively. Under other conditions, e.g., higher stirring rate, the inside 
part of the tubes became smoother with increasing stirring rate. When stirring rate was too high (>700rpm), the tube 
integrity became worse, as shown in Fig. 3b. A possible reason for the current oscillation was likely due to the interaction 
of the oxide thickness (which changes the voltage drop and therefore electric field near the oxide/electrolyte interface) 
and the concentration of F- anions which depends on both the electric field near the oxide/electrolyte interface and the 
diffusion from the outside of the NTAs (influenced by the water content). Overall, these facts indicated a possible route 
to affect the morphology of the tubes with regular external oscillating voltages. With oscillating voltages of about 2.6% 
of the average amplitude, high quality straight tubes with smooth inside surface could be fabricated, as shown in Fig.3c. 
This can make particles like dye molecules or quantum dots easier to pass through the tubes and be loaded in the whole 
arrays so that the total real loading ability of the NTA will be improved.  
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Fig.3 Relationship of morphology and oscillation: (a)Inner morphology of a tube and corresponding current-time curve 
under moderate stirring; (b) deteriorated tubes under high speed stirring (717rpm); (c) tubes produced by modulated voltage 

To investigate that, we carried out experiment on DSSCs. As shown in Fig.4, chemical treatment like HF can 
normally significantly increase the effective surface area of NTAs by formation of small islands on the tube surfaces 
(Fig.4b).  As indicated by the j-v studies of as-fabricated DSSCs, the efficiency was increased from 2.03% to 2.75%. 
However, the series resistance of the DSSC would be normally increased as well due to additional structural damage on 
the tubes. Though this can be partly compensated by the application of TiCl4 treatment, which can partly repair the 
damages and increase the cell efficiency (Fig.4c), the shunt resistance of the cell became decreased, which again 
decreased the total fill factor (FF=0.37). When combining periodically modulated anodic voltage into the system, the 
as-fabricated tubes became much ordered and the islands became small and homogeneously distributed (Fig.4d). As a 
result, both the fill factor and efficiency of the cell were improved (η=4.35%, FF=0.48).  

 
Fig.4 TiO2 NTAs treated under different conditions and corresponding j-v curves after integrated into DSSCs: (a)-(d) SEM 
images, top and lateral view: (a) control sample; (b) treated by HF (0.35%); (c) treated by HF and TiCl4 (0.2M); (d) treated 
by HF, TiCl4 and modulated voltage (190V±5V); (e) j-v characteristics of DSSCs under various treatment. 
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Furthermore, we have also applied it in the NTAs annealed by current. Normally, the as-anodized TiO2 NTAs are 
amorphous and need high temperature (450-550oC) annealing before being assembled into the DSSCs. We have tried to 
directly inject huge current (about 0.566A cm-2) into the TiO2 arrays in a short time period (~2min). Afterwards, 
significant crystallization took place in the tube arrays. The ambient temperature was around room temperature and the 
sample temperature was less than 100oC. When directly installing it to DSSC, small efficiency can be obtained (~2.05%) 
but still low compared to normal value. This may be due to strong structural damage by chemical etching under that 
strong current. As a common knowledge, corrosion can favorably take place in rougher positions on a surface [17]. 
Therefore, the tubes were smoothed in their inside by introducing oscillating voltage for anodization (190±5V) and then 
treating the sample with the same current.  

 
Fig.5 Effect of modulated voltage on current annealed materials: (a) NTAs annealed by current (~0.566 A cm-2) at low 

temperature (5oC), SEM; (b) corresponding SAED pattern; (c) j-v characteristics of sample with and without voltage 

treatment. 

As can be seen in Fig. 5a and b, the current annealed sample was in good quality and its structure was close to single 
crystal. As shown in the j-v curves in Fig. 5c, the treatment of modulated voltage has significantly improved the 
efficiency of the cell from 2.05% to 3.51%, in the same time the fill factor was also much higher (FF=0.47). It can be 
therefore concluded that the oscillating anodic voltage combined with moderate stirring would be an efficient and simple 
way for the application of TiO2 NTAs in the photovoltaic fields. It will be expectably helpful for research on other 
materials based on further investigation of the detailed mechanism.  

4. CONCLUSION  

This work has investigated controlling factors of the TiO2 nanotube fabrication and modification method based on it. It is 
possible to sketch out the formation diagram of the tube wall thickness versus wide range of reaction temperature and 
applied voltage. Secondly, we have further studied the oscillatory behaviors during the fabrication with electrolyte of 
varied H2O content. By studying the reaction-diffusion processes, we were able to form high quality smooth NTAs with 
oscillating anodic voltage. Furthermore, secondary structures formed when applying HF treatment in TiO2 NTA 
fabrication, which raises 114% higher of the conversion efficiency of DSSCs assembled by those NTAs than control 
sample. Finally, we investigated the low temperature (<100oC) current annealing of the TiO2 NTAs and have achieved 
significant efficiency after assembling them into DSSCs. In general, beside TiO2 NTAs and DSSCs, these investigations 
would hopefully help fabrication and mechanistic studies on similar systems of nanostructures as well. 

(a) 

(b) 

(c)
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Abstract
We report the realization of high performance silicon nanowire (SiNW) based solar cells with
a conversion efficiency of 17.11% and a large size of 125× 125 mm2. The key factor for
success lies in an efficient approach of dielectric passivation to greatly enhance the electrical
properties while keeping the advantage of excellent light trapping of the SiNW structure. The
suppression of carrier recombination has been demonstrated through the combination of the
SiO2/SiNx stack, which exhibits a good passivation effect on heavily doped SiNWs via
reducing both the Shockley–Read–Hall recombination and near surface Auger recombination.
We have examined in detail the effects of different passivations and SiNW lengths on the
effective minority carrier lifetime, reflectance and carrier recombination characteristics, as
well as cell performance. The proposed passivation techniques can be easily adapted to
conventional industrial manufacturing processes, providing a potential prospect of SiNW
based solar cells in mass production.

(Some figures may appear in colour only in the online journal)

1. Introduction

Minimizing both optical and electrical losses are two
major concerns in designing high efficiency solar cells.
The enhancement of optical absorption usually focuses on
anti-reflection and efficient light trapping of the incident light,
while the electrical improvement concentrates on decreasing
recombination rate throughout the device. Recently, the
nanostructure of silicon nanowires (SiNWs) has attracted
great attention, because of its excellent anti-reflection and
light trapping effect [1–3], which make this structure a
promising candidate to lower both the required quality
and quantity of silicon material [4]. Many groups have
investigated SiNW based solar cells, providing valuable
support for further improvement [5–16]. However, the
efficiency of SiNW based solar cells still falls behind that
of the conventional crystalline silicon cells, resulting from
the limitation of the extreme high surface recombination
in SiNWs. The electrical properties degrade for the

accelerated recombination of photogenerated carriers, which
even counteracts the benefits of optical enhancement [14]. The
suppression of carrier recombination in SiNWs turns out to be
the primary focus for the performance improvement of SiNW
based solar cells.

Surface passivations such as thermal oxidation, carbon
thin films, and chlorine dielectric treatment have been widely
studied to improve the electrical characteristics of SiNW
based solar cells [9, 17, 18]. Thermally grown SiO2 is one
of the most popular surface passivation techniques to reduce
the Si–SiO2 interface state density, and has been proved quite
effective in the world-record solar cell [19]. Carbon thin film
passivation can prolong the minority carrier lifetime of SiNWs
from 10 to 21 µs [17], while the chlorine treatment presents a
decrease of leakage current by five orders of magnitude [18].
It should be noted that these passivations can only work
on recombination at the SiNW surface; however, a recent
attempt has demonstrated that, in addition to the surface
recombination, high Auger recombination near the surface
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plays a key role in the limitation of the photogenerated carrier
collection and cell efficiency in SiNW based solar cells [20].
The Auger recombination comes from the high doping related
to in-diffusion through the large surface area of the silicon
nanostructure. This near surface Auger recombination grows
dominantly over the surface recombination, especially for the
excessive doping condition in SiNW based solar cells.

In order to reduce recombination both at and near
the surface in SiNWs while maintain good light trapping,
we propose here an efficient method of SiNx passivation,
which has been widely employed in industrial manufacture.
It is well known that SiNx can provide not only effective
surface passivation, but also bulk passivation because of the
hydrogen diffusion, which effectively reduces defect state
density and suppresses the Auger recombination at and
near the surface [21, 22]. Another advantage of the SiNx
passivation is that we can easily adapt it to the present
industrial manufacturing processes, making high efficiency
SiNW based solar cells with large size possible. We have
further combined this with the SiO2 surface passivation to
obtain the best recombination suppression both at and near the
surface. The SiO2/SiNx stack performs better due to the more
homogeneous Si–SiO2 self-oxidation interface as well as
further decreased surface state density [16, 21]. Through deep
investigation of the effects of different passivations and SiNW
lengths as well as effective control of carrier recombination,
we have achieved a record efficiency of 17.11% on large area
(125 × 125 mm2) SiNW based solar cells by conventional
industrial manufacturing processes. The present work opens
a potential prospect for the practical fabrication of large
size SiNW based solar cells with satisfactory conversion
efficiency.

2. Experimental details

Figure 1 shows schematic process diagrams for the fabrication
of SiNW based solar cells with different passivations. SiNWs
were synthesized on one side of p-type (∼2 � cm, B doped,
200 ± 20 µm) silicon (100) wafers with a large area of
125 × 125 mm2 using a two step metal-assisted chemical
etching technique [23]. The wafers were first cleaned under a
standard RCA process and textured with alkaline solution. In
order to have a thick silver film only on one side of each wafer,
we wrapped two textured wafers together and then immersed
them in a mixture of 5 mol l−1 aqueous hydrofluoric acid
(HF) and 0.02 mol l−1 silver nitrate (AgNO3) solution for
90 s. The length of SiNWs was based on different etching
times in an aqueous buffered 5 mol l−1 HF and 0.01 mol l−1

hydrogen peroxide (H2O2) at room temperature. These wafers
were finally dipped into nitric acid (HNO3) aqueous solution
to remove the capped silver and rinsed with deionized water
several times.

For solar cell fabrication, all the wafers were subjected to
phosphorus diffusion using oxychloride (POCl3) as the dopant
source at 850 ◦C to form a p–n junction, resulting in a sheet
resistance of around 75 �/sq. We have divided the wafers
into four series according to different passivation methods
(as shown in figure 1): series A (bare SiNWs without any

Figure 1. Schematic fabrication process diagrams of the SiNW
based solar cells with different passivations for series A (in black,
bare SiNWs without dielectric shell); B (in red, thermal oxidation of
∼10 nm SiO2 layer); C (in green, thermal oxidation ∼10 nm SiO2
layer combined with 60 nm SiNx deposition); and D (in blue,
70 nm SiNx deposition only).

passivation); series B (thermal oxidation at 850 ◦C for 20 min
in N2/O2 ambient, i.e.,∼10 nm SiO2); series C (same thermal
oxidation (∼10 nm SiO2) and another plasma-enhanced
chemical vapor deposition (PECVD)-deposited 60 nm SiNx
layer, then forming gas annealing (FGA) at 400 ◦C for
15 min); and series D (PECVD-deposited 70 nm SiNx
layer). It should be noted that a ∼10 nm SiO2 layer is
sufficient for the passivation of nanowires, since Schmidt
et al [24] have demonstrated that the effectiveness of SiO2
passivation is insensitive to its thickness in the range of
6–75 nm on silicon wafers, and Krylyuk et al [25] have
reported that ∼6 nm thickness of SiO2 is sufficient for
the Si nanowire device performance. Also, 60–70 nm SiNx
layer thickness has been widely employed in the current
mass production of Si solar cells with effective passivation
and good anti-reflection. All the wafers went through the
same Al back-surface-field formation, screen-printed front
and back electrodes, and electrode metallization. Each series
has three groups according to different etching times (100,
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Figure 2. (a) SEM image (cross-sectional view) of initial SiNWs on textured silicon wafers etched for 400 s; the inset is the corresponding
high magnification image. (b) Dependence of the measured d/τeff on the surface area enhancement ratio AF/A for all series A–D, where the
scatter points refer to experimental data and the lines denote the linear fit results.

200, and 400 s, corresponding to the length of SiNWs ∼300,
∼500, and ∼1000 nm, respectively), and each group has six
wafers taking the statistic analysis into account. Each group is
labeled by a combination of capital letter plus numeral, where
the capital letter denotes the method of passivation and the
numeral stands for the SiNW length in the unit of 100 nm. For
example, B3 represents the thermal oxidation passivation with
the SiNW length of 300 nm.

The morphologies of the SiNW based solar cells were
examined by field emission scanning electron microscopy
(FE-SEM, FEI Sirion 200). The minority carrier lifetime was
taken by using the quasi-steady state photoconductance decay
method (PV2000, Semilab). Both the optical reflectance and
incident photon-to-current efficiency measurements, which
were evaluated to characterize the external quantum efficiency
of the samples, were made in the 300–1100 nm wavelength
range by a PVE 300 photovoltaic device characterization
system, Bentham Instruments. The current–voltage (I–V)
characteristics of the SiNW based solar cells were measured
at standard test conditions (an irradiation intensity of
1000 W m−2, AM 1.5G, and a temperature of 24 ± 0.5 ◦C)
using a solar simulator (Xenon lamp collector xec-1003s) and
a sourcemeter (Keithley 3706A-NFP).

3. Passivation effect

Figure 2(a) presents the cross-sectional view of a typical
surface morphology image of initial SiNWs on textured
silicon wafers etched for 400 s, and the inset is the
corresponding high magnification image. We can see that the
length of the SiNWs is ∼1000 nm on the pyramid structure
of planar silicon and the diameter of the SiNWs lies in the
range of 60–200 nm, with an average diameter and period of
about 100 nm and 250 nm, respectively. A simple geometric
method has been employed to estimate the effect of surface
area enhancement due to the SiNW growth. The front surface
area of textured Si wafers (A) is about 1.73 times that of planar
wafers, which is about 268 cm2 for the 125 mm × 125 mm
wafers. From the SEM observation, we have a total lateral area

of the SiNWs on textured wafers of about 1345 cm2. The front
surface area of the SiNW based wafers (AF) includes both the
total lateral area of the SiNWs and the pure textured Si wafer
area A, which yields a surface area enhancement ratio AF/A
of 6.02. For different lengths of SiNWs, we have observed a
length of 300 and 500 nm for the etching time of 100 and
200 s, which yields the surface area enhancement ratio of
2.50 and 3.51, respectively. In addition, the SiNWs are found
to be along the silicon 〈100〉 crystallographic orientation,
which is different from the previous result, where SiNWs
were prepared in the vertical direction of the (1, 1, 1) facet of
pyramid sidewalls [10]. This is due to the fact that the growth
of SiNWs is a result of anisotropic etching of silicon by Ag
nanoparticles [6, 26]. During the etching process, competition
exists in different etching directions. At low temperature
(in our case, room temperature), Ag nanoparticles prefer to
move along the lowest energy 〈100〉 direction, while at high
temperature (such as 50 ◦C) in [10], they would like to move
along the 〈111〉 direction.

We have measured the effective minority carrier lifetime
(τeff) in order to study the passivation effect on SiNW based
wafers with different surface area enhancement ratios. In
silicon with a diffused emitter, τeff of minority carriers could
be expressed as [20]

1
τeff
=

1
τbulk
+ (SF

eff + SB
eff)/d, (1)

where τbulk is the bulk Shockley–Read–Hall (SRH) lifetime,
SF

eff and SB
eff are the effective surface recombination velocity

at the front surface and at the back surface, respectively, and
d is the wafer thickness (in our case, d = 200 µm). Assuming
that τbulk does not change during solar cell processing and the
wafers have the same SB

eff for the same passivation method, we
can transform equation (1) to

d/τeff = SF
locAF/A+ (d/τbulk + SB

eff), (2)

on the basis that SF
eff scales up with the surface area for

nanostructured front surfaces:

SF
eff = SF

locAF/A, (3)
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Figure 3. (a) Experimental reflectance spectra of the different groups of SiNWs on textured silicon wafers in the wavelength range of
300–1100 nm, together with the data of a textured wafer for comparison. (b) Experimental and FDTD calculated relative ratio of reflectance
(Rint/Rint1000) versus the SiNW length for all series A–D. Rint is the integrated reflectance obtained by weighting over the AM 1.5G solar
spectrum in the range 300–1100 nm while Rint1000 is the integrated reflectance at an SiNW length of 1000 nm.

where SF
loc is the local effective surface recombination velocity

at and very near the actual front surface. We can further
assume the whole SiNW region as n type after diffusion
with the same doping concentration distribution, i.e., SF

loc is
independent of the length of SiNWs. This assumption has
actually been validated by the transient photoconductance
decay method [20], where SF

eff (determined from the measured
τeff) is found to be linear with the surface area enhancement
ratio AF/A in nanostructured silicon wafers with n+–p
junctions.

As a result of (2), the measured d/τeff is expected to also
be linear with AF/A. This is actually what we have observed in
figure 2(b), where the slope of each curve is equivalent to SF

loc
of each passivation. Different passivation treatments will yield
different SF

eff, and therefore different SF
loc. The values of SF

loc
for the four different kinds of passivation series A, B, C, and D
are found to be 5.56, 3.85, 3.66, and 4.51 m s−1, respectively,
demonstrating that the SiO2/SiNx stack (series C) exhibits the
best passivation effect with a good suppression to the surface
recombination of SiNWs. Compared to the single layer of
SiO2, the SiO2/SiNx stack structure contains hydrogen in SiNx
and could realize hydrogen passivation, which effectively
reduces the SRH recombination (see section 5). On the
other hand, the SiO2 layer is grown by thermal oxidation,
which would form a homogeneous layer around the nanowire
to reduce the surface recombination [25]. Therefore, the
SiO2/SiNx stack structure has lower surface recombination
velocity than a single layer of SiO2 or SiNx.

4. Reflectance characteristics

We have also examined the influence of different dielectric
surface passivations on the optical properties of SiNW based
wafers. In figure 3(a), we show the reflectance spectrum of
each group over the wavelength range of 300–1100 nm, and

the data of a textured wafer is also given for comparison.
Clearly, suppressed reflection over entire spectral range is
obtained for all series compared to the only textured wafer,
which surely indicates the great improvement of SiNWs
in anti-reflection performance. Also, we can observe that
in each series longer SiNWs have lower reflection than
shorter samples. This NW-length-dependent behavior of
reflection is mainly attributed to the prolonged optical path
length in structure, matching well with the work in the
literature [10]. Besides, groups with different passivations
show varied effects. Comparing series B to series A, we
can see that the presented spectra of A3 and B3, A5 and
B5, A10 and B10 are quite similar over a broad range of
wavelength, demonstrating little benefit for anti-reflection
from the thermal oxidation process. On the other hand, SiNWs
with SiNx layers (groups C3, C10, D3, and D10) possess
almost identical and very low reflectance (∼4.6%) despite
the change of SiNW length and passivation method. This can
be explained in that the SiNx passivation layer provides such
good anti-reflection characteristics that it even dominates over
the length-dependent light trapping effect of SiNWs.

We further simulate the anti-reflection performance of
the different dielectric surface passivations with the FDTD
calculation. SiNWs with varied lengths of 200–1500 nm are
modeled on a flat substrate, with different dielectric layers
corresponding to the four series A–D. Both experimental
and theoretical integrated reflectance (Rint) are obtained
by weighting over the AM 1.5G solar spectrum in the
range of 300–1100 nm. Note that since our simulation is
carried out on a flat substrate, which agrees well with other
researchers [14], we utilize a relative ratio Rint/Rint1000, i.e.
the ratio of integrated reflectance Rint to the value at SiNW
length 1000 nm, to help eliminate the impact of the textured
substrate. We can see that the calculated results are to some
extent consistent with the experimental observation, as shown
in figure 3(b). For series A and B, similar trends are observed,
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which proves the small effect of ∼10 nm SiO2 thermal
oxidation layer as discussed above. The reflectance of SiNWs
with short length below 1000 nm depends sensitively on
NW length, while when the NW length grows higher than
1000 nm little improvement is achieved. As a result, we can
conclude that under thin dielectric passivation (∼10 nm SiO2
thermal oxidation) reflectance decreases slightly (∼0.2%)
and the length-dependent light trapping effect of SiNWs
plays the dominant role. By contrast, when we turn to
series C and D, it is found that quite low reflectance can
be obtained even at the very short length of 300 nm, and
remains nearly unchanged with increasing SiNW length. The
fluctuation of theoretical results between 300 and 500 nm
is due to the merged Mie scatting resonances for thick
dielectric layers in perfect subwavelength structures such as
NWs [27]. Actually, in a practical experiment the SiNWs
could not be perfectly arranged especially at the bottom, thus
disturbing the structure turns out to have a positive effect
in getting stable low reflectance (∼4.6%). Therefore, it is
clear that the anti-reflection of thick dielectric passivation
layers (series C and D) becomes significant as the key role,
even making the length-dependent light trapping of SiNWs
negligible. Subsequently, the passivation by a thick dielectric
layer (series C and D) not only efficiently suppresses the
surface recombination (see section 5), but also serves as a
prominent way to obtain excellent anti-reflection performance
simultaneously, even at very short SiNW length.

5. Carrier recombination

We now focus on the charge collection efficiency of photons
absorbed at and near SiNWs for better understanding the
carrier recombination processes, and therefore to suppress the
carrier recombination for high efficiency SiNW based solar
cells. The internal quantum efficiency (IQE) of these SiNW
based solar cells has been derived from the external quantum
efficiency (EQE) characteristics via IQE = EQE/(1 − R),
where the EQE has been characterized from the incident
photon-to-current efficiency measurement in the wavelength
range of 300–1100 nm and R is the reflectance presented
in figure 3(a). Figure 4(a) shows the averaged IQE spectra
from the cells of A3, B3, C3, and D3 (each group cell
has six samples). The group A3 cell (bare SiNWs without
any passivation) exhibits a very low value of IQE, which
has been explained by large surface recombination and high
Auger recombination [20]. The photogenerated carriers have
little chance of being collected at the cell surface, leading
to the observed poor blue spectral response. The high Auger
recombination further significantly degrades the IQE at the
wavelengths from 600 to 950 nm due to the absorption
of longer wavelength photons in the excessive doping of
the SiNWs after the diffusion process. In contrast, we can
easily see in figure 4(a) that the IQE data of the cells with
passivation treatment (groups B3, C3, and D3) have been
greatly improved; in particular, the group C3 cell (∼10 nm
SiO2 + 60 nm SiNx) gives the best result. As discussed in
the passivation part of section 3, the surface recombination
velocity has been reduced after the passivation treatment and

Figure 4. (a) Experimental averaged IQE spectra of the group cells
of A3, B3, C3, and D3 in the wavelength range of 300–1100 nm,
together with the calculated IQE spectrum of C3 (scatter points)
from the PC1D simulation based on ‘the dead layer’ model.
(b)–(d) Experimental averaged IQE spectra (curves) and the
calculated IQE results from the PC1D simulations (scatter points) of
different group cells in the short wavelength range of 350–650 nm.

the SiO2/SiNx stack (series C) exhibits the best passivation
effect; the improved IQE could be attributed to the lower SRH
and Auger recombination.

The IQE in the short wavelength region relates to
the recombination near the front surface. In the series A
cells with very large surface recombination and high Auger
recombination, we can treat the SiNWs as a low lifetime
‘dead layer’ and model the IQE (figure 4(b)) by implementing
the SiNW ‘dead layer’ as a heavily doped n-type Si (∼1 ×
1021 cm−3) [9] using the one-dimensional device program
PC1D. It is shown in figure 4(b) that the ‘dead layer’
thickness in the group A3 cell is about 170 nm, while the
calculation (scatter points) for the group A5 and A10 cells
gives the thicknesses of 250 and 350 nm, respectively. This
indicates that the surface and Auger recombination in the
bare SiNWs without any passivation rise with the surface area
enhancement during the diffusion process. SiNWs worsen
both the surface state channel (via increasing the surface
area) and the Auger recombination channel (via altering the
doping profile). Yuan et al [9] have observed similar behavior
between the thickness of the nanoporous ‘dead layer’ and the
growth time of ‘black silicon’.

In heavily doped silicon, dislocation and dangling bonds
are generated due to the mismatch between the covalent
radius of an impurity atom that is occupying a substitutional
site and that of silicon, which could lead to severe SRH
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recombination [28]. Therefore, the recombination in the low
lifetime ‘dead layer’ is not only Auger recombination, but
also the SRH recombination (or the doping density in a
way represents recombination rate per volume). We have
demonstrated in figure 4(c) the effect of different passivation
techniques on the carrier recombination of the SiNW based
solar cells (groups B3, C3, and D3 with the same SiNW
length of 300 nm, i.e. the same surface area enhancement
ratio of 2.50). In the ‘dead layer’ model, we maintain the
‘dead layer’ thickness of ∼170 nm for the case of 300 nm
SiNW length but change the doping density. It is shown that
after passivation the doping density of groups B3, C3, and D3
reduces to 6×1020, 2×1020, and 4×1020 cm−3, respectively,
illustrating that all the applied passivation techniques decrease
the recombination rate per volume in the ‘dead layer’.

For the origin of the reduced doping density, it is reported
that the thermal oxidation process would modify the surface
concentration and lead to a lower surface doping density [29],
while the bulk SRH recombination is still high in the thin
(∼10 nm) SiO2 passivation cells (series B). Therefore, the
decreased surface recombination in the group B3 cells can
be attributed to the reduced doping density. On the other
hand, hydrogen is contained in SiNx layers because we use
silane (SiH4) and ammonia (NH3) gases as the sources in
PECVD to deposit the thick (70 nm) SiNx layers. During
the firing process, hydrogen would be released and passivate
the dislocations and dangling bonds. SiNx can act as not
only surface passivation but also bulk passivation due to
the hydrogen diffusion. Auger recombination can also be
weakened to some extent since it is related to the numbers
of defect states [22]. As a result, the lower SRH and Auger
recombination is due to the reduced doping density in the
group D3 cell. The group C3 cell shows the lowest doping
density, which results from the combined effect of the thermal
oxidation and the hydrogen passivation. In a word, the
SiO2/SiNx stack exhibits the best passivation effect on heavily
doped SiNWs through reducing both the SRH recombination
and Auger recombination.

We can further show in figure 4(d) the different
passivation mechanisms in the SiO2/SiNx stacks (series C
cells) with different lengths of heavily doped SiNWs. As
observed in figure 4(b), the ‘dead layer’ thickness increases
with the SiNW length, an indication of enhancing both
the SRH and Auger recombination there. Here we have
also employed the ‘dead layer’ thicknesses of about 170,
250, and 350 nm for the three samples C3, C5, and C10,
respectively. Since all three samples go through the same
thermal oxidation process, the reduced surface recombination
would be the same. Less effective SiO2/SiNx stack passivation
in the group C10 cell with a doping density of 4× 1020 cm−3

could be ascribed to the limited hydrogen in the SiNx
layer, which only passivates fixed SRH recombination. In
short, heavily doped SiNWs contain severe Auger and SRH
recombination processes. Thermal oxidation would reduce
the surface recombination while hydrogen would effectively
passivate the SRH recombination channel. The observed
better performance of series C and D than that of series A and
B is mainly due to the hydrogen passivation, rather than the

Figure 5. Current–voltage characteristics of the group cells of A3,
B3, C3, and D3 under AM 1.5G illumination, together with the
image of the group C3 cell (conversion efficiency of 17.11% and
area of 125× 125 mm2) shown in the inset.

passivation layer thickness difference. A satisfied hydrogen
passivation effect has been achieved on the group C3 and C5
cells with short heavily doped SiNWs.

6. Cell performance

Finally, we show the output performance of our cells
to evaluate the comprehensive impact of the passivation
discussed above. Figure 5 demonstrates the I–V curves of
our best cells in each series (i.e., groups A3, B3, C3, and
D3). Clearly, the group C3 cell achieves the best output
performance among the four SiNW based solar cells with the
open circuit voltage (Voc) of 0.620 V, short circuit current
(Isc) of 5.536 A, fill factor (FF) of 77.20%, and efficiency
(EFF) of 17.11%, while the group A3 cell exhibits the worst.
This superiority of the group C3 cell benefits from the most
effective surface and hydrogen passivation, as well as the best
optical anti-reflection, which can be seen from the black front
surface as shown in the inset of figure 5. Our result (17.11%)
is now a record for a nanostructure based Si solar cell with the
large area of 125 × 125 mm2 (154.83 cm2), while an 18.2%
efficient nanostructured Si solar cell has been achieved in the
small size of 0.8081 cm2 very recently [20].

For detailed comparison, we illustrate the electrical
parameters for each group in table 1 (all values are obtained
as averages over each group’s six samples). The reverse
saturation current (I0) and diode quality factor (n), which
are extracted from the illuminated I–V measurements [30],
can relatively represent the passivation effect because of its
correspondence to the total recombination including both the
Auger and SRH recombination in a solar cell [31]. We notice
that in each series longer SiNW based solar cells show larger
values of I0 and n than shorter samples, indicating increases of
both the Auger and SRH recombination in the n-type region.
Compared to series A, the values of I0 and n of series B, C, and
D with the same length decrease after passivation, revealing
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Table 1. Averaged electrical parameters, i.e., the open circuit voltage (Voc), short circuit current (Isc), fill factor (FF), efficiency (EFF),
extracted reverse saturation current (I0), and extracted diode quality factor (n) of different groups of SiNW based solar cells, as well as the
integrated reflectance Rint by weighting the reflectance in figure 3(a) over the AM 1.5G solar spectrum in the range 300–1100 nm. Series
A–D represents the SiNW based solar cells without passivation and passivated by ∼10 nm SiO2, by ∼10 nm SiO2 + 60 nm SiNx, and by
70 nm SiNx, respectively. The numeral stands for the SiNW length in the unit of 100 nm, e.g., B3 represents the thermal oxidation
passivation with the SiNW length of 300 nm.

Voc (V) Isc (A) FF (%) EFF (%) I0 (A) n Rint (%)

A3 0.599 5.055 73.76 14.41 9.678× 10−7 1.42 9.150
A5 0.598 5.011 72.95 14.11 2.581× 10−6 1.58 7.238
A10 0.571 4.869 62.51 11.23 1.930× 10−4 1.94 6.232
B3 0.611 5.133 76.47 15.38 7.212× 10−8 1.29 9.005
B5 0.606 5.118 75.07 15.00 7.767× 10−7 1.44 6.956
B10 0.592 4.913 72.08 13.54 6.594× 10−6 1.58 5.904
C3 0.619 5.532 76.68 16.96 2.384× 10−8 1.21 4.812
C5 0.613 5.410 76.20 16.33 5.621× 10−8 1.26 4.638
C10 0.594 5.047 71.41 13.82 1.153× 10−6 1.47 4.608
D3 0.614 5.516 76.00 16.64 3.762× 10−8 1.22 4.634
D5 0.608 5.372 75.74 16.12 1.205× 10−7 1.33 4.562
D10 0.590 5.027 69.50 13.44 2.507× 10−6 1.52 4.351

the suppression of the SRH recombination. Moreover, the
group C3 cell shows the smallest I0 and n, implying the lowest
Auger and SRH recombination in the n-type region. All these
results agree well with our discussion in sections 3 and 5 about
the passivation effect and carrier recombination.

We further turn to understand the relationship between
the short circuit current Isc and the integrated reflectance Rint
of each group (see table 1). It is found that close values of
Rint (e.g., the Rint of groups A3 and B3 is 9.150, 9.005%,
respectively) lead to a very near result of Isc (e.g., the Isc
of groups A3 and B3 is 5.055, 5.133 A, respectively) for
groups with same SiNW lengths. This is attributed to the
dominating role of Rint over Isc at fixed SiNW length. On the
other hand, the changed Rint for the group C3 cell (4.812%)
compared with the group A3 cell (9.150%), obtained by using
the SiO2/SiNx stack, results in an observed increment of
0.477 A in Isc, which is actually due to the combined effect
of the surface passivation and Rint reduction. However, when
it comes to the group A5 cell, the dropped Rint compared
to that of the A3 cell, obtained by increasing the length of
SiNWs (i.e. an increase in the surface enhancement ratio from
2.50 to 3.51), leads to a small reduction of 0.044 A in Isc,
which could be ascribed to the balanced effect between the
surface/Auger recombination enhancement and Rint reduction.
Besides, due to the effective surface passivation of the SiO2
layer, the group B5 cell (similar Rint to that of the group
A5 cell) exhibits even larger Isc than that of the group A3
cell. These results demonstrate that different Rint reducing
approaches by deposition of a dielectric layer or by increasing
SiNW length will have different effects on Isc, and application
of even a thin dielectric layer is better than bare SiNW length
increase due to its anti-reflection effect and surface passivation
effect.

Nevertheless, the output performance of our best SiNW
based solar cells (the group C3 cell with an efficiency of
17.11%) still needs improvement in various aspects. It is to
some extent limited by the low IQE response in the whole
wavelength associated with the Auger recombination as seen

in figure 4(a) and a poor optimized front electrical contact.
Additionally, since we put two textured wafers together to
make SiNWs only on one side, the edge region of the backside
is inevitably etched with SiNWs, which will increase the
back surface recombination and thus degrade the cell output
performance. For further EFF increase, a carefully designed
diffusion process is suggested, in order to minimize the
unfavorable Auger recombination near the surface. A simple
way is to design the cell with light and shallow doping and
simultaneously controlling the surface recombination. The
sheet resistance of our samples after diffusion is around
75 �/sq, while that of the 18.2% efficiency small cell
is around 129 �/sq [20]. Besides, front electrical contact
could be improved by selective growth of SiNWs in the
active area or by a double-step diffusion process [11, 13]
and the backside of the textured wafer could be protected
by application of a photoresist during the etching process.
Furthermore, more detailed study on the SiO2/SiNx stack
passivation, such as growth temperature, source gas ratio,
posthydrogen process, etc, should be implemented to further
decrease the recombination rate.

7. Conclusions

We have demonstrated an effective and industrially compati-
ble technique of dielectric passivation to improve the electri-
cal properties of SiNW based solar cells while maintaining
the excellent optical properties of SiNW structure. SiNx
passivation exhibits good reduction of defect state density
and suppression of the Auger recombination due to the well
known surface passivation and hydrogen-diffusion-induced
bulk passivation. We have further combined with the SiO2
surface passivation to obtain the best SRH and Auger
recombination suppression both at and near the SiNW surface.
Through detailed investigation of the effects of different pas-
sivations and SiNW lengths on the effective minority carrier
lifetime, reflectance and carrier recombination characteristics,
as well as cell performance, we have successfully achieved
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the highest record conversion efficiency of 17.11% for SiNW
based solar cells with a SiO2/SiNx stack passivation on a
large area of 125 × 125 mm2. Since both the growth of
SiNWs and the dielectric passivation can be carried out in
the present industrial manufacturing processes, this work
opens a potential prospect for the mass production of high
efficiency SiNW based solar cells with small modifications
of the diffusion process and the SiO2/SiNx stack passivation.
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a b s t r a c t

Phosphorus ink technology has been demonstrated as a simple and cheap method to realize selective
emitter (SE) crystalline silicon solar cells through mass production in a professional photovoltaic
company. We have achieved an average conversion efficiency (η) of 19.01% with peak η of 19.27% for
the SE solar cells based on commercial-grade p-type silicon substrate, much higher than that of the
homogeneous emitter counterparts whose average η is 18.56%. The standard deviation of the perfor-
mance for these SE solar cells is also smaller, indicating better repeatability of the phosphorus ink SE
technology. Moreover, the SE silicon solar cells can well adapt to various Ag pastes while preserving high
cell performance, which offers an opportunity to choose a cheap Ag paste as front metallization material.
With the aid of PC1D, we have shown that the η of the SE solar cells can be further improved as the sheet
resistance in the illuminated area increases from the present value of 70 to 120 Ω/□.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

For homogeneous emitter crystalline silicon solar cells, heavy
doping to obtain good ohmic contact and low doping to avoid the
formation of dead layer are insoluble contradictions to obtain high
conversion efficiency. Fortunately, selective emitter (SE) structure
which contains heavy doping area under front contacts and low
doping area between fingers simultaneously provides good ohmic
contact and high blue response [1]. Therefore, the SE silicon solar
cell exhibits higher open circuit voltage (VOC), better short circuit
current density (JSC), and enhanced conversion efficiency (η).
Various methods have been proposed to prepare SE crystalline
silicon solar cells, such as etch-back emitter [2–4], doped silicon
ink [5–7], laser doped SE [8–13], ion implantation process [14],
oxide, a-Si and porous silicon mask process [15–18]. Hallam et al.
[19], have successfully achieved the η of the solar cells based on
large area p-type Czochralski (Cz) silicon substrates as high as
19.4% utilizing the improved laser doped SE technology. Through
rigorous process optimization, Sunrise Global Solar Energy [20]
has announced that a highest independently confirmed η of 19.17%
is obtained for the SE solar cells adopting the etch-back technology
from Schmid. Antoniadis et al. [21], have demonstrated an aver-
age η of 18.9% with peak η up to 19% in 100 SE silicon solar cells
ll rights reserved.
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employing silicon ink technology. Recently, screen printable phos-
phorus paste [22] has also been introduced to prepare SE silicon
solar cells and an average η of 17.9% has been reached.

In general, there are several factors to be considered when
applying SE technology to silicon solar cell in mass production
scale. Firstly, the additional process steps should be minimal and
the fabrication process does not dramatically deviate from the
conventional fabrication process to make the approach cost-
effective and easy to implement [1]. Secondly, the standard
deviation of the cell performances should be as small as possible
since good repeatability is also important to maintain low fabrica-
tion cost. Thirdly, considering that silicon wafer and Ag paste are
the main parts of the cost for crystalline silicon solar cells, the SE
method should be efficient to increase the conversion efficiency of
the solar cells using low grade wafers as substrates and cheap Ag
pastes as front electrode material. Finally, the sheet resistance in
the illuminated area should be optimized to obtain good blue
spectral response without much degradation of fill factor.

Facing these challenges, in this study, we have demonstrated a
simple method to realize SE silicon solar cells by a cheap home-
made phosphorus ink technology, without mask, multiple diffu-
sions, etch-back techniques, and laser ablation. We have achieved
an average η of 19.01% (peak η of 19.27%) for the SE solar cells on
commercial-grade p-type Cz silicon wafers in mass production
with a good yield of 99.58%, small standard deviation of η (0.11%),
and low fragmentation rate of 0.09% in the screen printing
of phosphorus ink. Moreover, the SE solar cells can well adapt to
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various Ag pastes, providing an opportunity to choose a cheap Ag
paste as front metallization material while maintaining high cell
performance. With the aid of PC1D simulation, we have also
proposed increasing the sheet resistance to 120 Ω/□ in the illumi-
nated area to further improve the performance of the solar cells
with the phosphorus ink SE technology.
2. Experimental details

2.1. Synthesis of phosphorus ink

The process for preparing phosphorus ink mainly includes
three steps, i.e., purification, synthesis, and stir, using polyethylene
glycol, ammonium phosphate, ethyl silicate, and nano-silicon
dioxide as raw materials. Firstly, polyethylene glycol and ammo-
nium phosphate were respectively diluted in deionized water,
following the removal of metal impurity using 3M ZP400 ion
exchange membrane, and then the distillation. Ethyl silicate and
dispersing agent (mainly contains ethanediol and ethanol) also
received purification by ion exchange membrane. Secondly, nano-
silicon dioxide was mixed with polyethylene glycol in a Unix UM-
125 stirring equipment with self rotation speed of 200 rpm and
centrifugal rotation speed of 1200 rpm at room temperature,
obtaining a mixture A. Ammonium phosphate was combined with
ethyl silicate and ethanediol under ultrasonic wave at the tem-
perature of 40 1C, achieving a synthesis of B. Finally, products A, B
and nano-silicon dioxide were put together in the UM-125 stirring
equipment to receive self/centrifugal rotation stir, forming the
phosphorus ink.

2.2. Preparation of SE solar cells

Fig. 1 is a schematic diagram of the fabrication process for the
reference and phosphorus ink SE solar cells. Both cells were
prepared in mass-production-scale on a standard production line.
All wafers used in this work were commercial-grade p-type
pseudo-square (156 mm�156 mm) Cz-Si wafers with an average
thickness of 200 μm and resistivity of about 2 Ω cm. The reference
solar cells were manufactured by the standard fabrication method
Fig. 1. Process sequence for the fabrication of the reference and phosphorus ink SE
solar cells.
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of the homogeneous emitter crystalline silicon solar cells. Firstly, the
wafers were cleaned and textured in KOH solution to produce
random pyramid surfaces. Then the wafers were put into a conven-
tional diffusion tube furnace to receive n-type diffusion using POCl3
as dopant source, achieving an average sheet resistance of 62 Ω/□.
Subsequently, the wafers underwent edge junction isolation by ion
etching, followed by the removal of phosphosilicate glass (PSG)
through HF etching. After that, SiNx coatings were deposited onto
the wafer surfaces by plasma enhanced chemical vapor deposition
(PECVD) system to act as antireflection and passivation layers. Finally,
the front and back metallization of the wafers were carried out by
screen printing technique and followed by baking and co-firing in a
conveyer belt furnace.

The fabrication of the SE solar cells is similar to that of the
reference solar cells except that the screen printing of phosphorus
ink is added prior to the diffusion in tube furnace, which can be
obviously seen in Fig. 1. Phosphorus ink was screen printed on the
area where front metallization will be performed and then dried
under 300 1C for about 1 min in a conveyer belt furnace. Subse-
quently, the wafers were put into a tube furnace subjected to the
diffusion temperature of 900 1C only in N2 atmosphere for heating
duration of 16 min to form heavy doping at first, and then 845 1C
in N2 atmosphere which carries POCl3 for heating duration of
10 min to form light doping. The average sheet resistance of the
front contact area and illuminated area were 30 and 70 Ω/□,
respectively. The residual phosphorus ink was removed in HF
solution when removing the PSG. The following fabrication pro-
cesses were exactly identical to those of the reference cells. It is
clear that only one process step is added in the present phos-
phorus ink SE technology, and the whole fabrication process does
not dramatically deviate from that of the reference solar cells.

2.3. Analysis methods

The viscosity of the phosphorus ink was measured by a LVDV-S
viscometer at the temperature of 25 1C. The energy dispersive x-
ray spectroscopy (EDX) was performed to examine the elements
contained in the phosphorus ink after drying process. The Leica
DM 2500M optical microscope was used to observe the phos-
phorus ink pattern. Current–voltage (I–V) tester was used to
characterize the electrical performances of the solar cells under
AM1.5 spectrum at the temperature of 25 1C. The surface reflec-
tance and eternal quantum efficiency (EQE) of the solar cells were
measured in 300–1100 nm wavelength range by PVE 300 photo-
voltaic device characterization system. We also employed PC1D
simulation software to numerically calculate the EQE and I–V
performance of the solar cells.
3. Results and discussion

3.1. Characteristics of the phosphorus ink

Fig. 2(a) shows a photograph of the phosphorus ink. It is a
colorless liquid with density of 1.31 g/mL. Some important char-
acteristics of our phosphorus ink are nontoxic, noncorrosive and
nonflammable, which make it safe to be applied to production
lines. The viscosity of the phosphorus ink is also very important
since the gridline width of the screen printed phosphorus ink will
increase when its viscosity is small, resulting in the enlargement of
heavily doped region. Though the as-synthesized phosphorus ink
is in liquid state, its viscosity can reach as high as 20,000 cps,
which is sufficient for keeping the shape of the screen printed
phosphorus ink. Generally, the deviation between the screen line
width and printed ink width is smaller than 15 μm. For instance,
the printed phosphorus ink width is 190 μm as the screen line



Element Weight (%) Atomic (%) 

C 33.58 42.99 

O 51.43 49.43 

Si 2.52 1.38 

P 12.47 6.19 

Total 100 

Fig. 2. (a) A photograph of the phosphorus ink and (b) its EDX results.

Fig. 3. Photographs for the silicon wafer after (a) screen printed phosphorus ink, (b) PECVD SiNx, and (c) screen printed front metal gridlines. The optical microscope pictures
of the individual phosphorus ink (d) before PECVD SiNx and (e) after screen printed front metal gridlines.
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width is 180 μm (see Fig. 3). Fig. 2(b) presents the elements
contained in the dried phosphorus ink detected by EDX. The result
indicates that only C, O, Si and P are residual after drying process
at the temperature of 300 1C. Thereinto, P, as a dopant source,
diffuses into silicon wafer at the temperature of 900 1C, whereas, C,
O and Si are removed as the residues by HF etching.

3.2. Characteristics in fabrication process

Fig. 3(a)–(c) exhibits photographs for the silicon wafers after
the screen printed phosphorus ink, PECVD SiNx layer, and screen
printed front metal gridlines, respectively. The screen printed
phosphorus ink pattern can be evidently observed both before
and after diffusion. Here, it is worth mentioning that we can easily
alter the gridline width of the phosphorus ink by changing the
printing plate to adapt to various screen printers in metallization
process. Importantly, the cost of the phosphorus ink in each wafer
is quite low, typically around 0.5–0.8 cent (about 0.0011–0.0018
$/W). After the deposition of SiNx coating, the phosphorus ink
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pattern becomes vague but still visible to the naked eyes. After the
overprint of the front electrode, the phosphorus ink pattern where
is not covered by the Ag gridlines is invisible to the naked eyes, but
it still can be observed through optical microscope, as shown in
Fig. 3(e), which is beneficial to check whether misalignment exists.

3.3. Comparison of the electrical parameters between the SE and
reference cells

We have successfully applied the phosphorus ink technology to
large batches of SE silicon solar cells fabricated on standard produc-
tion lines. Fig. 4 exhibits the values of the VOC, JSC, FF and η for 1203 SE
solar cells against 408 reference solar cells (Note that, the SE and
reference solar cells were prepared in a typical experiment with the
same condition for better comparison). Obviously, both the VOC and
JSC of the SE solar cells are significantly higher than those of the
counterparts, and their FFs are comparable. As a result, an average η
of 19.01% for the SE cells has been achieved, 2.4% higher than that of
the reference cells with an average η of 18.56%. Furthermore, the η of



Fig. 4. Electrical parameters (VOC, JSC, FF, and η) for 1203 phosphorus ink SE solar
cells against 408 reference solar cells.
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Fig. 5. I–V characteristics for the optimal phosphorus ink SE solar cell.

Table 1
PC1D calculated and experimental electrical parameters for the reference and
phosphorus ink SE solar cells with a sheet resistance of 70, 120, and 170 Ω/□ in the
illuminated area. S. R., NS, SRV, Cal., and Exp. represent the sheet resistance,
phosphorus surface concentration, surface recombination velocity, calculated and
experimental results, respectively.

Cell type S. R.
(Ω/□)

NS

(cm�3)
SRV
(cm/s)

VOC

(mV)
JSC (mA/
cm2)

FF
(%)

η (%)

Reference
cells

Cal. 62 1.1�1020 40,000 0.633 36.93 79.40 18.56
Exp. 62 – – 0.633 36.98 79.31 18.56

SE cells Cal. 70 8.0�1019 9000 0.640 37.35 79.55 19.02
Exp. 70 – – 0.640 37.34 79.54 19.01
Cal. 120 4.0�1019 4000 0.645 37.63 78.80 19.13
Cal. 170 2.5�1019 2500 0.646 37.70 77.97 18.99

Fig. 6. Comparisons of the electrical parameters for the phosphorus ink SE solar
cells respectively screen printed PV17A, SOL9600, and TC298S silver pastes to form
front metallization.
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our optimal SE solar cell has reached as high as 19.27% with the VOC of
0.641 V, JSC of 37.67 mA/cm2, and FF of 79.86%, as illustrated in Fig. 5.

As it is known, the enhanced JSC is attributed to the improved blue
spectral response in SE solar cells. The prominent increased VOC can be
explained from two aspects: on one hand, the sheet resistance of
70Ω/□ in the illuminated area for the SE cells is larger than that of the
reference cells with a value of 62 Ω/□, leading to a decreased Auger
recombination. On the other hand, the existence of heavily doped area
under the front contact can greatly repel the minority carriers away
due to the field-effect passivation [23]. Note that the metal–semi-
conductor contact is a high recombination area, thereby the surface
recombination rate is reduced (the surface recombination rate
reduced from 40,000 cm/s for the reference solar cells to 9000 cm/s
for the SE solar cells, based on PC1D simulation, shown in Table 1).
For the FF, the value of the SE solar cells is slightly higher than that of
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the reference solar cells despite the larger sheet resistance in the
illuminated area. This stems from the heavy doping under the front
contact which results in a decreased contact resistance.

Furthermore, the standard deviation of the FF for the SE solar
cells is 0.32%, whereas the value for the reference solar cells
reaches 1.00%, leading to the smaller standard deviation of η
(0.11%) for the SE solar cells. Therefore, the performance of the
mass-produced SE solar cells with our phosphorus ink technology
exhibits narrower distribution than that of the reference solar
cells. We should note that this is significant since producing high
efficiency solar cell in a steady level can help to reduce the cell
cost. Furthermore, through mass production, we have achieved
that 99.58% of the SE silicon solar cells possess efficiency higher
than the average η (18.56%) of the reference cells, and the
fragmentation rate is only 0.09% in the process of fabricating SE
structure with a screen printing speed of 1100 wafers/h.
3.4. Metallization with different silver pastes

The dependence of the SE solar cell performance on silver paste
has also been investigated in this study, as shown in Fig. 6. Silver
pastes of DuPont PV17A, Heraeus SOL9600 and Shanghai Trans-
com TC298S were tested in mass-production-scale. Very narrow
distribution of FFs has been observed in the SE solar cells with
front metalized by these three types of silver pastes with average
values exceeding 79.5%. It indicates that the contact resistance and
junction recombination of all the cells are small, which is inde-
pendent of the type of the silver pastes. This benefits from the
heavy doping under the front contacts to make good ohmic
contacts and p–n junctions deep enough to avoid metal punctur-
ing through the junctions. Other electrical parameters (VOC, JSC, and
η) of the SE solar cells also exhibit no much dependence on the
silver paste. Therefore, the SE solar cells employing our phos-
phorus ink technology can be adapted to various silver pastes,
which provides a chance to select a cheap silver paste while
maintaining high solar cell performance. In addition, it should be
noted that the silicon solar cells (both SE and reference) in this
study are made in commercial-grade Cz silicon wafers for a low
cost purpose. Since the silicon wafer and Ag paste are the two
main parts of the cost in producing crystalline silicon solar cells,
low-cost and high efficiency SE silicon solar cells can be realized
by employing the present phosphorus ink technology. In fact, we
have successfully employed the phosphorus ink SE technology in
full capacity of 5 production lines in a local photovoltaic company
since June, 2012.
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3.5. Optimization of the sheet resistance in the illuminated area

In order to further improve the cell performance, we have
employed PC1D software developed by the University of New South
Wales to model the SE solar cells with varying the sheet resistance
from 70 to 170 Ω/□ in the illuminated area, because high sheet
resistance is beneficial to both Auger recombination reduction and
surface passivation. In the simulation, the surface recombination rate
as the function of sheet resistance was set referring to Ref. [24]. Fig. 7
depicts the PC1D calculated (together with the measured) EQEs for
the SE solar cells with different sheet resistances in the illuminated
area. We note that the PC1D calculated EQE curve matches well with
the measured EQE for the cell with a sheet resistance of 70 Ω/□,
except in the wavelength range of less than 350 nm where the
incident light encounters a heavy absorption in SiNx layer, which is
neglected by PC1D. Moreover, the PC1D calculated electrical para-
meters of the SE and reference solar cells, listed in Table 1, are almost
identical to the corresponding average values of the experimental
data. These indicate that our simulation results by PC1D are
convincible. When the sheet resistance in the illuminated area of
the SE solar cells is enhanced from 70 to 170 Ω/□, both VOC and JSC
increase (see Table 1) due to the reduced Auger and surface
recombination. Simultaneously, according to Rds ¼ ρsb

2=12 [25], with
Rds the series resistance, ρs the sheet resistance, and b the gridline
spacing, the increase of series resistance is calculated to be 0.167 and
0.333 Ω cm2 for the 120 and 170 Ω/□ SE cells with respect to the
70 Ω/□ SE cells. As a result, the FF decreases from 79.55% to 78.80%
for the 120 Ω/□ SE cells and to 77.97% for the 170 Ω/□ SE cells. Overall,
the 170 Ω/□ SE solar cells do not perform better than the 70 Ω/□ SE
solar cells in terms of η, as a compromise between the improvement
of VOC, JSC and strong decrease of FF. Nevertheless, for the 120 Ω/□ SE
solar cells, the improvements of VOC and JSC exceed the degeneration
of FF. Thereby higher η (19.13%) can be achieved. Here, it is worth
mentioning that some ink technologies have the disadvantage that
dopant moves around in the furnace, and it is hard to achieve light
doping (≥120 Ω/□) in the illuminated area. However, for our phos-
phorus ink technology, by controlling the property of the nano-
silicon dioxide, the spreading of dopant is effectively controlled. With
the aid of four-point probe, we have found that the sheet resistance
of the region outside the ink pattern is higher than 170 Ω/□ when no
POCl3 is additionally used as dopant source. Therefore, the target of
120 Ω/□ can be realized with appropriate POCl3.
4. Conclusion

We have developed very cheap phosphorus ink as a novel material
to manufacture SE crystalline silicon solar cells. The phosphorus ink
50
exhibits colorless, and its viscosity is high enough to keep its screen
printed pattern. After drying process, only C, O, Si and P elements are
residual. We have successfully applied the simple phosphorus ink
technology to large batches fabrication of SE silicon solar cells,
achieving an average η of 19.01% (peak η of 19.27%) on commercial-
grade Cz silicon wafers with a good yield of 99.58%, small standard
deviation of η (0.11%), and low fragmentation rate of 0.09%. Compared
to the homogeneous emitter counterparts, the SE solar cells have
higher VOC and JSC due to the reduced Auger and surface recombina-
tion. Moreover, the performance of the SE solar cells exhibits narrow
distribution which is beneficial to reduce the cells fabrication cost.
Due to the heavy doping and deep junction under the contact area, all
the FFs of the SE solar cells exceed 79.5%, showing an advantage of
being independent of the type of silver paste, which provides another
opportunity to further reduce the cells fabrication cost. Through the
modeling by PC1D, we have shown that the performance of our SE
silicon solar cells can be further improved by increasing the sheet
resistance to 120 Ω/□ in the illuminated area. In conclusion, we
believe that the phosphorus ink technology offers a simple, cost-
effective and reliable approach to realize high efficiency SE silicon
solar cells. In fact, the phosphorus ink SE technology has been
successfully employed in full capacity of 5 production lines in a local
photovoltaic company since June, 2012.
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We investigate the properties of P3 isolation lines in a-Si : H=mc-Si : H solar modules, prepared with a

nano-second pulsed UV laser incident from the film side of the solar module. For the electrical

characterization of the P3 lines we developed a method which allows us to distinguish between leakage

currents directly across the P3 line, leakage currents along the laser line side walls and to monitor

changes in conductivity of the TCO underneath the line. We applied the developed characterization

method to a series of P3 lines where we systematically varied the used laser parameters. In addition we

analyzed selected P3 lines using Scanning Electron Microscopy. From the systematic variation we find

that a high leakage current directly across the P3 lines is observed when the back contact is not fully

removed. The best P3 lines have the back contact fully removed but an incomplete removal of the

silicon in the line. When the silicon layer stack is fully removed in the P3 line we observe an increase in

leakage current along the side walls of the laser lines. The best P3 laser line we obtained exhibits a very

low leakage current density of only 1:5 mA cm�1 at 1 V.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

One of the advantages of thin-film solar cells is the possibility
to monolithically interconnect the module during the deposition
process. To this end, deposition processes and scribing processes
are applied alternately. In the commonly used laser scribing
methods for thin film silicon solar modules the laser beam is
incident through the (transparent) superstrate to remove the film.
However, there are emerging flexible thin-film technologies
where the solar cells are deposited on substrates such as plastics
and metal foils [1–4]. For modules with opaque substrates the
active layer and back contact layer cannot be removed with a
laser beam incident through the substrate. Also for some trans-
parent substrates a substrate incidence may be undesirable (e.g.
some plastics or textured glass). In these cases a laser beam
incident directly from the film side is required. The laser scribing
of flexible thin-film solar modules faces several challenges like
difficulties of producing abrupt edges of scribing grooves [5,6]
and plume shielding [7]. Furthermore, on conductive substrates a
monolithic interconnection requires the deposition of an insulat-
ing layer before producing the solar cell. All these issues make the
film-side scribing more difficult to realize. These and other issues
are discussed in detail in Refs. [4,8–10].
ll rights reserved.

rs).
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In this work we will discuss P3 laser scribing of thin-film
silicon modules from the film side. A schematic drawing of the
standard series connection in a thin-film silicon solar module in
superstrate configuration is shown in Fig. 1. In the figure three
laser lines are indicated, P1, P2 and P3, where the number refers
to the processing order (i.e. P1 line is the first laser scribing
process, P2 the second, etc.). The P1 line isolates the TCO
electrodes of two neighboring cells. Similarly, the P3 lines isolate
the back electrode of two neighboring cells. The P2 line is located
between the two isolation lines and serves to make a contact
between the front and back electrode. The P1 line is scribed
before the deposition of the active layers. After the subsequent
active layer deposition the P2 line is scribed. After the P2 step the
back contact is deposited, followed by the P3 scribing step. In
previous work we discussed the P1 and P2 scribing processes
from the film side [9,11].

In this work we will focus on the last scribing step. Commonly,
a green laser with wavelength of l¼ 532 nm is used for P3 lines
from the glass side. By scribing through the glass, the laser energy
is absorbed in the silicon, starting from the interface between the
silicon and the transparent conductive oxide (TCO). The silicon
evaporates at the interface which causes an explosion which
results in a clean removal of the silicon and the back contact. The
laser energy required is much less than that is needed to
thermally evaporate all the layers [12–14].

In this paper we use an optically pumped Nd:YVO4 laser at the
third harmonic with a wavelength of l¼ 355 nm to pattern

www.elsevier.com/locate/solmat
www.elsevier.com/locate/solmat
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Fig. 1. Schematic drawing of series interconnection of thin-film silicon solar

module.

Fig. 2. Schematic illustration of pulsed laser patterning of laser lines.

Fig. 3. Schematic drawings of the structure for the P3 line measurement. Apart

from the test P3 line, all laser lines are made with the standard process. (a) Top

view. (b) Cross-sectional view. Indicated are the four contact terminals, T1–4.
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P3 line from the film side. The advantage of using a shorter
wavelength (UV) laser is the higher absorption coefficient in silicon
and thus a shorter penetration depth. The UV laser is commercially
available and has a pulse duration in the range of 10–20 ns.

We developed a method for the analysis of the quality of P3 lines.
Using this analysis we characterize the P3 lines in terms of the
separation of the back electrode, the introduction of shunts at
the laser lines and the possible damage to the front electrode under
the line. We systematically varied scribing parameters for P3
lines. The properties of the P3 lines where then electrically analyzed
with the developed method. Furthermore, selected samples were
analyzed using Scanning Electron Microscopy (SEM).

The paper is organized as follows. In Section 2 we present our
experimental setup. The method we developed for the analysis of
P3 lines is introduced in Section 3. In Sections 4 and 5 we present
and discuss our results.
Terminals T1 and T2 make contact to the TCO layer via the P2 lines. Terminals T3

and T4 are the back contacts of the left and right solar cell, respectively. The left

and right solar cell are separated by the test P3 line.

2. Experimental

2.1. Experimental setup

For the experimental P3 lines from the film-side we used a
diode-pumped Q-switched Nd:YVO4 laser source from Rofin-Sinar
Technologies Inc. with a wavelength of l¼ 355. The laser source
was working in TEM00 mode. The full width at half maximum
pulse duration was tpulse ¼ 10–20 ns. The laser power was
adjusted with an external attenuator. In this work the laser pulse
repetition frequency was f¼15 kHz. A split-axis system allows
positioning on the substrate plane with a resolution of 1 mm. The
scanning speed of the XY-axis is up to 1 m/s. A linear Z-axis makes
it possible to adjust the beam focus plane to the film surface.

Apart from the experimental laser lines we also applied our
standard P1, P2 and P3 laser processes from the glass side. For
these processes our laser setup is equipped with several diode-
pumped Q-switched Nd:YVO4 laser sources from Rofin-Sinar
Technologies Inc. For the P1 process we used a laser with
wavelength 355 nm. For the standard P2 and P3 processes we
use the frequency doubled laser with a wavelength of 532 nm.
More information on the standard laser patterning process see
Refs. [15,16].

2.2. Pulsed laser patterning

Each laser pulse leaves a crater with radius r on the substrate.
A laser beam with pulse repetition frequency f scans along the
substrate with speed v, which gives a distance of d¼ v=f between
two neighboring crater centers (see Fig. 2). The pulse overlap
number is defined as

O¼
2rf

v
ð1Þ

To pattern a continuous laser line, we need to adjust the scanning
speed or pulse repetition frequency such that OZ1. The overlap
number is the number of laser pulses the center of the laser line
receives during the scribing of the line. In order to achieve
high-speed laser patterning (high scanning speed or high pulse
repetition frequency), a low overlap number is favorable.
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However, depending on the layer thickness and the laser pulse
energy, a certain minimum overlap ratio may be required to
remove enough material from the line.

2.3. Substrate preparation

We patterned in-house developed thin-film a-Si : H=mc-Si : H
solar cells on commercially available rough Asahi U-type SnO2

substrates. The Asahi U-type substrates have a thickness of
around 850 nm with a root-mean-square (RMS) roughness of
40–50 nm. The a-Si : H=mc-Si : H tandem cells were prepared
without an intermediate reflector. The a-Si : H=mc-Si : H layers
were deposited with plasma enhanced chemical vapor deposition
(PECVD) with a thickness of around 1300 nm (for more details,
see Refs. [17,18]). The module back contact consists of sputtered
ZnO (80 nm)/Ag(200 nm)/ZnO (80 nm) stacks.

Three series of experiments are applied to the samples where
we varied the number of scribes for a line, S, the overlap number,
O, and the laser pulse power, P. When we vary the number of
scribes we set the pulse power to P¼345 mW (the total energy of
a laser pulse is EP ¼ 23 mJ) and the pulse overlap ratio to O¼1.
The number of scribes for the line is varied between S¼1 and
S¼18. In the overlap ratio series, we set the same pulse power
(P¼345 mW) and we set S¼1. We adjusted the laser scanning
speed to change the pulse overlap number. The overlap number is
varied from O¼1 to O¼9. For the pulse power series we varied
the power from P¼43 mW to P¼860 mW (EP ¼ 2:9 mJ to
EP ¼ 81:3 mJ). As the pulse power is not sufficient to remove the
layer stack in a single pulse we set the overlap ratio to O¼2 and
scribed twice (S¼2).
3. Electrical characterization of P3 isolation lines

To characterize test P3 isolation lines we developed the
test structure depicted in Fig. 3. Shown are the top view in
Fig. 3(a) and the cross-sectional view in Fig. 3(b). The test
structure has four terminals, T1–4. We first deposit the absorber
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layer on the glass/TCO substrate and two P2 lines are scribed
using standard process. After the scribing of the P2 lines the ZnO/
Ag/ZnO back contact layer stack is deposited. After this deposition
we make the standard P3 lines from the glass side (c.f. Fig. 3). In a
final step we isolate the test structure by scribing a line around
the test structure removing the entire layer stack, this line is
indicated with ‘‘P1þP3’’ in Fig. 3. For details on the standard
process see reference [15]. The last scribe is the test P3 line
scribed with a UV laser from the film side, which separates
terminals T3 and T4. However, before we make the test scribe
we measure several current/voltage characteristics so we can
monitor the changes the scribing of the test line induces.

Before scribing the test P3 line we measure the current/voltage
characteristics between terminals T1 and T2 ðJVb

12Þ terminals T1
and T3 ðJVb

13Þ and terminals T2 and T4 ðJVb
24Þ. Characteristic JVb

12

reflects the conductivity of the TCO layer before the test scribe.
Characteristics JVb

13 and JVb
24 both reflect the current/voltage

characteristics of the solar cell before scribing the test line.
After scribing the test P3 line we measure again over terminals

T1 and T2 ðJVa
12) terminals T1 and T3 ðJVa

13) and terminals T2 and
T4 (JVa

24). In addition we measure the separation over terminals
T3 and T4 (JVa

34). The resulting four current/voltage characteristics
are modeled with the electrical circuit shown in Fig. 4. The model
consists of four Voltage Controlled Current Sources (VCCSs),
which are used to model the DC behavior of a two terminal
device with an arbitrary current/voltage (JV) characteristic. The
top component (JVSep) represents the connection between the
back contacts of the two adjacent cells. Ideally, a P3 line separates
the back contacts of two adjacent cells and thus the top compo-
nent represents a parasitic leakage current that flows directly
across the P3 line between the back electrodes. The bottom VCCS
(JVTCO) represents the connection between terminals T1 and T2
via the TCO after the test line. The left and right VCCS components
(JVDleft and JVDright) represent the left solar cell and the right solar
cell, respectively. These current/voltage characteristics include
possible damage caused by the scribing of the test P3 line.

We developed an iterative algorithm to separate the electrical
characteristics of each individual component in the circuit. First,
we assume an initial JV characteristics for each component in the
circuit. We then simulate the same four current/voltage charac-
teristics we measured using a circuit simulator. The circuit
simulator takes tabular voltage/current pairs as input data to
form a piece wise linear current/voltage characteristic for each of
the VCCS components in the circuit. We then iteratively adapt
current/voltage characteristics of each component in the circuit to
match the measured and simulated characteristics of the device.
Fig. 4. Schematic of the circuit used to model the test device with the terminals

T1–4 corresponding to the test structure in Fig. 3. Indicated are the four VCCS

components, JVTCO, JVDleft, JVDright, and JVSep. Using the circuit the JV curves are

simulated over terminals T1 and T2, JVa
s12, T1 and T3, JVa

s13, T2 and T4, JVa
s24, and T3

and T4, JVa
s34.
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We used the following iterative corrections:

JViþ1,j
TCO ¼

JVj
12þnJVi,j

s12

ð1þnÞJVi,j
s12

JVi,j
TCO ð2Þ

JViþ1,j
Dleft ¼

JVj
13þnJVi,j

s13

ð1þnÞJVi,j
s13

JVi,j
Dleft ð3Þ

JViþ1,j
Dright ¼

JVj
24þnJVi,j

s24

ð1þnÞJVi,j
s24

JVi,j
Dright ð4Þ

JViþ1,j
Sep ¼

JVj
34þnJVi,j

s34

ð1þnÞJVi,j
s34

JVi,j
Sep ð5Þ

where an s in a subscript indicates the current/voltage character-
istics are simulated, the index i refers to the iteration and JVj is the
j-th current in the tabular set of current/voltage data. The
parameter n is used to enhance convergence of the algorithm
where the larger n is the smaller the iterative adaptions to each JV

characteristic. Typically we initialize n with a large value (e.g. 10)
to avoid oscillations in the iterative adaptions and gradually
reduce the value of n to 0 as the number of iterations progress.

The algorithm is very simple to implement. We used the
GNUcap circuit simulator for the circuit simulations [19]. The
circuit simulator is called from a GNU Octave [20] script which
implements the iterative algorithm. The method has the advan-
tage that we directly use tabular data to describe the current/
voltage characteristics of the components in the circuit, thereby
making minimal assumptions about the nature of our devices.
However, we did impose one restriction to the current/voltage
characteristics of the components, namely that the current is
monotonously increasing with applied voltage. This ensures that
there is only one unique solution for the currents and voltages in
the circuit and generally also improves the numerical stability of
the circuit simulation. This restriction is implemented by sorting
the current data in ascending order after each iterative refine-
ment, without re-ordering the voltages.

We found in working with experimental data that our method
initially converges monotonously, i.e. the discrepancy between
measured and simulated current/voltage characteristics reduces
steadily. However, after the initial convergence the error between
simulation and experiment becomes rather erratic, varying see-
mingly random from iteration to iteration. However, in many
cases the fit can still be improved upon at this stage by letting the
algorithm iterate for a while and afterwards selecting the best fit
from all previous iterations.

As a last step we compare the device before and after scribing
the test P3 line. A change in conductivity of the TCO can be seen
directly from a change in JV12 before and after the test line. The
test P3 line may also induce damage to the solar cell in the line
and its direct vicinity. We therefore compute the current that
flows along one sidewall of the test line (the line has two
sidewalls, left and right)

JVsw ¼
JVDleftþ JVDright�JVb

D

2
ð6Þ

where JVb
D is the current/voltage characteristic of the solar cell

before the test line which is computed by averaging the currents
in JVb

13 and JVb
24. Note that we compare the solar cell before the

test scribe with the sum of the currents through the two solar
cells after the test scribe (i.e., T3þT4) where we neglect the
loss of surface area of the test P3 line as its surface is small
compared to the area of T3þT4 (the area of T3þT4 is 5�
10�1 cm2 compared to the area of the test P3 line which is
2:5� 10�3 cm2). Note that the total leakage current induced by
a P3 line consists of Jsh ¼ Jswþ JSep.
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4. Results

In Fig. 5(a) we show a typical measurement of the four
current/voltage characteristics after scribing a test P3 line. The
typical measurement comes from the overlap number series and
corresponds to O¼5. The characteristic JVa

12 has an ohmic char-
acter and exhibits the highest conductivity of the measured JV
characteristics. The JV characteristics JVa

13 and JVa
24 both show

properties of a diode. For voltages above 1.1 V, JVa
13 and JVa

24 are
approximately the same, whereas at lower bias voltages both
exhibit the characteristics of a parallel resistance. The parallel
resistance in JVa

13 is smaller than the parallel resistance in JVa
24.

The separation measured over terminals T3 and T4 (JVa
34) is

approximately ohmic and below a voltage of 1.1 V this character-
istic coincides with JVa

24.
The dashed lines in Fig. 5(a) are the simulated current/voltage

characteristics with the procedure outlined in Section 3. A con-
sistent fit is obtained with an Root-Mean-Square (RMS) relative
error of about 7%. In Fig. 5(b) we show the extracted current/
voltage characteristics of the components in the equivalent circuit
of Fig. 4. Characteristic JVTCO is more or less the same as JVa

12.
Furthermore, the left side of solar cell, JVDleft is approximately the
same as JVa

13, indicating that JVa
13 is dominated by the left side of

the solar cell. However, the right side of the solar cell, JVDright does
not coincide with JVa

24. The separation, JVSep, is approximately
Fig. 5. (a) Typical JV measurements and simulation of a test structure. Shown are

the four current/voltage measurements (symbols) and the corresponding simu-

lated current/voltage characteristics (lines) on the test structure after scribing the

test P3 line. The figure corresponds to the P3 line scribed with an overlap number

of 5. (b) The components, JVTCO, JVDleft , JVDright, and JVSep as extracted with the

iterative scheme of Eqs. (2)–(5). (c) Comparison of JVDleft and JVDright with the solar

cell before scribing the test line (JVb
D). From the difference we infer the shunt

induced by the sidewalls of the test line, JVsw according to Eq. (6).
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identical to JVa
34. From this it follows that the current in the

characteristic JVa
24 below 1.1 V flows predominantly via the

components JVSep, JVDleft and JVTCO, rather than directly through
JVDright.

We compare the properties of the test structure before and
after scribing the test line. We find no difference between JVa

12

and JVb
12 (not shown). We therefore conclude the TCO under the

test line is not damaged to the extend it is relevant for the series
connection. Fig. 5(c) shows the diode before the test line, JVb

D, and
the diode on the left and right side of the test line, JVDleft and
JVDright, respectively. Using Eq. (6) we determine the sidewall
current density. Note that the sidewall current is the average
current flowing along the left and right sidewalls. We cannot
distinguish between the left and right sidewall currents because
we cannot distinguish between the left and right side of the diode
before the scribing of the test line. However, in this case the diode
before the test line exhibits lower currents for voltages below
0.8 V than both diodes on the left and right side of the test scribe.
This indicates that the differences between the JVDleft and JVDright

below 0.8 V stem from differences between the left and right side
of the sidewall.

In Fig. 6(a) we show the current density along a sidewalls of
the test P3 lines for the overlap number series. In the series we
varied the overlap number from O¼1 to O¼9. A clear distinction
can be made between Or4 and O44. For an overlap number
larger than 4 the sidewall current is considerably larger than
for an overlap number below 4 for voltages up to 1.2 V.
Fig. 6(b) shows the separation characteristic. The separation
current density decreases with the overlap number for Or4.
The difference in the separation current density is almost 4 orders
of magnitude between O¼1 and O¼4. For an overlap number
O45 the JVSep cannot be determined accurately because the
current density in JVa

34 is then dominated by the current that
flows via JVDleft, JVTCO, and JVDright. For this reason we omitted JVSep

from Fig. 6(b) for O45.
The other two series show similar trend to the overlap number

series. With increasing pulse power or number of scribes the
Fig. 6. (a) The current density along a sidewall of a laser line (JVsw) for the overlap

number series. For an overlap number of O44 the leakage current along the

sidewalls of the line is significantly higher than for Or4. (b) The current density

directly across the P3 line (JVSep) for the overlap number series. The current

density across the P3 line decreases for an increasing overlap number. The current

density JVSep could not be determined for an overlap number larger than 5.
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separation improves. Beyond a certain pulse power or number of
scribes, the side wall currents increase. The total parasitic leakage
current induced by a P3 line consists of Jsh ¼ Jswþ JSep.

In Fig. 7 we plot Jsh at 1 V for the different series. In all
series the leakage current starts high due to insufficient separa-
tion of the back contact. For increasing overlap number,
pulse power, or number of scribes, the separation improves.
An optimum is reached in all series with a leakage current density
of 1:8 mA cm�1 for the overlap number series, and 1:5 mA cm�1

for both the pulse power and number of scribes series.
Fig. 7. The parasitic leakage current density at 1 V (Jsh ¼ Jswþ JSep). Note the broken

y-axis and the different y-axis scales at either side of the break. (a) The leakage

current density for the overlap number series, (b) The leakage current density for

the pulse power series, and (c) The leakage current density for the number of

scribes series. For 14 scribes and beyond the conductivity of the TCO is severely

reduced indicating the TCO under the P3 line is removed.

Fig. 8. SEM images of P3 lines. The images on the left show an overview of the P3

line and the images on the right a detail of the same line. Images of a P3 line with

(a) O¼1 or S¼1, (b) O¼4, (c) S¼4, (d) O¼9, and (e) S¼10.
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For comparison, typical short circuit current densities for a-Si :
H=mc-Si : H solar modules are in the range of 10–15 mA cm�1 for
a 1 cm width of the cells stripes. Beyond the optimum the
sidewall current increases for all series. The side wall currents
increase the most for an increasing overlap number. Beyond the
optimum the highest leakage current density for the overlap
number series is 0:12 mA cm�1, whereas the highest sidewall
leakage current densities beyond the optimum are 17 mA cm�1

and 25 mA cm�1 for the pulse power and number of scribes series,
respectively. For 14 scribes and beyond (marked by open symbols
in Fig. 7) the conductivity of the TCO is severely affected after
the test scribes, indicating the TCO layer is removed under the
P3 line, making these parameters unsuitable for achieving a series
connection.

In Fig. 8(a) we show SEM images of laser lines produced with
O¼1 and S¼1 (note that the parameters for O¼1 and S¼1 are
identical). The image shows there is much molten and re-
solidified material in the line that could be the remains of the
back contact. The optimal laser lines from the O series (O¼4) and
the scribing times series (S¼4) are shown in Fig. 8(b) and (c),
respectively. The images show less debris in the laser line than in
Fig. 8(a), however some re-solidified material in the line is clearly
visible. From optical microscopy images (not shown) it is
observed that for these laser lines not all silicon from the laser
lines is removed. This re-solidified material is thus probably
silicon. In Fig. 8(d) we show the SEM images of the laser lines
produced with O¼9 and in Fig. 8(e) for S¼10. For these lines all
the silicon in the lines is removed. Considering the seemingly flat
surface of the SnOx in the laser lines the SnOx appears to be
molten and re-solidified. Comparing the side of the O¼9 line with
the S¼10 laser line it can be seen that the irregular structures at
the side of the line with O¼9 are wider than for the line with
S¼10.
5. Discussion

For all the series a low power, a low pulse overlap, or a low
number of scribes, lead to a poor separation of the back contacts
of the cells. Increasing the power, overlap number or the number
of scribes improves the separation. Beyond a certain power,
overlap number or the number of scribes, the separation does
not improve anymore. Beyond this point the leakage current
along the sidewall of the test line increases. We propose the
following explanation of the observations. For low power/overlap
number/number of scribes the back contact is not completely
removed (see Fig. 9(a)). Increasing total laser energy delivered to
the line to the point where the back contact is completely
removed, leads to a good separation of the back contacts (see
Fig. 9(b)). At this point the optimum is reached in terms of a low
leakage current. Further increasing the power delivered to the
line leads to the complete removal of the silicon layer stack. This
complete removal of the silicon leads to an increase in leakage
current as the (conductive) sidewalls now connect the front and
back electrodes. Indeed optical microscopy images (not shown)
confirm that in all series the increase in leakage current beyond
the optimum coincides with the silicon layer stack being com-
pletely removed from areas within the line. The SEM images for
lines with O¼9 and S¼10 in Fig. 8(c) indicate the SnOx in the line
was molten. We therefore speculate that the conductivity of the
sidewalls is in part due to SnOx splashing out of the laser line over
and onto the sidewalls. The increase in leakage current is
strongest for an increasing overlap number, which is likely
because with increasing the overlap number the laser power
density in the line increases, leading to increasing temperatures
in and around the line. For the number of scribes series, however,



Fig. 9. Schematic illustration of P3 laser lines. (a) P3 line for low power/overlap

number/number of scribes. The line exhibits a low JVSep resistance and a high JVsw

resistance. (b) P3 line for optimal power/overlap number/number of scribes. The

line exhibits high JVSep and JVsw resistances. (c) P3 line for a power/overlap

number/number of scribes beyond the optimum. The line exhibits a high JVSep

resistance and a low JVsw resistance.
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there is a long time between successive scribes leaving ample
time for the line to cool down. The higher temperatures for a high
overlap number lead to more damage to the sidewalls and/or TCO
splashed out of the line.
6. Conclusions

In this paper we investigated laser scribing of P3 isolation lines
for a-Si : H=mc-Si : H solar modules from the film side with a
nano-second pulsed UV laser. We developed a method to char-
acterize the electrical properties of the experimental P3 lines.
With this method we can distinguish between leakage currents
directly across the P3 line, leakage currents along the laser line
sidewalls and monitor changes in conductivity of the TCO under-
neath the line. We systematically varied scribing parameters for
P3 isolation lines with a UV laser incident from the film-side. The
properties of the resulting P3 lines where electrically analyzed
with the developed method. In addition we examined selected P3
lines using Scanning Electron Microscopy images. We find that
the best P3 lines have the back contact fully removed but an
incomplete removal of the silicon in the line. If the silicon in the
line is fully removed we observe an increase in the leakage
current which we could ascribe to currents flowing along the
sidewalls of the laser lines. For an incomplete removal of the back
contact we observe a leakage current directly across the P3 line.
57
The best P3 laser line we obtained with the systematic variation
of laser parameters exhibits a very low leakage current density of
only 1:5 mA cm�1 at 1 V (current per unit laser line length).
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Simulation of High-Efficiency Crystalline Silicon
Solar Cells With Homo–Hetero Junctions

Sihua Zhong, Xia Hua, and Wenzhong Shen

Abstract— A novel solar cell structure consisting of both
homojunction and heterojunction (homo–hetero junctions), which
possesses a potential to realize high photoelectric conversion effi-
ciency, is investigated by the numerical simulation tool AFORS-
HET. We demonstrate that the homo–hetero junctions solar cell
has a higher fill factor than the solar cell with heterojunction with
intrinsic thin layer (HIT), due to the reduced series resistance,
which results in a better conversion efficiency, whereas their
interfacial density of states (DOS) values are identical. Through
a detailed study of the effect of inserting a homojunction, we
find that the field-effect passivation can adequately explain the
interesting behaviors that the open-circuit voltage increases and
the emitter saturation current density declines when increasing
the doping concentration in the P-type crystalline silicon layer. In
addition, as compared with the HIT solar cell, the homo–hetero
junctions solar cell is less sensitive to the DOS due to the field-
effect passivation, leading to a comparable open-circuit voltage
even if its total interfacial DOS is 10 times higher.

Index Terms— AFORS-HET, high efficiency, homo–hetero
junctions, interfacial recombination, solar cell.

I. INTRODUCTION

CONSIDERABLE interest exists for silicon heterojunc-
tion solar cells due to their potential of achieving high

conversion efficiency at low cost. Generally, a thin layer of
intrinsic hydrogenated amorphous silicon (I-a-Si:H) which has
excellent surface passivation is inserted between a crystalline
silicon (c-Si) substrate and a heavily doped amorphous silicon
[1]–[3]. It is often referred to as heterojunction with intrinsic
thin layer (HIT). Sanyo, now Panasonic, has well developed
this kind of solar cells and promoted the conversion efficiency
as high as 24.7%. Several famous groups also do good works
on heterojunction solar cells [4]–[11], and their results have
contributed to the better understanding of the physical and
technological aspects of silicon heterojunction solar cells.
Despite the passivation effect of I-a-Si:H, the introduction of
an intrinsic thin layer of a-Si also results in negative effects due
to its high resistivity, which will decrease the fill factor (FF)
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of solar cells [12]–[14], and great sensitivity to the interfacial
density of states (DOS) [15]. Therefore, it is significant to find
a new passivation layer to replace the I-a-Si:H layer, which
can enhance FF while preserving comparable passivation
effect.

It is well known that N/N+ and P/P+ homojunctions are
often used as field-effect passivation layers to reduce the
recombination rate at back surfaces [16], [17], and some high-
efficiency homojunction solar cells also adopt the N/N+ or
P/P+ junction to passivate the front surfaces [18]. The field-
effect passivation has also been utilized in the high-efficiency
multilayer tandem solar cell with a parallel connection of
N+/N/N−/I/P−/P/P+, exhibiting more efficiency to separate
photon-generated carriers as compared with the traditional
tandem solar cell connected in series, due to the same electric
field direction over the whole cell structure [19]. In order to
reduce the recombination at the interface of a heterojunction
solar cell, Nils-Peter Harder [20] has proposed a novel solar
cell structure comprising of both homojunction and hetero-
junction (homo–hetero junctions). With an attempt to better
understand the benefit of the homo–hetero junctions solar cell,
in this paper, we have investigated the physical aspects and
properties of a homo–hetero junctions solar cell with the struc-
ture of P+-a-Si/P-c-Si/N-c-Si substrate/N+-a-Si by utilizing
the AFORS-HET software as the numerical simulation tool,
which was developed by Helmholtz-Zentrum Berlin. We have
demonstrated that the FF of the homo–hetero junctions solar
cell is higher than that of the HIT solar cell owing to the
absence of the intrinsic layer. When the interfacial DOS is
low enough, both the HIT and homo–hetero junctions solar
cells hold almost the same high open-circuit voltage, whereas,
with the advantage of FF, the homo–hetero junctions solar cell
has 1.43% absolute higher conversion efficiency. Furthermore,
due to the field-effect passivation from the homojunction, the
homo–hetero junctions solar cell possesses a better tolerance
for the interfacial DOS.

II. SIMULATION MODEL

AFORS-HET, based on solving the 1-D Poisson and two
carrier continuity equations, is one of the numerical computer
simulators that is widely used for studying heterojunction solar
cells. In this paper, the structure of the homo–hetero junctions
solar cell is P+-a-Si/P-c-Si/N-c-Si substrate/N+-a-Si, which
is shown in Fig. 1. The HIT solar cell is not absolutely a
Sanyo-type HIT cell structure, but a structure of P+-a-Si/I-
a-Si:H/N-c-Si substrate/N+-a-Si as the reference system for a

0018-9383/$31.00 © 2013 IEEE
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TABLE I

SIMULATION PARAMETERS ADOPTED IN THIS PAPER CB AND VB DENOTE CONDUCTION BAND AND VALENCE BAND, RESPECTIVELY;

AND A-LIKE AND D-LIKE REPRESENT ACCEPTOR-LIKE AND DONOR-LIKE, RESPECTIVELY

Parameters P-a-Si:H I-a-Si:H N-a-Si:H N-c-Si P-c-Si

Layer thickness (cm) 5×10−7 5×10−7 5×10−7 2.5×10−2 0-5×10−5

Mobility gap (eV) 1.72 1.72 1.72 1.12 variable

Optical gap (eV) 1.72 1.72 1.72 1.12 variable

Donor doping (cm−3) 0 0 7.0×1019 1.5×1016 0

Acceptor doping (cm−3) 7.5×1018 0 0 0 1.0×1017–5.0×1018

Dielectric constant 11.9 11.9 11.9 11.9 11.9

Electronic affinity (eV) 3.90 3.90 3.90 4.05 4.05

Effective DOS in CB (cm−3) 1.0×1020 1.0×1020 1.0×1020 2.84×1019 variable

Effective DOS in VB (cm−3) 1.0×1020 1.0×1020 1.0×1020 2.68×1019 variable

Electron (hole) mobility (cm2/Vs) 20 (5) 20 (5) 20 (5) 1111 (421.6) variable

Total state density in conduction band (cm−3) 1.6×1020 4.0×1019 1.4×1020 — —

Total state density in valence band (cm−3) 2.4×1020 9.0×1019 1.9×1020 — —

CB tail (VB tail) Urbach energy (eV) 0.037 (0.045) 0.035 (0.050) 0.037 (0.081) — —

σe (σh )for CB tail (cm2) 7×10−16(7×10−16) 1×10−12(1×10−12) 7×10−16(7×10−16) — —

σe (σh )for VB tail (cm2) 7×10−16(7×10−16) 1×10−14(1×10−14) 7×10−16(7×10−16) — —

Maximum A-like Gaussian state density (cm−3/eV) 1.4×1019 1.0×1017 1.3×1020 — —

Maximum D-like Gaussian state density (cm−3/eV) 1.4×1019 1.0×1017 1.3×1020 — —

Specific energy of Gaussian peak for donor (eV) 1.10 0.725 0.50 — —

Specific energy of Gaussian peak for acceptor (eV) 1.20 1.025 0.60 — —

Standard deviation of Gaussian for donor (eV) 0.21 0.10 0.21 — —

Standard deviation of Gaussian for acceptor (eV) 0.21 0.10 0.21 — —

σe (σh ) for A-like Gaussian state (cm2) 3×10−15(3×10−14) 1×10−12(1×10−12) 3×10−15(3×10−14) — —

σe (σh ) for D-like Gaussian state (cm2) 3×10−14(3×10−15) 1 ×10−14(1×10−14) 3×10−14(3×10−15) — —

better discussion. When compared, the front and back contacts,
optical properties, P+-a-Si, N-c-Si, and N+-a-Si layers are all
identical for both types of solar cells.

To focus on studying the properties of the homo–hetero
junctions solar cell, neither reflection nor absorption in the
transparent conductive oxide film was considered. Both the
front and back contacts were assumed to be flatband, as
other models [2], [21]. For a-Si layers, both acceptor-like and
donor-like states consisting of exponential band tail states and
Gaussian gap states were taken into account. The detailed
electric parameters of all a-Si layers were mainly set as default
values in AFORS-HET while considering a rather accurate
DOS distribution that has been presented in our previous
work [22]. The doping concentration of the a-Si emitter is
7.5 × 1018 cm−3, by keeping the Fermi level 330 meV
away from the valence band. The c-Si layers were selected
as the c-Si model so that ionized impurity scattering effect
and shrink of energy gap varying with doping concentration
are included. The DOS distribution in the front a-Si/c-Si
interface was assumed to be Gaussian distributed, with the
peak at the midgap of c-Si [22], [23] and electron/hole capture
cross sections (σe/σh) of 1 × 10−15 cm2. The DOS in
the back a-Si/c-Si interface was neglected for convenience.
Carrier transport across the a-Si/c-Si interface was described
by the thermionic emission model. The surface recombina-
tion velocities of electrons and holes on both sides were
set as 1 × 107 cm·s−1. More details about the simulation
parameters of different layers including the I-a-Si:H layer
are shown in Table I and Fig. 1. Note that, in the numer-

Fig. 1. Schematic diagram of the homo–hetero junctions solar cell and the
DOS distributions of the P, I, and N-a-Si layers. CB and VB are conduction
band and valence band, respectively; and D-like and A-like represent donor-
like and acceptor-like dangling bonds, respectively.

ical simulation, direct band-to-band, Auger, and Shockley–
Read–Hall (SRH) recombination process are incorporated.
The performances of the solar cells were calculated under
AM1.5 solar spectrum (100 mW/cm2) condition at room
temperature.
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Fig. 2. (a) J−V characteristics for the homo–hetero junctions
solar cell (Dit = 1.0 × 1010 and 5.0 × 1012 cm−2, respectively) and HIT
(Dit = 1.0 × 1010 cm−2) solar cell under AM1.5 illumination. (b) Plots of
dV /d(lnJ ) versus J extracted from the forward-bias dark J−V characteristics
of the homo–hetero junctions solar cell and HIT solar cell (with Dit = 1.0 ×
1010 cm−2).

III. SIMULATION RESULTS AND DISCUSSION

A. Comparison of Solar Cells Performance

Fig. 2(a) shows the current density versus voltage (J−V )
curve of the HIT solar cell with excellent passivation whose
total interfacial DOS (Dit) is 1.0 × 1010 cm−2, and the homo–
hetero junctions solar cells with Dit = 1.0 × 1010 cm−2 and
5.0 × 1012 cm−2, under AM1.5 illumination. The doping
concentration and thickness of the P-c-Si layer are 5 ×
1018 cm−3 and 10 nm, respectively, which can be easily
realized by plasma immersion ion implantation [24], [25]. It is
exciting that, due to the obvious better FF, the conversion
efficiency (η) of the homo–hetero junctions solar cell exhibits
1.43% absolute higher than that of the HIT solar cell when
they have the identical Dit (1.0 × 1010 cm−2), reaching as
high as 25.37%. Moreover, with the advantage of FF, even
if the Dit of the homo–hetero junctions solar cell is 500
folds (with Dit = 5.0 × 1012 cm−2) higher than that of
the HIT solar cell (with Dit = 1.0 × 1010 cm−2), they still
show comparable efficiencies. We ascribe the inferior FF of
the HIT solar cell to the insertion of the I-a-Si layer, since
intrinsic a-Si layer often acts as a transport barrier, which
will result in high resistance [12], [14]. To confirm this, we
have extracted dV /d(lnJ ) versus J from the forward-bias dark
J–V characteristics of the homo–hetero junctions and HIT

solar cells, plotted in Fig. 2(b). According to the widely
accepted calculation model by Cheung et al., based on the
thermionic emission theory, we can obtain [26], [27]

dV

d(ln J )
= Rs Aeff J + n

(
kB T

q

)
(1)

where Rs is the series resistance, Aeff the effective area of
the solar cell, q the electronic charge, kB the Boltzmann
constant, T the absolute temperature in kelvin, and n the
ideality diode factor. Considering Aeff as the unit area, thus, a
plot of dV /d(lnJ ) versus J will give Rs as the slope. We have
made a linear fit of dV /d(lnJ ) versus J , giving the slope 0.150
and 0.515 for the homo–hetero junctions and HIT solar cells,
respectively. Therefore, the Rs of the homo–hetero junctions
solar cell is 0.150 �, indeed smaller than that of the HIT solar
cell whose Rs is 0.515 �. Regarding the open-circuit voltage
(VOC), relatively higher result is obtained when compared with
some real devices [28], [29], which is due to neglecting the
rear interface recombination. Furthermore, we note that the
VOC for the homo–hetero junctions solar cell and HIT solar
cell can reach as high as 766.2 and 761.3 mV, respectively, as
the thickness of the N-c-Si wafer is reduced to 98 μm which
is adopted by Panasonic.

B. Effect of Inserting a P-c-Si Layer

From the above results, we understand that high-efficiency
solar cells can be obtained with the homo–hetero junctions
structure. Therefore, to get a further insight into the physical
aspects and properties of the homo–hetero junctions solar cell
is important. We have investigated the influence of inserting a
P-c-Si layer between the P+-a-Si emitter and N-c-Si substrate
on the solar cell performance. Fig. 3 presents the dependence
of the open-circuit voltage VOC, short-circuit current density
JSC, fill factor FF, and conversion efficiency η on the doping
concentration ND and thickness of the P-c-Si layer. The ND

varies from 1 × 1017 to 5 × 1018 cm−3, and heavier ND

(e.g., 1 × 1019 cm−3) was not discussed in this paper due to
the fact that Fermi energy has come into the valence band,
thereby the Fermi–Dirac statistic may need to be considered,
which has not been incorporated into the software yet. With
the increase of the layer thickness, the following can be
observed:

1) VOC first rises, and then nearly preserves the same, as
the layer thickness is larger than 10 nm.

2) JSC exhibits an increase at the beginning, and then
linearly drops down.

3) FF changes a little.
4) η also behaves to increase first, and starts to decrease at

a thickness of 10 nm.

Therefore, 10 nm will be adopted as the optimum P-c-Si
layer thickness for further investigation.

With regard to ND , higher ND leads to lower JSC, which is
more striking at larger P-c-Si layer thickness. These behaviors
can be explained from three aspects:

1) Ionized impurity scattering and carrier–carrier scattering
are enhanced with increasing the ND , which leads to the
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Fig. 3. Effects of the doping concentration as well as the thickness of the
P-c-Si layer on (a) Open-circuit voltage (VOC). (b) Short-circuit current
density (JSC). (c) Fill factor (FF), and (d) Conversion efficiency (η) for
the homo–hetero junctions solar cell. The curves in red, green, black, and
blue colors represent the doping concentration ND of 5 × 1018, 1 × 1018,
5 × 1017, and 1 × 1017 cm−3, respectively.

reduced electron/hole mobility as listed in Table II, thus
recombination probability increases.

2) Auger recombination is also enhanced when increasing
the ND . We have extracted the values at the position
of 10 nm and found that it increases from 1.51 ×
1019 cm−3/s to 1.49 × 1020 cm−3/s while ND rises from
1 × 1017 cm−3 to 5 × 1018 cm−3.

3) More electrons and holes will be trapped and recom-
bined at larger layer thickness.

It is interesting that despite these negative effects, the VOC
increases in proportion to the ND , and high η tends to prefer
rather high doping concentration with a small thickness of
the P-c-Si layer. Here, it is worth mentioning that we have
also taken into account the influence of an increased defect
density in the heavily doped P-c-Si layer on solar cell perfor-
mance. With the assumption that the defect density increases
proportionally with the ND [30] (see Table II), the VOC, JSC,
FF, and η maintain the same as those without considering

TABLE II

INFLUENCE OF THE DOPING CONCENTRATION IN THE P-C-SI LAYER ON

THE ELECTRON/HOLE MOBILITY, AUGER RECOMBINATION RATE AT

THE POSITION OF 10 NM, ENERGY GAP, AND EMITTER

SATURATION CURRENT DENSITY J0e

N D (cm−3) 1 × 1017 5 × 1017 1 × 1018 5 × 1018

Electron mobility
672.0 405.4 328.6 225.2

(cm2/V·s)

Hole mobility
323.1 214.4 170.3 96.39

(cm2/V·s)

Auger recombination
1.51×1019 2.43×1019 3.43×1019 1.49×1020

(cm−3/s)

Energy gap (eV) 1.124 1.106 1.096 1.074

Defect density (cm−3) 1×1010 5×1010 1×1011 5×1011

J0es (fA/cm2) 54.85 40.95 38.16 26.43

Fig. 4. Calculated effective carrier lifetime and Auger-corrected inverse car-
rier lifetime versus excess carrier density as a function of doping concentration
in the P-c-Si layer.

this effect for the solar cells with a 10-nm P-c-Si layer,
which can be ascribed to that the layer thickness is thin enough
to neglect the increased defect density.

To further understand the influence of ND on cell properties,
the injection-dependent effective lifetime (τ eff) of a symmet-
ric structure of P+-a-Si/P-c-Si/N-c-Si substrate/P-c-Si/P+-a-Si
has been calculated by quasi-steady-state photoconductivity
method utilizing AFORS-HET, shown in Fig. 4. Moreover,
through plotting the inverse τeff reduced by the inverse Auger
carrier lifetime (τAuger) versus the excess carrier density (�n),
the emitter saturation current density (J0e) can be extracted
based on the following formulas [31]

1

τeff
− 1

τAuger
= 1

τSRH
+ 2J0e

qn2
i W

(Ndop + �n) (2)

and τAuger can be written as
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τAuger = �n

[Cn(�n + Ndop) + Cp�n][(Ndop + �n)�n − NC NV exp(−Eg/kT )]
(3)

where Cn and Cp are the Auger coefficients for electrons and
holes, respectively; τSRH is the bulk lifetime considering the
SRH recombination; q is the elementary charge; ni represents
the intrinsic carrier density; W denotes the thickness of the
wafer; Eg represents the energy gap; Ndop is the doping
concentration of the substrate; and NC and NV are the effective
DOS in the conduction band and valence band, respectively.
Therefore, we can obtain J0e from the slope of 1/τeff −1/τAuger
versus �n, listed in Table II. It is amazing that the J0e reduces
with increasing the ND , despite the enhanced recombination in
the P-c-Si layer as discussed above. In general, for a traditional
homojunction solar cell, the J0e rises when increasing the
ND (or decreasing the sheet resistance) [32]. The difference
may be attributed to that the interface recombination plays
a dominant role for our homo–hetero junctions solar cell
compared with the bulk recombination in the P-c-Si layer,
and the interface recombination is reduced with a heavier ND .
Fig. 4 also reveals that the τeff increases when increasing the
ND , which suggests that an improved field-effect passivation
exists [33].

C. Field-Effect Passivation

We extracted the band diagram, electric field, as well as
the free electron density as a function of position from the
numerical simulation software to further understand the field-
effect passivation mechanism in our homo–hetero junctions
device, depicted in Fig. 5. In the band diagram, there are
obvious differences on the energy band between the a-Si
emitter and c-Si substrate with different doping concentrations
of the P-c-Si layer. Firstly, the valence band gradually exhibits
a discontinuity within the homojunction when increasing the
ND , due to the bandgap narrowing of the P-c-Si layer, as
presented in Table II. As a result, the band offset in the
valence band (�EV ) for the homojunction reaches 0.05 eV
while the ND of the P-c-Si layer is 5 × 1018 cm−3. Secondly,
heavier doping concentration induces more rapid change of
the energy band near the c-Si substrate, which indicates
stronger electric field at the given position, as confirmed in
Fig. 5(b). It is well known that “a band bending at the silicon
surface through the creation of an electric field can provide
an energetic barrier to charge accumulation at the interface,
and then the recombination rate will be strongly reduced as
electron/hole concentrations are unbalanced” [29], which is the
mechanism of field-effect passivation. For the homo–hetero
junctions solar cell, due to the gradually enhanced electric
field within the homojunction with increasing ND , thus, better
field-effect passivation, the electrons will gradually repel away
from the heterointerface, verified in Fig. 5(c). Therefore, the
recombination rate at the interface is reduced with a heavier
ND , resulting in the improvement of both VOC and J0e.

Here, it is worth mentioning that the homo–hetero junc-
tions solar cell can also be understood as an ultrathin doped
conventional homojunction passivated by a heterojunction due
to its field-effect passivation, in order to suppress contact

Fig. 5. (a) Energy band diagram. (b) Electric field. (c) Free electron density
under AM1.5 illumination as a function of position under different doping
concentrations in the P-c-Si layer.

Fig. 6. Comparisons of (a) VOC, (b) FF, (c) η, and (d) Rn between the
homo–hetero junctions solar cell and HIT solar cell varying with the Dit .
Thereinto, the doping concentration and thickness of the P-c-Si layer are 5 ×
1018 cm−3 and 10 nm, respectively.

recombination, and thus enhance the VOC. Besides, the larger
energy gap of the a-Si with respect to that of the c-Si, is also
a benefit to obtain a high VOC.

D. Better Tolerance for Interfacial DOS

The comparisons of the VOC, FF, and η between the HIT and
homo–hetero junctions solar cells as a function of the Dit are
plotted in Fig. 6(a), (b), and (c). Here, the doping concentration
and thickness of the P-c-Si layer are 5 × 1018 cm−3 and
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Fig. 7. Comparisons of (a) Energy band. (b) Electric field. (c) Free electron
density between the homo–hetero junctions solar cell and HIT solar cell as a
function of position.

10 nm, respectively. It is important that the homo–hetero
junctions solar cell shows a higher VOC, FF, and η than the HIT
solar cell at any given Dit . Moreover, the VOC of the homo–
hetero junctions solar cell performs less sensitive to the Dit.
In contrast, the VOC of the HIT solar cell decays sharply with
increasing Dit , which is consistent with the previous study
[15]. As a result, even though the Dit of the homo–hetero
junctions solar cell is 10 times larger than that of the HIT
solar cell, they still have a comparable VOC. These results are
interesting, since there is a highly doped P-c-Si layer, which
is a high recombination layer for photogenerated carriers in
the homo–hetero junctions solar cell. We believe that the
better VOC for the homo–hetero junctions solar cell can be
understood from the interfacial recombination. According to
the calculation method in the AFORS-HET [34], the electron
recombination rate (Rn) at the front a-Si/c-Si interface varying
with the Dit can be obtained, which is depicted in Fig. 6(d).
When Dit < 5.0 × 1010 cm−2, there is not a big difference
of the Rn between the homo–hetero junctions solar cell and
HIT solar cell, since the interfacial recombination is not an
important factor to restrain the cell properties in such a low
Dit . In this case, the better η for the homo–hetero junctions
solar cell is solely attributed to its higher FF. When Dit >
5.0 × 1010 cm−2, the Rn of the HIT solar cell dramatically
rises with the increase of the Dit, whereas, the Rn of the
homo–hetero junctions solar cell is less sensitive to the Dit,
resulting in the obvious higher VOC. Note that, with the benefit
of a better tolerance for the Dit, rigorous process to restraint
the Dit as low as possible becomes not such important, which
is easier to make the homo–hetero junctions solar cell shows
in a stable level in mass production.

In order to get further insight into the better tolerance for
the Dit of the homo–hetero junctions solar cell, the energy
band, electric field, and free electron density as a function
of position have been investigated, which is illustrated in
Fig. 7. The energy band of the homo–hetero junctions solar

cell changes more rapidly in the c-Si substrate with respect
to that of the HIT solar cell. In addition, less potential drop
in the a-Si layer is observed due to not inserting an I-a-Si
layer, leading to the energy barrier on the c-Si side (�E1)
higher than that (�E2) of the HIT solar cell. Correspondingly,
the electric field on the c-Si substrate side and in the a-Si
layer is higher. Though the band offset in the valence band
within the heterojunction is bigger for the homo–hetero junc-
tions solar cell, which results in the accumulation of holes on
the heterointerface (the result is not presented), the electron
density is greatly reduced on the interface owing to the field-
effect passivation from the homojunction. Therefore, the Rn of
the homo–hetero junctions solar cell is lower than that of the
HIT solar cell at any given Dit , and its VOC is less sensitive
to the Dit.

IV. CONCLUSION

The physical aspects and properties of a novel solar cell
structure of P+-a-Si/P-c-Si/N-c-Si/N+-a-Si were studied in
detail utilizing AFORS-HET software as numerical simulation.
We were excited to find that the FF of the homo–hetero
junctions solar cell is higher than that of the HIT solar cell due
to the replacement of the I-a-Si:H layer, resulting in almost
the same η even if the Dit of the homo–hetero junctions solar
cell is 500-folds larger. In order to further understand the
properties and benefits of the homo–hetero junctions solar cell,
we investigated the performances of the solar cells varying
with the ND and thickness of the P-c-Si layer. Though the
recombination in the layer increases when increasing the ND ,
high η can be obtained with a rather heavy ND and thin
layer thickness. Furthermore, through investigating the energy
band, electric field, and electron density, we found that it is
appropriate to apply field-effect passivation theory to explain
the interesting behaviors that the VOC increases and J0e drops
when increasing the ND . The field-effect passivation can also
be applied to understand the phenomenon that the Rn of
the homo–hetero junctions solar cell exhibits less sensitive to
the Dit , as compared to the HIT solar cell. Therefore, with the
advantage of better tolerance for the Dit, the VOC of the homo–
hetero junctions solar cell is still comparable to that of the HIT
solar cell when its Dit is 10 times larger. In conclusion, we
believe that the homo–hetero junctions scheme opens a new
opportunity for high-efficiency crystalline silicon solar cells.
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We have fully investigated the correlation of microstructure properties and oxygen impurities in

hydrogenated nanocrystalline silicon photovoltaic films. The achievement has been realized through

a series of different hydrogen dilution ratio treatment by plasma enhanced chemical vapor deposition

system. Raman scattering, x-ray diffraction, and ultraviolet-visible transmission techniques

have been employed to characterize the physical structural characterization and to elucidate the

structure evolution. The bonding configuration of the oxygen impurities was investigated by x-ray

photoelectron spectroscopy and the Si-O stretching mode of infrared-transmission, indicating that

the films were well oxidized in SiO2 form. Based on the consistence between the proposed structure

factor and the oxygen content, we have demonstrated that there are two dominant disordered

structure regions closely related to the post-oxidation contamination: plate-like configuration and

clustered microvoids. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4794353]

I. INTRODUCTION

Over the past decades, hydrogenated nanocrystalline sil-

icon (nc-Si:H) thin films have been intensively studied and

its emergence opens up new ways in the next generation of

solar cells and thin film transistor applications.1,2 Extensive

researches have been carried out to find that nc-Si:H films

have higher electrical conductivity, better optical absorption,

higher photocurrent, higher carrier mobility, and higher

doping efficiency than those of amorphous counterpart

(a-Si:H).3–5 However, widespread and large scale manufac-

turing of this material has been hampered by its inherent

structural complexity and inability to directly control the

quantum dot dispersion and its size, making it very difficult

to accurately predict the optical and electronic properties.

It is well known that nc-Si:H thin films are mixture of

various amounts of different structural components, contain-

ing isolated Si nanocrystalline grains, amorphous part, and

disordered regions (grain boundaries and microvoids).

Previous research on nc-Si:H has indicated that the inhomo-

geneity feature can form localized states within the energy

gap.6 Defects and grain boundaries play a crucial role in the

transport of carries, which is important for most of the practi-

cal applications. Furthermore, when nc-Si:H films are used

as a window layer or tunnel junction in a-Si based solar

cells,7 incorporation of oxygen into the nc-Si:H films can

lower the optical absorption.8 It has been found that nc-Si:H

is more sensitive to oxygen impurities than a-Si:H because

oxygen can form weak donors in nc-Si:H materials, which

raises the Fermi level toward the conduction band.9 For the

fabrication of highly integrated devices, one of the major dif-

ficulties is the oxide formation at the outermost surface of

films. Deeper insight into the correlation between the

inhomogeneity structure features and the oxygen impurities

is thus of great importance for the improvement of nc-Si:H

based thin film solar cell performance.

Since H species have played a key role in affecting radi-

cals during the film growth and nucleation process, the H

dilution profiling has been chosen in this work to control the

structure evolution. We have performed a detailed structural

and optical investigation to analyze the change of the struc-

ture features and also to demonstrate the film growth mecha-

nism. The x-ray photoelectron spectroscopy (XPS) spectra

were employed to understand the bonding configuration of

surface oxygen. The detailed structure evolution analysis and

infrared (IR) Si-H stretching mode investigation have been

used to figure out the oxygen incorporation mechanism in

nc-Si:H photovoltaic films.

II. EXPERIMENTS

The nc-Si:H thin films were grown on both glass

(Corning 7059) and double side polished intrinsic single crys-

talline silicon (c-Si) (100) substrates at temperature of 250 �C
by radio frequency (13.56 MHz) plasma enhanced chemical

vapor deposition (PECVD) with silane (SiH4) and hydrogen

(H2). The total reactive gas flow rate was 120 sccm and the

chamber pressure remained at 150 Pa. The substrates were

cleaned prior to deposition by immersion consecutively in ul-

trasonic baths of deionised water for 30 min and then dipped

in buffered hydrofluoric acid to remove any native silicon oxi-

dation layer on the surface. The hydrogen dilution ratio RH

[H2/(H2 þ SiH4)] was varied from 97.5% to 99.2%. The

detailed parameters of these samples have been summarized

in Table I.

The x-ray diffraction (XRD) measurements were per-

formed at room temperature on a Goniometer Ultima IV

instrument in the standard h-2h configuration with a Cu Ka
radiation (40 kV, 30 mA). The micro-Raman spectra were

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

wzshen@sjtu.edu.cn.
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performed at room temperature on a JobinYvon LabRam

HR800 UV micro-Raman spectrometer in backscattering

configuration mode using an Ar ion laser at a wavelength of

514.5 nm. The laser power density is 1 mW/mm2 to avoid

any beam-induced crystallization. The optical transmission

measurements were performed in the region of 300–1000 nm

by means of a double-beam ultraviolet-visible-near infrared

spectrometer (PerkinElmer UV Lambda 35). Moreover, the

thicknesses of the films were measured by a Dektak 6 M

profilometer.

The hydrogen bonding configuration and oxygen content

within the thin films were measured by IR-transmission spec-

tra from 400 to 4000 cm�1 under a Nicolet Nexus 870

Fourier transform infrared spectrometer. The XPS was used

to study the silicon core energy level of the nc-Si:H. All the

spectra obtained with an electron takeoff angle of 90� using

an Al Ka source monochromatic x-ray radiation. The Kratos

charge neutralizer system was used on all the samples to

compensate the charging effect of the sample surface. The

narrow scan of spectra was collected at high resolution mode

with pass energy 20 eV. The bonding energy was calibrated

to the C1s emission (284.8 eV) arising from surface contami-

nation. The background from each spectrum was subtracted

using a Shirley-type background to remove most of the ex-

trinsic loss structure. It should be noted that we used glass

substrates for measurements of XRD, Raman scattering, and

optical transmission, and c-Si substrates for IR-transmission

and XPS. The influence of different substrates on the film

microstructure10 can be neglected since the lattice strain

between the incubation layers and the substrates has little

effects on crystallinity under these rather thick nc-Si:H films

(>500 nm).

III. RESULTS AND DISCUSSION

A. Film characterization

The grain size of the nc-Si:H films has been obtained

from XRD measurements. Figure 1(a) presents a typical XRD

pattern of our samples. Peaks of XRD corresponding to (111),

(220), and (311) planes are located at 2h � 28�, �47�, and

�56�, respectively. The presence of large broadening of (111)

and (220) c-Si peaks gives the indication of silicon nanocrys-

talline phase appeared in the film. The average grain size (d)

in (111) direction can be determined from the well-known

Scherrer formula,11 which is shown in Figure 1(b). It can be

clearly observed that with the increase of the RH up to 98.8%,

the grain size has significantly decreased from the maximum

value of 8.6 nm to 5.5 nm in nc-Si:H thin films. Further

increase of hydrogen dilution from 98.8% to 99.2% only leads

to slight increment of the grain size. As we will discuss below,

this can be in principle due to the depletion of deposited radi-

cal SiHx molecules by the hydrogen flux.

The film crystallinity can be obtained from the Raman

spectroscopy in the 400-600 cm�1 region. Figure 1(c) shows

the typical experimental results corresponding to the sample

RH¼ 98.6%. The spectra were deconvoluted into three satel-

lite spectra: a abroad Gaussian distribution around 480 cm�1

which attributes to the transverse optical (TO1) mode of amor-

phous silicon; a Lorentzian peak near 520 cm�1 which

belongs to the asymmetric TO2 vibrational mode of crystalline

silicon;12 and the intermediate mode of crystal-like phase at

grain boundaries around 506 cm�1.13 The crystalline volume

fraction (XC) in nc-Si:H can be estimated from the relation:

TABLE I. Parameters of the nc-Si:H films. RH is the hydrogen dilution ratio H2/(H2þSiH4) in the film growth, d the average grain size derived from XRD

(111) peaks, XC the crystalline fraction calculated from Raman spectra, n1 the refractive index in the long wavelength limit deduced from optical transmission

spectra, CO the bonded oxygen content studies from IR-absorption spectra, I1080 and ISi-O the integrated area of the peak at 1080 cm�1 and the integrated area

of the stretching mode, respectively, Rd the growth rate obtained from step profilometer measurements, and C the disorder structure factor from the definition

of Eq. (2).

RH (%) D (nm) XC (%) n1 CO (at.%) I1080 (cm�2) ISi-O (cm�2) Rd (Å/s) C

97.5 8.6 76.83 2.980 5.73 2601 5056 0.2895 0.3815

98.0 7.3 75.41 2.768 8.39 31 037 43 562 0.2583 0.5332

98.2 6.3 73.15 2.744 8.80 120 133 185 772 0.2540 0.5678

98.6 5.8 72.07 2.663 10.92 158 037 217 296 0.1966 0.7478

98.8 5.5 74.69 2.650 9.34 126 264 194 661 0.1830 0.5476

99.0 5.7 74.91 2.625 6.16 67 670 114 921 0.1806 0.4736

99.2 6.1 75.72 2.541 3.33 36 411 53 147 0.1778 0.3715

FIG. 1. Typical structural results obtained from the nc-Si:H thin films. (a)

Experimental XRD spectrum showing diffraction peaks of (111), (220), and

(311) under RH¼ 98.2%, (b) average grain sizes, (c) Raman spectrum under

RH¼ 98.6%, and (d) crystalline volume fractions within the films under dif-

ferent RH. Solid lines in (b) and (d) are a guide to the eye.
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XC ¼ (IA þ IGB)/(IC þ IGB þ IA), where IA, IGB, and IC are

the integrated intensity of the peak observed at 480, 506, and

520 cm�1, respectively. We plot in Figure 1(d) the crystalline

volume fraction as a function of hydrogen dilution ratio RH.

Similar to XRD, Raman spectra also give us the average in-

formation about XC over the laser detection depth. According

to the surface model14 and growth zone model,15 the increased

hydrogen dilution ratio will be followed by the increase of

XC. We notice that Xc does increase with the RH over 98.6%;

however, Xc decreases with RH when it is below 98.6%,

which cannot be fully explained by those models. Hence,

additional discussion is necessary to explain the film growth

mechanism to fully understand the structure characterization,

which will be presented below from the hydrogen ion bom-

bardment effects.16

The above-described structural analysis was comple-

mented by optical transmission measurements. Figure 2(a)

displays the experimental optical transmission spectrum for

the sample RH¼ 98.2% and its fitting results using the enve-

lope method,17 from which the refractive index n1 is yielded

by applying the equation: n(k)¼ n1 þ An/k2, with An a fit-

ting parameter. In the meanwhile, the film thickness derived

from the envelop fitting is found to be in good agreement

with that from direct step profilometer measurements. To

further understand the film porosity, nc-Si:H is considered to

be a three-phase material with nanocrystallites embedded in

amorphous tissues and voids also existed in the films. The

triphasic constituents of the nc-Si:H thin films, i.e., the vol-

ume fractions of PC (crystalline Si), PA (amorphous silicon),

and PV (voids filled with air), can be achieved in terms of

Bruggeman’s effective media approximation18 and n1
obtained from the optical transmission measurements.

We have also illustrated in the inset of Figure 2(a) the op-

tical gap Eg deduced from the measured absorption spectrum

by Tanc plot of using linear extrapolation method,19 and pre-

sented in Figure 2(b) the variation of the deduced values PV

and Eg with RH. It is clear that a persistent widening of Eg and

an increasing PV can be observed with the increment of RH.

Usually, as more hydrogen is presented in the growing sur-

face, the passivation of dangling bonds with hydrogen atoms

will become more evident, greatly reducing the localized

defect states and leading to a consistent variation in the den-

sity of band tail states.20 Besides, more microvoids formed

during the plasma bombardment can also cause a higher value

of Eg compared to that in standard a-Si:H (50 meV approxi-

mately).21 Therefore, it is plausible to assume that there are

different bonding configurations and structure features respon-

sible for the observed results in Figures 1 and 2.

Finally, we have performed room-temperature IR-trans-

mission measurements to obtain the oxygen contents in

these films. Figure 3(a) shows the IR-absorption spectra of

the samples prepared under different RH, in which major

absorption peaks appear at around 630 cm�1 (Si-H rocking-

wagging mode), 880 cm�1 (Si-H bending mode), 1030 cm�1

(Si-O stretching mode), and 2090 cm�1 (Si-H stretching

mode).22 In the calculation of the absorption coefficient, the

transmittances are normalized to eliminate the interference

fringes due to the small index of refraction difference

between the c-Si substrate and the films. The bonded-

oxygen content CO can be yielded by numerical integration

of peak around 1000-1200 cm�1, which is related to the Si-

O-Si stretching mode

COðat:%Þ ¼ AW

NSi

ð
t=w

aðtÞ
t

dt; (1)

where a(t) represents the absorption coefficient of the film at

the wavenumber t, NSi¼ 5� 1022 cm�3 the atomic density

of pure silicon, and the proportionality constant AW is fixed

to 2.8� 1019 cm�2. The bonded hydrogen content CH can

also be calculated from Si-H rocking mode at around

630 cm�1 with AW being set to 2.1� 1019 cm�2.23 The

deduced CO values for all these nc-Si:H films have been

listed in Table I.

B. Bonding configurations

Since the oxygen content varies with different micro-

structures under various RH values, it can be deduced here

that the microstructure characteristics can effectively influ-

ence the oxygen impurities in the films, as shown in Figure

3(a). Researchers have the conclusion that most of the oxy-

gen incorporated into the films through postoxidation.24 Our

films RH¼ 97.5% and 98.0% were tested by IR-transmission

after being exposed to the air for three days, showing the ox-

ygen concentration of about 1.76% and 0.27%, respectively.

FIG. 2. (a) Experimental (open circles) and fitted (solid curve) transmission

spectra with Tauc-plot shown in the inset under RH¼ 98.2%. (b) Energy

band gap and void volume fraction as a function of hydrogen dilution RH.

FIG. 3. (a) IR-absorption spectra of the nc-Si:H thin films prepared under dif-

ferent hydrogen dilution as marked; the spectra are shifted for clarity. (b) IR-

absorption spectrum of Si-O stretching of the thin film under RH¼ 98.2%.

The total curve represents the fit with three Gaussian shaped stretching modes.
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While we tested the same batch one month later, we found

that there exists a big difference in oxygen content (1.76%,

0.27% increased to 8.39%, 5.73%, respectively), which is

consistent with previous report.25 However, there is still lack

of a convincing explanation on the detailed processes.

Direct bonding configurations of the oxygen impurities in

nc-Si:H thin films were investigated by IR-transmission and

XPS measurements. The typical oxygen related absorption

modes have been demonstrated by the Si-O-Si stretching band

spectra in Figure 3(a), which was fitted by three Gaussian

curves as shown in Figure 3(b). The lowest frequency peak

around 1030 cm�1 corresponds to the stretching mode of Si-

O-Si configuration, in which Si atoms were in turn back

bonded to the other oxygen atoms. The middle one around

1080 cm�1 belongs to the Si-O-Si stretching vibration in

SiO2, and the component around 1150 cm�1 comes from the

out-of-phase oxygen motion associated with an Si(O)4 config-

uration.26 It was observed that the peak at 1080 cm�1 was sig-

nificantly stronger than the peaks at 1030 and 1150 cm�1 for

the sample RH¼ 98.2%, which indicates the preferential oxi-

dation form like the Si-O-Si in SiO2 bulk. Besides, as shown

in Figure 3(a), the integrated area of the Si-O stretching mode

gradually increases to its biggest value of when increasing RH

up to 98.6%, while further increasing RH, the integrated area

comes to exhibit a downshift. As also listed in Table I, the

integrated area of the peak at 1080 cm�1, referred as I1080, has

a similar variation with that of the integrated area of the

stretching mode ISi-O, revealing that SiO2 appears to be the

most predominant basic configurations for all the samples.

We have further employed the XPS measurements to

accurately investigate the Si/O surface interaction. Figure 4(a)

displays the high-resolution Si 2p, O 1s photoelectron emis-

sion peaks taken at the surfaces of these films. The high reso-

lution Si 2p spin orbital splitting of 0.6 eV was observed with

a defined intensity ratio of Si 2p1/2 and Si 2p3/2 of 1:2. It is

clear from the evolution of the Si 2p spectral region that the

peak position in most cases downshifts towards the lowest

banding energy 99.35 eV upon RH increasing up to 98.6%,

which almost approaches to the value for bulk Si (98.7 eV).

When RH further increases to 99.2%, the peak position shifts

toward the higher value 99.439 eV. This broad Si 2p peak

shift may be due to the electronegativity of oxygen, so the Si

2p peak in oxidized silicon has a higher binding energy in

comparison to that in less oxidized films. Here, note that

there is a seemingly random change in Si 2p3/2 emission.

Considering that the bonding energy of Si-Hx is very close to

the Si 2p core level as well as the charge transfer effects,27

bonded hydrogen can attract the positive charge located on Si

core level causing a shift of Si core level toward a high bind-

ing energy of broadening the Si 2p core level peak. However,

it is difficult to differentiate between the influences of sub-

oxides from the Si-H bonding in the bulk,24 which compli-

cated detailed interpretation of the peak shift of our spectra. In

the O 1s XPS spectra, the peak intensity shows a random vari-

ation, according to the charge transfer model, such a shift is

expected to be due to the change of the Fermi level.

Figure 4(b) shows a representative high-resolution Si 2p

spectrum for understanding the suboxide on the film surface.

All energy level fitting was based on the synchrotron work of

Himpsel et al.28 and Niwano et al.29 The decomposition of

the measured spectra into fitting components corresponds to

various Si bonding states. For the as-fabricated nc-Si:H

materials, the Si 2p region has been routinely fit to Si 2p1/2

and Si 2p3/2 partner lines for Si4þ, Si0, and intermediate

states such as Si1þ (Si2O), Si2þ (SiO), and Si3þ (Si2O3).

Additional component of silicon oxide was referred as

SiO2*, which is assigned to be the regular crystalline like

phase produced at the interface of SiO2-Si. This part mainly

comes from the lattice mismatch of the oxide and single

crystal Si (Ref. 29) with its peak located at a binding energy

0.35 eV lower than SiO2. From the above data analysis, it

can be confirmed that Si3þ did not exist in the sample, while

the existence of Si1þ and Si2þ species are supported by the

XPS observation. Moreover, we can notice that the nc-Si:H

surface was well passivated with SiO2, which is consistent

with our IR-transmission results. In contrast, suboxide spec-

tra of RH¼ 99.0% and 99.2% exhibit very weak SiO2 peak

as illustrated in Figure 4(a), demonstrating that high RH

hydrogen effectively limits the intermediate oxide formation

by passivation at the near surface. Finally, the spectrum of

RH¼ 98.2% exhibits the highest peak intensity of SiO2 while

the oxygen content in the bulk is not the highest. This may

be related to the surface smoothness at an atomic level of the

sample, i.e., a rough surface of the silicon material produces

more intermediate oxidation states.28

C. Structure evolution and mechanism of oxidation

To fully understand the relation between the microstruc-

ture properties and the oxidation effects, it is quite necessary

to investigate the structure evolution. The nanocrystalline sil-

icon growth resulted from a complex synergy between sur-

face and bulk reactions of impinging SiHx radicals, atomic

hydrogen, and ion species.30,31 As we can see from Table I,

the deposition rate Rd decreased monotonously from 0.289

to 0.177 A/s as RH increased from 97.5% to 99.2%. This var-

iation of Rd closely depended on the two simultaneous proc-

esses of the film growth: the forming radicals and the etching

of deposition portion. On one hand, with the increase of RH,

FIG. 4. (a) Si 2p, sub-oxide and O 1 s XPS spectra for the different hydrogen

dilution RH. (b) Typical XPS Si 2p spectrum of the nc-Si:H thin film under

RH¼ 98.2%. The splitting of 0.6 eV is shown with all the intermediate oxi-

dation states.
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the gas density of SiH4 on the deposited layer decreased

as the total gas flow was fixed at 120 sccm, which resulted in

the decreasing concentration of the deposition precursor

SiHx (x� 3). On the other hand, more hydrogen ions were

introduced into the deposition system with the increasing

RH, which led to excessive etching on the weak Si–Si bonds.

As a result, the value of Rd decreased.

Furthermore, ion bombardment growth mechanism16

can provide a satisfactory explanation for the experimental

XRD and Raman results in Figure 1. As the nc-Si:H films

were deposited at a high RF power (of 60 W) and deposition

area of 12.5� 12.5 cm2, the ion bombardment effect should

be taken into account. In the bulk layer, the bombardment by

hydrogen ion became more evident with increasing RH from

97.5% to 98.6%. The film growth would undergo the process

that hydrogen ions impinged the radicals SiHx at the weak

bonding region, which reduced the surface diffusion length

of the film precursors (SiHx) and more microvoids were cre-

ated in the grain boundaries with amorphous components.

These subsequently formed microvoids induced larger areas

of internal surfaces with dangling bonds and weaker Si–Si

bonds in the growing film. Therefore, through H ion implan-

tation, atomic hydrogen diffusion, and relevant chemical

reactions, more hydrogen would be bonded to silicon or

trapped in these microvoids and grain boundaries region,

leading to the shrinking of the grain size d and decrease of

the crystalline volume fraction Xc, as observed by the XRD

and Raman measurements.

However, when increasing RH from 98.6% to 99.2%,

hydrogen-induced annealing effects32 overcame the ion bom-

bardment induced amorphization. With more atomic H pre-

senting on the growing surface, they penetrated into the

subsurface and rearranged the Si-Si network structure by the

following processes: (1) saturation of present dangling bonds

at the interface between the amorphous and the crystalline

region; (2) formation of molecular hydrogen through reaction

of adsorbed hydrogen with clustered hydrogen in the subsur-

face, which was less mobile than the atomic hydrogen; and

(3) destruction and perturbation the strained Si–Si bond by

H-insertion reaction with the a-Si:H matrix. Subsequent struc-

tural relaxation of the Si–Si bonds results in the transforma-

tion of the film’s structure from amorphous to nanocrystalline.

Therefore as a general result, more hydrogen presenting in the

plasma could lead to greater probability of crystallization,

supported by the observation in Figure 1(d). The reason for

the grain size without remarkable change [5.5 to 6.1 nm, see

Figure 1(b)] can be attributed to the suppression of the growth

by the H ion implantation on the nucleation site, as well as the

depletion of radical SiHx by the hydrogen flux.

To accurately identify the spatial correlation between the

hydrogen related microstructures and the oxygen impurities,

we can turn to investigate the IR Si-H stretching mode, which

was deconvoluted using Gaussian absorption peaks corre-

sponding to different bonding configurations as shown in

Figure 5(a). The position of the stretching mode peaks of a

hydride in the bulk depends on the unscreened eigen-

frequency of the hydride, bulk screening, local hydride den-

sity, and possible mutual dipole interactions of the hydrogen

incorporation configuration.33 The low stretching mode

(LSM, 1980-2010 cm�1) origins from the a-Si:H tissue, which

is often in isolated Si-H form in the bulk. The middle stretch-

ing mode (MSM, 2024–2041 cm�1) is due to the Si-H stretch-

ing vibrations located at the platelet-like configuration of

amorphous-crystalline interface with a lot of defect states.

The high stretching mode (HSM, 2086-2094 cm�1) represents

for Si-H2 at the internal surface of microvoids,34 which is also

related to massive unsaturated dangling bonds. The extreme

HSM (EHSM, 2140–2150 cm�1) arises from the trihydrides

in the film deposited under high hydrogen dilution condition.

Three narrow HSMs (NHSMs at 2097, 2109, and 2137 cm�1)

reflect mono-, di-, and trihydrides on the crystalline surface.

Furthermore, the stretching mode at �2250 cm�1 corresponds

to the hydride OxSi-Hy vibration with oxygen atoms back

bonded to the silicon atoms.35 As a result, the film disorder

can be represented by the relative intensities of the MSM and

HSM versus the total absorption intensity, and we propose

here a factor C which is defined as follows:

C ¼ IMSM þ IHSM

ILSM þ IMSM þ IHSM þ INHSM þ IEHSM

; (2)

where ILSM, IMSM, IHSM, INHSM, and IEHSM are deconvoluted

integrated areas of the IR-absorption curve for Si-Hx, which

stand for intensities of absorption from corresponding

modes. It is clear from Figure 5(b) that the values of the

structure factor at different RH agree very well with the oxy-

gen content CO, strongly indicating that oxygen incursion

has been originated from these plate-like configuration and

clustered microvoids of the disordered regions. Therefore,

we can fully understand the spatial correlation between the

disordered structure and the oxygen incursion.

First of all, there is a big difference between amorphous

tissues and crystalline grain boundaries in the disordered

region, that is, the voids formed at the amorphous/crystalline

interface are different from microvoids incorporated into

bulk amorphous silicon.36 It is widely agreed that isolated

hydrides in vacancies contribute to the LSM where hydrogen

atom is bonded to silicon in form of monohydrides within

small volumes of monovacancy, divacancies, or polyvacan-

cies. This part of the inhomogeneous microvoids distributed

in the amorphous tissues does not have an effective pathway

for the oxygen bonding, thus the oxygen has less possibility

FIG. 5. (a) Typical deconvoluted Si-H stretching mode of the nc-Si:H thin

film under RH¼ 98.2%. The solid curves are the overall fitting results using

eight Gaussian peaks. (b) Correlation between the oxygen content and struc-

ture factor as a function of hydrogen dilution RH.
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to bond with the coordinated defects, which can explain the

fact that microvoids corresponding to LSM contribute little

to the oxygen incorporation. Second, on the grain boundaries

silicon hydrides can form platelet-like configuration, created

by the insertion of hydrogen into strained Si–Si back bonds

during growth, which resulted in MSM peaks of IR-

transmission spectra. Our films of highly crystallized nc-

Si:H have a high ratio of grain boundaries, providing big

opportunity for oxygen to incorporate with the massive dan-

gling bonds along the grain boundaries. In addition, the

HSM centered at 2090 cm�1 is assigned to clustered hydro-

gen in mono-, di- or trihydrides at the internal surfaces of

voids. Nanosized voids at the interface between amorphous

silicon and nanocrystallites, as well as 6-ring like voids con-

figuration37 can provide large space for oxygen habitation.

We can conclude that the nature of the disordered films

allowed the oxygen impurities to diffuse along the columnar

grain boundaries after being exposed to air. Through electro-

static effects of adsorbents, the oxygen atoms accumulated at

large unsaturated internal dangling bonds of the void states

led to the inhabitation of the oxygen impurities. Hence, com-

pact structure and well passivated grain boundaries are less

susceptible to surface contamination resulted from oxygen.

Since the oxygen contaminated surface caused by oxidiza-

tion can influence the light absorption,8 to deposit an amor-

phous layer on the films of nc-Si:H can be an efficient way

to prevent surface contamination from oxygen impurity.

IV. CONCLUSIONS

In summary, we have performed an overall study on the

correlation of structure properties and oxidation effects from a

series of nc-Si:H films prepared by hydrogen dilution profil-

ing. Raman spectroscopy, XRD, and optical transmission

have been employed to elucidate the structure evolution and

film growth. XPS measurements indicated that Si3þ did not

exist in the sample, while the Si1þ and Si2þ species were

existed. Hydrogen limits the intermediate oxide formation by

passivating the near surface and reducing the strained bonds

at the interface of the disordered region. Crystalline like phase

SiO2 is the highest formation of the oxidation states after the

films are exposed to air. The observation of the structure fac-

tor corresponding to oxygen spatial dispersion told us that the

oxygen incursion has been originated from these plate-like

configuration and clustered microvoids. Consequently, com-

pact structure, well bonded grain boundaries, and depositing a

quite thin amorphous layer are suitable to reduce the surface

oxygen contamination. The present work offers a very valua-

ble understanding of the oxygen incorporation mechanism in

the potential good photovoltaic materials.
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Abstract
Hydrogenated nanocrystalline silicon (nc-Si:H) shows great promise in the application of
third-generation thin film photovoltaic cells. However, the mixed-phase structure of nc-Si:H
leads to many defects existing in this important solar energy material. Here we present a new
way to passivate nc-Si:H films by tuning the negative substrate bias in plasma-enhanced
chemical vapor deposition. Microstructures of the nc-Si:H films prepared under a negative
bias from 0 to −300 V have been characterized using Raman, x-ray diffraction, transmission
electron microscope, and optical transmission techniques. A novel passivation effect on
nc-Si:H films has been identified by the volume fraction of voids in nc-Si:H, together with the
electrical properties obtained by electron spin resonance and effective minority lifetime
measurements. The mechanism of the passivation effect has been demonstrated by infrared
spectroscopy, which illustrates that the high-energy H atoms and ions accelerated by an
appropriate bias of −180 V can form more hydrides along the grain boundaries and effectively
prevent oxygen incursions forming further Si–O/Si interface dangling bonds in the nc-Si:H
films. The detrimental influence of a bias over −180 V on the film quality due to the strong
ion bombardment of species with excessively high energy has also been observed directly
from the surface morphology by atomic force microscopy.

(Some figures may appear in colour only in the online journal)

1. Introduction

The emergence of semiconductor nanocrystals as the building
blocks of nanotechnology has opened up new ways to achieve
next-generation solar cells. Hydrogenated nanocrystalline
silicon (nc-Si:H) shows great promise in the application of
thin film photovoltaic cells due to good features such as
a tunable bandgap, strong optical absorption, high carrier
mobility, and good stability against light soaking [1–4].
A great deal of attention has been attracted towards
the realization of high efficiency, good stability single-
junctions [5] and tandem [6, 7] third-generation nc-Si:H
thin film solar cells, which are set to make a substantial
contribution to the world’s photovoltaic market. Recently,

a triple-junction structured cell with an initial active-area
efficiency of 16.3% [8] has been demonstrated by taking
advantage of nc-Si:H material.

Thin films of nc-Si:H have been grown typically
by methods such as plasma-enhanced chemical vapor
deposition (PECVD) [9], hot-wire chemical vapor deposition
(HWCVD) [10], and radio-frequency (RF) sputtering [11].
Among these methods, PECVD has been established for
industrial applications due to its promise to deposit high-
quality films uniformly on large-area substrates at low
temperature. However, this mixed-phase nc-Si:H material
consists of nanometer grains embedded in an amorphous
matrix [12], which on the other hand determines that grain
boundaries and nanometer-sized voids also exist in nc-Si:H
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Table 1. Summary of the physical characteristics of nc-Si:H thin films grown under various DC voltages.

Samples
no.

DC bias
(V)

Thickness
(nm) XC (%) d (nm) n∞

NS
(1016 cm−3) τ (µs)

CH
(at. %)

CO
(at. %)

DC0 0 735 81.4 ± 4.9 6.5 ± 0.3 2.658 10.2 ± 0.2 44.4 ± 1.3 5.3 8.9
DC50 −50 425 79.5 ± 6.4 5.8 ± 0.2 2.615 11.8 ± 0.5 46.6 ± 2.3 7.6 8.8
DC100 −100 670 75.5 ± 6.8 5.3 ± 0.7 2.690 6.7 ± 0.3 59.9 ± 3.6 8.0 7.6
DC150 −150 600 73.4 ± 5.6 5.1 ± 0.3 2.626 4.2 ± 0.2 63.5 ± 1.3 13.0 1.8
DC180 −180 715 72.3 ± 5.6 4.6 ± 0.5 2.718 3.7 ± 0.3 66.6 ± 3.1 8.6 0.6
DC200 −200 590 69.4 ± 8.3 4.8 ± 0.4 2.636 7.5 ± 0.4 59.2 ± 2.4 11.8 0.3
DC250 −250 700 71.6 ± 4.0 5.7 ± 0.3 2.526 8.8 ± 0.2 47.1 ± 2.6 10.1 0.5
DC300 −300 580 73.3 ± 4.7 7.2 ± 0.6 2.648 9.7 ± 0.6 43.4 ± 1.2 11.3 0.6

films. These grain boundaries and voids take up a certain
volume fraction and can induce some unwelcome defects
within the nc-Si:H films.

As we know, the formation of nc-Si:H thin films
is normally a comprehensive reaction–diffusion process
influenced by various factors during the PECVD growth.
Previous experiments have shown that ions are important in
creating a dense hydrogenated amorphous silicon (a-Si:H)
network [13, 14], and the ion energy plays a significant
role in determining the transport properties in hydrogenated
microcrystalline silicon (µc-Si:H) materials [15]. Hence,
applying a direct current (DC) bias on the substrate offers a
good way to alter the energy of the ions during the PECVD
process, which can optimize the ion bombardment on the
growing surface, resulting in device-quality material for the
nc-Si:H films.

In this paper, we demonstrate a novel passivation effect
on the nc-Si:H thin films by tuning the negative substrate
bias in PECVD. We show that film properties such as the
crystallinity, the contents of bonded hydrogen and oxygen,
and the surface morphology can be effectively controlled by
varying the negative bias that accelerates the predominantly
positively charged species in the plasma. We discuss the
mechanism of the passivation effect of the negative DC bias on
the nc-Si:H films through the kinetics of ionic species during
the deposition process.

2. Experimental details

The nc-Si:H thin films were grown on both glass and
crystalline silicon (c-Si) substrates by a capacitively coupled
PECVD system at various DC voltages (0 to −300 V),
negatively biased to the stainless steel substrate holder. The
PECVD system was operated at an RF of 13.56 MHz, an
RF power density of 0.4 W cm−2, a total gas (SiH4 and H2)
flow rate of 120 sccm, a chamber pressure of 150 Pa, and a
temperature of 250 ◦C, where the silane (SiH4) content was
kept constant at about 1%. The physical characteristics of the
nc-Si:H samples are summarized in table 1.

The film thickness was directly measured with a
Dektak 6M profilometer. The crystalline volume fraction
XC was calculated from Raman spectra, measured with a
Jobin Yvon LabRam HR800 UV micro-Raman spectrometer
(backscattering configuration and Ar ion laser at 514.5 nm).
The average grain size d was derived from the (111)

x-ray diffraction (XRD) peak, measured with a Bruker D-8
XRD system (Cu Kα radiation, 40 kV and 60 mA), and
directly observed by a high-resolution transmission electron
microscope (HRTEM, CM200, Philips). The long-wavelength
limit of the refractive index n∞ was deduced from optical
transmission spectra, measured with a Jobin Yvon 460
monochromator (400–900 nm spectral range of 0.5 nm
resolution). The hydrogen (oxygen) content bonded to silicon
CH (CO) was obtained from infrared (IR) absorption spectra,
measured with a Nicolet Nexus 870 Fourier transform IR
(FTIR) spectrometer (400–4000 cm−1). The spin density
NS, characterizing the defect density of the samples, was
estimated from electron spin resonance (ESR) measurements,
performed with a Bruker EMX-8 ESR spectrometer (X-band,
9.8 GHz and 1 mW). The effective minority carrier lifetime
τ was measured using a Semilab PV-2000. The surface
morphology of these nc-Si:H films was observed by means
of an SII Nanonavi atomic force microscope (AFM). All the
comparative data and spectra presented below are normalized
by the thickness—such as the spin density, the contents of
hydrogen and oxygen, and the FTIR spectra.

3. Results and discussion

For the structural investigation of the nc-Si:H thin films grown
under various DC voltages, we carried out micro-Raman and
XRD measurements. The typical sample DC50 was chosen
to represent all the other samples prepared for investigation.
In figure 1(a), we show the Raman spectrum for sample
DC50. The experimental Raman spectrum (open circles) can
be decomposed into four Gaussian phonon bands (dashed
curves) by the strain-incorporated three-dimensional phonon
confinement model [16], among which three result from
the a-Si phase (longitudinal acoustic (LA) band centered at
300 cm−1, the longitudinal optical (LO) band at 380 cm−1,
and the transverse optical (TO1) band at 480 cm−1) and one
from the c-Si phase (asymmetric transverse optical (TO2)
band at around 520 cm−1). The crystalline volume fraction XC
was about 79.5% for sample DC50, as calculated from XC =

IC/(IC + γ IA) [17], where IC(IA) is the integrated intensity
of the TO2 (TO1) Raman mode and γ is the ratio of the
integrated Raman cross section for c-Si to a-Si (γ = 1 [18]).
In figure 1(b), we present the XRD pattern for sample DC50,
in which three diffraction peaks appear at 2θ ∼ 29.0◦, 47.5◦,
and 57.0◦, corresponding to the (111), (220), and (311) planes
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Figure 1. Structural and optical properties of a representative nc-Si:H sample DC50. (a) Experimental (open circles) and fitted (solid curve)
Raman spectra. See text for dashed curves. (b) Experimental XRD spectrum. Three diffraction peaks are indicated. An HRTEM image is
also shown in the inset. (c) Experimental (open circles) and fitted (solid curve) optical transmission spectra.

of c-Si, respectively. The intensity of the XRD peak for the
(111) plane is strongest, indicating that the nanocrystallites
have preferentially grown along the (111) direction. The
average grain size d for the sample DC50 was calculated to be
∼5.8 nm with the Scherrer formula [19], in good agreement
with the directly observed value by HRTEM as shown in the
inset of figure 1(b).

To obtain optical information on the nc-Si:H samples,
we performed optical transmission measurements at room
temperature. In figure 1(c), we display experimental (open
circles) and fitted (solid curve) optical transmission spectra for
sample DC50. From the fitting process within the framework
of a modified four-layer-medium transmission model based
on the envelope method [20], we obtained both the film
thickness (∼420 nm) and the long-wavelength limit of the
refractive index (n∞ ∼ 2.615). The former value is in good
agreement with the directly measured value (∼425 nm) using
a step profilometer, as listed in table 1. The latter is an
important optical parameter associated with the mass density
and atomic structure of nc-Si:H thin films, which together
with the crystalline volume fraction XC from the Raman
measurement can be used to calculate the volume fractions
of three components (c-Si, a-Si, and voids) in the films [21].
Table 1 lists the structural and optical properties of the nc-Si:H
thin films under various DC voltages. From the table, we
notice that the crystalline volume fraction XC varies between
69.4 and 81.4%, and the average grain size d is between 4.6
and 7.2 nm under a negative DC bias from 0 to −300 V. Both
d and XC generally decrease from DC0 to DC180, and then
increase from DC180 to DC300. That is, the tendencies of d
and XC are similar with the applied bias.

As a mixed-phase material with nanocrystallites em-
bedded in an amorphous matrix, nc-Si:H contains a certain
volume fraction of nanometer-sized voids, which should not
be neglected when characterizing the microstructure of the
films [22]. We have calculated the volume fraction of voids
PV in these nc-Si:H thin films based on Bruggeman’s effective
media approximation [23] by using the crystalline fraction XC
from the Raman analysis and the refractive index n∞ from
the transmission calculation. As shown in figure 2(a), PV
first decreased when increasing the substrate bias to −180 V,

Figure 2. (a) Volume fraction of voids (PV) and spin density, and
(b) effective minority carrier lifetime in nc-Si:H thin films under
different DC voltages.

reached its lowest value of around 25.0% between −150 and
−180 V, and then gradually increased to 38.7% when further
increasing the substrate bias to −300 V. It indicates that films
deposited under a DC bias between −150 and −180 V have
a better mass density than the films deposited under other
voltages.

Aside from its effect on PV, the negative DC bias can
also alter the defect density within the nc-Si:H films. Many
dangling bonds reside on the surface of the voids within
the nc-Si:H films. As also illustrated in figure 2(a), the
spin density from the ESR measurement, whose evolution
tendency is similar to that of PV, reached its lowest value
at −180 V. According to the ESR principle, the number
of unpaired spins is positively proportional to the density
of neutral dangling bonds. Therefore, the ESR results in
figure 2(a) reveal that the defect density in nc-Si:H reached
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its lowest value in the film deposited at −180 V. This
agreement of the thin film quality with the applied bias can be
further supported by the direct measurement of the effective
minority carrier lifetime τ shown in figure 2(b), where the
film with the lowest density of dangling bonds under −180 V
has the highest minority carrier lifetime. Therefore, it can
be identified that an appropriate negative DC bias has a
passivation effect on the nc-Si:H films, and can help to
deposit a good quality film with dense structure as well. We
should notice that for the typical nc-Si:H films deposited by
PECVD, an amorphous seed layer with a thickness less than
about 20 nm will grow first on the substrate. The properties
of PECVD deposited films with thicknesses of dozens of
nanometers can change remarkably with changing thickness.
However, the thicknesses ranging from about 500 to 700 nm
in our samples are much greater than 20 nm, in which
case the properties of the nc-Si:H films mainly depend on
the deposition technology. As a result, the difference in the
thicknesses from about 500 to 700 nm will not affect how the
applied negative bias changes the properties of the samples.

During the deposition process, the kinetic energy of ionic
species such as H ions and SiHx radicals can be greatly
affected by the applied substrate bias, which can further result
in changes of the film properties. Of these ionic species,
H ions take up an overwhelming volume in the high H2
dilution profiling, which can be accelerated by the negative
DC bias towards the growing film. These accelerated H ions
can affect the defect densities as well as the oxygen content
in the films by incorporating with the dangling bonds inside
the film to form certain types of hydrides with different
bonding configurations, which is an important factor for
the passivation effect of the DC bias. Therefore, to better
understand the mechanism of the passivation effect, we have
performed IR-transmission measurements, which can give
detailed information about the H and O contents bonded to
Si (CH and CO), as well as the Si–H and Si–O bonding
configurations of the films prepared under different DC
voltages.

We show in figure 3 the IR absorption results of these
nc-Si:H thin films. Each spectrum exhibits four absorption
peaks, including three Si–H peaks in the rocking–wagging,
bending, and stretching modes centered around 630, 880, and
2090 cm−1, respectively [24, 25], and one Si–O peak in the
stretching mode centered at 1000–1200 cm−1 [26, 27]. It is
found that the hydrogen absorption centered at 630 cm−1,
used to obtain the bonded-hydrogen content [24, 28],
increased gradually with the substrate bias from 0 to −300 V,
while the oxygen absorption centered at 1000–1200 cm−1

decreased in the meantime. The observation of the Si–O
peak indicates the incorporation of oxygen in the samples.
The bonded-hydrogen content CH has been calculated by
numerical integration from the absorption peak of the Si–H
wagging mode at around 630 cm−1 in figure 3 using the
formula CH = 1/NSi × AW ×

∫
(α(ν)/ν)dν, where α (ν)

is the absorption coefficient, ν the wavenumber, NSi = 5 ×
1022 cm−3 the atomic density of the c-Si, and AW = 2.1 ×
1019 cm−2 the proportionality constant [29]. Meanwhile,
the bonded oxygen content CO can be similarly obtained

Figure 3. IR absorption spectra of nc-Si:H thin films under various
DC voltages. Each spectrum is vertically shifted for clarity.

from numerical integration of the Si–O stretching mode at
1000–1200 cm−1 with AW = 2.8 × 1019 cm−2 [25, 26]. The
deduced CH and CO values for all the nc-Si:H films have been
listed in table 1.

From the yielded CH and CO listed in table 1, it is
clear that there is inverse correlation between CH and CO
in these nc-Si:H films. Although similar behavior was found
by other groups [30, 31], no further investigations have been
carried out with a convincing explanation about this inverse
correlation. The oxygen incursions caused by post-deposition
oxidation of the grain boundary can result in an increase of
dangling bonds in the nc-Si:H films [32], probably in the
formation of the Si–O/Si interface dangling bonds (Pb center
defects) [33]. On the other hand, hydrogen makes a positive
contribution to prevent the unwelcome oxygen incursions
by saturating dangling bonds along the grain boundaries of
the nc-Si:H films. This fraction of hydrogen along the grain
boundaries can form hydrides with a certain type of bonding
configuration, as shown in figure 4(a).

As mentioned in figure 3, the absorption peak at
around 2090 cm−1 stands for the stretching mode of
Si–H, whose frequency position depends on the unscreened
eigenfrequency of the hydride, bulk screening, local hydride
density, and possible mutual dipole interactions in the
hydrogen incorporation configuration [34]. We have identified
in figure 4(a) the five different bonding configurations of
hydrides by the fine structures of the stretching mode
peak: the low stretching mode (LSM) at 1980–2010 cm−1,
the middle stretching mode (MSM) at ∼2033 cm−1, the
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Figure 4. (a) A close-up of the IR absorption spectrum for the Si–H stretching mode of a representative sample DC50. The solid curve
represents the total fit and the five dashed curves are Gaussian-shaped stretching modes as labeled. (b) Bar graph of the integrated
absorption intensity for HSM and MSM in nc-Si:H thin films under different DC voltages. (c) Oxygen content (CO) and surface
root-mean-square roughness of nc-Si:H thin films under different DC voltages.

high stretching mode (HSM) at 2070–2100 cm−1, the
extreme high stretching mode (EHSM) at 2140–2150 cm−1,
and the oxygen-related stretching mode (OxSi–Hy SM) at
∼2250 cm−1. The physical origin and interpretation of these
modes have been the subjects of many investigations. The
LSM and HSM originate from the a-Si:H tissue of the nc-Si:H
thin films, where the monohydrides in vacancies contribute
dominantly to the LSM, while both the monohydrides and
the dihydrides on void surfaces contribute significantly to the
HSM [35]. Reports claimed that the distinction between the
LSM and the HSM can be attributed to the hydride type
and the bulk environment in which it resides [24, 35, 36].
The additional MSM existing only in nc-Si:H rather than
a-Si:H [37–40] is due to the vibration of hydrides in
a platelet-like configuration at the amorphous–crystalline
interfaces, i.e., the grain boundaries [40–42]. The EHSM is
related to the trihydrides of the films deposited under high
hydrogen dilution conditions [41]. The mode of the OxSi–Hy
SM corresponds to the hydride OxSi–Hy vibration with
oxygen atoms back-bonded to the silicon atoms [43], which
together with the Si–O stretching mode at 1000–1200 cm−1,
can reflect the bulk oxidation of the film.

Among the five bonding configurations of hydrides, the
MSM and HSM are the two main modes that can determine
the mechanism of the passivation effect. The former mode
corresponds to the bonding configuration of the hydrides
in the grain boundaries, which can effectively passivate the
nc-Si:H films by preventing oxygen incursions from inducing
an increase of dangling bonds (Pb center defects) [33]. The
latter one is related to the bonding configuration of the
hydrides on the void surfaces, which can reflect the density
of the nc-Si:H films. In figure 4(b), we have illustrated the
integrated intensities of the MSM and HSM for all the samples
DC0–DC300, indicating the changes of hydrogen-bonding
configurations in the grain boundaries and on the void
surfaces, respectively. It is clear that the integrated intensity
of the MSM increased with the bias from 0 to −180 V, and

generally remained unchanged at high values when further
increasing the bias from −180 to −300 V. This observation
indicates that H atoms and ions in the plasma have been
accelerated by the increased bias to diffuse into the growing
film with a higher kinetic energy and passivate more dangling
bonds, which results in the formation of more hydrides
along the grain boundaries. In contrast, the evolution of the
HSM integrated intensity shows a slight decrease from 0 to
−180 V, and then gradually increased with the bias from−180
to −300 V. This phenomenon has suggested that the film
deposited under the bias of −180 V has a compact structure
with the lowest void fraction, which agrees well with the
results of PV in figure 2(a).

Based on the above investigation, we can hereby draw a
clear physical picture for the mechanism of the passivation
effect of the negative DC bias in the deposition of nc-Si:H
thin films. In the low range of negative substrate bias,
ions were accelerated to an increasing kinetic energy as
the bias increased gradually from 0 to −180 V. Those
accelerated ions transferred more energy to the growth surface
and thus enhanced the diffusion length of the SiHx (x =
0–3, mainly for x = 3) precursors. After these precursors
preferentially attached to the energetic favorable growing
sites, an atomically more ordered film structure with a lower
void fraction was formed, resulting in a decrease of PV from
0 to −180 V as presented in figure 2(a). Furthermore, higher
energy H atoms and ions led to deeper H penetration into
the growing film and the formation of more hydrides along
the grain boundaries, as illustrated by the evolution of the
integrated intensity of the MSM in figure 4(b). Consequently,
this process effectively passivated the dangling bonds along
the grain boundaries, and thus lowered the defect density of
the films by preventing the probability of the post-deposition
oxidation of the films forming further Si–O/Si interface
dangling bonds (Pb centered). This is also in agreement with
the decreased evolution of CO shown in figure 4(c) from 0 to
−180 V.
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Figure 5. AFM images of nc-Si:H thin films, showing a surface morphology change by the negative DC bias.

While further increasing the substrate bias from −180
gradually to −300 V, the strong ion bombardment of species
with excessively high kinetic energy has become detrimental

for the growing film. The evolution of CO shown in figure 4(c)
remained almost unchanged at low values from −180 to
−300 V. However, the defect density increased in this bias
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range, as illustrated in figure 2(a), which is due to the
remarkably degraded surface morphology of the films. In this
condition, the H species were accelerated to a much greater
magnitude than other radicals in the plasma, and therefore
the involvement of heavy SiHx radicals in the plasma can
be neglected. H atoms and ions on the growing surface with
excessively high kinetic energies enhanced the H-abstraction
reaction, which reduced the surface diffusion length of film
precursors [44, 45]. This has led to not only an increase in
the volume fraction of voids PV within the film [46] (see
figure 2(a)), but also a degraded surface morphology as shown
in figure 5.

Noticeably, there is a significant difference in the changes
of the surface morphology in figure 5 between the bias range
from 0 to −180 V and the range from −180 to −300 V.
The evolution of the root-mean-square (RMS) used for the
characterization of the mean surface roughness is plotted in
figure 4(c), showing that the RMS increased much faster in
the bias range −180 to −300 V compared with the range 0 to
−180 V. The dramatic morphology change can be explained
in terms of the surface diffusion length of the film precursors
(SiHx). H atoms and ions with high kinetic energies on the
growing surface enhanced the H-abstraction reaction, leading
to a reduction in the surface diffusion length of SiHx [44, 45].
Thus, the film precursors tended to pile up instead of
reaching their favorable growing sites and formed a degraded
morphology on the growing surface with higher RMS when
increasing the substrate bias, especially in the range from
−180 to −300 V.

Considering the high integrated intensity of the MSM and
the almost unchanged CO at low values in the−180 to−300 V
bias range, the H atoms and ions could still permeate deep into
the growing film and passivate the films by saturating most
of the dangling bonds along the grain boundaries, effectively
preventing oxygen incursions from forming Si–O/Si interface
dangling bonds (Pb centered). However, more dangling bonds
were formed on the degraded surfaces. The enhancement of
the H-abstraction reaction removed a fraction of passivating
H on the surface and created excess surface unpassivated
dangling bonds, which together with the degraded surface
morphology dominates the increase of the defect density
in this high bias range. Apparently, further increasing the
substrate bias over−180 V becomes detrimental to the quality
of the growing films.

4. Conclusion

In summary, a novel passivation effect has been demonstrated
in the important solar energy material of nc-Si:H thin
films by tuning the negative substrate bias from 0 to
−300 V in PECVD. We have employed Raman, XRD, TEM,
and optical transmission techniques for the microstructure
characterization of nc-Si:H thin films. The good agreement
among the volume fraction of voids, the spin density, and
the effective minority lifetime has evidenced that the nc-Si:H
film deposited under −180 V has good quality with the most
compact structure containing the lowest defect density. From
detailed information on the bonding configurations in the IR

absorption spectroscopy, a full explanation has been provided
for the mechanism of the passivation effect. The accelerated
H atoms and ions with moderate energy under −180 V can
form more hydrides along the grain boundaries, effectively
passivating the dangling bonds and preventing the oxygen
incursions from forming further Si–O/Si interface dangling
bonds. The excessively high energies of ions accelerated by
bias values over −180 V become detrimental to the quality
of the growing films due to the strong ion bombardment
effect, as also revealed from the AFM observation of the
film surface morphology. The present work opens a new way
for the deposition of device-quality nc-Si:H films suitable for
application in third-generation thin film photovoltaic cells.
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Current promoted micro-annealing in anodic TiO2 tube
arrays and its application in sensitized solar cells†

Yan Xiong,a Liang Tao,b Hong Liu*ab and Wenzhong Shen*ab

Crystallization in nanostructured materials is an important basis of solar cells and other nanoscience fields.

For instance, crystalline TiO2 for photovoltaic and photocatalysis applications is normally formed by high-

temperature annealing above 450 �C for a long period of time (normally more than one hour). In this

work, we have established a method to artificially induce crystallization in ordered anodic TiO2 tube

arrays at around room temperature for the first time. Assisted by the existence of an electric field in the

reaction system, crystallization could take place at a much lower temperature than isothermal annealing.

Aided by the low thermal conductivity of TiO2, the sample surface temperature could be limited to an

even lower value (below 130 �C). The as-fabricated samples could show significant efficiencies of up to

2.05% after being installed into back-side illuminated dye sensitized solar cells. Furthermore, a nearly

monocrystalline-like structure could be formed through some simple physical and chemical manipulation.

As a result, an efficiency of 3.51% could be achieved, together with VOC ¼ 0.63 V, JSC ¼ 13.03 mA cm�2,

and FF ¼ 0.47. This method can easily realize high quality crystallization in nanostructures like TiO2 tube

arrays of a particular size. It can be helpful for the development of new solar cells and other opto-

electronic devices, and hopefully for mechanistic studies of other materials as well.
1 Introduction

Crystallized semiconductor oxides such as TiO2, ZnO and Cu2O
have demonstrated excellent characteristics for opto-elec-
tronics, new energy devices and other nanosciences. Among
them, TiO2 has attracted extremely intense attention due to its
high thermostability,1 exibility for nanostructure formation,2–4

tunable band structure,5 photo catalytic properties6 and lower
cost compared to traditional semiconductors, aided by high
internal quantum efficiencies,7 large surface-to-volume ratios8

and a tunable absorption range.9,10 Among its wide applications,
dye sensitized solar cells (DSSC) are among the most important.
Since the rst report on DSSCs by O’Regan and Grätzel in 1991,8

they have attracted considerable interest as low-cost alternatives
to silicon solar cells. A decade later, porous titania lm and
ordered TiO2 nanotube (NT) arrays were reported,11,12 having
good dye absorption abilities and carrier conductivities.
Recently, DSSCs on exible substrates have also been developed
ysics, Shanghai Jiao Tong University, 800

le’s Republic of China. E-mail: liuhong@
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which are suitable for mobile devices and easy to produce with
roll-to-roll processes.13

Until now, the highest efficiency of a DSSC of 12.3% has been
achieved using porous nanocrystalline TiO2 as the photoanode
and Co/ as the oxidation/reduction pair.14 The efficiency of
DSSCs based on nanotube arrays is still lower, possibly due to
the trapping effect on electrons in the TiO2 bulk by electro-
chemical oxidation.15,16 However, compared to nanocrystalline
porous lms,17–19 NT arrays are easier to control with uniform
order, which means they are more exible for multiple uses. In
general, beside the sensitizer absorption and oxidation/reduc-
tion pair of the electrolyte, the carrier conductivity in the TiO2

substrate (porous or as NT arrays) also plays an important role
in DSSCs, no matter whether it is porous or based on NT arrays.
Hence the crystallinity of the TiO2 material becomes very
important. As is commonly known, there are generally three
kinds of structures of crystalline TiO2: anatase, rutile and
brookite, among which anatase has the best performance as a
photoanode in DSSCs.20,21

To resolve this issue, it is important to obtain better crys-
tallinity and a smaller boundary effect. Normal experimental
methods consist of homogeneous conditions in thermal equi-
librium, e.g., sintering the sample in an oven at 450–550 �C, to
achieve structures with good crystallinity and smaller boundary
effects in TiO2 photoanodes.22,23 These kinds of conditions not
only result in environmental problems and the increased
complexity of fabrication procedures, but also create certain
limits in the development of cell architectures, e.g., for normal
J. Mater. Chem. A, 2013, 1, 783–791 | 783
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high transparency exible plastic substrates due to structural
damage above 150 �C.24,25 In recent research from different
groups, crystallization phenomena at low ambient tempera-
tures (less than room temperature) were discovered during
electrochemical anodization.26–29 We have found that the size
and quantity of crystal grains in the anatase or rutile phase are
increased by a greater temperature gradient over the TiO2 lm
and named this effect “micro-annealing” due to its overall
localized thermal behavior.26 However, the crystallization in
such a spontaneous process was so weak that it did not lead to a
signicant photovoltaic conversion efficiency in a solar cell.
Moreover, the size of the tubes was limited to a small range
since anodization and micro-annealing take place simulta-
neously at the same voltage. Due to those problems, the
samples that underwent spontaneous micro-annealing showed
no signicant efficiencies aer being installed in DSSCs.
Furthermore, the so called current annealing method has been
applied in metallurgy and some material processes by intro-
ducing an external current directly into the target material.30–32

It introduces a certain kind of structural modication from
normal thermal annealing, and has shown very good low
temperature behavior. However, due to the high electronic
resistivity and surface behavior of TiO2, its application in TiO2

nanotubes and solar cells remained a challenge.
In this work, we have investigated a novel experimental

approach to obtain a crystalline TiO2 tube array which can be
directly applied in photovoltaic devices at low ambient
temperatures. Current injection was carried out in the liquid
phase with reversed polarity to avoid structural destruction by
electrochemical reactions. Crystalline grains which generally
had the anatase structure were formed at low temperatures,
which are normally formed by thermal annealing in an oven at
above 450 �C. In the meantime, though slowly increasing, the
overall temperature of the sample was not higher than 130 �C
during experiment. It exhibited a strong current annealing
effect together with localized heat transfer, which was possibly
aided by the high electronic resistivity and low thermal
conductivity of TiO2.33–36 The as-fabricated TiO2 resulted in
improved efficiency aer being installed into back-side illu-
minated DSSCs. With controlled thermostatic bath tempera-
ture, anodization voltage and subsequent chemical treatment,
the crystallization was much enhanced. The sample has shown
an improved efficiency of 3.51% aer being directly installed
into a back-side illuminated dye sensitized solar cell.
Furthermore, unlike spontaneous micro-annealing in which
the tube size is limited, crystallization using current injection
can be performed for a controlled size of tubes. This novel
method can shed light on the development of new thin lm
solar cells, and might stimulate the study of this nanomaterial
in general.
2. Experimental
2.1 Fabrication of TiO2 nanotube arrays

Ti sheets (0.25 mm thick, 99.7% purity, Sigma-Aldrich Co. Ltd,
USA) were cleaned with methanol, ethyl alcohol, acetone and
isopropyl alcohol in an ultrasonic bath in sequence prior to
784 | J. Mater. Chem. A, 2013, 1, 783–791 80
the experiments. Highly ordered TiO2 NTs were prepared by
two-step anodization of the Ti sheet in a two-electrode cell
(detail can be found in Fig. S1 in the ESI†). The rst anodization
was performed at 160 V at 5 �C for 60 min in ethylene glycol
(with 0.18 M NH4F and 1.0% H2O). The second anodization was
performed at 160 V/160 � 5 V at 5 �C for 10 min in the same
solution. The TiO2 NT lms used in following experiments
have a standard inner and outer diameter of about 120 nm and
200 nm, respectively.
2.2 Current treatment and chemical modication of TiO2

NTs

The current treatment was executed by reversing the polarity of
the electrolysis pool with the original electrolyte for the two-step
anodization of TiO2 tubes. The reversed voltage was increased
with a ramping speed of 1 V s�1, and then kept constant at 300 V
for 300 s. Then the TiO2 lm was carefully cleaned in deionized
water in an ultrasonic bath. Chemical treatment with HF was
applied between the two-step anodization and the current
treatment. The TiO2 lm was rstly soaked in a 0.1% HF
aqueous solution for 10 min at room temperature within
airtight bottles and then cleaned with deionized H2O. Digital
pictures of TiO2 NT lms at different stages can be found in
Fig. S2 in the ESI.†
2.3 Fabrication of DSSCs

Aer the chemical and current treatments, the TiO2 NTs were
immersed in 0.5 mM N719 dye (ruthenium 535-bisTBA) solu-
tion in ethanol for 12 h. The tested dye sensitized solar cells
were back-side illuminated, using TiO2 NT lms based on Ti
sheet as photoanodes and Pt covered glass as the counter
electrode (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). The liquid electrolyte was injected into the
cells by a syringe, and consisted of 0.1 M iodine (I2), 0.1 M
lithium iodide (LiI), 0.6 M tetra-butylammonium iodide and
0.5 M 4-tert-butyl pyridine in acetonitrile (CH3CN, 99.9%).
2.4 Characterization of the materials and the solar cells

The surface morphologies of the samples were characterized by
a eld emission scanning electron microscope (FE-SEM, JEOL
JSM). The elemental analysis was performed by energy disper-
sive X-ray (EDX) analysis during the FE-SEM observation. The
detailed structural information of the TiO2 NT materials was
investigated by a transmission electron microscope (TEM, JEM-
2100F, JEOL USA Inc.) and by selected area electron diffraction
(SAED) during the HR-TEM measurements. The microstruc-
tures of the samples were also characterized by X-ray diffraction
(XRD, D/max-2200/PC) with high intensity Cu Ka radiation
(l ¼ 1.5406 Å). The photocurrent density–photovoltage (J–V)
characteristics of the DSSCs with an effective area of 0.1 cm2

were measured under AM 1.5 (100 mW cm�2) illumination
provided by a solar simulator (Oriel Sol 2A) with a Keithley 2400
source meter. Beside the data mentioned in the manuscript, the
whole dataset can be found in Table S1 in the ESI.†
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 XRD pattern of TiO2 NTs: (a) after current annealing at�5 �C; (b) after two
step anodization. A: anatase, R: rutile.
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3 Results and discussion
3.1 Effect of current promoted micro-annealing

Ordered TiO2 tubes were rstly fabricated by two-step anodic
oxidation at a medium voltage (160 V) to produce ordered TiO2

NTs of a suitable size.37–39 To realize the micro-annealing arti-
cially, the most applicable source of heat is direct current
injection. However, direct current ow through the dry sample
with the contact being the top-evaporated electrode led to no
signicant result since TiO2 has a high electrical resistivity at
around room temperature. The liquid electrical contact has
signicantly reduced the conductivity trouble caused by the
TiO2 due to its large contact area with the electrolyte. In this
work, the as-fabricated TiO2 tube arrays were treated with a
voltage of 300 V in the original electrolysis pool for 300 s (plus
300 s ramping period). In order to avoid the side effects caused
by continued anodization and dissolution in this process, the
polarity of the voltage was reversed. The samples were then
morphologically and structurally studied by scanning electron
microscopy (SEM), high resolution transmission electron
microscopy (HR-TEM), selected area electron diffraction (SAED)
and X-ray diffraction (XRD), as shown in Fig. 1 and 2.

Before the current treatment, the NTs have an average length
of �20 mm and diameter of �120 nm, as shown in Fig. 1(a) and
(b). Meanwhile, the HR-TEM and SAED images in Fig. 1(c) and
(d) show that the as-fabricated tubes were amorphous. Aer
current injection at an ambient temperature of �5 �C, as shown
in Fig. 1(c0) and (d0), certain crystalline structures had formed in
the tubes. The characteristic distance of those structures was
a¼ 0.375 nm, which is comparable with the lattice constant a¼
0.378 nm of the anatase structure.26,40,41 Further evidence can be
found in Fig. 2 which shows XRD measurements. The peaks in
the range 24.0–25.5� should belong to the (101) surface of the
anatase phase and structures close to the anatase phase.42 The
diverse shis should be due to different lattice spacings in the
(101) direction (in most cases longer than the standard anatase
phase)43 which were possibly induced by inhomogeneous heat
distribution from the annealing current. The peak at 47.5�
Fig. 1 Morphological and structural studies of TiO2 NTs at different stages: (a)
and (a0) top view of as-prepared TiO2 NTs before and after current treatment,
respectively; the insets give an overview on a larger scale; (b) and (b0) lateral view
of TiO2 NTs before and after current annealing at �5 �C, respectively; (c) and (c0)
HR-TEM images of as-prepared TiO2 NTs before and after current treatment,
respectively; (d) and (d0) SAED of the TiO2 NTs before and after current annealing
at �5 �C, respectively.
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corresponds to the (200) crystal surface of the anatase phase.
The peak at 27.5� is the (110) crystal surface, which belongs to
the rutile phase.41,44 These facts indicate the formation of
certain anatase-like and rutile-like crystalline grains inside the
current treated samples. In the meantime, the macroscopic
temperature increase inside the sample chamber did not exceed
130 �C (the detailed data can be found in Fig. S3 in the ESI†).
Additionally, it can also be seen that some peaks of the standard
anatase or rutile diffraction patterns were missing in the XRD
shown in Fig. 2, which indicates some kind of anisotropic effect
of this crystallization process, though the SAED pattern still
shows a nanocrystalline phase. One possible origin of this
anisotropy might be the anisotropic heat generation by the
current ow under the inuence of the tube morphology.

Due to the involvement of articially applied current and the
localized heat effect in the crystallization process, this
phenomenon was thus named current promoted micro-
annealing (which can be abbreviated to CPMA). Compared to
spontaneous micro-annealing (can be abbreviated to SMA) at a
constant voltage of 210 V over a long time period (3600 s), the
voltage during the tube growth was relatively low (160 V), and
that in the subsequent current treatment was higher (300 V) and
over a much shorter time period (300 s ramping + 300 s
constant).26,29,45 It should also be noted in Fig. 1(a0) that some
kind of sediment was formed at the top surface of the tube
arrays aer the current treatment, which might negatively
inuence the carrier transport and also decrease the effective
absorption of the sensitizers in the tube arrays. This roughness
might have been contributed to by chemical etching by redis-
tributed F� anions and the precipitation of TiF6

2� anions both
owing from the inside of the tubes driven by electrical forces.
3.2 CPMA under different temperatures and its performance
in dye sensitized solar cells

As shown in the previous section, the crystallization of TiO2

inside the initially amorphous TiO2 tubes can occur with a
direct reversed current applied to the TiO2 tube arrays over a
short time period at a low ambient temperature. It is therefore
important to investigate the key factors in this process to enable
the possibility of manipulating it. In the SMA process, the
J. Mater. Chem. A, 2013, 1, 783–791 | 785
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temperature gradient over the TiO2 sheet (from the inside of
the sample chamber to the outer electrolyte) is an important
factor.26 To test its relevance in CPMA, the temperature gradient
could be increased either by lowering the ambient temperature
controlled by the thermal bath or raising the temperature in
the sample chamber using a heat source implanted inside the
chamber. According to the real experimental conditions, the
former method was more applicable. Therefore these experi-
ments with CPMA were generally carried out by varying the
ambient temperature to investigate the temperature effect.

The results are illustrated by the structural study of samples
under different ambient temperatures in Fig. 3. It can be
observed that TiO2 treated at an ambient temperature of 5 �C
was still amorphous-like, as shown in Fig. 3(a) and (b). On the
contrary, when TiO2 tubes were treated at a lower temperature
of �10 �C, the crystallization became more signicant than
at �5 �C, as shown in Fig. 3(a0) and (b0). This result clearly
supported the assertion that a larger temperature gradient can
enhance the whole crystallization process. Moreover, more XRD
peaks appeared at lower ambient temperature as shown in
Fig. 3(c). The peak at about 54.2� (related to the anatase (211)
direction) was enhanced compared to that in Fig. 2.41 This has
further proved the enhancement of the crystallization by a
greater temperature gradient.

Subsequently, the lms consisting of TiO2 tube arrays
fabricated at different temperatures were installed into back-
side illuminated dye sensitized solar cells (with N719 dye as the
sensitizer). As shown in Fig. 3(d), the solar cells containing TiO2

tubes fabricated at �5 �C and �10 �C had efficiencies of 1.34%
and 2.05%, respectively. The TiO2 lm processed at�10 �C with
a higher efficiency had an open circuit voltage (VOC) of 0.52 V, a
short circuit current density (JSC) of 11.24 mA cm�2, and a ll
factor (FF) of 0.36. The higher efficiency at lower treatment
temperature is in a large part due to the better crystallinity of
the TiO2 photoanode. Furthermore, as commonly known in
solar cell measurements, the absolute values of the slopes near
the short circuit current (kSH) the open circuit voltage (kS)
Fig. 3 Analysis of the TiO2 NTs fabricated under different ambient temperatures
and the performances of the cells assembled with them: (a) and (a0) HR-TEM of
TiO2 NTs after current annealing at 5 �C and �10 �C, respectively; (b) and (b0)
SAED of TiO2 NTs after current annealing at 5 �C and �10 �C, respectively; (c) XRD
pattern of the sample after current annealing at �10 �C; (d) J–V characteristics of
the DSSCs made from TiO2 NTs annealed at �5 �C and �10 �C. kSH and kS are the
absolute values of the slopes of the J–V curves near JSC and VOC, respectively.
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correspond reciprocally to the shunt and series resistance of
the cell, respectively. From the J–V curves shown in Fig. 3(d) kSH
and kS of the sample annealed at �10 �C were calculated to be
1.28 � 10�2 U�1 cm�2 and 2.80 � 10�2 U�1 cm�2, respectively,
both higher than the corresponding values of 6.29 � 10�3 U�1

cm�2 and 2.48 � 10�2 U�1 cm�2 at �5 �C, which indicated that
both the cell series and shunt resistances were lower at lower
temperature with higher efficiency. The lower series resistance
was apparently due to better carrier conductance in the better
crystallized TiO2 photoanode, which is advantageous for the ll
factor and the real output of the cell. However, the lower shunt
resistance could reduce the ll factor and output of the cell,
which is possibly related to lateral contacts due to roughness of
the tube surface whose conductance was improved by the better
crystallization. Despite the resistance problem, �10 �C still
emerged as the best condition due to the signicant increase in
efficiency and therefore was the basic condition used for the
manipulation experiments. Yet there are still possibilities for
making further improvements by certain chemical or physical
treatments.

3.3 CPMA processed TiO2 tubes under chemical treatment

Previous sections have discussed the current stimulated micro-
annealing effect and its application in DSSCs, as well as some
disadvantages. To resolve the existing problems, some chemical
treatment could be applied, e.g., a certain amount of HF was
helpful to increase the effective area of TiO2 tube arrays due to
the formation of secondary structures, according to previous
work from our and other groups.42,46,47 It was also expected that
a high concentration of F� anions could inuence the
morphological properties at the TiO2 surface. So HF will hope-
fully reduce the problems described in the previous sections
and improve the as-fabricated DSSCs. To assess this, HF of
different concentrations was applied on the TiO2 sample aer
anodization and before the inverse current injection. As an
example, the morphological and structural studies of the
sample treated with 0.1% HF are shown in Fig. 4. First, as
shown in Fig. 4, aer being immersed in HF for 10 min and
before the current injection, the tube surface was etched slightly
Fig. 4 Morphological and structural studies of TiO2 NTs with HF treatment at
different stages: (a) and (a0) top and lateral view of TiO2 NTs after two-step
anodization; (b) and (b0) top and lateral view of TiO2 NTs with 0.1% HF treatment;
(c) and (c0) top and lateral view of TiO2 NTs with 0.1% HF treatment after current
annealing; (d) and (d0) HR-TEM and SAED images of the TiO2 NTs with 0.1% HF
treatment after current annealing.

This journal is ª The Royal Society of Chemistry 2013
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compared to the initial sample. Second, aer the current
injection, the irregular morphological change at the top surface
of the tube arrays shown in Fig. 1(c) disappeared when the
sample was treated by current injection with HF, as illustrated
by Fig. 4(c) and (c0). In the meantime, certain island-shaped
secondary structures developed at the surface of the tubes. The
HR-TEM and SAED images in Fig. 4 show that the microstruc-
ture of the TiO2 with HF treatment remained well organized
compared to that treated by current injection without HF
treatment.

These behaviors were quite similar to those for samples
treated by HF at other concentrations in the experimental range
(0–0.35%). To further investigate the changes under these
different conditions, the performances of these samples needed
to be characterized aer being installed into solar cells. The J–V
curves of the as-fabricated DSSCs are shown in Fig. 5. From 0 to
0.1% HF, the cell efficiency increased with increasing HF
concentration and from 0.1% to 0.35% HF, the cell efficiency
decreased. Apparently, the cell achieved its highest efficiency of
2.74% at 0.1% HF concentration, with VOC ¼ 0.56 V, JSC ¼
15.96 mA cm�2, and FF ¼ 0.34. Compared to the efficiency of
2.05% for the sample without any HF treatment, it was a
signicant improvement. This improvement can be at least
partly attributed to more effective dye absorption due to the
removal of the top surface sediment shown in Fig. 1(a0).

Furthermore, slope measurements of the J–V curves have
exposed more complicated facts behind the change in effi-
ciency. From 0 to 0.1% HF, kS increased from 2.80 � 10�2 U�1

cm�2 to 3.63 � 10�2 U�1 cm�2, while kSH increased from 1.28 �
10�2 U�1 cm�2 to 1.84 � 10�2 U�1 cm�2, which meant both the
series and shunt resistance decreased with increasing HF
concentration. The decrease in the series resistance can be
attributed to the removal of the top covering. Despite that, the
shunt resistance was also reduced, which was negative. From
0.1% to 0.35% HF, kS decreased from 3.63 � 10�2 U�1 cm�2 to
2.08 � 10�2 U�1 cm�2, while the kSH decreased from 1.84 �
10�2 U�1 cm�2 to 2.69 � 10�3 U�1 cm�2. This indicates that
Fig. 5 J–V characteristics of dye-sensitized solar cells (using N719) with TiO2 NTs
treated by HF aqueous solutions of various concentrations, at a constant illumi-
nation of 100 mW cm�2.
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both series and shunt resistance increased with increasing HF
concentration. In this range of conditions, a high concentration
of HF was helpful to increase the shunt resistance, however, the
series resistance was also increased and the efficiency was
lower. Apparently, such effects can both be induced by the
structural destruction by the etching effect of F� anions on the
tubes. Overall, although the samples treated at 0.1% HF had
the highest efficiencies, they didn’t have the highest shunt
resistances, which meant their ll factors and real outputs were
still not optimized. Considering the results in this and previous
sections, it will be necessary to nd a way to improve the cell
efficiency without signicant sacrice of the ll factor, for
example, improving the structural ordering and the morpho-
logical homogeneity.
3.4 CPMA treated TiO2 tube arrays with modulated anodic
voltage and HF

Previous results have demonstrated that DSSCs fabricated with
crystallized TiO2 NT arrays treated by a reversed current show
signicantly efficiencies, and can be improved by chemical
treatment with HF prior to the inverse current injection. It has
also been found that chemical treatment was not enough to
optimize the ll factor due its possible damage of the bulk of
the tubes at high concentrations and the limited increase of the
shunt resistance. Fortunately, it has been discovered in our
previous work that the morphology of the TiO2 NTs can be
adjusted by controlling the mechanical stirring rate or the
rapidly periodically modulated anodic voltage.48 Combining
this nding with the CPMA andHF treatment, it is expected that
better ordered, straight and compact TiO2 NTs with secondary
ne structures will be obtained so that the negative inuence of
the chemical treatment might be reduced and the shunt resis-
tance increased without sacricing the efficiency.

To ensure better identity of this study, all the following
experiments were preliminarily carried out with an HF
concentration of 0.1% based on the result from the previous
section. As demonstrated in Fig. 6(a) and (a0), the as-fabricated
tube arrays with an oscillating voltage (160 � 5 V) were well
Fig. 6 Morphological and structural studies of TiO2 NTs at different stages: (a)
and (a0) lateral and top view of TiO2 NTs with modulated voltage (160 � 5 V); (b)
and (b0) lateral and top view of TiO2 NTs with modulated voltage after 0.1% HF
treatment; (c) and (c0) lateral and top view of TiO2 NTs with modulated voltage
and 0.1% HF treatment after annealing at �10 �C; (d) back view of the TiO2 NTs
and (e) the TEM image of the TiO2 NTs after current annealing with modulated
voltage and HF treatment.
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Fig. 8 J–V characteristics of dye-sensitized solar cells (using N719) with TiO2 NTs
treated by current injection with 0.1% HF and a modulated voltage (160 � 5 V),
and with 0.1% HF treatment without a modulated voltage and with 500 �C
annealing with a modulated voltage, at a constant illumination of 100 mW cm�2.
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ordered and had good surface quality. Aer HF treatment and
before the current injection, the tubes shown in Fig. 6(b) and
(b0) show a similar change to the samples with only HF at this
stage. Finally, as shown in Fig. 6(c) and (c0), the tubes aer
current injection were apparently quite straight and ordered,
containing more signicant and homogeneously distributed
secondary structures at the surface compared to the result with
only HF treatment (shown in Fig. 4). The TEM image in Fig. 6(e)
demonstrates the inner morphology of the TiO2 NTs aer
current annealing, showing that the secondary structures were
also formed at the insides of tube walls.

Furthermore, structural studies by HR-TEM, SAED and XRD
showed good crystallinity of the TiO2 tubes anodized by a
modulated voltage aer HF and current annealing, which can
be observed in Fig. 7. The crystallinity was more ordered so that
even a monocrystalline-like phase could be detected from the
SAED pattern in Fig. 7(a0). Furthermore, as is shown by the XRD
study in Fig. 7(b), the anatase (101) peak at 25.4� and the (211)
peak at 54.2� were signicantly enhanced, which suggested that
the crystallization was improved over a large range of the
sample and not localized in certain areas. Consequently, these
samples showed signicantly improved performances aer
being mounted into back side illuminated DSSCs, as shown by
the J–V characteristics in Fig. 8 in comparison with previous
results obtained by high temperature annealing under similar
conditions. A nal efficiency of 3.51% could be achieved, with
VOC¼ 0.63 V, JSC¼ 13.03 mA cm�2, and FF¼ 0.47. The efficiency
is about 28.10% higher than for the CPMA treated sample with
only HF chemical treatment and 56.0% higher than the sample
annealed at high temperature (500 �C) as normal under a
similar anodization voltage (also shown in Fig. 8). This result
shows that CPMA can achieve quite a signicant efficiency even
when compared to the normal experimental method.

Moreover, the absolute values of the slopes near the open
circuit voltage and short circuit current have shown signicant
improvement to a greater extent than the efficiency, as can be
seen from Fig. 8. For the sample optimized with an oscillating
voltage and 0.1% HF, on the one hand, kS was 3.83 � 10�2 U�1

cm�2, higher than the value of 3.6 � 10�2 U�1 cm�2 for the
sample with only HF, which corresponded to a lower series
Fig. 7 Morphological and structural studies of CPMA treated TiO2 NTs prelimi-
narily anodized by a modulated voltage (160 � 5 V) at �10 �C, with 0.1% HF: (a)
and (a0) HR-TEM and SAED; (b) XRD pattern.
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resistance. On the other hand, kSH was 1.07 � 10�3 U�1 cm�2,
much smaller than the value of 1.84 � 10�2 U�1 cm�2 for the
sample only treated by HF, indicating a much increased shunt
resistance. As a result, the ll factor was signicantly increased
over that for the sample with only chemical treatment, and the
efficiency was better. This has proved that a signicant
improvement in both the efficiency and ll factor can be
simultaneously achieved by the combination of simple physical
and chemical manipulations.
3.5 Related discussions on the formation and manipulation
of CPMA

The CPMA using a high reversed current at a low ambient
temperature has been demonstrated in the above sections.
Signicant crystallization can be achieved through this experi-
mental method and can be enhanced by lowering the ambient
temperature. To get better indication of the mechanism of this
process, it can be helpful to consider current annealing which is
normally applied in metallurgy and the previously reported
spontaneous micro-annealing (SMA).26,30–32 In current anneal-
ing, the application of current signicantly encourages crystal-
lization to take place, in comparison with normal isothermal
annealing.30 In the SMA process, the heat comes from both the
current ow and the oxidation reaction,49,50 and the grains form
during the growth of oxide, which enhances the heat localiza-
tion, but somehow limits the further development of the crys-
tallization process.26

Due to the limit of the current advance in mechanistic
investigations so far, some details of these processes are still not
totally understood. However with the current knowledge, a
possible general description of CPMA can be sketched out as
follows: rst, the heat was mainly generated by the strong
current at the oxide layer due to its high electrical resistance,
which offered energy for the atoms to overcome the activation
energy for crystallization. At the same time, compared to
thermal annealing, the current provided a noticeable reduction
This journal is ª The Royal Society of Chemistry 2013
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Fig. 9 EDX spectroscopy of the TiO2 NTs at different stages: (a) after anodization;
(b) after HF treatment; (c) after current annealing.
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in the thermal budget and a decrease of the exponent of crys-
tallization.30 Therefore the temperature which is necessary for
crystallization will be signicantly lower than the normal value
for thermal annealing. Second, due to the low heat conductance
of the TiO2 (3 W m�1 K�1 at �10 �C, 3.5 W m�1 K�1 at RT and
3.75 W m�1 K�1 at 130 �C),34 the Ohmic heat was localized to
some degree so that the temperature at the probed position
(where TiO2 contacted the Ti substrate) remained even lower
(Tmax < 130 �C). Finally, the activated TiO2 became crystallized
and released energy at the low temperature side (where TiO2

contacted the electrolyte), as happened in the SMA process.26 If
the ambient temperature is lower, such a relaxation process is
then enhanced and so is the annealing process.

Moreover, the electronic and heat resistance is higher in
amorphous TiO2 than in anatase or rutile,51 therefore more heat
can be generated in the amorphous part between the crystal
grains, which enhanced the crystallization at these positions.30

In SMA, the crystallization was rapidly terminated when the
nanocrystals moved away from the heat source at the bottom of
the tube due to the tube growth.26 Consequently, crystallization
in CPMA can take place over larger time and space scales than
in SMA, and amuch stronger crystallization effect is induced. By
suitably adjusting the ambient temperature, a nearly mono-
crystalline-like structure could be formed. It was also partly
contributed to by the stronger current ow in CPMA under a
higher voltage of 300 V, compared to the voltage of 210 V during
spontaneous micro-annealing (data can be found in Fig. S4 in
the ESI†). Finally, in SMA, the anodization and crystallization
take place at the same voltage, so the size of the tubes is limited
to a small range. But in CPMA, localized crystallization could
result in the formation of different sizes of tubes, taking a much
shorter treatment time. Therefore current injection is generally
quite an efficient method which can be easily applied not only
to TiO2 treatment, but also to other similar materials.

Nevertheless, compared to the annealing process at a high
ambient temperature (>450 �C) in the oven, CPMA can also
induce some negative effects in the application of TiO2 NTs in
DSSCs, i.e., some morphologically very disordered surface
coverings were formed aer treatment by a high current for a
short time, as shown in Fig. 1. This effect was likely to be related
to the dissolution and re-precipitation of TiO2 near the top
surface of the tube arrays, although the whole sample was
negatively polarized during current annealing. Compared to the
mechanism studies fromprevious works, this effect was possibly
contributed to by the redistribution of F� anions that ow from
the electrolyte that originally lled the tubes to the area near the
top surface driven by the electrical force of the applied
voltage.26,48Fortunately, this negative effect was compensated for
by the addition of HF, which was widely applied for different
purposes in the nanostructure fabrication. As is commonly
known, a typical reaction occurring during TiO2 tube formation
is as below, which can be reversible under some conditions:42

TiO2(s) + 4H+ + 6F�4 TiF6
2� + 2H2O (1)

During the study of TiO2 NTs, this chemical can be used as a
surface modier to produce secondary structures in order to
This journal is ª The Royal Society of Chemistry 2013 85
increase the effective surface for DSSCs.42,46,52 In this work, it
was found that HF diminished the very disordered layer on the
top surface aer current annealing, as shown in Fig. 1 and 4.
This might be related to another difference between this
experiment and the normal high temperature annealing: as
shown in the EDX spectra in Fig. 9, F� anions still existed aer
annealing, instead of leaving the reaction system due to high
temperatures of over 450 �C. Therefore, the simplest explana-
tion for this is the inhibition of the re-precipitation of TiO2 at
the top surface of the TiO2 tube arrays under a high F�

concentration during current annealing, according to previous
related work.42

Though the addition of HF can remove the porous layer and
increase the shunt resistance, it can also lead to a negative effect
on the series resistance, as has been shown in previous sections.
According to the previous work,42 such an inuence by HF
treatment is due to structural damage on the tubes due to
chemical etching by F� anions, which decreases the electronic
conductivity of the tube arrays and increase the series resistance
of the solar cell. In this experiment, although the sample was
negatively polarized during the current annealing, the temper-
ature near the sample surface was also increased compared to
normal conditions, which accelerated the chemical etching
process. When the preliminary periodically modulated voltage
was applied, signicantly smoother and better ordered tube
arrays were produced due to the reaction–diffusion processes of
some species (TiO2, TiF6

2�, F�, O2�) under the inuence of the
periodic electric eld.44 As commonly known for corrosion
processes, chemical etching is enhanced when the surface is
more irregular.53 Therefore a plausible consequence is that less
structural damage can be induced by HF treatment at the tube
surfaces, which can lead to signicant improvement for the
performance of as-fabricated DSSCs.42 It is also plausible to
consider that with less structural damage on the tube surfaces, a
more homogeneous current ow can be induced, therefore the
crystallization induced by current annealing can be improved.

Finally, it will naturally be a risk in current annealing to
apply an inverse applied pool potential with copper as the
counter electrode in a two-electrode system due to subsequent
Cu contamination of the TiO2 material by the anodization of
J. Mater. Chem. A, 2013, 1, 783–791 | 789
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Fig. 10 Elemental analysis of the as-fabricated TiO2: (a)–(c) XPS spectra of Ti, O
and Cu; (d) XRF spectrum.
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copper. It has been found by inductively coupled plasma (ICP)
measurements that the concentration of the Cu component in
the electrolyte exhibited a slight increase of 0.75 to 1.95 ppm
aer current treatment. However, no Cu contamination was
detected in the as-fabricated TiO2 sample by elemental analysis
methods such as EDX shown in Fig. 9, X-ray photoemission
spectroscopy (XPS) or X-ray uorescence (XRF) shown in Fig. 10
(with sensitivity at the ppm level). Since the sample surface was
subsequently cleaned by stirred deionized water aer current
treatment and before installation into a solar cell, the possible
dominant inuence of Cu is its doping into the TiO2 bulk
during the current treatment. Considering the results of the
above measurements, the low diffusivity of Cu in the solid,54 the
short treatment time and the relatively low sample temperature,
the possible Cu contamination of TiO2 can be excluded in this
work. Additionally, due to the semiconducting nature of TiO2,
the possible effect of the polarity shi on the absolute value
of the current has also been measured (can be found in Fig. S5
in the ESI†). It was found that the polarity shi had no big
inuence on the absolute value of the current (in fact, the
current with an inverse potential was a bit higher). Therefore
the thermal effect of the current annealing was not negatively
inuenced by the inverse current injection.
4 Conclusion

To summarize this work, the following three points can be
concluded here: (1) by reversed current annealing in a short
period of time, anodic TiO2 nanotube arrays can be effectively
crystallized and show signicant conversion efficiency aer
being assembled into sensitized solar cells; (2) crystallization in
the TiO2 nanotubes can be enhanced resulting in nearly crys-
talline structures by changing the ambient temperature and
thus the efficiencies of as-fabricated solar cells are improved; (3)
chemical and physical treatment by HF and an oscillating
voltage can counteract the negative morphological change
brought about by current annealing and further improve the
crystallization and the cell performance. Generally, this
phenomenon offers an effective method to fabricate a
790 | J. Mater. Chem. A, 2013, 1, 783–791 86
nanostructured TiO2 substrate without a high temperature
process, therefore it will hopefully expand the application of
this material or similar materials to wider conditions, for
example, on fragile or exible substrates. Finally, studies on the
localization effect of heat might be considerably helpful for the
investigation of structural formation in other electrochemical
and thermochemical reaction systems.
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Light scattering design in dye-sensitized solar cells (DSCs) is important for improving the light

harvesting efficiency. In this paper, we present a Monte Carlo simulation model of photon

propagation in DSCs and demonstrate its effective usage in photoelectrode film design. With this

model, scattering design in N719 dye sensitized photoelectrode is investigated and optimized.

Effects of particle size, particle concentration, layer structure, as well as specific surface area are

examined. Simulations demonstrate that multi-layer films with gradually increased scattering

particles are superior to single- or double-layer ones, since such a film structure can improve

light absorption in long wavelength region and suppress light loss due to back-scattering

simultaneously. Light harvesting efficiency of cell can be further improved by optimizing the size

and specific surface area of scattering particles. Our results are in good agreement with

the reported experimental ones, proving the reliability and validity of this simulation approach.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818438]

I. INTRODUCTION

Absorption of incident light is the first step in photoelec-

tric conversion process of solar cells, and the dye-sensitized

solar cell (DSC)1–4 emerged as a low-cost photovoltaic de-

vice is no exception. To achieve high performance especially

large short-circuit current density (Jsc), efficient light har-

vesting is essential. In the case of DSCs, the incident photons

are absorbed by dye molecules attached to the surface of

TiO2 nanocrystalline films. The most commonly employed

dye represented by N719 can absorb light with the wave-

length up to 800 nm, but its extinction coefficients above

650 nm are too low to catch photons efficiently.5 Although

the light harvesting efficiencies (gLHE) at these wavelengths

can be improved with thicker photoelectrode, the thickness

of TiO2 nanocrystalline film cannot be increased at will

without affecting its mechanical properties, increasing

charge recombination or raising series resistance of the cell.

Therefore, it is desirable to enhance light absorption for a

given film thickness by optical design. Reported theoretical

and experimental results proved that gLHE in red region

could be improved by the light scattering of submicron par-

ticles either embedded in the nanocrystalline film or depos-

ited on it.6–11 In fact, virtually all DSCs that exhibit above

11% efficiency employ photoelectrode films with scattering

structures.12–15

Although large particles incorporated in the film can

enhance light absorption, this enhancement may be offset by

the light loss due to back-scattering and by a lower dye con-

centration resulting from the reduction of specific surface

area. Wang et al. have found that the performance of DSCs

depended strongly on the light scattering design in TiO2

film. Energy conversion efficiency of N719 dye-sensitized

solar cell has been improved significantly by optimizing the

film structure.10 Their research is meaningful and valuable.

However, the experimental optimization of scattering design

in photoelectrode is targeted, namely it is carried out for a

certain sensitizer. When switching to other kinds of sensi-

tizers, such as organic dye or quantum dot, the optimal

structure will inevitably need adjustment. Moreover, light

harvesting is also influenced by the properties of TiO2

nanocrystalline film (such as porosity, specific surface area,

crystal structure, etc.) which may vary depending on the

preparation method. As a result, experimental optimization

of photoelectrode structure has to be redone whenever

changing the sensitizer or improving the techniques.

Researchers have to repeat the process of sample preparation

and characterization several times spending a lot of time and

effort. Besides, the quality of film affected by preparation ex-

perience may impact on the assessment of film structure.

Computer simulation with the advantages of convenient, effi-

cient, and flexible can be applied to film structure design.

More importantly, reliable theoretical simulations can pro-

vide guidance for the optimization of film structure and

reduce workload.

Modeling photon propagation with Monte Carlo method

is a flexible yet rigorous approach to simulating photon trans-

port in DSC photoelectrodes.16,17 Compared with many-flux

method,18 no parameters involved in Monte Carlo method

need to be determined empirically from experimental trans-

mittance or reflectance data. Therefore, this method can be

used to simulate the light harvesting properties of DSCs

before practical experiments, and it is more suitable for the

theoretical design of scattering structure.a)Electronic mail: wzshen@sjtu.edu.cn
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In this paper, we present a Monte Carlo simulation

model of photon propagation in DSCs and investigate the op-

tical performance of N719 dye sensitized photoelectrode

films with different scattering structures. Effects of particle

size, concentration, layer structure, as well as specific surface

area are examined. Quantitative analysis of light loss due to

back-scattering, average optical path length within the film,

and light harvesting efficiency is provided. Calculated results

are compared with the reported experimental ones to exam-

ine the reliability of our simulation approach.

II. THEORETICAL MODEL

Photoelectrodes with single-, double-, or multi-layer

structures were analyzed. Schemes of these different photo-

electrodes are drawn in Fig. 1. According to the content, all

film layers can be divided into three types: transparent layer,

mixed layer, and scattering layer. Transparent layer contains

no large particles, and the diameter of TiO2 nanoparticles is

supposed to be 20 nm. In mixed layer, small and submicron

TiO2 particles are mixed uniformly. The morphology of

mixed layer, in additional to the region occupied by submi-

cron particles, is assumed to be the same as that of transpar-

ent layer. Scattering layer consists only of submicron TiO2

particles. In this simulation, the total film thickness is 15 lm

for all photoelectrodes studied.

A. Optical modeling

Based on the theoretical model proposed by Niklasson

et al.,19 nanocrystalline film can be treated as an apparently

non-scattering medium with an effective refractive index.

Thus, multiple light scattering of only submicron particles is

taken into account. In this paper, Monte Carlo method is

employed to simulate the trajectory of 106 photons that enter

different DSCs under consideration. Similar approaches

have also been used by Usami16 and G�alvez et al.17 to study

the contribution of light confinement and the combined

effect of light harvesting and electron collection in DSCs.

The trace simulation of a photon is carried out with the fol-

lowing steps. First, transmission length l, the distance trav-

eled before experiencing either absorption or scattering, is

calculated by the expression

l ¼ �ln½r�=ðaabs þ ascaÞ; (1)

where r is a random number comprised in the range

0< r� 1, aabs and asca are the absorption and scattering coef-

ficients, respectively. Second, absorption or scattering is

determined by a second random number r0. If r0 � asca/

(aabsþ asca), the photon is scattered, and the scattering angle

is determined by a third random number r00. Then, the simu-

lation returns to the first step. If r0> asca/(aabsþ asca), the

photon is absorbed. The simulation is over when the incident

photon is absorbed or goes out of the film.

In the photoelectrode film, photons can be absorbed by

electrolyte as well as N719 dye. However, only the light har-

vesting occurring at dye molecules contributes to the photo-

current. In addition, optical loss caused by electrolyte is

small and the differences between different DSCs under con-

sideration can be ignored. Therefore, aabs herein is simplified

to the absorption coefficient of dye in the film and can be

expressed as

aabs ¼ ec; (2)

where e is the molar extinction coefficient of dye and c is the

adsorption amount of dye per unit volume of the film. Since

c is approximately proportional to the specific surface area

of photoelectrode film, c¼ c0S0/S0, where c0 is the adsorption

amount of dye per unit volume of transparent layer, S0 and S0

are the specific surface area of transparent layer and mixed

(or scattering) layer, respectively. We assume that all par-

ticles are spherical and disconnected with each other, then

the specific surface area equals to the total surface area of all

particles per unit volume.

In this simulation, the angle dependence of scattering in-

tensity is assumed to be that of a spherical TiO2 particle and

calculated with three-dimensional finite-difference time-

domain (FDTD) method. A commercial FDTD software

package, FDTD Solutions, provided by Lumerical Solutions,

Inc. is used. The scattering cross-section of a single particle

(r) is also calculated with FDTD method. The r value corre-

sponds to the total power of far-field scattered light in all

directions divided by the incident light intensity. The scatter-

ing coefficient asca is the fraction of light scattered per unit

distance in the film. For a mixed layer containing N kinds of

scattering particles, asca is essentially the scattering cross-

sectional area per unit volume, expressed as

asca ¼
XN

k¼1

rkqk; (3)

where rk is the scattering cross-section of particle k, and qk

is the number of particle k per unit volume (k¼ 1, 2,…, N).

Formula (3) is applicable only when the volume fraction of

large particles is low (�30%). In the scattering layer, the

volume fraction of large particles is about 50%, and theFIG. 1. Schematic film structures of studied photoelectrodes.
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cancellation of multipoles cannot be ignored. For this case,

G�alvez et al. have taken an approximation and set the scat-

tering coefficient asca as a constant. Their calculated results

were in excellent agreement with the reported experimental

ones.17 In this paper, similar approximation is used, i.e., the

asca of scattering layer is set as 2 lm�1.

Using this model, we obtained the light harvesting effi-

ciency gLHE and the electron generation profile g(x, k) for all

the cells studied. The spectral region is 400 nm–800 nm; the

spectral and spatial resolution considered are Dk¼ 10 nm

and Dh¼ 100 nm, respectively. The molar extinction coeffi-

cient of N719 dye (e) and its adsorption amount per unit vol-

ume of transparent layer (c0) were extracted from reported

data in Ref. 10. Besides, we neglected the specular reflec-

tance at the interfaces to simplify the calculation, which will

cause underestimation of gLHE. Since similar deviations are

introduced for different photoelectrode films and the under-

estimation of JSC is small, we inferred that the specular

reflection at the interfaces can be omitted without influencing

the optimization of scattering structure.20

B. Electrical modeling

For most high-efficiency DSCs, Jsc is proportional to

the incident light intensity, so it can be calculated by the

overlap integration of global AM (standard global air mass)

1.5 solar emission spectrum and the photocurrent action

spectrum,21 expressed as

JSC ¼ q

ð
½1� RðkÞ�FðkÞIPCEðkÞdk; (4)

where q is the electron charge, k is the wavelength, F is the

incident photon flux density, R is the incident light loss due to

the absorption and reflection by conducting glass (its value

was extracted from reported data in Ref. 22), and IPCE is the

incident monochromatic photon-to-electron conversion

efficiency. The IPCE value corresponds to the photocurrent

density produced in the external circuit under monochromatic

illumination of the cell divided by the photon flux that strikes

the cell. IPCE is determined by three partial efficiencies: light

harvesting efficiency (gLHE), electron injection efficiency

(ginj), and charge collection efficiency (gCC), expressed as

IPCEðkÞ ¼ gLHEðkÞginjðkÞgCCðkÞ: (5)

In fact, light scattering in the photoelectrode film can be

assumed to have no effect on ginj, which is almost unity for

high performance DSCs.23–26 So IPCE can be simplified as

the product of gLHE and gCC. With standard diffusion model

and linear recombination assumption, the steady-state solu-

tion for gCC at short-circuit condition can be written as27,28

gCCðkÞ ¼
1

coshðd=LÞ �

ðd

0

gðx; kÞ cosh½ðd � xÞ=L�dx

ðd

0

gðx; kÞdx

; (6)

where d is the photoelectrode film thickness, g is the local

electron generation rate, and L is the electron diffusion

length. Depending on the illustration intensity, the value of L
can be tens of microns for high performance DSCs.29–31 In

this simulation, the value of L is fixed as 30 lm.

It should be noted that Eq. (6) is established under the

following assumptions: (1) Electron recombination is linear

with the electron density and (2) electron diffusion coeffi-

cient and lifetime are independent of the electron density and

position in the photoelectrode film. In typical DSCs, these

two assumptions are not accurate. The electron diffusion

length L cannot be defined as a constant parameter but needs

to be discussed in terms of the so-called small perturbation

diffusion length kn.32 However, it has been found by Barnes

and O’Regan that the linear model could give very similar

results for the gCC and IPCE as the nonlinear model even at

short-circuit condition.33 Moreover, the value of L is much

larger than the thickness of photoelectrode film in our simu-

lation, and gCC is nearly independent of the spatial distribu-

tion of light absorption (see Sec. III B). We inferred that the

errors caused by the linear model will not impact the theoret-

ical optimization of scattering design.

III. RESULTS AND DISCUSSION

A. Scattering coefficient and angle dependence

The size of submicron TiO2 particle has a great impact

on its scattering cross-section r, as shown in Fig. 2(a). With

the diameter increasing from 200 nm to 500 nm, r of the par-

ticle increases significantly, especially in the long wavelength

region. For example, at k¼ 700 nm, r of TiO2 particles with

diameter of 200, 300, 400, and 500 nm are 0.023, 0.142,

0.411, and 0.789 lm2, respectively. However, when the

weight fraction of the scattering particles (W) is fixed, the

particle number per unit volume, q, decreases with the

increasing of diameter. As a result, the increase in r is offset

when calculating the scattering coefficient asca [Fig. 2(b)].

With the particle diameter increasing from 200 nm to 500 nm,

the average values of asca are 0.813601, 1.152818, 1.137808,

and 1.020516 lm�1, respectively. Besides, it can be seen that

the maximum value of asca shifts to longer wavelength and

the scattering intensity in long wavelength region increases

with particle size.

Figure 3 displays the angle distribution of scattering inten-

sity for a single spherical TiO2 particle embedded in TiO2

nanocrystalline film. The particle diameter is 200 nm–500 nm,

and the total intensity in all directions is normalized. The

results indicate that most scattered light goes forward, namely

the scattering angle h< 90� (h is defined as the angle between

incoming and outgoing direction of light). For a TiO2 particle

with 500 nm diameter, more than 90% scattered light has a

small scattering angle (h< 45�). As the particle size decreases,

the forward scattering intensity with large angle increases sig-

nificantly, and the proportion of backscattered light also shows

a slight increase.

B. Single-layer DSCs

Photoelectrode films with a single mixed layer were

simulated first. These films are divided into four groups

according to the scattering particle size. In each group, the
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weight fraction of scattering particles, W, changes from 0%

to 30%. Figure 4 illustrates the light harvesting efficiencies

gLHE of all these single-layer samples as a function of wave-

length. It can be seen that the changes of gLHE caused by W
in each group exhibit similar characteristics: in short

wavelength region (400 nm–550 nm), gLHE decreases monot-

onically with the increasing of W; in long wavelength region

(650 nm–800 nm), gLHE firstly increases and reaches its max-

imum value when W is 15%–20%, then decreases slightly.

The impact of scattering particles upon the film charac-

teristics and photon propagation can be attributed to three

aspects: (1) Submicron particle has smaller specific surface

area, so the aabs of mixed layer decreases compared with the

transparent layer; (2) part of the incident photons will be

reflected out of the film and lost due to back-scattering; and

(3) for the other photons, light scattering caused by large par-

ticles will increase their optical path lengths as well as the

probability of being absorbed. Apparently, changes in gLHE

depend on the combined effect of all three aspects, but only

the last one is advantageous to improve light absorption. For

the sake of conciseness, we refer to these three aspects as

impact-I, II, and III, respectively.

The calculated results of single-layer samples at two

representative wavelengths, 500 nm and 700 nm, are shown

in Table I. These samples are named in the form of Sm-n

(m¼ 1, 2, 3, 4; n¼ 1, 2, 3). Different m (n) values in the

name correspond to different diameters (weight fractions) of

scattering particles. S0 is the sample without scattering par-

ticles in the film. gR�Loss is the percentage of light loss due

to back-scattering, which can reflect the effect of impact-II.

LAOP is the average optical path length of photons within the

film. At k¼ 500 nm, the molar extinction coefficient of N719

dye is so high that almost all the incident photons are

absorbed when no scattering particles exist (sample S0).

However, with the introduction of scattering particles,

gR�Loss increases significantly. For all the single-mixed-layer

samples, the sum of gLHE and gR�Loss approximately equals

to 1, which indicates that the decrease of gLHE in short wave-

length region is mainly due to impact-II. The variation of

LAOP at k¼ 500 nm is more complicated. On one hand, back-

scattered photons tend to have shorter optical path. On the

other hand, the optical absorption depth of photoelectrode

film increases with W due to the reduction of aabs. In long

wavelength region, the molar extinction coefficient of N719

dye is much lower, so the effects of impact-III begin to

emerge and dominate. After mixing large particles into the

film, much more incident photons are absorbed owing to lon-

ger LAOP. Consequently, gLHE at k¼ 700 nm increases with

W at first, although the value of gR�Loss is several times

higher than that at k¼ 500 nm. When W is too high (>20%),

the negative effect of impacts I and II is bigger, and gLHE

decreases again.

The influence of scattering particle size can be obtained

by comparing samples in different groups. When W is fixed,

the scattering coefficient does not differ much as described

in Sec. III A. However, with the increasing of particle diame-

ter, average light scattering angle of a single particle

decreases gradually. Thus, weaker back-scattering leads to

the reduction of gR�Loss. In short wavelength region, gLHE

increases monotonically with particle diameter. While in

long wavelength region, the trend is no longer monotonous,

and a maximum value of gLHE is found when the diameter is

300 nm or 400 nm. The decline of gLHE with bigger scatter-

ing particle can be explained as follows: (1) the absorption

FIG. 3. Angle dependence of scattering intensities by a single submicron

TiO2 particle in nanocrystalline film calculated at k¼ 600 nm. The total in-

tensity in all directions is normalized and the diameters of the TiO2 particles

are specified in legends. Inset shows the definition of scattering angle h.

FIG. 2. Wavelength dependence of (a) scattering cross-section of a single

submicron TiO2 particle in nanocrystalline film and (b) scattering coeffi-

cients of photoelectrode films with mono-size scattering particles of 20%

weight fraction. The diameters of submicron TiO2 particles are specified in

legends.
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coefficient aabs decreases significantly and (2) the average

scattering angle is too small that it is not conducive to

improve LAOP. We have also simulated single-layer samples

in which scattering particles of different sizes were

uniformly mixed together, but no obvious improvement has

been found (not shown).

In addition to gLHE, scattering particles also influence

the electron generation function g(x, k). When light is

FIG. 4. Light harvesting efficiencies (gLHE) of single-layer photoelectrode films as a function of wavelength. The diameters of scattering particles are

(a) 200 nm, (b) 300 nm, (c) 400 nm, and (d) 500 nm. Inset is an expanded region around 700 nm.

TABLE I. Simulation results of single-layer films with mono-size scattering particles.

k¼ 500 nm k¼ 700 nm

Sample Da (nm) Wb (%) gLHE gR-Loss LAOP (lm) gLHE gR-Loss LAOP (lm) Jsc (mA/cm2)

S0 / / 0.995 0 2.84 0.239 0 13.14 15.04

S1-1 200 10 0.920 0.079 2.72 0.350 0.275 19.83 14.94

S1-2 20 0.856 0.144 2.61 0.366 0.433 21.68 13.91

S1-3 30 0.791 0.210 2.50 0.357 0.525 21.79 12.73

S2-1 300 10 0.966 0.034 2.85 0.369 0.237 21.27 15.74

S2-2 20 0.922 0.078 2.83 0.391 0.400 22.80 15.15

S2-3 30 0.875 0.125 2.81 0.369 0.503 22.89 14.21

S3-1 400 10 0.982 0.017 2.91 0.360 0.176 20.56 15.92

S3-2 20 0.961 0.039 2.95 0.385 0.332 23.02 15.81

S3-3 30 0.929 0.071 2.99 0.376 0.440 23.47 15.02

S4-1 500 10 0.982 0.016 2.92 0.334 0.174 19.14 15.66

S4-2 20 0.966 0.033 3.00 0.371 0.320 22.24 15.62

S4-3 30 0.945 0.055 3.08 0.370 0.426 23.11 15.15

aD is the diameter of scattering particles embedded in the film.
bW is the weight fraction of scattering particles in the film.
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applied on the photoelectrode of DSC, the ground state elec-

tron of dye molecule is excited and subsequently transferred

to the conduction band of TiO2. The function g(x, k)

describes the local electron generation rate per unit volume

of nanocrystalline film, where x is the depth in the film.

Since the excited state lifetime of dye (20 ns–60 ns) is much

longer than the time of electron injection process (femtosec-

onds to picoseconds), it can be considered that there is no

loss during this injection. As a result, g(x, k) is the same as

the optical absorptance profile of the photoelectrode film.

Figure 5 shows the g(x, k) of single-layer films with 300 nm

scattering particles of different weight fractions. Two differ-

ent wavelengths, 500 nm and 700 nm, were chosen to illus-

trate the effects corresponding to high and low absorption

coefficient, respectively. The calculated results for photo-

electrode film without scattering particles demonstrate

exponential distribution, which is consistent with the Beer-

Lambert law. With the increasing of large particles embed-

ded in the film, more incident photons are absorbed near the

substrate, and the average distance between photogenerated

electrons and collecting contact gradually decreases. The

drop of the average distance is bigger at k¼ 700 nm than at

k¼ 500 nm. G�alvez et al.17 have found that for DSCs in

which electron diffusion length is shorter than film thickness

(L< d), the shape and value of g(x, k) largely determine the

charge collection efficiency gCC and thus the overall per-

formance. In our simulation, solar cells are of efficient

charge collection (L� d), so the gCC is nearly independent

of the spatial distribution of light absorption with values

between 0.91 and 0.99. Amount all the single-layer samples

under consideration, the maximum JSC appears when 400 nm

TiO2 particles are embedded in the photoelectrode film with

a weight fraction of 10%–20%.

C. Double-layer and multi-layer DSCs

In single-mixed-layer films, unfavorable back-scattering

always occurs near the substrate. To reduce or suppress its

influence, films with double-layer structures were designed

by combining a transparent layer next to the conducting glass

and a mixed or scattering layer on its top. In the double-layer

films, photons “reflected” by the second layer will enter the

first transparent layer again, thus part of them can be

absorbed and reduce the light loss. Figure 6 displays the

wavelength dependence of gLHE calculated for two double-

layer films, D1 and D2, with detailed structures shown in

Table II. Scattering particles of 400 nm size were used for

the simulation of double-layer structures due to their optimal

effect for single-layer films. In fact, the size of scattering

particles is exactly 400 nm for some reported DSCs with

energy conversion efficiency above 10%.12–14 The gLHE of

the single-layer film S3-2 is also drawn in Fig. 6 for compari-

son. Compared with S3-2, the gLHE of D1 and D2 in short

wavelength region are improved significantly. This remark-

able improvement is persuasive evidence for the efficient

suppression of back-scattering. More convincing evidence is

provided by the reduction of gR�Loss as shown in Table III.

Unfortunately, the gLHE of the two double-layer films above

650 nm (for D1) or 620 nm (for D2) are lower than that of

S3-2. This decrease of gLHE in long wavelength region

should be explained by the weakened positive effect of light

scattering (impact-III). Although the LAOP of D2 calculated

at k¼ 700 nm is longer than that of S3-2, quite a long dis-

tance traveled by photons is in scattering layer, where the

aabs is extremely small. For further confirmation, a new pa-

rameter L0AOP is defined as the relative optical path length in

a film with absorption coefficient of a0

FIG. 5. Electron generation function [g(x, k)] or spatial optical absorptance

profile for single-layer films with 300 nm scattering particles calculated at

(a) k¼ 500 nm and (b) k¼ 700 nm. The weight fractions of scattering

particles are shown in legends.

FIG. 6. Light harvesting efficiencies (gLHE) of S3-2, D1, and D2 as a func-

tion of wavelength.
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L0AOPðkÞ ¼
X

i

liaabs;iðkÞ
a0ðkÞ

; (7)

where li and aabs,i are the transmission length and absorption

coefficient for step i, respectively. It should be noted that

aabs,i is calculated by Eq. (2) and its value varies depending

on the photon’s position in the double-layer films. We make

a0 equals to the aabs of S3-2, then L0AOP at k¼ 700 nm for

D1 and D2 are 20.50 lm and 19.14 lm, respectively, both of

which are much smaller than the LAOP of S3-2 (23.02 lm).

Figure 7 shows the light absorptance profile or electron

generation function g(x, k) of D1 and D2 at k¼ 700 nm.

Compared with sample S0 (also drawn in this figure), the

electron generation in D1 is improved at each depth in the

film. The improvements of g(x, k) in the transparent and

mixed layer are attributed to the back-scattering from the

mixed layer and the optical path increase in the mixed layer,

respectively. Since scattering layer contains more large par-

ticles and has stronger back-scattering, the g(x, k) of D2 at

x� 10 lm is even higher than that of D1. Contrary to the re-

markable improvement of g(x, k) below 10 lm, the electron

generation of D2 at x> 10 lm decreases significantly. As

described in Sec. II A, the adsorption amount of dye mole-

cule per unit volume is approximately proportional to the

specific surface area of photoelectrode film. Since the scat-

tering layer in D2 (x> 10 lm) is composed of large TiO2

particles, its specific surface area and adsorption amount of

dye are rather small compared with the transparent layer

(x� 10 lm). As a result, only a small amount of photons can

be absorbed in the scattering layer, and thus g(x, k) of D2

decreases significantly at x> 10 lm. By integrating the light

absorptance profile in the two double-layer films, it can be

found that gLHE of D1 at k¼ 700 nm is higher than that of

D2. In fact, D1 produces higher gLHE in the whole visible

region (see Fig. 6).

As described above, although the double-layer structure

is better than the single-mixed-layer one in terms of back-

scattering suppression, the positive light scattering effect in

D1 or D2 is less efficient compared with S3-2, and the gLHE

in long wavelength region are lower. As a result, after chang-

ing the film structure from single-layer to double-layer, Jsc

has little or no improvement (see Table III). In order to

increase the Jsc of DSC, gLHE should be enhanced in the

entire visible region. Since aabs decreases with the increasing

of wavelength above 550 nm, incident photons with longer

wavelength penetrate deeper into the film. It can be inferred

that gradually increased scattering coefficient with the depth

in the film may provide better optical characteristics. This

can be realized by multi-layer structures. Here, we simulated

two multi-layer samples, T1 and T2, with increased scatter-

ing particles. All the large particles in T1 are 400 nm in di-

ameter, while the large particle size of T2 varied from

250 nm to 400 nm in different layers. The detailed structures

are shown in Table II. Figure 8 depicts the wavelength de-

pendent gLHE of these two multi-layer films, where the spec-

trum of D1 is also appended for comparison. In order to

demonstrate the differences between the three curves more

clearly, only the gLHE at 550 nm� k� 770 nm are shown in

this figure. In fact, the gLHE curves of T1, T2, and D1 below

550 nm almost coincide with each other and the values are

almost unit, confirming that multi-layer films have similar

effect as double-layer ones on back-scattering suppression.

TABLE II. Detailed structures of double- and multi-layer films.

Sample Layersa Thickness (lm) Db (nm) Wc (%)

D1 T 7 / /

M 8 400 20

D2 T 10 / /

S 5 400 100

T1 T 5 / /

M 2.5 400 10

M 2.5 400 20

M 2.5 400 30

S 2.5 400 100

T2 T 5 / /

M 2.5 250 10

M 2.5 300 20

M 2.5 350 30

S 2.5 400 100

aLayers are arranged according to the sequence beginning from the conduct-

ing substrate. T: transparent layer; M: mixed layer; S: scattering layer.
bD is the diameter of scattering particles embedded in the film.
cW is the weight fraction of scattering particles in the film.

TABLE III. Simulation results of double- and multi-layer films with detailed

structures in Table II. T20 and T200 have the same structure as T2, while the

surface areas of large particles incorporated in these two films are increased

by 10-fold and 20-fold, respectively.

k¼ 500 nm k¼ 700 nm

Sample gLHE gR-Loss

LAOP

(lm) gLHE gR-Loss

LAOP

(lm)

Jsc

(mA/cm2)

D1 0.9982 0.0001 2.88 0.345 0.156 19.71 16.13

D2 0.9967 0.0001 2.99 0.322 0.319 24.08 15.73

T1 0.9981 0.0003 2.89 0.389 0.306 25.39 16.41

T2 0.9990 0.0006 2.90 0.413 0.363 26.44 16.68

T20 0.9994 0.0005 2.85 0.487 0.329 24.81 17.18

T200 0.9994 0.0005 2.81 0.547 0.304 23.28 17.65

FIG. 7. Electron generation function [g(x, k)] or spatial optical absorptance

profile for S0, D1, and D2 calculated at k¼ 700 nm.
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As shown in Figure 8, the gLHE of both T1 and T2 are higher

than that of D2 in the long wavelength region. These calcu-

lated results verified the above inference. In multi-layer

films, the incident photons with wavelength of small aabs

penetrate deeper where more large particles are embedded.

Thus, the strong light scattering in deeper layers lengthens

these photons’ optical path and improves the gLHE.

Compared with T1, the gLHE of T2 are even higher. We

believe that the main reasons include: (1) In the middle

layers, the aabs of T2 are higher due to the smaller size of

scattering particles and (2) on one hand, bigger particles

scatter more photons with long wavelength; on the other

hand, smaller particles provide larger average scattering

angle. With gradually increased particle size, the scattering

design in T2 achieved a better combination of scattering

coefficient and angle.

Although multi-layer structure can improve the red light

absorption while keeping efficient suppression of back-

scattering, a considerable amount of large particles are

incorporated and the total specific surface area decreases sig-

nificantly. Consequently, the light harvesting enhancement

by scattering is partially offset due to the reduction of dye. In

order to avoid or reduce the decline of specific surface area,

mesoporous spherical TiO2 with high specific surface area

have been synthesized by researchers.34–37 We assume that

the scattering cross-section and angle distribution of mesopo-

rous TiO2 sphere are same as that of TiO2 sphere with

smooth surface. By artificially raising the surface area value

set in the program, the characteristics of photoelectrode films

with mesoporous spheres can be simulated. For example, if

the surface area of large particles in T2 increased by 10-fold

(sample T20) or 20-fold (sample T200), the gLHE and Jsc

would be improved dramatically (see Fig. 8 and Table III).

D. Comparison with reported experimental results

The influence of photoelectrode morphology on the

energy conversion efficiency of N719 dye-sensitized solar

cells has been investigated by Wang et al.10 In their research,

DSCs with photoelectrode films of different structures have

been prepared, and the photocurrent action spectra as well as

current-voltage curves have been tested. They have found

that as tuning the film structure from monolayer to multi-

layer, both the light absorption and the performance of solar

cell were improved significantly. Their experimental results

are in good qualitative and quantitative agreement with our

simulation ones as shown above, which verifies the reliabil-

ity and validity of this simulation method. However, the

large TiO2 particles used in their experiments were 50 nm

and 100 nm in diameter, while the optimum size of scattering

particles is 250 nm–400 nm according to our study and the

experimental results reported by other researchers.6,7,38,39

We believe that such a large deviation is mainly due to the

method used by Wang et al. which might lead to underesti-

mation of particle size. According to their paper, the average

diameter of TiO2 particles was calculated from the

Brunauer-Emmett-Teller (BET) surface area. In fact, BET

method is only suitable for particles with smooth surface. If

the particle surface is rough, its size obtained by this method

would be underestimated. More accurate particle size should

be determined by microscopic measurement such as scan-

ning electron microscope (SEM) or transmission electron

microscope (TEM).

Chiba et al. have introduced the concept of haze (the ratio

of diffused transmittance to total optical transmittance) to esti-

mate the effectiveness of TiO2 photoelectrode.11 By control-

ling the addition of 400 nm particles in the film, they prepared

photoelectrodes with different haze values and found that high

haze in infrared region was important for advancing the IPCE

and Jsc of black dye-sensitized solar cells. In the simulation,

theoretical haze can be obtained by making statistics on the

final scattering angle of photons transmitted through the

unsensitized TiO2 films. Here, haze is determined as the pro-

portion of photons with final scattering angle above 10�.
Figure 9 depicts the gLHE and haze values at k¼ 700 nm for

photoelectrodes with different structures. The film thickness is

fixed as 15 lm, and the diameter of scattering particles is

400 nm. Apparently, gLHE increases with haze, which is con-

sisted with the experimental results reported by Chiba et al.
We have also found that when the wavelength is shorter than

650 nm, the regular change of gLHE with haze disappeared

(not shown) either because of the strong absorption or the

light loss caused by back-scattering. Therefore, haze can only

be used to judge the light harvesting efficiency in the wave-

length region where molar extinction coefficient of dye mole-

cule is low and impact-III is dominant. It should be noted that

the numerical relation between haze and gLHE might change

with material properties, film structure, preparation method,

and wavelength. In our simulation, we assumed that the TiO2

particles were spherical in shape and neglected the specular

reflectance arising from the interface. These assumption and

simplification might cause the simulation results to deviate

from the experimental ones.

In this paper, N719 dye is chosen as the sensitizer in

consideration of its wide use and to facilitate the comparison

with reported experimental results. In fact, this simulation

approach can be used for other sensitizers, such as black dye,

organic dye, and quantum dot, or their combinations. TiO2

can also be replaced by other kinds of materials. As shown

above, this simulation approach enables us to quantitatively

analyze the optical properties of photoelectrode, including

FIG. 8. Light harvesting efficiencies (gLHE) of D1, T1, T2, T20, and T200 as a

function of wavelength.
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light loss from back-scattering, average optical path length,

light absorptance profile, and scattering angle. These calcu-

lated results can provide theoretical guidance for film design

and optimization.

IV. CONCLUSION

In this paper, light scattering design of N719 dye-

sensitized solar cells is investigated and optimized based on

theoretical simulations. Submicron particles incorporated in

the photoelectrode films have both positive and negative

impacts on the gLHE of solar cell. Therefore, the optimal scat-

tering design should improve the light absorption in long

wavelength region and suppress the light loss due to back-

scattering simultaneously, which can be achieved by multi-

layer structures with increased scattering coefficient.

According to the simulation results, multi-layer film with grad-

ually increased particle size demonstrates better performance.

gLHE can be further improved using mesoporous spherical

TiO2 with high specific surface area. The calculated results

herein are in good agreement with the reported experimental

ones, proving the reliability and validity of our simulation

approach. As an efficient and flexible tool, this simulation

approach would be useful in film design or optimization and

could be a routine procedure before practice experiments.

ACKNOWLEDGMENTS

This work was supported by National Major Basic

Research Project (2012CB934302), Natural Science

Foundation of China (11174202, 11204176, and 61234005),

and China Postdoctoral Science Foundation (2012M520889).

1B. O’Regan and M. Gr€atzel, Nature 353, 737 (1991).
2M. Gr€atzel, J. Photochem. Photobiol., A 164, 3 (2004).

3A. J. Frank, N. Kopidakis, and J. van de Lagemaat, Coord. Chem. Rev.

248, 1165 (2004).
4A. Hagfeldt, G. Boschloo, L. Sun, L. Kloo, and H. Pettersson, Chem. Rev.

110, 6595 (2010).
5M. K. Nazeeruddin, S. M. Zakeeruddin, R. Humphry-Baker, M. Jirousek,

P. Liska, N. Vlachopoulos, V. Shklover, C.-H. Fischer, and M. Gr€atzel,

Inorg. Chem. 38, 6298 (1999).
6A. Usami, Chem. Phys. Lett. 277, 105 (1997).
7J. Ferber and J. Luther, Sol. Energy Mater. Sol. Cells 54, 265 (1998).
8S. Hore, C. Vetter, R. Kern, H. Smit, and A. Hinsch, Sol. Energy Mater.

Sol. Cells 90, 1176 (2006).
9L. Hu, S. Dai, J. Weng, S. Xiao, Y. Sui, Y. Huang, S. Chen, F. Kong, X.

Pan, L. Liang, and K. Wang, J. Phys. Chem. B 111, 358 (2007).
10Z. Wang, H. Kawauchi, T. Kashima, and H. Arakawa, Coord. Chem. Rev.

248, 1381 (2004).
11Y. Chiba, A. Islam, R. Komiya, N. Koide, and L. Han, Appl. Phys. Lett.

88, 223505 (2006).
12Y. Chiba, A. Islam, Y. Watanabe, R. Komiya, N. Koide, and L. Han, Jpn.

J. Appl. Phys., Part 1 45, 638 (2006).
13F. Gao, Y. Wang, D. Shi, J. Zhang, M. Wang, X. Jing, R. H. Baker, P.

Wang, S. M. Zakeeruddin, and M. Gr€atzel, J. Am. Chem. Soc. 130, 10720

(2008).
14Y. Cao, Y. Bai, Q. Yu, Y. Cheng, S. Liu, D. Shi, F. Gao, and P. Wang,

J. Phys. Chem. C 113, 6290 (2009).
15A. Yella, H.-W. Lee, H. N. Tsao, C. Yi, A. K. Chandiran, M. K.

Nazeeruddin, E. W.-G. Diau, C.-Y. Yeh, S. M. Zakeeruddin, and M.

Gr€atzel, Science 334, 629 (2011).
16A. Usami, Sol. Energy Mater. Sol. Cells 64, 73 (2000).
17F. E. G�alvez, E. Kemppainen, H. M�ıguez, and J. Halme, J. Phys. Chem. C

116, 11426 (2012).
18G. Rothenberger, P. Comte, and M. Gr€atzel, Sol. Energy Mater. Sol. Cells

58, 321 (1999).
19G. A. Niklasson, C. G. Granqvist, and O. Hunderi, Appl. Opt. 20, 26

(1981).
20See supplementary material at http://dx.doi.org/10.1063/1.4818438 for the

evidence to support that the specular reflection at the interfaces can be

omitted without influencing the optimization of scattering structure.
21X. Guo, Y. Zhang, D. Qin, Y. Pang, and Q. Meng, J. Power Sources 195,

7684 (2010).
22X. Guo, Y. Luo, C. Li, D. Qin, D. Li, and Q. Meng, Curr. Appl. Phys. 12,

e54 (2012).
23M. Gr€atzel, Inorg. Chem. 44, 6841 (2005).
24Y. Tachibana, H. Hara, K. Sayama, and H. Arakawa, Chem. Mater. 14,

2527 (2002).
25R. Katoh, A. Furube, T. Yoshihara, K. Hara, G. Fujihashi, S. Takano, S.

Murata, H. Arakawa, and M. Tachiya, J. Phys. Chem. B 108, 4818 (2004).
26R. Katoh, A. Huijser, K. Hara, T. J. Savenije, and L. D. A. Siebbeles,

J. Phys. Chem. C 111, 10741 (2007).
27S. S€odergren, A. Hagfeldt, J. Olsson, and S. Lindquist, J. Phys. Chem. 98,

5552 (1994).
28J. Halme, K. Miettunen, and P. Lund, J. Phys. Chem. C 112, 20491 (2008).
29H. K. Dunn and L. M. Peter, J. Phys. Chem. C 113, 4726 (2009).
30H. Wang and L. M. Peter, J. Phys. Chem. C 113, 18125 (2009).
31J. R. Jennings, F. Li, and Q. Wang, J. Phys. Chem. C 114, 14665 (2010).
32J. Villanueva-Cab, H. Wang, G. Oskam, and L. M. Peter, J. Phys. Chem.

Lett. 1, 748 (2010).
33P. R. F. Barnes and B. C. O’Regan, J. Phys. Chem. C 114, 19134 (2010).
34D. Chen, F. Huang, Y.-B. Cheng, and R. A. Caruso, Adv. Mater. 21, 2206

(2009).
35D. Chen, L. Cao, F. Huang, P. Imperia, Y.-B. Cheng, and R. A. Caruso,

J. Am. Chem. Soc. 132, 4438 (2010).
36K. Yan, Y. Qiu, W. Chen, M. Zhang, and S. Yang, Energy Environ. Sci. 4,

2168 (2011).
37D. Chen and R. A. Caruso, Adv. Funct. Mater. 23, 1356 (2013).
38H.-J. Koo, J. Park, B. Yoo, K. Yoo, K. Kim, and N.-G. Park, Inorg. Chim.

Acta 361, 677 (2008).
39I. G. Yu, Y. J. Kim, H. J. Kim, C. Lee, and W. I. Lee, J. Mater. Chem. 21,

532 (2011).

FIG. 9. Dependence of light harvesting efficiency (gLHE) on haze of photo-

electrode films. Both gLHE and haze are calculated at k¼ 700 nm. The films

are of single-, double-, and multi-layer structures with various concentra-

tions of 400 nm scattering particles.

074310-9 X. Z. Guo and W. Z. Shen J. Appl. Phys. 114, 074310 (2013)

96

http://dx.doi.org/10.1038/353737a0
http://dx.doi.org/10.1016/j.jphotochem.2004.02.023
http://dx.doi.org/10.1016/j.ccr.2004.03.015
http://dx.doi.org/10.1021/cr900356p
http://dx.doi.org/10.1021/ic990916a
http://dx.doi.org/10.1016/S0009-2614(97)00878-6
http://dx.doi.org/10.1016/S0927-0248(98)00078-6
http://dx.doi.org/10.1016/j.solmat.2005.07.002
http://dx.doi.org/10.1016/j.solmat.2005.07.002
http://dx.doi.org/10.1021/jp065541a
http://dx.doi.org/10.1016/j.ccr.2004.03.006
http://dx.doi.org/10.1063/1.2208920
http://dx.doi.org/10.1143/JJAP.45.L638
http://dx.doi.org/10.1143/JJAP.45.L638
http://dx.doi.org/10.1021/ja801942j
http://dx.doi.org/10.1021/jp9006872
http://dx.doi.org/10.1126/science.1209688
http://dx.doi.org/10.1016/S0927-0248(00)00049-0
http://dx.doi.org/10.1021/jp2092708
http://dx.doi.org/10.1016/S0927-0248(99)00015-X
http://dx.doi.org/10.1364/AO.20.000026
http://dx.doi.org/10.1063/1.4818438
http://dx.doi.org/10.1016/j.jpowsour.2010.05.033
http://dx.doi.org/10.1016/j.cap.2011.03.060
http://dx.doi.org/10.1021/ic0508371
http://dx.doi.org/10.1021/cm011563s
http://dx.doi.org/10.1021/jp031260g
http://dx.doi.org/10.1021/jp072585q
http://dx.doi.org/10.1021/j100072a023
http://dx.doi.org/10.1021/jp806512k
http://dx.doi.org/10.1021/jp810884q
http://dx.doi.org/10.1021/jp906629t
http://dx.doi.org/10.1021/jp105486k
http://dx.doi.org/10.1021/jz1000243
http://dx.doi.org/10.1021/jz1000243
http://dx.doi.org/10.1021/jp106329a
http://dx.doi.org/10.1002/adma.200802603
http://dx.doi.org/10.1021/ja100040p
http://dx.doi.org/10.1039/c1ee01071a
http://dx.doi.org/10.1002/adfm.201201880
http://dx.doi.org/10.1016/j.ica.2007.05.017
http://dx.doi.org/10.1016/j.ica.2007.05.017
http://dx.doi.org/10.1039/c0jm02606a


 

 

 

 

 

 

 

 

 

 

 

 
三、半导体量子结构与量子过程调控 

(III. Semiconductor Quantum Structures & Quantum Control) 

 



Self-Assembly of Three-Dimensional SrTiO3 Microscale
Superstructures and Their Photonic Effect
Xiaoliang Yuan,† Maojun Zheng,*,† Yafeng Zhang,‡ Tao Zhou,† Changli Li,† Xiaosheng Fang,§ Li Ma,†

and Wenzhong Shen†

†Key Laboratory of Artificial Structures and Quantum Control, Ministry of Education, Department of Physics, Shanghai Jiao Tong
University, Shanghai 200240, People’s Republic of China
‡Department of Physics, Fudan University, Shanghai 200433, People’s Republic of China
§Department of Materials Science, Fudan University, Shanghai 200433, People’s Republic of China

*S Supporting Information

ABSTRACT: 3D SrTiO3 microscale superstructures (STOMSs) have been prepared via hydrothermal synthesis and multiple
(five times) crystallization process. Branches and trunks on STOMSs show perfect corn-like structures, and each side of the
trunks could be considered as grating-analogous structures. These well-ordered trunks along with gratings constitute 3D hybrid
microstructures that contribute to light diffraction, and the colorful photonic effects of light diffraction are thought to be due to
refractive index modulations in three dimensions. The colors of STOMSs can be tuned from yellow to cyan by changing the
growth cycle. This special optical performance could broaden the application scope of SrTiO3.

1. INTRODUCTION

Transition metal oxides with a cubic perovskite structure
ATiO3 (A = Ba, Sr, Ca) have been of great interest in science
and engineering in the electronics industry and are noteworthy
for their advantageous dielectric, ferroelectric, piezoelectric,
thermoelectric, superconducting, electrostrictive, and electro-
optic properties with corresponding applications.1−6 Among
these materials, strontium titanate (SrTiO3), as an ideal
substrate material for epitaxial growth of many functional
materials and with its own high dielectric constant, thermal
stability, and photocatalytic properties, serves as one of the
most versatile functional materials in a wide range of
technological uses.7−11 Generally, SrTiO3 is prepared by
solid-state reaction12,13 of strontium carbonate and titanium
dioxide, typically at temperatures higher than 900 °C. SrTiO3
powders obtained from this traditional method are generally
microstructural variations due to the lack of control over the
physical and chemical characteristics, which always leads to
poor property optimization and reproducibility. Although there
have been various reports on the synthesis strategies of SrTiO3
particles and films in recent years, such as epitaxial growth by
chemical vapor deposition (CVD),14,15 magnetron sputtering,16

or sol−gel,17,18 the precisely controllable synthesis of micro-
scale or even nanoscale morphologic and structural crystalline
particles and thin films is less than satisfactory. In contrast to

other techniques, the hydrothermal method19−23 offers an
inexpensive and environmentally friendly route and the ability
to control chemical composition, homogeneity, purity,
morphology, shape, and phase composition of the nanostruc-
ture materials under moderate conditions. By the way, this
synthesis strategy has greatly accelerated the development of a
large number of inorganic24−28 and organic29−31 superstructure
materials in recent years, which are widely used in many fields
such as photonic devices, energy storage, and microvessels for
drug delivery, biomedical diagnosis agents, nanoscale reactors,
humidity sensors, and catalysts for size-selective reactions. Due
to its potential application, the synthesis and study of SrTiO3
superstructure material remains urgent nowadays. Furthermore,
although the study on ferroelectric thin film photonic
crystals32,33 has developed for several years, synthesis of 3D
structure ferroelectric photonic crystals is still a new topic and a
challenge for their future applications.
Here we report new findings on the formation and evolution

of pure 3D SrTiO3 microscale superstructures (STOMSs)
based on the synthesis strategy of hydrothermal methods, and
the mechanism of self-assembly (SA) behavior has been
discussed by the multiple crystallization process with the
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rhythmic cooling approach. What is more interesting, each
branch on the trunk shows a corn-like structure. On the basis of
experimental data, we concluded that the growth of complex
microscale superstructures can be explained only via pro-
gressive assembly and multiple crystallization processes, which
are advantageous for the SA of STOMSs compared to long-
time (5 days) hydrothermal reactions without rhythmic
cooling. Meanwhile, periodical structure leads to a colorful
photonic effect, and the colors are obvious and controllable and
vary from yellow to cyan. Furthermore, grating-analogous
structures clearly exist if we simplify the complicated,
interconnected 3D microstructures of trunks and branches,
taking into account only one side of the trunk, and various
reflected light is thought to originate from diffraction grating
effects. This approach is simple and cost-effective in fabricating
3D STOMSs for practical photonic applications.

2. EXPERIMENTAL SECTION
Preparation of TiO2 Nanotube Films. The template TiO2 films,

which were used for the synthesis of STOMSs, were fabricated via
two-step anodization under high field in our preparatory work.34

Polished Ti foils were put into a tailor-made holder with a circular area
of 2 cm2 exposed to the electrolyte (0.3 wt % ammonium fluoride
(NH4F) and 4 vol % water in ethylene glycol (96 vol %)). The TiO2
films were obtained in 4 h via anodization. After 24 h of drying in air,
the oxide layers, with a thickness of about 100 μm, were isolated
automatically, as shown in Figure S1a, and were used in the next
hydrothermal synthesis experiments.
Synthesis of 3D SrTiO3 Superstructures. For the synthesis of

SrTiO3, strontium chloride (SrCl2, ≥99.5%), calcium chloride (CaCl2,
≥96%), potassium hydroxide (KOH, ≥90%), and anodic TiO2
precursor were used. Solutions had the following composition: Sr2+

50−200 mM, Ca2+ 50−100 mM, and OH− 0.2−4.0 M. However, the
optimal reaction solutions have been proved to be composed of Sr2+

100 mM, Ca2+ 50 and 100 mM, and OH− 1.0 and 2.0 M. First, SrCl2,
CaCl2, and KOH were dissolved in a glass beaker by stirring at room
temperature for 1 h. Second, a white precipitate was separated via filter
operation in order to get clear synthesis solutions. Third, clear
synthesis solutions and TiO2 films were transferred to a Teflon-lined
stainless steel autoclave and heated at 160 °C in an oven for 10 h.
Then crystallization of SrTiO3 occurred accompanied with a natural
cooling process to room temperature. This heating and cooling
process should be repeated five times at least. Lastly, washing in a 1%
dilute hydrochloric acid bath at 60 °C for 5 h to dissolve the fluffy
Ca(OH)2 layers and drying the as-obtained SrTiO3 were necessary.
Characterization of Materials. The morphologies of our SrTiO3

samples were observed using a field-emission scanning electron
microscope (FESEM, Philips XL30FEG). Energy dispersive X-ray
spectroscopy (EDS, INCA Oxford) was recorded at the surface of the
structure. Crystal structures of samples were examined using X-ray
diffraction (XRD, Bruker-AXS). The composition of the mother
liquors (taken from the autoclave after the synthesis) was determined
by inductively coupled plasma atomic emission spectrometry (ICP-
AES, THERMO). Optical reflection of colorful and photonic samples
was observed by an optical microscope system (Leica). The
morphology and electron diffraction of the crystals were examined
by transmission electron microscopy (TEM, JEOL), while specimens
were prepared by dispersing the purified structures on carbon-foam-
coated copper grids. The crystallinity of SrTiO3 was determined using
selected area electron diffraction (SAED) coupled with TEM.

3. RESULTS AND DISCUSSION
Ordered TiO2 nanotube (TiNT) arrays were fabricated via two-
step anodization under high field based on our previous work,34

as shown in Figure S1a. Then, in situ synthesis of STOMSs via
the hydrothermal method and multiple (five times) crystal-
lization took place on the surface of these TiNTs. Figure S1b−

d shows digital photographs of as-prepared SrTiO3 films. It is
clear that variable pH values of the synthesis solutions led to
clearly visible and variable colors (cyan and yellow) by the
naked eye. Moreover, these variable colors have been proved to
be caused by their 3D microstructures.
It is noticed that the 3D skeletons of SrTiO3 were not being

broken even if the films had been smashed into pieces during
the hydrothermal reaction, which was totally attributed to the
perfect supporting effect of the TiNT nanostructure arrays. It
has been observed that the tube walls of TiNT act as a growing
point and the 3D skeleton of SrTiO3 grows along these TiNTs,
as shown in Figure 1 and Figure 2. Hence, TiNT precursors

along with a high concentration of OH− in the mother liquors
act as uniquely convenient mediums for the self-assembly of
STOMSs because they provide [Ti(OH)6]

2− slowly and
continuously. In order to obtain an optimum OH−

concentration in our reactions, SEM images of STO fabricated
in different concentrations of OH− have been observed, as
shown in Figure 3. It is found that the rudiments of STOMSs
exist only when the concentration of KOH is 1.0 M in the
reaction solutions, and the rudiments will grow into 3D
STOMSs if the concentration of KOH is greater than 1.0 M.
Hence, the study of the synthesis mechanism is performed
based on the optimal 2.0 M KOH solution system. However, if
the concentration of KOH is less than 1.0 M, only STO
particles could form on the surface of TiO2, as shown in Figure
3a, b. Hence, a high concentration of KOH is thought to be the
dominant factor in synthesizing 3D STOMSs. By the way, if the
assembly medium is TiO2 particles

22 or another titanium salt
solution (TiOCl2),

35 the final products should be SrTiO3
particles. Figure 1a−c shows the typical SEM images of the
STOMSs synthesized at 160 °C in the optimal solutions with
Sr2+ 100 mM, Ca2+ 50 mM, and OH− 2 M via hydrothermal
synthesis and multiple (five times) crystallization. We could see
perfect 3D SrTiO3 superstructures with different azimuths and
magnification. A schematic representation of the single SrTiO3
superbranched structure unit will help us understand the 3D
structure more clearly, as shown in Figure 1d.
To understand the mechanism and the effect of pH, the

chemical reactions must be considered. Similar to the typical

Figure 1. (a−c) Typical SEM images with different azimuths and
magnification of 3D STOMSs synthesized at 160 °C in optimal
solutions with 100 mM Sr2+, 50 mM Ca2+, and 2 M OH−. (d)
Schematic representation of the single hyperbranched SrTiO3
structural unit.
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transformation from titanium oxide to titanate, the formation of
STOMSs also involves a dissolution−precipitation process.36,37

Figure 2 shows the synthesis mechanism of STOMSs at each
step. On the basis of AAO (anodic aluminum oxide)-template-
assisted growth of ZnO and other semiconductor materials,38,39

we adopted this method in our experiment. However, the
difference is that AAO did not take part in the hydrothermal
synthesis reaction, compared to TiNT layers. TiNT layers not
only are used as precursors to provide titanium ions but also act
as skeletons and growing points. Hence, the Ti−O bonds on
the TiO2 precursors must be broken via hydrolytic attack to
form soluble [Ti(OH)6]

2− at the early stage (steps 0 and 1).
This process is described below:

+ + →− −TiO 2OH 2H O [Ti(OH) ]2 2 6
2

(1)

Determination of the mother liquors via ICP-AES (Figure S2
and Table S1) shows that the chemical composition of titanium
increases after the first 10 h, which means that there are large

amounts of [Ti(OH)6]
2− in the mother liquors due to reaction

1. It is worth noting that the concentration of OH− should be
large enough to ensure the dissolution of TiNT layers during
the whole synthesis process. Then, precipitation of SrTiO3
takes place according to the following reaction on the dissolved
TiNT skeletons:

+ → ++ −Sr [Ti(OH) ] SrTiO 2H O2
6

2
3 2 (2)

The total phase boundary reaction is

+ → +TiO Sr(OH) SrTiO H O2 2 3 2 (3)

Dissolution of TiO2 and precipitation of SrTiO3 occur at the
same time in the vicinity of the nanotube surfaces due to a large
amount of OH−, and therefore, contiguous TiNTs are easy to
break at the tangency point and SrTiO3 will preferentially and
spontaneously nucleate at the cross section. As time progresses,
SrTiO3 particle layers (the rudiment of STOMSs) form
gradually within the initial crystallization process (sustained
for 10 h), which are loosely packed (step 2). To explain the
formation of particle layers, the oriented attachment mecha-
nism40,41 should be considered in the initial crystallization
process. In this stage, TiNTs act as skeletons and physical
adhesion points, and SrTiO3 particles will attach to the TiNT
walls along a tangential orientation to reduce the surface free
energy. The driving forces for attachment are thought to be van
der Waals and electrostatic interactions. As time goes on, the
STOMS rudiments will be formed after precipitating
crystallization, which is considered to be the key step for the
whole process. These as-formed rudiments will be easy to grow
into three-dimensional microstructures after the first crystal-
lization process. Then in step 3, the initial SrTiO3 particle layers
stop growing and the second particle layers will start piling up
and fusing on the rudiments during another 10 h of
hydrothermal and crystallization process. Follow this step, the
second particle layers pile up and fuse sequentially until SrTiO3
3D skeletons have been formed (step 4). Next, SrTiO3 rods
form gradually via a chemical dissolution−precipitation process
by step 5. Similar to that proposed for BaTiO3,

42 a reverse
reaction occurs in this stage, which can be described as follows:

+ → ++ −SrTiO 2H O Sr [Ti(OH) ]3 2
2

6
2

(4)

A direct proof of reaction 4 is the chemical composition of
mother liquors (determined by ICP-AES) after hydrothermal

Figure 2. Synthesis mechanism of STOMSs at each step.

Figure 3. SEM images of STO (SrTiO3) fabricated in different
concentrations of OH−: in a (a) 0.3 M KOH solution, (b) 0.5 M KOH
solution, (c) 1.0 M KOH solution, and (d) 1.5 M KOH solution.
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reaction, as shown in Figure S2 and Table S1. It is noticed that
the chemical composition of titanium increases after the fourth
10 h stage, owing to a large amount of reaction products of
[Ti(OH)6]

2− by eq 4. This stage is also thought to be
important for the formation of SrTiO3 rods. Eventually, SrTiO3
rods grow during the fifth hydrothermal reaction (steps 6 and
7). In particular, all steps should contain 10 h of hydrothermal
reaction and 24 h of cooling crystallization process. SEM
images observed at each growth stage will help us understand
the synthesis mechanism of 3D STOMSs, as shown in Figure 4.

In conclusion, the synthesis of STOMSs undergoes several
different stages, which are dissolution of TiNTs, spontaneous
nucleation at the cross section, oriented attachment, shaping of
the 3D skeleton, formation of rods via chemical dissolution−
precipitation, and finally growth of the rods. Taking a
panoramic view of all steps, there is another explanation for
steps 0−4, which are similar to the synthesis of ZnO
nanosheets, involving a 1D branching and subsequent 2D
interspace filling theory.43 But the difference is that the
synthesis of SrTiO3 undergoes a 3D interspace branching
process. Then the filled skeleton dissolves and SrTiO3 rods
form and grow.
As an important part of the study on the synthesis

mechanism, examining reaction products in the same reaction
batch at different stages should be considered. X-ray diffraction
patterns of the products show the presence of crystalline
SrTiO3 along with anatase TiO2, as shown in Figure 5. It is
obvious that the base lines show a slow increase between 0° and
37°, owing to the presence of anatase TiO2. But as the reaction
time goes on, the peaks of anatase TiO2 disappear gradually
after 10 × 5 h, which means a total transformation from anatase

TiO2 to crystalline SrTiO3. Meanwhile, the gradually increase of
peaks at 32.4°, 39.9°, 46.4°, 57.8°, 67.8°, and 77.2° can be
indexed to (110), (111), (200), (211), (220), and (310) planes
of SrTiO3, suggesting the gradual formation of crystalline
SrTiO3. The SAED spectra of the STOMSs indicate that
particles on the rods and skeletons are SrTiO3 single crystals
(Figure S3a and b). Meanwhile, EDS spectra of the samples
show that the atomic percentage of Sr and Ti equals 1:1 (Figure
S3c), which also means a total transformation from TiNTs to
SrTiO3. In conclusion, the precursor TiNTs show a good
chemical reactivity as self-sacrifice templates to fabricate pure
SrTiO3 superstructures by adjusting the concentration of the
mother liquors.
However, CO2 in air would dissolve into our mother liquors

and transform to CO3
2− unavoidably, according to the equation

below:

+ → +− −CO 2OH CO H O2 3
2

2 (5)

The existence of CO3
2− and Sr2+ would transform to SrCO3

coated on SrTiO3 superstructures and prevent nucleation of
SrTiO3. Even more, the target products will not be pure
crystalline SrTiO3 anymore. The precipitation of SrCO3 takes
place according to the following reaction:

+ →+ −Sr CO SrCO2
3

2
3 (6)

To avoid this, excess SrCl2 is added into the initial solutions
to react with CO3

2− to form SrCO3 at first and CO3
2− is

depleted in the mother liquors. The precipitates of SrCO3 need
to be filtered to get clear mother liquors. XRD patterns of the
precipitates (Figure S4) indicate that CO3

2− has been
transformed into SrCO3 and been removed. For the further
study of SrTiO3 synthesized without additional control of
KOH, SEM images of STO fabricated in different concen-
trations of OH− without Ca2+ have been observed, as shown in
Figure S5. It is clear that 3D STOMSs cannot be formed
without additional control of KOH by Ca2+ in the hydro-
thermal reaction. As the solubility of Sr(OH)2 is very low, Sr

2+

reacts easily with OH− to form a Sr(OH)2 precipitate in hot
mother liquors, and it is noticed that the solubility of Ca(OH)2
is even lower than that of Sr(OH)2. For instance, the solubility

Figure 4. Typical SEM images of 3D STOMSs synthesized at different
growth stages: (a) small amount of dissolution of TiNTs after 5 h, (b)
large amount of dissolution of TiNTs and spontaneous nucleation at
the cross section after 10 h, (c) oriented attachment within 10 × 2 h,
(d) shaping of the 3D skeletons within 10 × 3 h, (e) formation of rods
via chemical dissolution−precipitation within 10 × 4 h, (f) growth of
rods within 10 × 5 h.

Figure 5. XRD patterns of the SrTiO3 (perovskite) products obtained
at different reaction times.
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of Ca(OH)2 is 0.019 at 100 °C, while that of Sr(OH)2 is 24.2.
Hence, a small quantity of CaCl2 is added to mother liquors
and dissolves completely. OH− will first precipitate the
additional Ca2+ instead of Sr2+ at the surface of TiNTs, and
Sr2+ reacts with [Ti(OH)6]

2− to form SrTiO3. It is worth
mentioning that Ca(OH)2 will appear in the form of leaf-like
structures coated on the STOMSs after the hydrothermal
reaction, as shown in Figure S5d. Pure STOMSs are obtained
by washing in a 1% dilute hydrochloric acid bath at 60 °C for 5
h to dissolve the fluffy Ca(OH)2 layers and drying the as-
obtained SrTiO3.
Comparing with the multiple (five times) crystallization

process, we carried out another batch experiment, which lasted
about 5 days, with only one cooling crystallization process.
Unfortunately, the 3D superstructures are not as perfect as that
synthesized via multiple crystallization processes, as shown in
Figure 6. What we could see are only the rudiments of

skeletons, which are not completely shaped, and the arrange-
ment of SrTiO3 rods on these skeletons is random and
irregular. Hence, the importance of the method on multiple
crystallization processes with rhythmic cooling is obvious, and
this method is thought to be one of the easiest and most cost-
effective in synthesizing high-quality 3D STOMSs.
More interestingly, these 3D STOMSs are demonstrated to

have remarkable photoresponsive properties and considered to
be a good photonic crystal. Thin films with periodic 3D
structures show different colors from yellow to cyan, which are
obvious by the naked eye. The controllability of these various
colors can be realized by adjusting the pH value of the mother
liquor, as shown in Figure S1b−d. Optical images and reflection
spectra of colorful films were recorded by an optical microscope
system with a CCD camera and spectrometer connected, as
shown in Figure 7. The samples show a macroscopic average
effect of diffraction colors by the naked eye, while varied colors
could be observed in the optical microscope system, which
indicated actual diffraction and interference effects of photons
interacting with elementary micro- and nanostructures.
Compared to general monochrome SrTiO3 films, these 3D
structured films respond in the visible region and show various
reflected light from red to violet, which were characterized by
several corresponding discrete peaks in the spectra. Addition-

ally, the size (length and diameter) of the branches on the 3D
superstructures can be controlled via reaction time and period,
which means that the voids of the superstructures could also be
adjusted simultaneously. These periodical and variable voids
lead to refractive index modulations in three dimensions,
adding more freedom to control the final morphology, which
can lead to different photonic effects. Figure 7 shows the typical
optical reflection spectra of the colorful films. The distinct
reflection peaks located at 412, 465, 550, and 700 nm can be
seen, corresponding to violet, cyan, green, and red, respectively.
For further confirmation that variable colors actually

originate from diffraction and interference effects of photons
interacting with elementary micro- and nanostructures, we
obtained the reflectivity curves of STOMSs synthesized at
different growth stages, as shown in Figure 8. The locations of
reflection peaks vary from short wave to long wave (a to c), and
after 10 × 4 h (d), more reflection peaks appear, which means
different colors can be observed. It is clear that the colors at
each growth stage are different, and the more complex the
structures, the more colors that can be observed. Compared
with these complex 3D structures, we also gathered the
reflectivity curves of industrial STO powder (200 mesh) and
single-crystal STO film (111), as shown in Figure S6. For the
general monochrome SrTiO3 film and powder, the reflectivity
curve is nearly straight, which means that there is no photonic
crystal effect.
Additionally, the colors of STOMSs can also be tuned by pH

values. In the 1.0 M KOH system, the STO structures are
mainly rods (rudiments) and are undiversified; the grating-
analogous structures have not formed. In this case, only cyan
can be observed based on photonic crystal theory (a certain
structure possesses only a single color), while in 1.5 M or more
KOH systems, grating-analogous structures, more colors will be
reflected. It is difficult to distinguish each color by the naked
eye in this situation, and what we can see is the macroscopic

Figure 6. FESEM images of unshaped SrTiO3 superstructures
fabricated via one crystallization for 5 days in different mother liquors
with variable concentrations of OH−: (a) 0.5 M, (b) 1.0 M, (c) 1.5 M,
(d) 2.0 M.

Figure 7. Optical reflections of a SrTiO3 thin film with a thickness of
about 100 μm, and the distinct reflected light with colors of violet,
cyan, green, and red, respectively: (a) surface image and (b) cross
section.
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average effect (bright yellow) of diffraction colors. These varied
colors could be observed in an optical microscope system,
which indicated diffraction and interference effects of photons
interacting with elementary micro- and nanostructures.
To get a further explanation for these different photonic

effects, the theory of diffraction grating can be simply
considered. It is obvious that branches and slits on the trunks
constitute grating-analogous structures. If we simplify the
complicated 3D interconnected microstructures of trunks and
branches, only taking into account one side of the trunk,
grating-analogous structures clearly exist (Figure 1d). Sub-
stituting the incident angle for 0 degrees, the grating equation
can be simplified as below:

θ λ=d ksin (7)

where d is the grating spacing, λ is the wavelength of incident
light, and k is the order of the maximum. The values of the
diffraction angle (θ) are generated by evaluating eq 7 for each λ,
while the values of λ run in the visible region. It was calculated
that the first-order rainbow of diffraction grating is generated
from 15.83° to 27.67°, while maximal d1 = 1.51 μm. Since the
branches with different sizes are arranged alternately, there also
exists a minimal d2 = 1.12 μm, and the first-order rainbow of
diffraction grating may be generated from 21.58° to 38.68°.
These angles fall well in the collecting range of the microscope
objective (N.A.= 0.75), but actually because the value of d
varies from 1.12 to 1.51 μm, the final strong light diffraction
effects lead to colored spots instead of rainbows, as shown in
Figure 7b. However, if the distances of branches are constant, a
single color will be displayed, which could be an indirect
characterization of the order of the interbranch arrangement.
Furthermore, these 2D well-ordered trunks along with branches
of grating-analogous structures constitute 3D hybrid micro-
structures and contribute as well to light diffraction. The
complexity of the superstructures and diffraction law of grating
leads to the same phenomenon. Even though the incident angle
is justified in the allowable range, the last result is only the
position changes of spots, not the changes of colors, as shown
in Figure 7b. In a word, diffraction and interference effects of
photons based on the dimensions of the superstructures result
in these four different colors. Since variable colors originate
actually from modulation of the refractive indices of the
superstructures, films with tunable colors can be obtained by

adjusting the voids (grating spacing and gaps in the trunks) of
the superstructures, and these are easily realized by varying the
chemical reaction parameters. Hence new photoresponsive
SrTiO3 functional devices can be achieved in the future.

4. CONCLUSIONS
Self-assembled three-dimensional SrTiO3 microscale super-
structures have been prepared via hydrothermal synthesis and
multiple (five times) crystallization processes, and this process
is thought to be the key procedure of our synthesis. The length
of each trunk on the microstructures is about 100 μm or more.
What is more interesting, each branch on the trunk shows a
corn-like structure. Periodical structures and diffraction grating
effects lead to colorful photonic effects, and the colors are
obvious, controllable, and vary from yellow to cyan to the
naked eye. The distinct reflection peaks over the entire visible
spectrum reveal the four colors violet, cyan, green, and red,
respectively. This approach is simple and cost-effective in
fabricating 3D STOMSs for practical photonic applications.
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Large-scale Tin (Sn) nanotube arrays have been fabricated using template-based sputtering method. By con-
trolling the growth temperature, two kinds of Sn films with either cross-linked or isolated nanotube arrays
can be prepared after removal of anodic alumina oxide film. Morphology-dependent superconducting prop-
erties and pinning effect of magnetic flux were observed. The magnetic property of the isolated Sn nanotube
arrays is similar to the single-crystal Sn nanowires while cross-linked Sn naotube arrays exhibit a typical
magnetic property of hard superconductor. This method could provide a low-cost and convenient approach
to the fabrication of large-scale ordered metal nanostructures with desirable function.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

One-dimensional (1D) semiconductor nanostructures such as
nanotubes, nanorods, nanowires and nanobelts have attracted consider-
able attention due to their unique physical and chemical properties for
the possible use in field-effect transistor [1,2], optoelectronic sensors
[3,4], solar cells [5,6], photoelectrochemical cells [7,8] and piezotronics
[9]. Meanwhile, metallic nanostructures have also been considered as
one of themost promisingmaterials for extensive applications, including
electrocatalysis [10,11], molecular detection [12] and nanobiosensing
[13]. Therefore, Engineering the shape, size and assembly of 1D metallic
nanostructured materials is an important aspect of nanofabrication,
which describes the coupling between the design and application of
nanodevices.

Up to now, studies of superconducting properties of metallic Tin
nanowires have revealed very interesting behavior associated with
their reduced physical dimension [14–16]. The onset critical field
(Hc) and transition temperature (Tc) can be significantly affected by
the diameter and crystal textures of the nanowires. In addition, the
superconductivity of other Sn nanostructures such as nanosquares
and nanodisks have also been investigated and shape-dependent
rights reserved.

10
superconducting properties were observed [17]. However, the study
of the preparation and superconductivity of Sn naotubes is seldom
involved.

Porous-template such as anodic alumina oxide (AAO) membrane
has been extensively used as an easyway to fabricate ordered nanowire
and nanotube arrays that possess various length, diameter and gap by
choosing appropriate anodization conditions [18,19]. However, AAO
membranes without the support of barrier layer and Al substrate are
fragile and thus difficulty of handling. More importantly, dissolving of
the membrane usually lead to the collapse of the nanostructures be-
cause of attractive forces between the nanowire/nanotubes and big
bundles are formed due to the sticking together of the nanostructures.
Thus, the potential applications of these nanostructures in the field of
optical sensors and nanobiological devices may be delayed by the
changing of period and orientation. Here we report the use of AAO
film (with Al substrate) as a template for fabricating ordered arrays of
Sn nanotubes. It is found that the film's properties can be tuned by
adjusting the template temperature during sputtering. Thus, two differ-
ent free-standing and transferable Sn films with ordered nanotube
arrays were fabricated by controlling the substrate temperature.
Fig. 1(a) and (b) show the schematic diagram of the two kinds of
nanotube arrays formed at room temperature (RT) and 250 °C without
the support of AAO template, respectively. The superconducting prop-
erties of these nanotube arrayswere alsomeasured. In our experiments,
morphology-dependent superconducting properties and pinning effect
are observed. The results suggest that this method maybe a low-cost
4
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Fig. 1. Preparation progress of Sn films with vertically aligned nanotube arrays obtained at RT and 250 °C, respectively. (a)–(b) Schematic diagram of the cross-linked and isolated
Sn nanotube arrays formed at RT and 250 °C after removing AAO film, respectively.
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and convenient way to prepare a large variety of self-assembly metal
nanostructures showing desirable performance.

2. Experimental section

2.1. Fabrication of AAO template

The AAO templates were prepared through stable anodization of
high purity Al foil (99.999%) by the two-step process [20–22].
Before anodization, aluminum foil was ultrasonically cleaned in
acetone for 15 min and washed in deionized water and then
electropolished at a constant voltage (10V) for 5 min in a solution
of HClO4 and C2H5OH(v/v = 1:4) at room temperature. The prepared
Al foil was first anodized in H3PO4-C2H5OH-H2O electrolyte system
(0.25 M H3PO4, −5 °C, 195V) for 2 min. The resulting nanoporous
film on the foil was then removed by chromic acid (H2CrO4), leaving
hexagon-like footprints on the surface of the foil. A second anodization
was then performed under the same condition for 2 min to prepare or-
dered AAO nanopore film with a large pore diameter of ~170 nm and
interpore spacing of ~350 nm.

2.2. Deposition of Sn films

Sn films were deposited on AAO substrates by DC magnetron
sputtering using a circular tin target (diameter: 60 mm; purity:
99.99%). In detail, the working chamber was pumped lower than
2 × 10−3 Pa before sputtering, the substrate holder was at a dis-
tance of 6 cm from the target and the applied sputtering power is
maintained at 24 W. The argon flow was adjusted to 10 sccm and kept
the gas pressure of 0.85 Pa during sputtering. The sputtering time was
fixed at 1 min, 2 min, 3 min and 4 min at RT and 30 s, 1 min, 2 min
and 3 min at 250 °C, respectively.

2.3. Characterization

The morphologies of the films were investigated by using field-
emission scanning electron microscope with a operating voltage of 5 kV
(FE-SEM, Philips Sirion 200, Philips, Holland, Netherlands). The structural
properties were determined using a D8 DISCOVER X-ray diffractometer
(XRD) with Cu Kα radiation (voltage: 40 kV, current: 40 mA). The
out-of-plane orientation was determined in the Bragg-Brentano
configuration. The superconducting properties were measured by
105
physical property measurement system (PPMS) - 9T(EC-II). The
magnetic field for moment versus time (M–T) curve is 0.01 T and the
temperature for moment versus magnetic field (M–H) is 2 K.

3. Results and discussion

Tin was deposited by using magnetron sputtering on an AAO tem-
plate. The morphologies of the AAO template were characterized by
FE-SEM. Fig. 2(a) and (b) show the top-view and cross-section view
images of an AAO template, respectively. Hexagonally nanopore ar-
rays with an average diameter of 170 nm and interpore distance of
350 nm are obtained. It is clear that every nanopore has a conical
opening and all parallel channels at a uniform diameter (as shown
in Fig. 2(b)). Fig. 2(c–f) show SEM images of Sn deposited on AAO
templates with substrate temperature of 250 °C, sputtering power
of 24 W and varying sputtering time t. For t = 0.5, 1 and 2 min, the
nanoporous structure of the AAO film is clearly visible. For t =
0.5 min, the deposited Sn film is composed of isolated nanoaggregates
with an average size of ca.75 nm (Fig. 2c). Smaller nanoaggregates are
observed on the sidewall of nanochannel (inset of Fig. 2c). For longer
sputtering time (t = 1 and 2 min), larger nanoaggregates are observed
and their mean size increases to 115 nm and 175 nm when t is in-
creased from 1 min to 2 min, respectively (Fig. 2d and e). The inset
of Fig. 2d and e (cross-section view) clearly present that those Sn
nanoaggregates hang slightly over the pore edges. At the longest t
(3 min, Fig. 2f), the nanoporous structure of the AAO film is no longer
observed and an ordered array which constitute of isolated Sn nano-
crystal (ca. 250 nm) is obtained. These Snnanocrystals feed the opening
of the nanopore to the full and isolated from one another, which could
be confirmed by its large sheet resistance (>15 MΩ). This metal film
can be transformed onto different substrate through the connecting of
conducting silver glue and then detached from the AAO film by dissolv-
ing the Al substrate and alumina membrane. Fig. 3 shows the top-view
and cross-section FE-SEM images of Sn film with vertically aligned and
isolated nanotube arrays which detached from the AAO film and then
transformed on tin-doped indium oxide (ITO)/glass substrate. Fig. 3a
is the tilted view of the Sn nanotube arrays, it is note that the period
of the nanotube arrays is 350 nm, which is consistent with the period
of the AAO film. The image with higher magnification is shown in
Fig. 3b and nanotube structure can be observed clearly. Fig. 3c shows
the top-view of the Sn nanotube arrays, from which the nanotube
possessing a gradient-changing diameter of length about 500 nm and



Fig. 2. SEM images of AAO template and Sn deposited on AAO template at 250 °C. (a)–(b) top view and cross-section of the AAO template. (c)–(f) Sn deposited onto AAO template
with a time of 30 s, 1 min, 2 min, 3 min, respectively. The top-right insets are the cross-section view (scale bar = 500 nm).
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thickness of about 15 nm was found. The white arrows pointed in
Fig. 3c indicate that thewhole nanotube is composed of three segments
corresponding to diameter of 80, 100 and 175 nm(from top to bottom).
The cross-section view presents that the bottom of the nanotube is a
solid nanocrystal, as shown in Fig. 3d, which also could be found in
the inset of Fig. 2f. The nanotube nanostructure could not be observed
in the inset of Fig. 2f because of the detachment of nanotube induced
by the mechanical shear of AAO template during cross-section speci-
men preparation process.

Fig. 4 show FE-SEM images of Sn films obtained at RT and different
t, ranging from 1 to 4 min with an increment of 1 min. It is observed
that the film morphology changes gradually with t. For t = 1 min
(Fig. 4a), the obtained Sn films reproduce the substrate geometry of
AAO template and the pore diameter (~130 nm) of Sn nanopore film
is smaller than the pore size (~170 nm) of theAAO substrate. Increasing
t to 2 min (Fig. 4b) and 3 min (Fig. 4c) the pore diameter of obtained
films become smaller and some pores are blocked. For t = 4 min, the
characteristic morphology of the underlying AAO film is not observed
and continuous Sn film without pore structure is formed, as shown in
Fig. 4d. The cross-section of the Sn films prepared at different time
10
can be found in the inset of Fig. 4(a)–(d), respectively. Fig. 5 show the
FE-SEM images of this continuous Snfilm after the removal of AAO tem-
plate. Fig. 5a and b are the low magnification and high magnification
images (tilted view) of the vertically aligned Sn nanotube arrays, re-
spectively. The length of the nanotubes is about 500 nm. The top-view
image (Fig. 5c) also shows the nanotubes possess a changing diameter
along the growth direction which is in consistent with the specimen
fabricated at the temperature of 250 °C. The cross-section image
shows that the nanotubes are cross-linked, as shown in Fig. 5d. The
fraction section (the inset of Fig. 5d) of the nanotube arrays indicates
that the nanotubes have a homogeneous hollow structure.

The growth process could be explained by the effect of substrate
temperature on the surface energy. If the substrate temperature is
high enough metals could spontaneously self-assemble at the surface
of the substrate to minimize the overall energy of the system [23,24].
For low-melting-point metal like Sn, room temperature is enough to
promote coalescence during low-energy deposition such as thermal
evaporation [25]. However, by means of magnetron sputtering, the
deposited Sn film exhibits wetting property (i.e., the film reproduces
the substrate geometry) at RTdeposition, higher temperature is necessary
6
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Fig. 3. SEM images of isolated Sn nanotube arrays formed at 250 °C and detached from AAO template: (a)–(b) lowmagnification and large magnification tilted view of the nanotube
arrays, respectively, (c) top view, (d) cross-section view.

Fig. 4. SEM images of Sn deposited on AAO template at RT. (a)–(d) Sn deposited onto AAO template with a time of 1 min, 2 min, 3 min, 4 min, respectively. The top-right insets are
the cross-section view (scale bar = 500 nm).

17C. Li et al. / Thin Solid Films 542 (2013) 14–20

107

image of Fig.�3
image of Fig.�4


Fig. 5. SEM images of cross-linked Sn nanotube arrays formed at RT and detached from AAO template: (a)–(b) lowmagnification and large magnification tilted view of the nanotube
arrays, respectively, (c) top view, (d) cross-section view. The inset is the fracture section of the nanotube arrays (scale bar = 500 nm).

Fig. 6. XRD patterns of isolated Sn nanotube arrays (red line) and cross-linked Sn nanotube
arrays (black line).

18 C. Li et al. / Thin Solid Films 542 (2013) 14–20
for the spontaneously self-reorganization of the deposited Sn. The pro-
posed mechanism of growth of the nanotube is shown in Fig. 1. When
the substrate temperature is maintained at RT, due to the stronger attrac-
tive force between anion impurities and Sn ions compared to thermal
evaporation, the metal ions will deposit onto the top surface of the AAO
template and nanocrystal arrays cannot be formed. Meanwhile, Sn
ions will deposit into the nanopores and stick onto the sidewall of the
nanopores, then the first Sn layer is formed. The subsequent layer is
formed by the Sn ions continue to deposit onto the former layer and ex-
tend along the growthdirection. As the deposition progressing, the pore
of Sn film finally closes meanwhile the growth of nanotube terminates.
With a substrate temperature of 250 °C, the growth process of Sn nano-
tube in the nanopore of AAO is consistent with the specimen prepared
at RT while the Sn ions deposit on the top surface of AAO exhibit a
completely different growth mechanism. With ion motion being fa-
vored at the surface of substrate by higher temperature, the surface re-
organization and minimization of the energy of the whole systemwere
achieved. Thus, small Sn nanocrystals formed on the necks between
nanopores at the beginning of the deposition, and then the nanocrystals
become bigger and decrease in number as the time goes on. Eventually,
individual nanocrystals bigger than the pore diameters form an ordered
array over the nanopores of AAO.

The mechanism of the growth of size-changing nanotube inside
the AAO nanopores is not so clear at this stage. But a growth mecha-
nism related to capillary condensation occurred in AAO nanopores
during the deposition can probably be proposed to describe this phe-
nomenon. In recent years, the filling behavior of vapor and solvent in
the nanopores has been studied by using AAO films as a porousmedium
[26–28]. The system presented a pronounced hysteretic capillary filling
of the gas/liquid in the nanopores and eventually a partially filled pore
with meniscus was formed. In the case of film deposition on AAO tem-
plate, Losic et al. [29] found that the gold nanorods with a conical
10
structure embedded in AAOnanoporeswere formed during the thermal
evaporation and the formation mechanism can probably be attributed
to the capillary condensation theory. In our experiment, we infer a sim-
ilar multilayer hysteretic capillary filling was occurred in the AAO
nanopores (as shown in Fig. 1). However, the magnetron sputtering is
a fast deposition process so that the growth of the diameter-changing
structures terminates early as the top opening of AAO template closes.
Thus, a diameter-changing nanotube structures instead of the conical
nanorod structures was formed in the AAO nanopores.

The XRD patterns of Sn films containing an array of nanotubes depos-
ited at RT (4 min) and 250 °C (3 min) are shown in Fig. 6. The broad
peak at about 26 degree can be indexed to SnO, which comes from the
natural oxidation on the surface of Sn films since the samples were
8
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Fig. 7. (a) M–T curves of isolated and cross-linked Sn nanotube arrays measured at 0.01 T magnetic field. (b) M–H curves of the Sn nanotube arrays with different morphologies at 2 K.
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stored in atmosphere before the XRD measurement. The results show
that the two Sn nanotube arrays both contain polycrystalline structures
and there is a coexistence of α-Sn (JCPDS 10-0173) and β-Sn (JCPDS
4-0673) in the Sn films obtained at RT. For the Sn films prepared at
250 °C, the main component was almost completely converted into
β-Sn and only a small amount of α-Sn can be observed. The patterns
show very much similar (101) peak for both arrays but present a de-
crease in the intensity of the (200) peak and increase of the (321) peak
for the 250 °C- deposited film compared to that of the film deposited
at RT. Since the high-index facets possesses high surface energy [30],
the RT deposition may induce the growth of Sn film with a preferable
low surface energy (200) plane. Whereas the 250 °C deposition lead to
Sn ion got more energy during the growth and thus high-index facets
(321) with higher surface energy was promoted and simultaneously
(200) plane with lower surface energy was suppressed. A similar de-
crease of (200) peak has been observed for gold nanocrystal cubes to oc-
tahedral with higher-index facets [31]. So the phase transformation and
the changing of the peak intensity can be attributed to a promoted nucle-
ation process and optimized growth orientation at elevated temperature,
which lead to a better crystalline property.

The superconducting properties of the nanotube arrays were mea-
sured by PPMS with magnetic field perpendicular to nanotube arrays.
Fig. 7(a) show the M–T curve for isolated Sn nanotube arrays and
crossed-linked Sn nanotube arrays with a field of 0.01 T, respectively.
It is observed that both of these two samples show a transition temper-
ature (Tc) value close to the critical temperature of bulk Tin (3.7 K).
Fig. 7(a) showsM–H data for isolated Sn nanotube arrays at 2 K. The re-
sult is similar to the observation of Tian et al. [14] in single-crystal tin
wires. The slight irreversibility behavior in our polycrystalline Sn
nanotubes indicates the existence of pinning of magnetic flux which
can be attributed to the defects in the nanotubes [32]. Nevertheless,
theM–H curve of cross-linked nanotube arrays (Fig. 7(b)) shows a larg-
ermagnetic hysteresis which is similar to the typical hard superconduc-
tor that has been explained by Bean critical current model [33,34] and
Kim-Anderson model [35]. The larger magnetic hysteresis existed in
this kind of Sn films can be explained by its worse crystalline quality
formed at RT, thus providing more defects for pinning of magnetic
flux compared to the Sn films prepared at high temperature. What' s
more, the isolated nanotube arrays' sample shows a moment one
order of magnitude lower than the crossed-linked arrays which is con-
sidered associated with the morphologies, that is, the nanotube arrays
formed at 250 °C composed of isolated nanocrystals that possess a
lower weight/unit area thus lead to the decreasing of the moment in
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comparison with the crossed-linked arrays formed at RT which with a
film fully covered on AAO template.

4. Conclusions

Vertically Sn nanotube arrays of approximately 500 nm length,
350 nm gap and changing diameter were fabricated using magnetron
sputtering and AAO template. Two kinds of morphologies were gained
by controlling the substrate temperature during sputtering. The Sn film
deposited on AAO film at RT exhibited a wet property and resulted in a
cross-linked Sn nanotube arrays. In contrast, with an increased substrate
temperature, isolated Sn nanotube arrays were obtained. The different
morphologies and crystalline properties affect the superconducting
properties of the arrays. The isolated and cross-linked Sn nanotube
arrays exhibited superconducting properties which are analogous
to single-crystal Sn nanowires and typical hard superconductor, respec-
tively. This research presents a viable approach to fabricate ordered
Sn-Pt bimetallic nanotube arrays toward alloy electrocatalysts formeth-
anol oxidation. Furthermore, this technique can be employed as a gen-
eral method for synthesis of some noble metals such as gold and silver
with desirable array patterns and sizes for the application of surface-
enhanced Raman scattering (SERS) through the rational control of the
experimental conditions.
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Catalyst-free direct vapor-phase growth of
Zn1−xCuxO micro-cross structures and their
optical properties
Danhua Xu1,2, Donghua Fan3 and Wenzhong Shen1,2*
Abstract

We report a simple catalyst-free vapor-phase method to fabricate Zn1−xCuxO micro-cross structures. Through a
series of controlled experiments by changing the location of the substrate and reaction time, we have realized the
continuous evolution of product morphology from nanorods into brush-like structures and micro-cross structures at
different positions, together with the epitaxial growth of branched nanorods from the central stem with the time
extended. The growth mechanism of the Zn1−xCuxO micro-cross structures has been proposed to involve the
synthesis of Cu/Zn square-like core, surface oxidation, and the secondary growth of nanorod arrays. By the detailed
structural analysis of the yielded Zn1−xCuxO samples at different locations, we have shown that the CuO phases
were gradually formed in Zn1−xCuxO, which is significant to induce the usual ZnO hexagonal structures changing
into four-folded symmetrical hierarchical micro-cross structures. Furthermore, the visible luminescence can be
greatly enhanced by the introduction of Cu, and the observed inhomogeneous cathode luminescence in an
individual micro-cross structure is caused by the different distributions of Cu.

Keywords: Cu-doped ZnO, Micro-cross structures, Optical properties, Epitaxial growth,
Catalyst-free vapor-phase method
Background
One-dimensional (1D) ZnO nanostructures (e.g., nano-
wires, nanorods, and nanotubes) are promising with ex-
tensive applications in nanoelectronics and nanophotonics
due to their efficient transport of electrons and excitons
[1]. In recent years, increasing attention has been paid to
three-dimensional (3D) hierarchical ZnO architectures
which derived from 1D nanostructures as building blocks
based on various novel applications [2-6]. To date, differ-
ent kinds of hierarchical branched ZnO nanostructures,
including nanobridges [7], nanoflowers [2,8], rotor-like
structures [9], and nanotubes surrounded by well-ordered
nanorod structures [10], have been reported by using ei-
ther solution-phase or vapor-phase method. However,
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these processes often require high temperature, complex
multi-step process, or introduction of impurities by the
templates or foreign catalysts in the reaction system.
Therefore, it is still a challenge to find a simple and con-
trollable synthetic process to fabricate 3D hierarchical
ZnO architectures with novel or potential applications.
On the other hand, doping is a widely used method to

improve the electrical and optical properties of semicon-
ductors [11]. Copper, considered as a valuable dopant
for the achievement of long-searched-for p-type ZnO
[12], can serve not only as a luminescence activator but
also as a compensator of ZnO [13]. In addition, Cu dop-
ing, leading to form donor-acceptor complexes, can in-
duce a polaron-type ferromagnetic order in ZnO [14,15].
Zn1−xCuxO has been previously employed as phosphor
[16], an active material in varistors [17] and spintronic
devices [18]. Up to now, most of the investigations in
the Zn1−xCuxO system have been focused on thin films
and 1D nanostructures, such as Cu-doped ZnO nano-
wires [19], nanonails, and nanoneedles [20]. 3D hier-
archical Zn1−xCuxO nanostructures, posing many unique
pen Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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properties arisen from their special geometrical shapes
and inherently large surface-to-volume ratios, show con-
siderable promise for the development of nanodevices
with multiple functions (e.g., gas sensor [21] and photo-
catalytic hydrogen generation [22]). However, thus far,
there have been no reports of such Zn1−xCuxO hierarch-
ical nanostructures.
Herein, we realize a simple catalyst-free vapor-phase

deposition method to synthesize the Zn1−xCuxO hier-
archical micro-cross structures. The branched nanorods
are neatly aligned on four sides of the backbone prism,
assembling the shape of crosses. The subtle variations of
environmental conditions have triggered the observed
continuous morphological evolution from 1D nanorod
to 3D hierarchical micro-cross structures. A possible
growth mechanism for the micro-crosses has been pro-
posed. Detailed structural and optical studies reveal that
the CuO phases are gradually formed in Zn1−xCuxO and
Cu concentration can greatly influence the structural
defects. Interestingly, the Zn1−xCuxO micro-cross struc-
ture exhibits distinct inhomogeneous cathode lumines-
cence (CL), which can be attributed to the different
defect concentrations induced by Cu through character-
izing the emission of defects and contents of Cu over
the individual micro-cross structure.

Methods
Zn1−xCuxO nanostructures were prepared on Si substrate
by a simple vapor-phase method in a horizontal tube
Figure 1 SEM images of the as-fabricated samples taken at different
(b) A FE-SEM image of pure ZnO nanowires grown without Cu in the sour
C, B, A, respectively. Insets (b’) and (c’) show the corresponding high-magn
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furnace (150 cm long). Figure 1a shows the schematic
drawing of the experimental setup. Zn powders (0.80 g,
99.99% purity) and Cu nanoparticle (diameter 100 to
200 nm) powders (0.32 g) were firstly mixed as the pre-
cursor substances. Due to the size effect, the copper
nanoparticles can vaporize at relatively low temperatures
(approximately 600°C), although the melting point of
bulk copper is higher than 1,000°C. These Cu particles
were synthesized by adding Zn powders into the CuCl2
solution via the following chemical reaction: Zn + Cu2+

→ Zn2+ + Cu. The mixture was loaded into an alumina
boat and placed at the center of a quartz tube (2 cm
diameter, 120 cm long). N-type Si (100) wafer cleaned
by sonication in ethanol and acetone was employed as
the substrate and was placed about a few centimeters
(from 6 to 12 cm) away from the source materials to re-
ceive the products. As we will show later, the location of
the substrate appears to be an important factor deter-
mining the morphologies and the Cu contents of the
final products. The quartz tube was evacuated to ap-
proximately 10 Pa using a mechanical rotary pump to
remove the residual oxygen before heating. The heated
temperature of the furnace was raised to 750°C at a rate
of 20°C/min. When the temperature reached 350°C,
argon (99.999%, 220 sccm) was introduced, and then
oxygen (99.999%, 80 sccm) was added to the carrier gas
at the desired temperature of 750°C. The duration of
growth lasted for 5, 30, and 60 min, respectively. We fi-
nally obtained a black layer on the Si substrate after the
positions. (a) A schematic drawing of the experimental setup.
ce. (c, d, e) FE-SEM images of Zn1−xCuxO samples located at positions
ification SEM images.
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quartz tube was cooled to room temperature natural-
ly. For comparative studies, we have also prepared the
Zn1−xCuxO samples with different Cu contents as well
as the pure ZnO nanostructure synthesized under the
same experiment condition as the others but without
copper source.
The morphology and microstructure of the structures

were characterized by field-emission scanning electron
microscopy (FE-SEM; Philips XL30FEG, Portland, OR,
USA) with an accelerating voltage of 5 kV, high-
resolution transmission electron microscopy (HRTEM;
JEOL JEM-2100 F, Akishima-shi, Japan), and X-ray dif-
fraction (XRD; Bruker/D8 Discover diffractometer with
GADDS, Madison, WI, USA) equipped with a Cu Kα
source (λ = 1.5406 Å). Energy-dispersive X-ray (EDX)
analysis was also performed during the FE-SEM obser-
vation. The bonding characteristics were analyzed by
PHI Quantum 2000 X-ray photoelectron spectroscopy
(XPS; Chanhassen, MN, USA). The micro-Raman in
the backscattering geometry and photoluminescence
(PL) spectra were recorded at room temperature using
a Jobin Yvon LabRAM HR800UV micro-Raman sys-
tem (Kyoto, Japan) under Ar+ (514.5 nm) and He-Cd
(325.0 nm) laser excitation, respectively. The CL mea-
surements were carried out at room temperature using
a Gatan Mono-CL system-attached FE-SEM (Pleasan-
ton, CA, USA) with the accelerating voltage of 10 kV.

Results and discussions
As a reference, specimens of pure ZnO nanostructures
were grown in the tube furnace system using Zn pow-
der as the only source material. We can observe that
the as-grown products always present the commonly
reported nanowire morphology (Figure 1b). The length
of the undoped nanowires ranges from 4 to 8 μm, and
the diameter is about 150 nm. The high-magnification
SEM image is shown in Figure 1 (b’), demonstrating
uniform hexagonal cross sections and a smooth sur-
face. With the introduction of Cu in the precursor, the
as-grown Zn1−xCuxO samples exhibit three different
morphologies (see in Figure 1c,d,e), which are depos-
ited on the substrates at different positions (marked as
C, B, and A in Figure 1a, respectively). For the sample
at position C (as shown in Figure 1c), the nanorods
are formed, of which the lengths become shorter (ap-
proximately 1.5 μm) and the diameters become big-
ger (approximately 250 nm). Some Zn1−xCuxO nanor-
ods display deformed hexagon sections (see Figure 1
(c’)), which may be induced by doping. As seen in
Figure 1d, a kind of brush-like structures appears (at
position B). These brushes are randomly assembled by
the nanowires. For the sample at position A, the low-
magnification SEM image in Figure 1e shows that a
large quantity of micro-cross structures formed. The
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definition of micro-cross comes from the geometrical
similarity to the cross structures.
Figure 2a presents the corresponding high-magnification

image of such a single micro-cross. We can notice that
the micro-cross is a 3D hierarchical structure, which con-
sists of four-folded symmetrical nanorod arrays of 1 μm in
length and approximately 350 nm in diameter, together
with a nanorod on the central stem having a uniform hex-
agonal cross section. Four arrayed nanorod branches
stand perpendicular to the side surfaces of the central
stem. We have also reduced the reaction time to 30 and
5 min in order to observe directly the morphology evolu-
tion with the reaction time and get information about the
growth process of the micro-cross structures. Under the
heating time of 30 min (Figure 2b), the homogenous
cross-like structures have also been formed, growing with
the length of the four-folded nanorods typically reduced
to approximately 450 nm. When the reaction time was
5 min, we could only obtain one-dimensional square-like
nanostructures with the edge length of about 200 to
300 nm (Figure 2c), which stands for the early growth
stage of the structures. The corresponding EDX analysis
shown in Figure 2d indicates that the major components
of the as-fabricated sample are Zn and Cu, with a small
amount of oxygen.
Further morphological and structural analysis of the

micro-cross structure can be characterized by the HRTEM
and selected-area electron diffraction (SAED) techniques.
Figure 2e presents the TEM morphology of the individual
cross structure, which consists of the nanorod in the cen-
tral stem, together with the nanorod arrays on the side
surface of the core. The central stem is too thick to be
detected from the TEM observation. The lattice fringes
and the corresponding SAED pattern of the cross-like
structure are shown in Figure 2f,g, respectively, which are
indicated in Figure 2e with a red square. The lattice spa-
cing of 0.52 nm corresponds to the spacing of [0001] crys-
tal planes of wurtzite ZnO.
The above experimental observation reveals that the lo-

cation of the substrate and reaction time exercise great
influences on the morphologies of the products. After Cu
is introduced, the ordinary pure ZnO nanowires change
into three different morphologies with the variation of
the location, i.e., stumpy nanorods, randomly assembled
brushes, and well-organized micro-cross structures. It is
speculated that the higher temperature (at position A,
which is close to the central zone of the tube) is helpful to
form a central core of the hierarchical structure. We could
find out the clue from the original square-like core, which
is shaped in the early stage of the growth process at pos-
ition A (see Figure 2c). With the reaction time extended,
branched nanorods grow epitaxially on the side face of
the central stem (see Figure 2a,b). Since Cu has a high-
symmetry cubic structure [23], we can assume that the



d

500 nm

0.52 nm

Figure 2 SEM and TEM images of Zn1−xCuxO samples prepared for different reaction times. (a, b, c) FE-SEM images of Zn1−xCuxO
nanostructures prepared at 750°C for 60, 30, and 5 min, respectively. (d) EDX of the sample prepared at 750°C for 5 min. (e) TEM image,
(f) HRTEM image, and (g) SAED of Zn1−xCuxO micro-cross structures.
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reason for growing into four-fold hierarchical cross-like
structures is because of the tetragonal-symmetry major
core induced by the introduction of abundant Cu. In com-
bination with previous reports [24,25] and the details in
our experiment, we suggest the following possible growth
mechanism of the Zn1−xCuxO micro-cross structures.
At the stage of temperature rise, oxygen was still not

introduced into the tube. Zn/Cu vapor easily condensed
into a square-like core on the substrate. When the
temperature reached up to the desired 750°C, the core
was oxidized with the introduction of oxygen. The cubic
core prism could provide its four prismatic facets as
growth platforms for the secondary branched nanorod
arrays. With the successive arrival of Zn/Cu and O2, the
branched nanorods began to grow perpendicular to the
central stem. Due to the considerable anisotropy in the
speed of the crystal growth along different directions of
ZnO, the nanorods with the right orientation, i.e., with
the [0001] direction perpendicular to the surface of the
prism, could grow much faster than others. The lengths
of the branched nanorods are increased with the growth
time extended (see Figure 2a,b). In the whole growth
process, there are no external metallic catalysts (e.g., Au
and In) involved in the formation of micro-cross struc-
tures. That is, the 3D hierarchical micro-cross structure
is synthesized by a simple catalyst-free direct vapor-
phase growth method.
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Figure 3a presents the corresponding EDX spectra of
the yielded samples at different locations, which exhibit
different Cu concentrations. The undoped ZnO nanos-
tructures (noted as ‘0’ for ZnO) is used as a reference.
Its EDX analysis indicates that the obtained structures
are composed of only Zn and O elements. After adding
Cu powder in the precursor, the appearance of the elem-
ent Cu demonstrates that Cu is introduced successfully
in the as-fabricated samples. From the atomic ratio of
Cu to Zn in the EDX spectra, we can determine the
molar ratio of Cu to (Cu + Zn) in the Zn1−xCuxO sam-
ples (from positions A to C in Figure 1a) to be x = 0.33,
0.18, and 0.07, respectively. The Cu vapor is more easily
condensed on the substrate at the position closer to the
central zone.
The structural phase evolution of the as-fabricated pro-

ducts with different Cu concentrations was also investi-
gated by XRD, which is shown in Figure 3b. It is clear
that all the diffraction peaks can be indexed to the hex-
agonal wurtzite structure of ZnO (JCPDS No. 36–1451)
in the undoped one. In contrast, five small new phases
emerge in the sample with the Cu content of 7%. These
new phases in the XRD spectrum correspond to CuO
(matched with JCPDS No. 01–1117), owing to the fact
that the solubility of Cu ions in ZnO is quite low [12].
Moreover, it is noted that with the increase of Cu content,
these CuO diffraction peaks become more obvious and
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stronger. Meanwhile, the ZnO diffraction peaks remain
nearly unshifted, indicating that the added Cu elements
have no effects on the crystal structure of ZnO, which is
coincident with the HRTEM results in Figure 2f.
Further evidence for the component of the as-prepared

samples is obtained by XPS measurement, which is an ex-
cellent technique for understanding the oxidation state of
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the copper ion in ZnO. Figure 4 illustrates the high-
resolution XPS spectra of Zn 2p, O 1s, and Cu 2p in the
sample with the highest Cu content of 33% (a typical con-
centration in this work). As shown in Figure 4a, the XPS
spectrum of Zn 2p reveals the binding energies of Zn 2p3/2
at about 1,021.8 eV and Zn 2p1/2 centered at 1,045.1eV,
without any noticeable shift after the high-Cu doping [26].
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The XPS spectrum of O 1s (Figure 4b) is broad and asym-
metric, indicating the presence of multi-component oxy-
gen species. It can be resolved by using a curve fitting
procedure: one is located at 530.3 eV and the other one is
located at 532.4 eV. The former is inherent O atoms bound
to metals (such as Cu and Zn), while the latter is associated
with adsorbed oxygen [27]. Figure 4c shows the core-level
and shake-up satellite (sat.) lines of Cu 2p. The Cu 2p3/2
and 2p1/2 core levels are located at ca. 933.2 and ca.
952.9 eV, respectively, which are close to the data for Cu 2p
in CuO [28]. In our samples, it is easy to observe two shake-
up satellites at about 8.7 and 10.9 eV above the main 2p3/2
peak. The existence of strong satellite features for Cu 2p
rules out the possibility of the presence of Cu2O phase [29],
corresponding well with the XRD observation in Figure 3b.
Figure 5 shows the Raman spectra of both the undoped

ZnO and Zn1−xCuxO nanostructures with different Cu
contents in the range 200 to 800 cm−1 measured at room
temperature. In the undoped ZnO sample, the peaks at
331, 384, and 584 cm−1 correspond to the second-order
acoustic (2-E2(M)) mode, A1 transverse optical (A1(TO))
mode, and E1 longitudinal optical (E1(LO)) mode, respect-
ively [30]. The sharp and strong peak at around 437 cm−1

can be attributed to the high-frequency branch of the E2
(E2(high)) mode of ZnO, which is the strongest, and typ-
ical Raman-active branch of the wurtzite crystal structure
[31]. In the Zn1−xCuxO nanostructures, the presence of
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the E2(high) mode confirms that they all have a typical
hexagonal wurtzite structure, which is consistent with the
above HRTEM and XRD observations. When the Cu con-
tent is 7%, the E2(high) and E1(LO) modes become
broader and shift to lower frequency, as compared with
the undoped counterpart. This may be due to the decrease
in the binding energies of Zn-O bonds as a result of the
Cu doping, indicating that the long-range order of the
ZnO crystal is destroyed by Cu dopants [32].
On the other hand, three additional modes at around

290, 340, and 628 cm−1 can be observed. They are attrib-
uted to the Ag, B

1
g, and B2

g modes of CuO due to the
vibrations of oxygen atoms, respectively [33,34]. From
Figure 5, it is obvious that the intensity of the CuO
peaks enhanced while that of ZnO peaks decreases with
the Cu concentration increases up to 33%. Such behavior
is caused by the competition of Zn and Cu during the
oxidization process. In the sample with the highest Cu
content of 33%, the formation of CuO is dominant, in
spite of the fact that the lower melting point and higher
vapor pressure of Zn than those of Cu under the same
conditions [35]. The formation of CuO is significant to
induce the usual ZnO hexagonal structures changing
into four-folded cross-like structures, in good agreement
with the growth mechanism we have proposed above.
In order to investigate the effects of the different Cu

concentrations on the optical characteristics in the yielded
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samples, we have carried out PL spectroscopy as shown in
Figure 6. We can see that all the samples show two
emission peaks: a sharp one appearing at approximately
377 nm in the ultraviolet (UV) region and another
broad one in the visible region. The former is ascribed
to the near-band-edge (NBE) exciton recombination,
while the latter is quite complicated due to the native
and dopant-induced defects in ZnO. The intensive PL
emission peak at 495 nm is suggested to be mainly
due to the presence of various point defects, which
can easily form recombination centers. The peak cor-
responding to 510 nm is usually generated by the re-
combination of electrons in singly ionized oxygen
vacancies with photogenerated holes in the valence
band [36,37]. Apart from the strong peaks at 495 and
510 nm, the visible band consists of at least four sub-
peaks at wavelengths of 530, 552, 575, and 604 nm,
resulting from the local levels in the bandgap of ZnO.
The green shoulders at 530 and 552 nm are attribu-
ted to the antisite oxygen and interstitial oxygen, re-
spectively [35]. The peak at 604 nm is possibly
caused by the univalent vacancies of zinc in ZnO.
The origin of another peak at 575 nm has been rarely
mentioned and is still unclear.
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As can be clearly observed from Figure 6, the undoped
ZnO possesses a strong near-band-edge UV emission to-
gether with a weak visible emission, indicating that the
undoped ZnO nanostructures have a fairly high quality
with low defect concentration (its PL intensity was 10
times magnified). After Cu is introduced, the UV emis-
sion is rapidly suppressed while the visible luminescence
is greatly enhanced compared with the undoped coun-
terpart, suggesting the poorer crystallinity and greater
level of structural defects introduced by Cu ion incorp-
oration into ZnO. The intensity ratio of the visible band
emission to the UV peak increases from approximately
0.2 to approximately 150 with the Cu content change
from 0% to 33%, demonstrating that the Cu doping
strongly increases the concentration of defects. Never-
theless, the defects are believed to significantly improve
a variety of surface properties, such as heterogeneous ca-
talysis, corrosion inhibition, and gas sensing, which have
been addressed by theoretical calculation and experi-
mental data [38-40]. Furthermore, we have also pre-
sented in the inset the enlarged view of the UV peak
between 360 and 405 nm. It is obvious that the intro-
duction of Cu will cause a little redshift of the UV peak
(34 meV under Cu contents from 0% to 33%) compared
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with the undoped one, i.e., a reduction of ZnO bandgap
caused by the Cu doping.
We have also employed the high-spatial resolution CL

technique at various locations within the same cross
structure to explore the defect distribution and the local
optical properties in an individual Zn1−xCuxO micro-
cross. A typical secondary electron (SE) image of such
an individual micro-cross is shown in Figure 7a. Clearly,
there is a 200-nm square hole in the center of the stem,
which confirms that the central zone is a cubic prism.
Figure 7b presents the corresponding panchromatic CL
image at the same place. Interestingly, the cross struc-
ture exhibits inhomogeneous luminescence. The strong
CL emissions are mainly focused on the middle of the
four-folded branched nanorod according to the intense
distribution curve obtained along the axial line (yellow
curve).
Figure 7c illustrates the typical CL spectra, which are

acquired at the center stem (noted as ‘0’ on the axis in
Figure 7b) and four different locations along one
branched nanorod. The spectra exhibit similar features
as the PL spectra, that is, a comparatively weak UV peak
due to the NBE emission and a broad, strong peak in the
visible region, which is attributed to the deep-level (DL)
emission affiliated with defects and impurities. To fur-
ther reveal the variation of the defect concentration, the
intensity ratios of the DL emission to the NBE emission
(IDL/INBE) at different locations are plotted in Figure 7d
(marked as ‘CL Ratio’). We can notice that the ratio of
IDL/INBE decreases from approximately 92 to approxi-
mately 5 with the location change from 0 to 1,000 nm,
demonstrating that the concentration of defects strongly
depends on the location. The center part of the cross-
like structure exhibits the highest defect density. We
have also performed the EDX analysis on three different
location points along the branched nanorod to illustrate
the evolution of the Cu content (marked as ‘Cu Content’
in Figure 7d). It is clear that the central zone of the cross
structure has the higher Cu concentration of approxi-
mately 53.6%, while the edge part of the branched
nanorod has ultra-low Cu content (nearly zero). The
introduction of abundant Cu in the core has induced the
usual ZnO hexagonal structures changing into four-
folded symmetrical micro-cross structures, which is con-
sistent with the abovementioned growth mechanism and
EDX analysis (shown in Figure 2d). The Cu contents are
consistently and significantly reduced from the central
zone to the edge part of the branched nanorod, which
may be caused by the Cu diffusion at the stage of epitax-
ial growth of branched nanorods from the central core.
The spatial differences of the Cu content along the
structure would induce the variation of the defect distri-
bution, resulting in the distinct inhomogeneous lumines-
cence within one micro-cross structure.
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Conclusions
In summary, we report a new and delicate cross-like
Zn1−xCuxO structure, in which four-sided branched
nanorod arrays grow perpendicular to the side surfaces
of the central stem. This structure is formed through the
direct vapor-phase deposition method but without introdu-
cing any catalyst. By changing the reaction time, the pos-
sible growth mechanism of the micro-cross structures
has been proposed to involve the synthesis of Cu/Zn
core, surface oxidation, and the secondary growth of the
branched nanorods. The location of the substrate is an im-
portant factor determining the morphologies (from 1D
nanorods to 3D micro-cross structures) and Cu concen-
trations (from 7% to 33%) of the yielded Zn1−xCuxO
samples. We have employed the XRD, Raman, and PL
spectroscopies to demonstrate that the formation of CuO-
related phases and concentration of the defects in the pro-
ducts have been greatly influenced by the Cu content.
Moreover, inhomogeneous CL has been observed in a sin-
gle micro-cross structure, which is generated from struc-
tural defects created by the Cu incorporation into ZnO.
The presented method is expected to be employed in
a broad range to fabricate other similar metal-doped
ZnO 3D hierarchical structures for their potential device
applications.
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a b s t r a c t

Si NWs/Cu2O nano-heterojunctions were prepared by adopting electroless deposition technique to
deposit Cu2O nanocrystallines on the surface of silicon nanowire arrays (Si NWs). Raman spectra of the
composite structures demonstrate that the infrared (IR) active mode originated from the defects in the
crystal lattice and is activated in Cu2O nanocrystallines. Photoluminescence (PL) spectra of the nano-
heterojunctions suggest that the as-prepared Si NWs/Cu2O composite structures present a new
luminescence wavelength after the formation of nano-heterojunctions. In addition, the PL peak of
Si NWs in the composite structure exhibits a little red-shift and becomes broad in comparison with that
of the pure Si NWs. The radial Si NWs/Cu2O nano-heterojunction structure would have promising
applications in many fields such as heterojuncion solar cell, photocatalysis, and water splitting hydrogen
generation.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cuprous oxide has been regarded as one of the most promising
materials for optoelectronic applications. Nanostructured Cu2O
with at least one spatial dimension less than 100 nm is more
prefered for the quantum size effect. Many methods have been
developed to fabricate various morphology of Cu2O [1–3]. As an
important liquid phase synthesis method, electroless deposition
technique has been employed extensively in the fabrication of
nanostructured metal and semiconductor material because of the
simplicity of operation, cost effectiveness, high throughput, and
lack of elaborate equipment [4–6].

Semiconductor heterojunction structures play an increasingly
important role in modern material and device physics since they
often present novel properties that originate from the synergies
between the components [7–10]. However, few researches have
been carried out on Cu2O-based heterojunction nanostructure for
the limitation of preparation method. In this letter, we employed
electroless deposition technique to synthesize Cu2O nanocrystal-
lines on Si NWs in alkaline electrolyte to form radial nano-
heterojunctions. In addition, the Raman and photoluminescence
properties of the as-prepared nano-heterojunctions were studied
further.

2. Experimental details

Highly ordered Si NWs were prepared on single crystalline
n-type Si (100) wafer (10–20Ω cm resistivity) by wet-chemical
etching method at room temperature [11,12]. The etching time
was 45 min.

The Si NWs/Cu2O radial nano-heterojunctions were construc-
ted by depositing Cu2O nanocrystallines on Si NWs via electroless
deposition in alkaline electrolyte. 50 ml 0.2 M KNaC4H4O6 �4H2O
was added to 100 ml 0.15 M CuSO4 �5H2O solution under constant
stirring. After ten minutes, 5 ml 1 M HCHO solution was added
drop by drop to the mixed solution. Then, 2 M NaOH solution was
added slowly to regulate the pH value between 12.5 and 14. After
that, the mixed solution was put into a constant temperature bath
to heat to 45 1C, then, the as-prepared Si NWs was dipped into it
for different time durations; the nano-heterojunctions were finally
obtained after washing them with deionized water.

The morphology of Si NWs and the as-prepared Si NWs/Cu2O
nano-heterojunction samples were observed using a Field Emis-
sion Scanning Electron Microscopy (FE-SEM, Philips Sirion 200,
Philips, Netherlands). The structure and crystal orientation of Cu2O
nanocrystallines on Si NWs were analyzed with X-ray diffraction
(XRD, D8 DISCOVER X-ray diffractometer, Bruker, Germany) with
Cu Kα radiation (λ¼1.5406 Å). Raman and PL spectra of Si NWs
and the as-prepared Si NWs/Cu2O composite structures were
obtained using the Jobin Yvon LabRam HR 800 UV system at room
temperature. A laser wavelength of 514.5 nm was used as the
excitation source.
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3. Results and discussion

The growth mechanism of Cu2O nanocrystallines self-assembled
on Si NWs via electroless deposition technique can be explained as
follows [6]. Formaldehyde is used as the reducing agent. When the pH
value of the solution increases to about 12.5, the concentration of OH�

increases and the following chemical reaction occurs.

2Cu2þ þH2Oþ2OH�-Cu2Oþ2H2O

Fig. 1 shows SEM images of Si NWs (Fig. 1(a)) and Si NWs/Cu2O
nano-heterojunctions with different deposition time of Cu2O and
pH value. Because of the presence of sodium potassium tartrate
tetrahydrate as a protecting agent, Cu2þ in alkaline solution are
reduced to Cuþ , and the Cu2O nanoparticles nucleated uniformly

on the surface of Si NWs initially. As the time went on, these
crystal nucleuses grew big gradually. When the deposition time
increased to about 8 min, Cu2O nanocrystallines presented inerra-
tic cube morphology (Fig. 1(b)–(d), pH¼12.5). In addition, the
morphology of Cu2O nanocrystallines was closely related with
the pH value of the growth solution. It transferred from cube
(Fig. 1(e)) to polyhedron (inset of Fig. 1(f)) when the pH value was
changed from 12.5 to 13.5 (the deposition time are all 10 min).
This probably can be attributed to the faster growth rate originated
from the increase of OH� intensity.

XRD patterns of Si NWs/Cu2O nano-heterojunctions are given
in Fig. 2(a). Several diffraction peaks in the 2θ range of 25–801
observed in the Si NWs/Cu2O nano-heterojunction can be assigned
respectively to the (110), (111), (200), (220), (311) and (222) planes

Fig. 1. SEM images of Si NWs (a), Si NWs/Cu2O nano-heterojunction with different deposition time: 2 min (b), 5 min (c), 10 min (d) and morphology with 10 min deposition
time at different pH value: pH¼12.5 (e) and pH¼13 (f).

Fig. 2. XRD patterns ((a)) and typical XPS spectrum ((b)–(d)) of Si NWs/Cu2O nano-heterojunction.
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of Cu2O structure according to their positions and the relative
intensity (JCPDS card no. 5-667). According to the diffraction
intensity in the corresponding XRD pattern, Cu2O nanocrystalline
mainly grow along (111) orientation, which indicates that there is
a relatively slow growth rate along the (111) facet. In addition, the
obtained Cu2O nanocrystallines with (111) facet would have good
photocatalytic activity [13]. Typical XPS spectrum of the Si NWs/
Cu2O sample is shown in Fig. 2(b)–(d). The XPS peaks of the Cu
(2p) at 952.5 eV and 932.6 eV [14] for Si NWs/Cu2O demonstrate
the existence of Cuþ (Fig. 2(d)). Furthermore, the characteristic
peak for Cu2þ at 942 eV was not observed. This result confirms
that the sample contains Cuþ rather than Cu2þ .

Raman scattering at an excitation wavelength of 514.5 nm are
shown in Fig. 3(a)–(c). The most prominent Raman peak at about
520.3 cm�1 in each picture corresponds to the Si NWs. Another
remarkable Raman peak at about 614.9 cm�1 whose intensity
increases gradually with the increase of deposition time of Cu2O
nanocrystallines can be identified to the Γ�ð2Þ

15 ðTOÞ mode of Cu2O
[15]. This mode is called infrared (IR) active mode, it results from the
breakdown of the symmetry of the crystal lattice because of the
presence of defects in Cu2O nanocrystalline. These imported defects
in crystal lattice of nanocrystalline, including the oxygen and copper
site defects, may activate the silent mode. The Raman peak at about
412 cm�1 in Fig. 3(c) can be assigned to Γ�

12þΓ�ð1Þ
15 ðTOÞ [15].

Fig. 3(d)–(f) represents the PL spectra of Si NWs and Si NWs/Cu2O
composite structure. For the pure Si NWs, there is only a single
narrow PL peak at about 700 nm (inset of Fig. 3(d)). In the Si NWs/
Cu2O composite structure, the PL peak of the Si NWs exhibits a little
red-shift and becomes broad compared with that of the pure Si NWs.
The former phenomenon could be ascribed to the interface states of
the excitons formed between Si and the oxide layer, while the latter
could be attributed to the disorder potential at the interface and the
extrinsic self-trapping of excitons with lattice distortion [16]. There
exists another PL peak at about 615 nm in the Si NWs/Cu2O nano-
heterojunctions, the relative intensity increases gradually with the
increase of the deposition time of Cu2O. However, for Cu2O, the direct
band gap recombination transitions from 600 to 630 nm can only be
observed in high-quality material or at very low temperatures (�2 K)

[17]. With respect to the hetero-junction structure of Si NWs/Cu2O,
there is an energy band bending at the interface, which induces a
new position of the energy level. In addition, the difference of the
crystal lattice constant between Cu2O and silicon brings interfacial
defects, which can influence the band bending. Therefore, the peak at
615 nm may be attributed to the new built interfacial energy band
transition in nano-heterojunction.

4. Conclusions

Si NWs/Cu2O radial nano-heterojunctions were obtained suc-
cessfully by electroless deposition technique. The morphology of
Cu2O nanocrystallines are closely related with the pH value of the
growth solution. In Cu2O nanocrystallines, the aggregation of small
Cu2O nanoparticles brings the structure defect, which lead to the
symmetry breaking in nanocrystalline. So a peak corresponding to
the IR active mode appears in the Raman spectra. In Si NWs/Cu2O
nano-heterojunctions, the PL peak of the Si NWs exhibits a little
red-shift and becomes broad. More interestingly, a new PL peak at
about 615 nm appears in the PL spectrum due to the formation of
nano-heterojunctions.
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Large-area ZnO nanorod arrays were synthesized successfully on the stainless steel mesh through chemical
vapor deposition route. The coated mesh shows good water permeability after ultraviolet (UV) irradiation,
while it is impermeable to water after dark storage. This repeatable process suggests that the wettability
transition of the rough surface is complete reversible. Besides, the special hierarchical nanostructures and
the suitable size of the original mesh play an important role in smart controllability of the water permeability.
The reversible transition of surface wettability has potential applications in many aspects, such as microchips,
micro-fluidic devices, and biotechnology.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the wetting/antiwetting behavior of water droplets
on solid surface has become a new research focus due to its many appli-
cations, for example, in microreactors, lab-on-chip, and small droplet
manipulations [1–9]. The surface free energy and geometric structure
are considered to be responsible for the wettability of solid surfaces
[10–14].Many researches [15–20] have reported the preparation of var-
ious highly water-repellent surfaces, which are usually achieved by
modifying hierarchical rough surfaces with low surface energy mate-
rials, or creating nanostructures on a hydrophobic surface. Recently,
with the rapid development of smart surface with controlled wetting
behavior, surface wettability switching between superhydrophobicity
and superhydrophilicity for the photoresponsive materials such as
ZnO, WO3, and TiO2 has received particular attention [21].

ZnO is an important oxide semiconductor with optical band gap of
3.37 eV [22]. ZnO nanostructures, especially nanowire and nanorod,
are frequently employed to acquire superhydrophobic and stimuli-
responsive surfaces due to their special electrical, optical, and ultravi-
olet (UV)-shielding properties. Many different approaches such as
sputter deposition [23], hydrothermal route [7], and chemical vapor
deposition route (CVD) [24] have been used to prepare kinds of ZnO
nanostructure. Among these approaches, CVD route can control the
crystal structure, surface morphology, and growth rate of ZnO. So it
is an idea method for ZnO nanostructure growth. Liu et al. [25] have
eng@sjtu.edu.cn (M. Zheng),
angqing@sjtu.edu.cn (C. Zhu),
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fabricated the ZnO thin film on the sapphire substrate through CVD
route, and reversible wettability switching between superhydrophilicity
and superhydrophobicity is observed via alternation of UV irradia-
tion and dark storage. The same phenomenon is observed on the
sapphire substrate coated by ZnO nanorod [26]. However, most
studies focus on the wettability transition between superhydrophobicity
and superhydrophilicity on different solid substrate surfaces [3,8,21,27].
The corresponding research on the wettability transition and dynamic
properties for photoresponsivematerials onmicroscale pore array is lack-
ing [22,28]. The water permeation can be well realized by regulating the
pore size of the microscale pore array. As known, the water permeation
process is crucial in many aspects, such as agriculture, industry, and
daily life [29–32]. The most commonly used microscale pore array is
stainless steel mesh due to its wide application and easy obtainment.

In this study, we present the preparation of ZnO nanorod arrays on
the stainless steel mesh through the CVD route. Reversible wettability
transition between superhydrophobicity and superhydrophilicity on
the coatedmesh is observed, and intelligentmanipulation of the revers-
ible transition can be realized via alternation between UV irradiation
and dark storage. The effects of special hierarchical nanostructures
and the suitable size of the original mesh on the reversible transition
were studied. This work may have very important application in many
fields.

2. Experimental section

2.1. Sample preparation

A stainless steel mesh (2 cm × 5 cm) with a pore size of 75 μm
was used as the substrate. The mesh was cleaned with acetone for
4

http://dx.doi.org/10.1016/j.surfcoat.2013.03.004
mailto:lihonggreat@126.com
mailto:mjzheng@sjtu.edu.cn
mailto:lsida@163.com
mailto:Mali@sjtu.edu.cn
mailto:zhuchangqing@sjtu.edu.cn
mailto:xiongzzh2010@sjtu.edu.cn
http://dx.doi.org/10.1016/j.surfcoat.2013.03.004
http://www.sciencedirect.com/science/journal/02578972


Fig. 2. XRD pattern of the as-grown ZnO nanorod arrays.
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20 min in ultrasonic bath, and then cleaned with deionized water be-
fore being dried at 80 °C for about 10 min. Then, a 50 nm thick Au
film was deposited on the mesh by ion sputtering. A quartz boat filled
with Zn powders (purity 99.999%) was put in the horizontal tube fur-
nace. The mesh was placed on the downstream side of the quartz boat
and the distance between the source and the mesh was about 5 cm.
Subsequently, argon was introduced into the horizontal tube furnace
with a flow of 120 sccm and the pressure was kept at 120 Pa. The
tube furnace was heated to 650 °C at a rate of 15 °C/min and then
oxygen with a flow of 80 sccm was introduced. The reaction time
lasted for 40 min. After reaction, the horizontal tube furnace was
cooled down to 30 °C. The wettability of the as-prepared film was
measured after it was stored in the dark for 2 weeks.

2.2. Sample characterization

The surface morphologies and the structures of samples were
studied by Philips Sirion 200 scanning electron microscope (SEM)
and X-ray diffraction (D/max-2200/PC, XRD), respectively. The water
contact angles were measured by contact angle meter system (JY-82)
with liquid droplets of 5 μl. The surface chemical composition of the
ZnOnanorod arrayswas performed byX-ray photoelectron spectroscopy
(Thermo ESCALAB 250, XPS).

3. Results and discussions

Fig. 1(a) shows the SEM image of the large area ZnO nanorod arrays
on the stainless steel mesh. It can be seen that the ZnO nanorod arrays
have a uniform arrangement on all stainless steel wire. Fig. 1(b) and
(c) are the top surface SEM images of the ZnO nanorods at lower and
higher magnification on a stainless steel wire, respectively. It can be
seen in Fig. 1(b) and (c) that the ZnO nanorods exhibit a relatively uni-
form and densely packed distribution. Fig. 1(d) is the cross section
image of the as-prepared ZnO nanorod arrays, it can be found that the
ZnO nanorod arrays are almost perpendicular to the surface, and the
heights of ZnO nanorods are about 4 μm. Fig. 2 indicates XRD pattern
of ZnOnanorods grownon the stainless steelmesh substrate. The inten-
sity of (002) peak ismuch stronger than the (100) and (101) peaks. This
result indicates that ZnO nanorod arrays are highly c-axis oriented crys-
tallite and perpendicular to the stainless steel mesh.
Fig. 1. SEM images of the ZnO nanorod arrays coated on the stainless steel mesh. (a) Large-a
wire, (c) high magnification of the as-grown ZnO nanorods, and (d) the cross section imag
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The wettability of the mesh surface which was coated by ZnO
nanorod arrays was evaluated by the contact angle (CA) measure-
ment. Fig. 3(a) depicts that the CA on this coated mesh is about
157 ± 1°. This contact angle was measured after 2 weeks of storage
in the dark. However, the coated mesh shows superhydrophilicity
and the CA became 0° (Fig. 3(b)) after UV irradiation (300 W Hg
lamp) for 3 h, and the water will drop down when more water is
added (Fig. 3(c)). The coated mesh becomes superhydrophobic after
it was put in the dark for a week. The results indicate that the water
permeation process can be conveniently manipulated through the
alternation between UV irradiation and dark storage. Fig. 4 shows
the reversible wettability switching between superhydrophilicity
and superhydrophobicity.

To acquire the information about the influence of UV irradiation on
the water CA of the coated mesh, the relationship between the UV irra-
diation time and thewater CAs of the coatedmeshwas studied, and the
results were shown in Fig. 5. The water CAs decreased sharply from
157° to 50° at the beginning of the UV irradiation time as shown in
Fig. 5. However, with the increase of UV irradiation time from 60 to
180 min, the water CAs decreased only from 50° to 0°, the wettability
of the coated mesh was turned into superhydrophilicity. In order to
prove that the feasibility of the coated mesh can be successfully used
rea view of the coated mesh, (b) top images of the ZnO nanorods on one stainless steel
e of the ZnO nanorods with height about 4 μm.

image of Fig.�2


Fig. 3. Shapes of water droplets on the coated mesh. (a) Water contact angle photo-
graphs before UV irradiation, (b) after UV irradiation, and (c) permeating process of
water droplet on the coated mesh after UV irradiation. When more water is dropped,
the water droplet can drop down.

Fig. 4. Reversible wettability switching under the alternation of UV irradiation and
dark storage.

Fig. 5. The relationship between the UV irradiation time and the water CAs of the
coated mesh.
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in practice, we design a smart device as shown in Fig. 6, a piece of coated
meshwhichwas put in the dark for a weekwas fixed to the bottom of a
plastic tube. Water (dyed black) cannot penetrate the coated mesh
(Fig. 6(a)). However, after UV irradiation, water can quickly permeate
through the coated mesh and drop into the beaker (Fig. 6(b)).

Wettability, an especially important property of solid surface, can
be regulated by adjusting the surface free energy and geometric
structure. Fig. 2 shows that the ZnO nanorod arrays are highly c-axis
oriented crystal and have preferential orientation along [001] direc-
tion. Previous research results [33,34] show densities of the surface
12
free energy of the low index planes are 0.209, 0.123 and 0.009 eV/Å2

for the (101), (110) and (002) planes, respectively. So the as-prepared
ZnO nanorod arrays have the lowest surface free energy compared to
other planes of ZnO nanocrystal films. In addition, there are many
spaces among the different nanorods although the ZnO nanorods are
densely packed as shown in Fig. 1. So ZnO nanorod arrays can trap suf-
ficient air among the different ZnO nanorods. According to Cassie equa-
tion [35]:

cos θ� ¼−1þ f 1 1þ cos θð Þ ð1Þ

where θ* is contact angle of liquid droplet on the rough substrate, θ is
contact angle of liquid droplet on the native flat surface, and f1 is
the fraction of solid in contact with the water droplet. Because the air
has been trapped among the different ZnO nanorods, the proportions
of solid/water interface decrease, then the value of f1 diminishes
quickly. The contact angle increases and the coated mesh shows the
superhydrophobicity.

The wettability of solid surfaces is determined by the surface free
energy and geometric structure. The geometric structure will not
change after UV irradiation, which indicates that the wettability
switching is caused by the changes of the surface chemical composi-
tion. ZnO is an important photocatalyst, UV irradiation generates
electron-hole pairs according to Eq. (2). The formation of surface
6
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Fig. 6. Experiment process of wettability switching under the alternation of UV irradiation and dark storage. (a) Water cannot penetrate the coated mesh after dark storage, the
inset is a filter holder, and (b) water can penetrate the coated mesh and dropped into the beaker.
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oxygen vacancies is ascribed to the reaction between some holes and
lattice oxygen as shown in Eq. (3) [36–38].

ZnOþ 2hν→2hþ þ 2e− ð2Þ

O2− þ 2hþ→1
.

2
O2 þ □ surface oxygen vacancyð Þ ð3Þ

Meanwhile, water molecules in the air may be adsorbed on the
oxygen vacancy sites, which lead to dissociative adsorption of the
water molecules on the surface. To confirm the adsorption of the
water molecules on the surface, the XPS measurements of ZnO
nanorod arrays in the O1s peak level were carried out before and
after UV irradiation as shown in Fig. 7. The increase of the shoulder
and the intensity at the higher binding energy of the O1s peak
shows that the adsorption of the water molecules on the surface
was enhanced by UV irradiation. As a result, the ZnO nanorod arrays
become hydrophilic material after UV irradiation. According to Wenzel
equation [39],

cos θ� ¼ r cos θ ð6Þ
Fig. 7. X-ray photoelectron spectroscopy spectra of ZnO nanorod arrays in the O1s peak
level before and after UV irradiation. Solid line, experimental data; dotted line, fitted
curves.
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where r is roughness factor and the other parameters are the same as
those in Eq. (1). The surface roughness increase owing to the hierar-
chical micro/nanostructure ZnO nanorod arrays on the mesh, and
then the surface hydrophilicity is enhanced. So the coated mesh
shows superhydrophilicity and the water can easily penetrate it,
just like the discussion in Fig. 6(b).

Compared with the oxygen absorption, the surface oxygen vacan-
cy sites are more favorable for hydroxyl absorption. However, the sur-
face will become very unstable after the hydroxyl adsorption, because
the hydroxyl groups distort the surface in both electronic and geo-
metric structure. Therefore, hydroxyl groups which are adsorbed on
the surface oxygen vacancy sites can be replaced gradually by oxygen
atoms of the air when the superhydrophilic mesh is put in the dark.
The surface wettability will evolve back to the superhydrophobicity.

Various coated mesh can be fabricated by using the original stain-
less steel meshes with different pore size as substrates. Fig. 8 illus-
trates the CAs after UV irradiation and dark storage as the function
of the pore sizes which range from 25 to 600 μm. From Fig. 8, it can
be found that all the coated meshes exhibit the superhydrophilicity
and good water permeability under UV irradiation, while the hydro-
phobicity shows a considerable dependence on pore size after dark
storage. The coated mesh has optimum superhydrophobicity when
the pore size of the mesh is about 75 μm. The distance between the
Fig. 8. The relationship between the pore sizes and the water CAs of the coated mesh.
(a) After dark storage, (b) after UV irradiation.
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stainless steel wires is so small that there is no insufficient proportion
of the water/air interface when the pore size is below 75 μm. So
the coated mesh lacks superhydrophobicity. Although at above
75 μm, the distance between the stainless steel wires is so large that
micro/nanostructured stainless steel mesh cannot provide sufficient
hydrophobic force. Hence, the CAs decrease as the pore size increases
further. Therefore, the pore size of the original stainless steel mesh is
important in achieving the reversible wettability switching of this
device.

4. Conclusions

The patterned growth of ZnO nanorod arrays has been realized on
the stainless steel mesh through the CVD route. The as-grown nanorod
arrays are uniform in dimension andwith large aspect ratios. The coated
mesh is superhydrophobic and the water cannot penetrate it after dark
storage, while it is superhydrophilic and the water can penetrate easily
after UV irradiation. In addition, the special hierarchical nanostructures
and the suitable sizes of the original mesh play an important role in
the surface wettability switching between superhydrophobicity and
superhydrophilicity. This work is of great significance for future indus-
trial applications.
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A B S T R A C T

Through the low-temperature hydrothermal route, one kind of two-dimensional (2D) ZnO nanoflakes

was grown on the stainless steel mesh coated by Al. After being modified by stearic acid (SA), the coated

mesh was found to be superhydrophobic and superoleophilic simultaneously, and the water contact

angle can reach to 156.3 � 2.18. It could separate a variety of water and oil mixture. The separation efficiency

was up to 95%. It was found that the oil with larger surface tension can be easier to penetrate the coated mesh,

and then the separate efficiency increased. Besides, a detailed investigation showed that the special

hierarchical micro/nanostructures and appropriate size of the mesh played an important role in obtaining the

superhydrophobicity and superoleophilicity. The coated mesh might be practically employed in oil pollution.

� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

In modern society, there is a growing need for the effective
separation of water and oil because of the increasing oil pollution
[1–3]. However, the separation of water and oil is a huge challenge,
due to low separation efficiency, high operation costs and complex
separation instrument. In order to overcome these difficulties,
materials with both superhydrophobic and superoleophilic prop-
erties have received considerable attention in recent years [4].
Wettability is an important characteristic of solid surface, which
can be controlled by the surface energy and geometric structure
[5–7]. It was reported that the hydrophobicity and oleophilicity of
a surface could be amplified by increasing the roughness of low
surface energy materials [8–15], because the contact area between
the surface and the water droplet was minimized by trapped air.
On the basis of this principle, many methods have been developed
to create such materials. For example, Jiang et al. fabricated a mesh
for water and oil separation via coating copper mesh with
polytetrafluoroethylene (PTFE) [4]. Tu et al. modified a stainless
steel mesh with polystyrene solution for water and oil separation
[16]. Pan et al. fabricated a superhydrophobic and superoleophilic
copper filter by immersing mesh in aqueous solution of NaOH and
K2S2O8 and subsequently modifying it with n-dodecanethiol [17].

In this paper, we presented the growth of 2D ZnO nanoflakes on
the stainless steel mesh through low-temperature hydrothermal
* Corresponding author. Tel.: +86 21 34202791; fax: +86 21 34202791.

E-mail address: mjzheng@sjtu.edu.cn (M. Zheng).
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route. After being modified by stearic acid, the coated mesh could
separate oil from water and oil mixture selectively and effectively
without any extra power. Its maximum of separation efficiency
was above 95%. Besides, it was found that the separation efficiency
mainly depended on the surface tension of oil, and the oil with
larger surface tension could be easier to penetrate the mesh. The
2D ZnO nanoflakes coated mesh with special hierarchical micro/
nanostructures may be practically applied to the separation of
water and oil.

2. Experimental

A stainless steel mesh with an average pore diameter of
approximately 75 mm was used as the substrate. The mesh was
sequentially cleaned with detergent, deionized water, ethanol,
acetone, and deionized water before being dried at 60 8C for
20 min. The Al film layers were deposited onto the mesh by direct
current (DC) magnetron sputtering. The distance between the
target and the substrate was about 60 mm. Before deposition, the
chamber was pumped down to a base pressure of 1.5 � 10�5 Torr.
During the growth of Al film, argon gas with a flow rate of 30 sccm
was fed into the chamber. The applied DC power, working pressure
and the deposition time were 50 W, 22 mTorr and 40 min,
respectively. The thickness of the aluminum film on the stainless
steel mesh is about 500 nm. After deposition, the mesh was dipped
in a capped Pyrex glass bottle filled with 16 mM zinc nitrate
hydrate (Zn(NO3)2�6H2O) and 16 mM hexamethylenetetramine
(HMT, C6H12N4) for growing 2D ZnO nanoflakes [18]. The Pyrex
glass bottle was sealed and maintained at 90 8C for 2 h in a regular

http://dx.doi.org/10.1016/j.materresbull.2012.09.062
mailto:mjzheng@sjtu.edu.cn
http://www.sciencedirect.com/science/journal/00255408
http://dx.doi.org/10.1016/j.materresbull.2012.09.062


Fig. 1. SEM images of the 2D ZnO nanoflakes coated stainless steel mesh. (a) Large-area view of the coated mesh, (b) top images of the 2D ZnO nanoflakes on one stainless steel

wire, (c) high magnification of the as-grown ZnO, and (d) the side images of the ZnO nanoflakes with height about 2 mm.

Fig. 2. XRD patterns of the as-grown ZnO sample.

H. Li et al. / Materials Research Bulletin 48 (2013) 25–2926
laboratory oven. Then, the mesh was removed from the solutions,
washed with deionized water and dried at 80 8C for 1 h. Finally, the
sample was immersed into the ethanol solutions of 8 mM SA
(C18H36O2) for 10 h, and then dried in the air.

Surface images of the samples were characterized by field
emission scanning electron microscope (SEM, Philips Sirion 200).
The X-ray diffraction (XRD) experiment was carried out with D/
max-2200/PC type diffraction, using Cu Ka radiation. An optical
contact-angle meter system (Data Physics Instrument GmbH,
Germany) was used to measure contact angle. Liquid droplets of
5 ml were suspended with needle tube and brought in contact with
mesh using a computer controlled device.

3. Results and discussion

Fig. 1(a) shows the large-area view of the 2D ZnO nanoflakes on
stainless steel mesh through low-temperature hydrothermal
route. The pore size of stainless steel is about 75 mm. Typical
image of the 2D ZnO nanoflakes on a stainless steel wire is shown
in Fig. 1(b). Fig. 1(c) is the high magnification SEM image of the as-
grown ZnO nanoflakes. It is found that each nanoflake is about
1.5 mm in width. We can see from Fig. 1(d) that the 2D ZnO
nanoflakes are nearly vertical to the mesh, and each nanoflake is
about 2 mm in height. Thus, a kind of interesting morphology of 2D
ZnO nanoflakes was achieved on the stainless steel mesh substrate.
Fig. 2 shows the XRD pattern of 2D ZnO nanoflakes. The ZnO (1 0 0),
(0 0 2) and (1 0 1) peaks are observed besides the (1 1 1) and (2 0 0)
peaks which come from Al deposited on the mesh, which further
indicates that the 2D nanoflakes is polycrystalline wurtzite ZnO.

The following chemical reaction equation will give the
formation process of ZnO. It has been proposed from reactions
(1) and (2) that HMT can react with water to produce ammonia
which in turn to generate OH� anions. Because Al is an amphoteric
metal, it can be dissolved into the solution under alkaline
conditions in the presence of amine (from HMT). So more and
13
more OH� anions will combine with Al3+ and Zn2+ to form Al(OH)4
�

and Zn(OH)4
2�, as shown in reactions (3) and (4), respectively. ZnO

cluster are formed by the dehydration reaction (5). It is well-
known that supersaturation is a prerequisite for crystal growth in
solution. The growth habit of ZnO nanocrystallites is determined
by not only the internal structure of ZnO itself, but also the
concentration of OH� [19]. In general, the wurtzite ZnO crystal
grows preferentially along [0 0 1] direction. Furthermore, the
additive ions usually act as a regulator to promote or inhibit the
growth by their capping on the ZnO surface [20]. Al(OH)4

� would
presumably bind to the Zn2+ terminated (0 0 1) surface and
suppressed the growth along [0 0 1] direction [21]. Therefore, the
ZnO sample shows the morphology of 2D nanoflakes, as shown in
0



Fig. 4. Shapes of water and oil droplets on the coated mesh. (a) Water contact angle,

(b) oil contact angle, and (c) permeating process of diesel oil on the coated mesh.
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Fig. 1.

C6H12N6þ H2O ! 6HCHO þ 4NH3 (1)

NH3þ H2O $ NH4
þ þ OH� (2)

Al3þ þ 4OH� $ AlðOHÞ4� (3)

Zn2þ þ 2OH� þ 2H2O $ ZnðOHÞ42� þ 2Hþ (4)

ZnðOHÞ42� þ 2Hþ $ ZnOclusterþ 3H2O (5)

Fig. 3 shows the Fourier transform infrared (FTIR) spectrum of
the coated mesh which was modified by SA. SA is known as a wax-
like saturated fatty acid. SA molecules are absorbed onto 2D ZnO
nanoflakes and lower its surface free energy. The interaction is
confirmed by FTIR spectrum (Fig. 3). Two sharp peaks at about
2918 cm�1 (CH3) and 2850 cm�1 (CH2) indicate the existence of
long-chain aliphatic groups and successful coating of SA
molecules. The characteristic peak of the COOH group at
1713 cm�1 disappears, indicating that the dissociative SA in the
ZnO nanoflakes is very little. One peak appears at 1539 cm�1,
assigning to the antisymmetric carboxylate ion COO� stretching
modes.

The separation principle of water and oil through the coated
mesh can be explained by the Cassie equation (6) and Wenzel
equation (7) [22,23]:

cos u� ¼ �1 þ f 1ð1 þ cos uÞ (6)

cos u� ¼ r cos u (7)

where u* is the contact angle of a the rough (hydrophobic)
substrate, u is the contact angle of a native flat surface, f1 is the
fraction of solid in contact with liquid (f1 is a number smaller than
unity), the surface roughness r is defined as the ratio of the actual
over the apparent surface area of the substrate (r is a number larger
than unity). The value of f1 diminishes quickly, the contact angle
increases according to Eq. (6) due to the rough surface and the low
surface free energy. Fig. 4(a) shows the water contact angle (WCA)
on this coated mesh is about 156.3 � 2.18. According to Eq. (7), the
surface oleophilicity can be enhanced by the increase of the surface
roughness because original stainless steel mesh is oleophilic material.
The oil contact angle (OCA) is close to 08, as shown in Fig. 4(b), and the
Fig. 3. The Fourier transform infrared spectrum of the SA coated ZnO nanoflakes.
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penetration through the coated mesh is completed quickly as shown
in Fig. 4(c).

Fig. 4 indicates the coated mesh can be applied to separate
water and oil mixture. The oil was added into deionized water
under constant stirring for preparing the mixture of oil and water.
As shown in Fig. 5, the mixture of diesel oil and water (30% v/v) was
poured onto the mesh, diesel oil quickly permeated through the
filter and dropped into the bottle of test tube, meanwhile, water
flowed along the outside of test tube into the beaker. In the
separation experiments, we used a variety of water and oil
mixture, and all the mixture could be successfully separated. The
coated mesh retained superhydrophobic and superoleophilic
properties after dozens of uses.

It has been reported that the wettability of the mesh
depended on the pore size [4,13]. Fig. 6 illustrates the
relationship between the contact angles and the pore sizes
which range from 25 to 600 mm. From Fig. 6, we can find that
the hydrophobicity shows a remarked dependence on pore size
while the OCAs are always close to 08. The coated mesh has
optimum superhydrophobicity when the pore diameter of the
mesh is about 75 mm. Because of the insufficient proportion of
the air/water interface, the mesh is lack of superhydrophobicity
when the pore size is below 75 mm. Whereas above 75 mm, the
pore size is so large that micro/nanostructured stainless steel
thread cannot provide enough hydrophobic force. Hence, a
decrease in hydrophobicity is observed when the size of the
mesh pore increases further. In our experiments, stainless steel
wire with pore size of about 450 mm has a bigger radius than
that of 300 mm. Therefore, a stainless steel wire with pore size of
about 450 mm has more 2D ZnO nanoflakes which can provide
hydrophobic force. This may be the reason why the WCA on the
mesh film with pore size of about 300 mm. Therefore, both the
special hierarchical micro/nanostructures and the suitable size



Fig. 5. Experiment process of separation water and oil. (a) Before separation and (b) after separation.
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of the mesh pores are important in obtaining the best separation
of water and oil.

Many studies have been reported about the separation of water
and oil [4,5,8,23], but few results concerned the separation
efficiency. In this paper, the separation efficiency was calculated
by oil rejection coefficient (R (%)) (8) [24]. In order to get best
results, we use the coated mesh with the pore size about 75 mm.

Rð%Þ ¼ 1 � Cp

C0

� �
� 100 (8)

where C0 is the oil concentration of original water and oil mixture
and Cp is the oil concentration of collected water after one time
separation. We use four kinds of oil in the separation experiments,
containing gasoline, diesel, hexane, and petroleum ether. The
separation efficiency of diesel and water attains the peak value of
95.3%, as shown in Fig. 7.

To further explore the mechanism that the coated mesh has
different separation efficiency for different water and oil mixture,
Fig. 6. The relationship between the pore sizes and the contact angles of water and

oil on the coated mesh.

13
we model the process in Fig. 8 on the assumption that the pores are
arranged approximately in a regular square array. It can be shown
from Fig. 8 that the position of the three-phase contact line of the
meniscus is mainly governed by the differential pressure DP

[13,25,26]:

DP ¼ 2gov

R
¼ � lgovðcos uAÞ

A
(9)

where gov is the surface tension of the oil–vapor interface, R is the
meniscus curvature, l is the circumference of the pore, A is the
cross-sectional area of the pore, and uA is the advancing contact
angle of the oil on the surface. It can be seen from Fig. 8(a) and
Eq. (9) that DP > 0 (negative capillary effect) when u > 90�, so the
coated mesh shows superhydrophobicity. From Fig. 8(a) and
Eq. (9), we can see that DP < 0 (capillary effect) when u < 90�, so
the coated mesh shows the superoleophilicity. With the increase of
the surface tension, the absolute value of the pressure becomes
larger, so the oil will penetrate the coated mesh easier. Therefore,
Fig. 7. The separation efficiency of the coated mesh for the different mixture of the

water and oil.

2



Fig. 8. Schematic diagrams of the wetting model of the mesh film coated by ZnO

nanoflakes. (a) Water wetting model of the coated mesh. (b) Oil wetting model of

the coated mesh. O is the center of the spherical cap of the meniscus; O1 and O2 are

the cross-section center of the mesh.
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we can infer that the separation efficiency mainly depends on the
surface tension. Because gdiesel > ghexane > ggaoline > gpetroleum ether,
we can draw a conclusion that the separation efficiency is
Rdiesel > Rhexane > Rgaoline > Rpetroleum ether, which is consistent with
our experimental results as shown in Fig. 7.

4. Conclusions

In summary, a novel performance of superhydrophobic and
superoleophobic 2D ZnO nanoflakes coated mesh was developed
133
through low-temperature hydrothermal route. Because of the
special hierarchical micro/nanostructures and appropriate size of
the mesh, the coated mesh showed an excellent superhydropho-
bicity with WCA of about 156.3 � 2.18 and superoleophobicity with
OCA of about 08. So the coated mesh can be used effectively for the
separation of water and oil. In experiment, the coated mesh showed
high separation efficiency for a variety of water and oil mixture,
which was up to 95%. It was found that the separation efficiency
mainly depended on the surface tension of the oil. This work may be
expanded to the novel separation and filtration equipment.
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We employ internal photoemission spectroscopy to directly measure the valence-band Van Hove singularity,
and identify phonons participating in indirect intervalence-band optical transitions. Photoemission of holes
photoexcited through transitions between valence bands displays a clear and resolvable threshold, unlike
previous reports of interband critical points which become obscure in doped materials. We also demonstrate the
enhancement of optical phonon-assisted features primarily contributing to the photoemission yield. This result
is evidence of the relaxation of photoexcited hot holes through intravalence-band scatterings in heterojunctions,
which contrast with intervalence-band scatterings in bulks.
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Optical studies of light interacting with a material reveal
fundamental information about its electronic structure,
photons, phonons, and carrier dynamics in the material, inter
alia.1–4 Many fundamental studies and device applications
make use of optical transitions between different energy
bands,5–11 among which the valence-to-conduction band
(VB to CB) transitions are typically used to determine band
parameters,9 e.g., the interband Van Hove singularities.10

Despite the well-known electronic structure, understanding
of VB-related physics is still very limited. Nearly all of
what is currently understood about VBs come from optical
absorption5–7 and interband transition-based experiments,9,10

the latter of which encounters a fundamental difficulty when
band tailing perturbed obscuring effects dominate.12 This
limitation makes it impossible to measure the VB singularity
on the basis of free-carrier effects. Aside from this, although
many theoretical studies on free-carrier absorption are
reported,13,14 the determination of the dominant contributions
to the carrier-phonon coupling in indirect intervalence-band
(IVB) transitions is yet to be demonstrated experimentally.

In this Rapid Communication, we demonstrate that internal
photoemission (IPE) of holes at a heterojunction interface
provides a direct characterization of the valence-band and
hole dynamics. Of the various optical processes illustrated
in Fig. 1(a), indirect transitions take place either through
an intermediate state lying in the VB from which the
transition originates, or through a nearby band. On the
contrary to readily observing phonons associated with inter-
band absorption in indirect-gap semiconductors,16 identifying
phonons participating in indirect IVB transitions is impossible
through optical absorption, according to its featureless profile
[Fig. 1(b)] and also extensive absorption data reported in
past literature.7 IPE occurs at the junction interface when
the kinetic energies of photoexcited carriers in the photon
absorber (emitter) are sufficiently higher than the barrier.17 For

successful photoemission, photocarriers must transfer between
the energy bands of the absorber and barrier, which leads to
remarkable features associated with indirect transitions due
to their higher probabilities of occurring compared to direct
transitions.18 Analysis of the IPE results also allows us to study
hole dynamics upon photoexcitation. Our results broaden the
understanding of the VBs and optical processes, which, for
example, may offer a better understanding of the origin of
hole-mediated ferromagnetism for p-type (Ga,Mn)As,19 by
distinguishing IVB transitions from impurity band-to-valence
band transitions through resolving the VB singularity. In
addition to this fundamental interest, phonon identification
will find applications in determining free-carrier absorption,
an important source of modal loss in light-emitting and laser
devices.13,14

The IPE quantum yield (Y )17 is obtained as Y = (I/P )hν,
where I is the photocurrent of the sample, and P is the
power of incident light. A commercial bolometer with known
sensitivity was used to measure P for spectral calibration.
Photocurrent spectra were acquired by mounting the sample in
a liquid-helium dewar and using a Perkin-Elmer system 2000
Fourier transform infrared (FTIR) spectrometer. The sample
for IPE studies uses emitter/barrier heterojunctions (e.g.,
p-type doped GaAs/undoped AlGaAs).20 Although IPE was
reported more than four decades ago,21 it remains attractive,
as recently demonstrated for characterizing materials such as
graphene and oxide-based structures.22 Here, going beyond
the standard focus on obtaining band offsets,17,21 we illustrate
an exploration of IPE to study the VB structure and related
optical processes.

Features of hole photoemission solely associated with the
p-type GaAs emitter are confirmed by IPE of samples with
different AlxGa1−xAs barriers, as shown in Fig. 1(c). Except
for the low-energy spectral end (0.1–0.3 eV) affected by the
potential barrier,17 the photoemission spectra between 0.3
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FIG. 1. (Color online) (a) Schematic of various intervalence-
band (IVB) optical transitions, where (1)–(5) have the following
meanings: (1) Direct IVB transition; (2) IVB transition + phonon
emission (h̄ω1); (3) phonon absorption (h̄ω2) + IVB transition;
(4) IVB transition + phonon emission (h̄ω3) (interband scattering);
and (5) phonon absorption (h̄ω4) + intraband photon absorption. The
inset shows the photon excitation and emission of a hole in an
emitter (E)/barrier (B) heterojunction. It was found that transition
(2) has a dominant contribution to the photoemission yield. (b) Optical
absorption (α) of p-type GaAs. (c) Internal-photoemission spectra
of p-type GaAs/AlxGa1−xAs heterojunctions. The inset illustrates
the flat-band (VB) diagrams (Ref. 15) at zero bias. The shaded
area schematically shows the Fermi level of the emitter [doping
concentration: 3 × 1018 cm−3 (A, B, and C) and 1 × 1019 cm−3 (D)].
The photon energy ranges where the HH → LH or HH → SO
transitions dominate are indicated. The features indicated by vertical
arrows remain the same in different samples.

and 0.45 eV have very similar profiles between different
samples. The undulations beyond 0.45 eV (samples A–C)
result from optical interference which can be clarified by
optical calculations. The sharp peak of sample A at 0.193 eV
was previously interpreted as LH-HH spin-orbit splitting (LH
and HH denote the light- and heavy-hole band, respectively).11

The variation in the applied bias is to adapt to the differences
in the structures between samples to obtain optimum spectra.
However, the features between 0.3 and 0.45 eV barely depend
on bias, as well as the barrier height and shape (affected by
bias-induced image-force barrier lowering17). In comparison
with absorption [Fig. 1(b)], these features likely originate
from the HH → SO hole transitions. Interband transitions and
lattice absorption as the causes can be excluded, as they occur
only in even higher- and lower-energy ranges, respectively.
Transitions originating from the impurity band can also be
excluded, because the impurity band is already merged with the
VB for doping concentration of >3 × 1018 cm−3.8 Moreover,
the intravalence-band transition is insignificant for this spectral
range. This leaves the intervalence-band transitions as the only
mechanism for interpreting the features.

In order to examine the features in more detail, we
differentiated quantum yield spectra [Figs. 2(a)–2(c)]. The
peaks in the double differential plots correspond to the onsets
of these features, and are thus used to determine thresholds
of various transitions. It is tempting to interpret the second
derivative peak at ∼0.34 eV as correlated with the HH → SO
singularity, corresponding to the band splitting gap at the
� point (�0). This assertion is clarified by calculating
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FIG. 2. (Color online) Comparison of (a) quantum yield (Y ), and
its (b) first and (c) second derivatives for samples A (6 V, 80 K),
D (−0.5 V, 80 K), and E (0.05 V, 50 K). The structure of sample E
is the same as A, except for its emitter doping concentration
(6 × 1019 cm−3). The vertical lines indicate the identified phonon
features (Table I). Also shown in (c) are the second derivatives of the
as-measured sample and bolometer (background) spectra. (d) Calcu-
lated 1/∇k

∑
i �=j [Ei(k) − Ej (k)] by a k· p model (Ref. 23) to show the

Van Hove singularities (VHS) of intervalence-band transitions, two of
which are indicated in the inset. Also shown is the derivative of JDOS.

1/∇k

∑
i,j [Ei(k) − Ej (k)] to show the singularities, and the

joint density of states (JDOS), as illustrated in Fig. 2(d). The
quantum yield can be expressed as17

Y (hν) ∼
∫ ∞

�−hν

ρ(ε,Ef )f (ε)P (ε + hν,�)dε, (1)

where ρ and P are the energy distribution of photoexcited
holes and their escape probability, respectively. Ef is the
Fermi level. f (ε) is the Fermi-Dirac distribution function.
As f and P are slowly varying functions (in the energy
regime around �0), we take the dominant contribution of
ρ for calculating derivatives, i.e., dY/d(hν)∼ρ(�−hν,Ef ),
and hence d2Y/d(hν)2∼d(JDOS)/d(hν), where ρ takes the
line shape of JDOS if only direct IVB transitions are consid-
ered. The LH → SO transition exhibits a strong saddle-point
singularity but cannot be observed because of the lower hole
occupancy in the LH band. Due to its three-dimensional nature
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FIG. 3. (Color online) (a) Second yield derivative spectra of
sample D at different temperatures. Results at different biases are
similar and thus not shown here. Vertical lines indicate the identified
phonon features. (b) Temperature and doping dependence of �0 for
GaAs which nearly remain constant (dashed line). Data of �0 adopted
from Table III of Ref. 25 are shown for comparison.

(dipole forbidden at �), the HH → SO singularity shows a
weak signature in d(JDOS)/d(hν), in consistence with the
experimental feature of d2Y/d(hν)2. As shown in Fig. 2(c),
a quite smooth as-measured bolometer spectrum around �0

justifies this result as not due to the background.
Typically, �0 was indirectly determined10,24 through resolv-

ing interband critical points (at �): E0 (HH to CB transitions)
and E0 + �0 (SO to CB). Direct determination of �0 enables
the study of its dependence on the doping concentration (Fig. 2)
and temperature [Fig. 3(a)]. The determined values plotted in
Fig. 3(b) indicate that �0 nearly remains unchanged, and has
an average of 0.3392 ± 0.0003 eV, in reasonable agreement
with reported values which are believed to be closer to
0.390–0.341 eV.26,27 While the temperature dependency of �0

can be readily obtained from interband transitions of undoped
GaAs, it is difficult to determine the doping dependency,12

as band tailing significantly perturbs the density of states
(DOS) at �. It can be deduced according to the two-thirds
rule [�1 = (2/3)�0],28 that �0 remains constant, as interband
critical points E1 (HH to CB) and E1 + �1 (LH to CB) (at
larger k) synchronously vary with doping concentrations.29

Our experiment is a direct justification of this result.
Band tailing introduces extended states in both the CB and

VB, notably causing a reduction of the effective band gap.

Likewise, the expected reduction of the SO-HH splitting gap
would be about 13 meV for p = 1 × 1019 cm−3. However,
stationary �0 is confirmed in this study, indicating that �0

is free of the shrinkage due to carrier-induced exchange
and correlation effects30 as in the band gap. The unaltered
HH → SO singularity may originate from transitions through
localized states owing to dopants caused potential fluctua-
tions. This supports the rigidity of the VBs, of which only
the temperature rigidity has been studied previously.31 Our
findings justify the rigid-band argument for studies, such as
understanding doping-induced band gap narrowing effects and
band alignment of doped heterojunctions.17

Returning to the phonon study, we identify phonons
participating in IVB transitions based on yield spectra, and
use the second derivatives to determine their energies. The
possibility for the occurrence of indirect transitions is partially
supported by observing a nonvanishing yield around �0.
Calculations14 have shown enhanced absorption by over an
order of magnitude, as a consequence of diverted transitions
at large k points (dipole allowed) to k = 0 (dipole forbidden)
where the hole occupation is very strong. The participation of
phonons plays an important role in this process; each of them
results in an individual threshold being resolved. Noticing
that IVB absorption is broad and featureless [Fig. 1(b)],
the featured yield is thus a result of enhancement due to
phonon-assisted transitions. The strongest features at ∼0.37
and 0.44 eV [Fig. 2(a)], which can be exclusively distinguished
compared to the background [Fig. 2(c)], are assigned with the
energies of �0 + Eph, i.e., correlating with phonons: LO(�)
and 3 × TO(�) (Eph is the phonon energy). It was found that,
as shown in Fig. 2(a), these two features diminish as the emitter
doping concentration increases to a higher level (sample E).
Enhanced scatterings by charged impurity centers, as observed
in the broadening of HH → SO absorption,7 may alleviate the
carrier-phonon coupling and cause yield reduction. Such an
effect is in support of observed phonon features.

Identification of other phonons associated with relatively
weaker features may need good differentiation between the
sample and background signal. As shown in Fig. 2(c), the only
suspicious feature is LO(X). Although this is also shown in

TABLE I. IPE features associated with phonons of GaAs (80 K). �0 is the HH-SO spin-orbit splitting energy with a value of 339.2 ± 0.3 meV.
The energies of single phonons are the averages of values from different samples measured at different experimental conditions. The numbers
in parentheses are uncertainties.

Features (meV) �0 − 13.0 �0 − 7.4 �0 �0 + 8.7 �0 + 16.3
Phonons TA(X) TA(L) TA(L) 2 × TA(L)
Features (meV) �0 + 28.9 �0 + 35.4 �0 + 99.4
Phonons LO(X) LO(�) 3 × TO(�)

TO(�) LO(�) LO(X) TA(X) TA(L)

This work (meV) 33.1(0.2) 35.4(0.2) 28.9(0.2) 12.2(0.8) 8.1(0.5)
Waugh et al.a 33.2(0.3) 35.4(0.8) 29.9(0.6) 9.75(0.06) 7.70(0.06)
Blakemoreb 33 35.5 30 8
Giannozzi et al.c 33.6 36.1 29.8 10.2 7.8
Steiger et al.d 33.2 36.1 28.9 8.9 8.8

aReference 32.
bExtracted from multiple phonon assignment to reststrahlen absorption peaks; see Table XI of Ref. 27.
cReference 33.
dReference 34.
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the as-measured background spectrum, its existence cannot be
ruled out as its normalized intensity is much higher than that
of the background. Various phonons that were determined are
shown in Table I. High-energy phonon features are interpreted
as multiples of the same phonon rather than a combination of
different phonons, as this assignment gives the best agreement
with previously reported values.27,32–34 Due to a small expected
variation, no temperature effect on the phonon energy can
be identified.35 As the phonon emission rate decreases, the
quantum yield decreases at higher temperatures. However,
deducing the temperature dependency of the phonon features
is not straightforward because photoemission efficiency is also
affected by photon absorption and hole escape probability. The
nonvanishing phonon-absorption peaks at 5.3 K [Fig. 3(a)] are
thought to be due to hole thermalization,36 which provides
necessary phonons for assisting the photoemission of holes.20

A similar absorption of acoustic phonons is observed at 1.5 K,
when phonons are generated by a heater.37

Attention should be paid to the most important phonons,
LO(�) and 3 × TO(�), which have the most significant
contributions to the yield. This agrees with previous studies
on the dominant hole-optical phonon interactions.38 Our result
is an experimental validation for the theoretical evaluation
of phonon-assisted IVB absorption, for which a theoretical
model is typically employed to predict the role of phonons,
with justification from other experiments.13 The major role
of 3 × TO(�) instead of one TO phonon, although confirmed
experimentally, remains to be explained, which may require
further study based on this observation.

We confirm the hot-hole dynamics of Fig. 4(a) for hetero-
junctions. As photoexcited hot holes tend to relax to the top
of the VB, an intervalence-band scattering typically occurs
to enable the transfer of a hot hole between different bands
[Fig. 4(b)], which is then followed by intraband hole-hole
or hole-phonon scatterings for further relaxation, as reported
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FIG. 4. (Color online) (a) and (b) are schematics of hole
transitions (vertical lines) and scattering processes (dashed lines),
corresponding to the hot-relaxation pictures obtained in this study and
reported by Ref. 39, respectively. The energy bands plotted with solid
and dashed-dotted lines are for the emitter and barrier, respectively.
Spectral yield and second yield derivatives for (c) p-type GaSb/GaSb
and (d) p-type InGaAs/InGaAsP/InP junctions. ET corresponds to
transitions across the band gap of GaSb (Ref. 20). The dashed straight
line crossing with the yield spectrum is to show the location where
the slope is about to change.

TABLE II. Comparison of �0 of GaAs, In0.53Ga0.47As, and
GaSb with reported values. The numbers in parentheses are
uncertainties.

GaAs In0.53Ga0.47As GaSb

This work (meV) 339.2(0.3) 332.8(0.3) 794.8(0.03)
Reported values (meV) 390–341a 329.6b 796c

aReferences 26 and 27.
bVurgaftman et al. (Ref. 26).
cMuñoz et al. (Ref. 24).

in bulks.39 Hole-hole scatterings proceed in a fast time scale
and dominate in the intraband (HH) relaxation. In the het-
erojunction case, this leads to a higher-order relaxing process
compared to Fig. 4(a), due to required additional scattering
to facilitate the escape of a hot hole over a potential barrier.
The relaxing picture of Fig. 4(a) depicts relaxation towards to
the SO top instead of the HH, correlating with observations
that confirm phonon features associated with the HH → SO
singularity. The potential barrier diverts the relaxation channel
primarily through the SO band, which principally contributes
to the yield outcome. Such a mechanism was also found in
quantum-dot structures,40 where carriers in the wetting layer
with low kinetic energy (near the � point) are scattered into
quantum dots.

The photoemission study was extended to inspect �0 of
GaSb (Ref. 20) and In0.53Ga0.47As, as shown in Figs. 4(c)
and 4(d), respectively. The values of �0 (Table II) are
obtained as 794.8 ± 0.03 meV (GaSb) and 332.8 ± 0.3 meV
(In0.53Ga0.47As), which agree with the reported values of
796 meV (GaSb)24 and 329.6 meV (In0.53Ga0.47As).26 The
identified feature is also confirmed by observing an onset of
the yield (a change in the slope). It is thus found that the second
derivative peak at 365.4 meV for In0.53Ga0.47As [Fig. 4(d)]
corresponds to the GaAs-like LO(�) phonon (32.6 meV), in
agreement with the value of 33.3 meV reported by Adachi.41

The feature associated with the InAs-like phonon cannot be
confirmed, probably due to much weaker coupling between
the carrier and InAs-like phonon, compared to that between
the carrier and GaAs-like phonon, as confirmed by optical
reflection.42

In conclusion, we have directly measured valence-band
spin-orbit splitting and determined phonons participating in
IVB indirect transitions by using IPE spectroscopy. The VB
splitting energy of GaAs was found to remain unchanged,
although degenerate doping introduces appreciable band tail-
ings. The major role of optical phonons in IVB processes is
confirmed, providing experimental validation for evaluating
free-carrier IVB absorption. IPE results also indicate the
hot-hole dynamics in heterojunctions with dominant relaxation
through intravalence-band scatterings.
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Electronic states of hydrogenated nanocrystalline silicon (nc-Si:H) thin films had been investigated

by temperature-dependent photocurrent measurements. It was found that the photocurrent in weak

absorption region is dominated by a thermal-assisted transport due to the interfacial barrier. In

strong absorption region, the direct transition is observed at the electronic state above the

interfacial barrier, where the photocurrent abnormally increases with temperature decreasing due to

the reduction of phonon scattering in the extended state transport. The temperature-dependent

photocurrent is explained well by a simple coupled-rate equation model for both the weak and

strong absorption regions, demonstrating the extended state in nc-Si:H. VC 2013 American Institute
of Physics. [http://dx.doi.org/10.1063/1.4798526]

Quantum dots (QD) system has been of considerable in-

terest to their potential applications on optoelectronic devices,

such as QD lasers,1 photodetectors,2 solar cells,3 and high-

density charge storage devices,4 due to their rich low-

dimensional physics properties, such as a coexistence of the

extended and localized electronic state. The extended elec-

tronic state can be developed in the high-density ordered QD

system when the distance between dots is comparable to the

electron de Broglic wavelength.5 The nc-Si:H thin film grown

on the lattice-matched crystalline silicon (c-Si) substrate under

optimized growth conditions has been found to be such a kind

of high-density ordered QD system, i.e., the nc-Si:H thin film

is composed by high-density of Si grains (10 nm or less in

size) separated by the extremely narrow hydrogenated amor-

phous silicon (a-Si:H) boundaries (a few atomic layers), where

the high electron mobility �103 cm2/Vs (Ref. 6) and high pho-

tocurrent7 had been clearly demonstrated at room temperature

because of the miniband transport through the extended elec-

tronic state. Meanwhile, the high density QD system of the

nc-Si:H thin film also exhibits miniband destruction phenom-

ena, i.e., reentrant localization characterized by a mobility gap

with a decrease of temperature, as predicted in theory by

Fertig and Das Sarma.8

In this paper, we studied the electronic states by the

temperature-dependent photocurrent response of the nc-Si:H/

c-Si heterostructure. The photocurrent of the studied nc-Si:H/

c-Si heterostructure exhibited two obvious different tempera-

ture dependencies for different photon energy ranges. For the

low photon energy (ranging from 1.05 to 1.15 eV), the photo-

current shows the exponential temperature dependency

because of the thermal-assisted transport. For the high photon

energy (above 1.2 eV), the photocurrent intensity shows a

direct transition and an abnormal increase with the tempera-

ture decreasing, which is quite different from the thermal-

assisted photocurrent response in the low-density quantum

dots system of InAs/GaAs9–11 or a-Si:H thin film.12 The

photo carriers excited to the extended state through the direct

transition may be expected to help to improve the photon

detection sensitivity for the photo detector device by the

nc-Si:H thin film, especially at low temperature.

The nc-Si:H thin film/c-Si heterostructure sample was

prepared in a radio frequency (13.56 MHz and power 60 W)

capacitive coupled plasma-enhanced chemical vapor deposi-

tion system from silane (SiH4) and hydrogen (H2) at the tem-

perature of 250 �C and chamber pressure of 1.0 Torr. The

percentage content of silane (SiH4/SiH4þH2) was about

1.0%. The nc-Si:H thin film sample with thickness of

�3.5 lm was doped with phosphine (PH3/SiH4) of �1.0%

on the weak p-type c-Si substrate. The structure of the

nc-Si:H thin film had been characterized by the x-ray diffrac-

tion and Raman scattering measurements, as reported in our

previous published papers.6

The photocurrent measurements were carried out on a

Nicolet Nexus 870 Fourier transforms infrared spectrometer

calibrated by a DTGS TEC detector and the excitation source

of a Quartz-halogen lamp (2000–25 000 cm�1). In the photo-

current measurement, the studied p-n junction sample was

performed under the light illumination projected on the nc-

Si:H thin film side and indium was employed for the contact

material on both sides of the studied nc-Si:H(n)/c-Si(p)

heterostructure diode sample, where the bias voltage on the

studied sample was controlled by a computer-controlled

Keithley 2400 sourcemeter. In addition, the temperature-

dependent photocurrent spectra were measured by placing

the studied sample in an Oxford optical cryostat, and the

temperature range was set from 300 to 15 K.

Figure 1 presents the photocurrent spectra of the studied

nc-Si:H(n)/c-Si(p) sample under zero external bias voltage
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with the temperature decreasing from 300 to 50 K in (a) and

from 50 to 15 K in (b). At room temperature of 300 K, the

studied nc-Si:H(n)/c-Si(p) heterostructure sample shows a

typical photocurrent response of starting from the photon

energy of 1.05 eV and achieving to the maximum amplitude

around the photon energy 1.2-1.3 eV, which indicates that

the band gap energy of the nc-Si:H thin film is very close to

that of c-Si.13 Because the photocurrent is mainly contrib-

uted by the photo carriers generated in the nc-Si:H thin film,

as demonstrated by its photocurrent temperature dependency

different from that of c-Si.

With the temperature decreasing from 300 to 50 K, two

different photocurrent temperature dependencies are clearly

observed in the weak and strong absorption regions. In the

weak absorption region with the photon energy below

1.15 eV, the photocurrent amplitude decreases with tempera-

ture. While in the strong absorption region with the photon

energy above 1.2 eV, the photocurrent amplitude shows an

abnormal increase with the temperature decreasing. For

temperatures below 50 K, the photocurrent becomes nearly

temperature independent as shown in Fig. 1(b). Except the

temperature dependency, the photon energy dependency in

the photocurrent of the studied nc-Si:H(n)/c-Si(p) hetero-

structure is also found to be different from that of the c-Si

material, as further discussed below.

Figure 2 presents the photocurrent spectrum with the

photon energy ranging from 1.03 to 1.30 eV for a series of

temperatures T¼ 300, 200, 100, and 50 K, which demon-

strates an obvious two-component nature phenomena in the

photocurrent spectrum. Usually because of the phonon-

assisted absorption through the indirect transition of the c-Si

material, the photocurrent contributed from the electronic

state near the band edge follows the classical power func-

tions of the photon energy:

IPCð�hxÞ / ð�hx� EgÞx; (1)

with the power number x¼ 2 (x¼ 1/2 indicates the direct

transition process in the system).14 At room temperature of

300 K, the initial photocurrent starts from the photon energy

of �1.041 eV in the studied sample, as marked by the first

threshold in Fig. 2. With the temperature decreasing, another

obvious jump appears on the photocurrent amplitude at the

photon energies 1.165/1.186/1.195 eV for temperatures 200/

100/50 K, as marked by the second threshold in Fig. 2. These

initial photocurrents at both the first and second threshold

are fitted well by the above Eq. (1) with x¼ 1.5 for the

room temperature T¼ 300 K, and x¼ 0.5 for the others, as

revealed by the good agreement between the solid lines of

experimental results and dotted lines of calculated results in

Fig. 2. The obtained power number x¼ 1.5 means both the

indirect and direct transition in the photon absorption for the

first threshold photocurrent. While the obtained power num-

ber x¼ 0.5 means the direct transition for the second thresh-

old photocurrent for temperatures below 200 K.

In the weak absorption region (with the photon energy

below 1.15 eV), the power-law dependency of the photocur-

rent versus photon energy gradually becomes to be an expo-

nential relationship with the temperature decreasing from

300 to 50 K, as shown by the arrow in Figure 2. With the

temperature decreasing, the relationship of the photocurrent

versus photon energy varying from the power-law function

to the exponential function indicates a barrier with an energy

height of �135 6 15 meV, i.e., photon energy distance from

the first to the second threshold in Fig. 2. It is the barrier that

results into the observation of thermal activated photocur-

rent, as further discussed below.

The steady-state photocurrent signal amplitude depends

on the competition result between the recombination time

(srec) and escape time (sesc), as described by the coupled-rate

equation model9,10

IPCðTÞ ¼
g

1þ sesc=srec
; (2)

where g is the carrier photo generation rate. The escape time

can be given by 1=sesc ¼ 1=stun þ 1=sth, where stun and sth

are the tunneling and thermionic emission lifetimes, respec-

tively. At low temperature, the photocurrent contributed

FIG. 1. Experimental photocurrent spectra of the nc-Si:H(n)/c-Si(p) hetero-

structure under zero bias voltage with temperature decreasing from (a) 300

to 50 K and (b) 50 to 15 K.

FIG. 2. Experimental photocurrent spectra of the nc-Si:H(n)/c-Si(p) hetero-

structure enlarged for photon energy from 1.0 to 1.3 eV and temperature

from 300 to 50 K, where the solid and dotted curves are, respectively, for

experimental and calculated results. The thermal activation energy for the

first threshold photocurrent is plotted as open squares, and extrapolated by

the dotted curve.
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from the thermionic emission is frozen in the weak absorp-

tion region, and the photocurrent mainly dominated by the

tunneling through the triangular barrier, which is a tempera-

ture independent process. With temperature increasing, the

photocurrent exponentially increases due to the contribution

from thermionic activation, which is much higher than that

from tunneling process. Therefore, the major temperature de-

pendence in 1=sesc is governed by 1=sth / exp½�Er=kBT�,
where Er is the thermal activation energy. In the weak

absorption region, the photocurrent amplitude is mainly

dominated by the escape time due to relatively low photo

excited carriers density, where the recombination process

can be ignored. The experimental photoluminescence signal

due to the recombination process was indeed ignorable in the

weak absorption region (with photon energy below 1.15 eV)

in the nc-Si:H thin film, as reported in Ref. 15. Therefore,

the temperature-dependent photocurrent in the weak absorp-

tion can be simplified as a pure thermal activated behavior

IPCðTÞ ¼
g

sesc
¼ g

A exp½Er=kBT� ; (3)

here A is temperature independent constant.

With the photon energy increasing, the photocurrent am-

plitude increases quickly due to the absorption and photo

excited carrier density increasing, where the recombination

process becomes a more and more important factor. The ex-

perimental photoluminescence from the recombination pro-

cess had been observed to start with a photon energy of

1.2 eV and achieve to its maximum around �1.8 eV,15 where

the direct transition has also been demonstrated by the power

number x¼ 0.5 in the second threshold photocurrent.

Moreover, the recombination time is dependent on the

escape time in the strong absorption region, because the

lower possibility of recombination will be in the photo car-

riers with the higher transport mobility. In the strong absorp-

tion region, the photo carriers are excited in the extended

states with energy above the barrier, where the photo car-

riers’ escape is mainly dominated by the photon scattering

with 1=sesc / T�3=2. So with consideration of simple phonon

scattering srec / 1=sesc / T�3=2, we can simplify the above

Eq. (2) as below

IPCðTÞ ¼
g

1þ BT3
; (4)

where B is the temperature independent constant. It should

be noted that the above simplification is good enough

approximation under low recombination rate situation.

Figure 3 presents the photocurrent amplitude versus

temperature for a serial of photon energies of 1.10, 1.11,

1.12, 1.13, and 1.30 eV by the different shapes of the scat-

ters. The photocurrent at both the weak absorption (at the

photon energies of 1.10, 1.11, 1.12, and 1.13 eV) and the

strong absorption (at the photon energy of 1.30 eV) are fitted

well by the above Eqs. (3) and (4), as revealed by the good

agreements between the open scatters and dashed/dotted

lines in Fig. 3. For the photocurrent in the weak absorption

region, the fitting results of thermal activation energies are

32.4, 27.6, 23.3, 19.6 meV, respectively, for the photon ener-

gies of 1.10, 1.11, 1.12, and 1.13 eV, which are also plotted

by the open squared scatters in Fig. 2. The obtained thermal

activation energy is found to be in a linear relationship to the

excited photon energy. By extrapolating this linear relation

to the zero thermal activation energy, the corresponding tran-

sition energy is found to be 1.176 eV, which is very close to

the photon energy of the second threshold. This observation

indicates that the dominant photo carriers escape process is

thermally assisted tunneling from the nc-Si:H thin film to

the c-Si substrate for the photocurrent with photon energy

between the first and second threshold. The obtained barrier

energy height is around �135 6 15 meV from the thermal

activated photocurrent in the nc-Si:H/c-Si heterostructure.

Similar thermal activated photocurrent caused by the interfa-

cial barrier is also observed in the InAs/GaAs self-assembled

quantum dots system.9

In the strong absorption region, the photo carriers can be

excited into the high energy state over the nc-Si:H/c-Si inter-

facial barrier of �135 6 15 meV in height, where the photo-

current amplitude shows an abnormal increase with

temperature decreasing. This temperature dependency indi-

cates that the photocurrent is dominated by the phonon scat-

tering in the extended state transport, completely opposite to

the above thermal activated photocurrent in the weak absorp-

tion region. The photocurrent amplitude in the strong absorp-

tion region is much higher than that in the weak absorption

region due to the direct transition process and high transport

mobility in the extended state. Moreover, the electron mobil-

ity increases with temperature decreasing due to the reduc-

tion of phonon scattering, so as to an abnormal increasing

photocurrent at low temperatures, as demonstrated by the di-

amond scatters in Fig. 3.

It should be noted that the barrier height of

�135 6 15 meV observed on the photocurrent is caused by

the formation of band discontinuity at the nc-Si:H(n)/c-Si(p)

interface,13 rather than the barrier among the nc-Si grains in

the nc-Si:H thin film. The energy height of barrier among the

nc-Si gains in the nc-Si:H thin film is only 6.7 meV, esti-

mated from the cross-over temperature in the temperature-

dependent Hall mobility, as shown by the solid square

FIG. 3. Experimental photocurrent amplitude versus temperature for strong

absorption at photon energy of 1.3 eV by the open diamond scatters, weak

absorption at photon energies of 1.13/1.12/1.11/1.10 eV by the other open

scatters, and the experimental dark Hall electron mobility versus tempera-

ture by the solid square scatters. Dashed and dotted curves are calculated

results from Eqs. (3) and (4), respectively. Solid curve is the calculated elec-

tron mobility.
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scatters in Fig. 3, where the solid line is calculated results by

the unified mobility model. The temperature-dependent

electron mobility shows both the localized state transport

l � exp(�6.7 meV/kBT) cm2/Vs for temperature below 70 K

and the extended state transport l � 1/T cm2/Vs for tempera-

ture above 70 K. The detailed Hall mobility measurement on

the studied nc-Si:H(n)/c-Si(p) heterostructure can be found

in our previous published papers.6

Combining the temperature-dependent electronic trans-

port results of the thermal carriers in the Hall experiment

and the photo excited carriers in the photocurrent experi-

ment, we can concluded that both the extended and localized

electronic states coexisted in the nc-Si:H thin film grown on

c-Si substrate. There is an barrier energy height of 6.7 meV

at the bottom of the energy band of the extended state caused

by the extremely narrow a-Si:H boundaries among the nano-

size crystal Si gains. This nc-Si grains boundary barrier

results in the cross-over from the extended state transport to

the localized state transport for temperature below 70 K, as

shown by the solid line fitted results in Fig. 3. There is

another energy barrier height of �135 6 15 meV at the

nc-Si:H(n)/c-Si(p) heterostructure interface, which results in

the thermal activated behavior in the photocurrent of the

weak absorption region, as shown by the dotted lines fitted

results in Fig. 3.

In the strong absorption region, the photo carriers are

excited into the extended electronic state above the interfa-

cial barrier in the studied nc-Si:H(n)/c-Si(p) heterostructure,

so as to the photocurrent abnormally increasing with the tem-

perature decreasing, as shown by the dashed line fitted

results in Fig. 3. This photocurrent temperature dependency

in the studied nc-Si:H(n)/c-Si(p) heterostructure is quietly

opposite to that in both low-density crystalline grains mate-

rial of a-Si:H thin film and the ideal crystalline Si material.

In the low-density crystalline grains material of a-Si:H thin

film or InGaAs/GaAs, the thermally assisted-hopping trans-

port results in the thermal activated photocurrent.9–12 While

the photocurrent also decreases with temperature in the c-Si

material due to the phonon-assisted absorption through the

indirect transition process.14 Nc-Si:H thin film is a good way

to have both advantages of the extended electronic state and

the direct transition, which results in further enhancement on

the low temperature photocurrent. This could be used to fur-

ther improve the photo detector sensitivity by the nc-Si:H

thin film device at low temperature.

Both the localized and extended electronic states are

coexisted in the nc-Si:H thin film, and their transition is easy

to happen with the change of temperature or light illumina-

tion due to its very small barrier energy. The cross-over from

extended state transport to localized state transport is

observed in both the dark Hall mobility, and the photocurrent

within weak absorption region with temperature decreasing.

At low temperature, the high photocurrent observed in the

nc-Si:H(n)/c-Si(p) heterostructure further clearly demon-

strated a light-induced transition from the localized state

transport in dark to the extended state transport in photocur-

rent, similar to the observation of light-induced miniband

transport in the high density quantum dots system of

InGaAs/GaAs.16
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We have carried out a detailed investigation of temperature-

dependent micro-Raman scattering on In1� xGaxN films with

different Ga compositions (0.06�x� 0.91). The observed

phonon frequency downshift and linewidth broadening with

increasing temperature of A1(LO) and E2(high) modes can be

well explained by amodel taking into account the contributions

of the thermal expansion, the lattice-mismatch-induced strain,

and the anharmonic phonon processes. We have elucidated the
143
variation with Ga composition of the contribution of the three-

and four-phonon processes in the anharmonic effect. It is found

that with increasing Ga composition the three-phonon process

increases over the four-phonon process. The variation in the

relative contribution from three- and four-processes can be

further attributed to the diversification of structural properties

and phonon density of states in InGaN.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Considerable attention has been
recently paid to In1� xGaxN materials for its promising
application for light-emitting diodes, laser diodes, photo-
detectors, high-power and high-speed electronic devices,
and solar cell [1–5], since they offer a possibility of tuning
band gap from near-IR to ultraviolet regimes. There have
been numerous reports about the growth of In1� xGaxN by a
variety of methods [5–9]. However, growth of In1� xGaxN
alloys has been very difficult due to solid miscibility gap or
phase separation induced by large difference in interatomic
spacing between InN and GaN, which strongly affect the
optical properties of the InGaN layers. Given the numerous
applications of InGaN semiconductors in optical devices, it
is important to clearly understand the structural and optical
properties of thesematerials. In particular, the phononmodes
play a dominant role in the electron scattering processes.

Raman scattering, as a fast, nondestructive, and
contactless technique, can directly probe the lattice vibration
of semiconductors which strongly affect the band structure
and behavior of carriers. Therefore, Raman spectroscopy has
beenwidely employed in InGaNat room temperature [9–15].
Changes of the frequency and linewith of Raman mode with
temperature can further provide basic information of the
lattice dynamics. Furthermore, the information of phonon
decay is an essential aspect to understand the phonon
behaviors. In contrast to the comprehensive investigation of
temperature effect of Raman scattering for other semicon-
ductors, e.g., GaN, InN, and ternary alloys [16–19], there is
no detailed temperature dependence of phonon behavior in
InGaN. The introduction of Ga in InN will result in the
modifications of the crystal lattice, which may breakdown
the translational symmetry. What is the phonon decay
characteristic in InGaN and how is the decay process related
with the Ga concentration are still open questions.

In this paper, we have presented a comprehensive
investigation of temperature-dependent Raman spectra of
A1(longitudinal optical (LO)) and E2(high) modes in
hexagonal InGaN films with different Ga compositions
(0.06–0.91) grown by reactive radio-frequency magnetron
sputtering in the temperature range from 83 to 443K.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 (a) Temperature-dependent Raman spectra of
In0.83Ga0.17N with the error bars and (b) Raman spectrum from
In0.83Ga0.17N at 83K, where the solid curve is the fitting results
using three Lorentz peaks (dashed curves) with (a) E2(high) and
(b) A1(LO).
Through detailed theoretical modelings for the frequencies
downshift and linewidths broadening, we have clearly
illustrated the temperature effect on the phonon frequency
and linewidth in the ternary InGaN thin films.

2 Experimental details InGaN films were prepared
on (0001) sapphire substrates by reactive radio-frequency
magnetron sputtering in nitrogen plasma. Double-side-
polished (0001) sapphire substrates were cleaned ultrasoni-
cally in organic solvents, chemically etched in a hot
H3PO4:H2SO4 (1:3) solution, and rinsed in deionized water.
The sputtering chamber was evacuated to a pressure of 10–
7Torr using a turbomolecular pump before introducing the
nitrogen gas. During the growth, the gas flow rate, sputter
power, and pressure were maintained at 4 sccm, 100W,
and 5mTorr, respectively. The substrate temperature was
monitored using a thermocouple and controlled at a given
value between 100 and 550 8C. It was found that In, Ga, As,
andN atoms absorb on the substrate and reactwith each other
to form an InGaNAs film at a low substrate temperature.
With increasing the substrate temperature to 550 8C, the
arsenic atom in the grown layer are completely desorbed,
forming the InGaN film. A GaAs wafer was mounted on
the indium target and the area ratio of the GaAs wafer to
the indium target was varied to obtain InGaN films with the
desired composition. Chemical compositions of the obtained
films were measured by energy-dispersive X-ray spec-
troscopy. Temperature-dependent micro-Raman scattering
spectra from 83 to 443K were recorded in a backscattering
geometry of zðx;�Þz configuration using a Jobin Yvon
LabRAM HR 800UV system under the 514.5 nm line of an
Ar-ion laser. The employment of a 50� optical microscopy
objective with a numerical aperture of 0.5 will yield a laser
spot size of �1.3mm.

3 Results and discussion Figure 1(a) displays the
typical temperature-dependent micro-Raman spectra of
In0.83Ga0.17N with the error bars, where the contributions
of the InGaN emission have been subtracted from the
measured Raman spectra by using baselines in the relevant
software of the micro-Raman system. It can be seen that the
dominant peak shifts to lower frequency and broadens with
the increase of temperature. In order to identify each part of
the contribution, we have fitted the observed Raman spectra
with Lorentz peaks. Figure 1(b) shows the detailed analysis
of the Raman spectrum for In0.83Ga0.17N at 83K (circles)
with two peaks a and b at about 526 and 598 cm�1,
respectively. According to the selection rules, the E2(high)
and A1(LO) modes are activated for wurtzite crystalline
InGaN in the measured Raman geometry configuration
[5, 20]. Thus, we have assigned the modes at �526 and
598 cm�1 to the E2(high) and A1(LO) phonon modes of
InGaN, respectively, with a full width at half maximum of
the A1(LO) peak �100 cm�1, which indicate the relatively
low crystalline quality of the present hexagonal In1� xGaxN
samples compared with that of A1(LO) peak (�75 cm�1)
grown by epitaxial methods [21]. The above Lorentz fitting
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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processes are employed to obtain the detailed temperature
and Ga-composition dependences of the phonon frequency
and linewidth. In the following, we concentrate on the
phonon characteristics of the E2(high) and A1(LO) modes in
the In1� xGaxN alloy.

Figure 2 illustrates the frequencies of the A1(LO) and
E2(high) modes with temperature. The downshift of the
Raman frequency with the increase of temperature is mainly
due to the effects of thermal expansion, lattice-mismatch-
induced strain, and anharmonic coupling to other phonons.
In modeling the Raman shift, we can write the temperature-
dependent Raman frequency v(T) as [16–18]
4

vðTÞ ¼ v0 þ DveðTÞ þ DvsðTÞ þ DvdðTÞ; (1)
where v0 is the harmonic frequency, DveðTÞ the
contribution of thermal expansion or volume change,
DvsðTÞ the lattice and thermal mismatch between the
InGaN thin films and sapphire substrate, and DvdðTÞ is
the one due to the anharmonic coupling to phonons of
other branches. The term DveðTÞ can be given by
DveðTÞ ¼ �v0g

R T
0

acðT 0Þ þ 2aaðT 0Þ½ �dT 0, where g is the
Grüneisen parameter for the optical Raman mode [17, 18],
ac and aa are the parallel and perpendicular temperature-
dependent coefficients of linear thermal expansion, respect-
ively [17, 22]. The strain-induced term DvsðTÞ can be
written as DvsðTÞ ¼ 2a� ð2C13=C33Þb½ �eðTÞ, where e(T)
is a temperature dependence of in-plane strain for the
different thermal expansion coefficients between thin film
and substrate [17]. The phonon deformation potentials a
and b, as well as the elastic constants C13 and C33, are taken
from Refs. [16] and [17].
www.pss-b.com
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Figure 2 Temperature-dependent Raman frequencies of (a)
A1(LO) and (b) E2(high) modes in InGaN with different Ga
compositions. The solid curves are the theoretical calculation
results with Eqs. (1) and (2).
For the anharmonic coupling term DvdðTÞ, we can
model it by taking into account cubic and quartic terms in
anharmonic Hamiltonian [16–18]:
Tab
in In

Ram
mod

A1(L

E2(h

www
DvdðTÞ ¼ M1 1þ nðT;v1Þ þ nðT ;v2Þ½ �

þM2 1þ 3nðT;v0=3Þ þ 3n2ðT ;v0=3Þ
� �

;

(2)
with M1 and M2 being constants, which are selected as
fitting parameters in the calculation, and nðT ;vÞ ¼
½expð�hv=kBTÞ � 1��1 the Bose–Einstein function. The first
term corresponds to the decay into two phonons of
frequency v1 and v2 (three-phonon process), with
v1 þ v2 ¼ v0; while the second term represents the decay
into three phonons (four-phonon process), and energy
conservation can be satisfied in the simple Klemens fashion
by setting v ¼ v0=3 [23, 24]. However, in the case of
InN, the zone-center LO phonons cannot decay into two
longitudinal acoustic (LA) or transverse-acoustic (TA)
le 1 The best fitting parameters for Raman frequencies [Eqs. (1)
GaN.

an
es

In1� xGaxN v0

(cm�1)
M1

(cm�1)

O) 0.06 591.3 �0.73
0.17 600.6 �0.89
0.30 617.2 �1.20
0.39 641.2 �1.46
0.91 730.6 �2.63

igh) 0.06 517.2 �0.20
0.17 524.8 �0.48
0.30 537.5 �0.89
0.39 561.0 �1.10
0.91 566.9 �2.59
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phonons of equal frequencies and opposite wave vectors due
to the large energy gap between the acoustic and optical
phonon branched in InN vLO > 2vLA;TA [17]; whereas, it
is possible to decay into a large wave-vector transverse
optical (TO) and a large wave-vector LA or TA phonon.
On the other hand, the E2(high) phonons cannot decay into
either two LA (TA) phonons [the energy gap between the
acoustic- and the optical-phonon branches is more than one
half of the E2(high) phonon energy] or one TO and one LA
(TA) phonons [E2(high) is at the lower edge of the optical-
phonon branch]. As a result, only the four-phonon process
has been taken into account in the decay of the E2(high)
phonon in InN. However, the energy gap of In1� xGaxN
shifts toward higher energies with the increasing of Ga
composition, leading to an increase of the probability the
three-phonon process. Therefore, we have employed the
similar decay processes for the temperature dependence of
Raman frequencies of A1(LO) mode, and the symmetric
decay for the temperature dependence of Raman frequen-
cies of E2(high) mode into two phonons and three phonons
in InGaN films.

The solid curves in Fig. 2 are the calculated A1(LO) and
E2(high) phonon frequencies with temperature using v0,
M1, andM2 as fitting parameters (listed in Table 1). The other
parameters for InGaN are obtained by linear interpolation
method from those of InN and GaN. The agreement between
the theoretical fit and experimental data is quite good.
According to the calculations, the dominant contribution
comes from the anharmonic coupling to other phonons
through the three-phonon and four-phonon processes,
especially in the high-temperature range, for five InGaN
samples. In contrast, DvsðTÞ makes minor contribution
to the Raman shift. Moreover, in addition to a blueshift
in the Raman frequency of InGaN compared with that
of InN [9, 21], we note that the variation of v0 with Ga
composition can be attributedwell to the change of the lattice
constant. Due to the incorporation of Ga substitutionally
on the In sublattice, the lattice constant decreases linearly
with the increase in the Ga composition [5], resulting in
the increase of v0. It should also be noted that there are the
apparent discrepancy between theory and experiment in
and (2)] and linewidths [Eq. (3)] of the A1(LO), and E2(high) modes

M2

(cm�1)
G0

(cm�1)
N1

(cm�1)
N2

(cm�1)

�0.45 90.2 5.25 3.13
�0.50 100.7 5.99 3.15
�0.61 130.5 6.82 3.55
�0.71 161.0 7.79 3.65
�0.12 40.3 16.98 0.90
�1.82 75.1 0.15 1.39
�1.61 81.8 0.41 1.34
�1.55 90.0 0.66 1.25
�1.40 93.4 1.01 1.21
�0.24 44.5 8.66 0.80
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Fig. 2(b) for the cases of x¼ 0.06 and 0.17, which may be
derived from the simply symmetric decay in Eq. (2) for
E2(high) mode.

The phonon broadening G(T) mainly arises from
inhomogeneous impurity phonon scattering and anharmonic
decay. In analogy to the temperature dependence of
Raman shift, the phonon broadening can be described with
frequency v1 and v2 and the symmetric decay into three
phonons [16–18]:
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 (c

m
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Figu
and
The

� 20
GðTÞ ¼ G0 þ N1 1þ nðT ;v1Þ þ nðT ;v2Þ½ �

þ N2 1þ 3nðT ;v0=3Þ þ 3n2ðT;v0=3Þ
� �

; (3)
where G0 denotes a damping contribution due to inherent
defect or impurity scattering. The second term displays
the asymmetric decay of three-phonon process, while the
third term is the corresponding symmetric decay of the four-
phonon process. Anharmonic constants of N1 and N2 are
the relative probability of the decay into either two or three
phonons, respectively. Figure 3 shows the least-squares fit
of Eq. (3) (solid curves) for the temperature-dependent
linewidths of the A1(LO) and E2(high) modes in InGaN.
The fitting parameters G0, N1, and N2 have also been given
in Table 1. It can be clearly seen that G0 of A1(LO) and
E2(high) modes in In1� xGaxN firstly experience a rapid
increasing depending on Ga composition (x< 0.6) due to
the breakdown of the wave vector selection rules leading
to participation of phonons with large wave vectors, then
appear to decrease with Ga composition (x> 0.6), which can
be attributed to the probability of the fluctuations in atom
distribution of In1� xGaxN alloys [21]. On the other hand,
the linewidth E2(high) mode increase much more slowly
with Ga composition than that of A1(LO) mode, which
possibly indicates that there are more channels for the decay
of the A1(LO) mode than for the decay of the E2(high) mode
in InGaN.
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Figures 4(a) and (b) display the relative contributions
(ratios of M1/M2 and N1/N2) of the three- and four-
phonon processes to the total phonon decay for A1(LO) and
E2(high) modes. The variation of N1/N2 is very close to that
of M1/M2, confirming the reliability of our results obtained
from the theoretical fitting. For InN, the four-phonon process
makes minor contribution in the anharmonic coupling of
the A1(LO) modes. In contrast, the E2(high) phonon of InN
can only decay into three phonons [17, 25]. With increasing
Ga composition, the ratios of M1/M2 and N1/N2 rapidly
increase for two modes in InGaN, revealing the increasing
contribution of the three-phonon process over the four-
phonon one. The change of M1/M2 and N1/N2 is consistent
with the fluctuation in phonon DOS due to the increase
Ga composition. The incorporation of Ga in InN causes
lattice defect and structural disorder, which break down the
translational symmetry of InN. As a consequence, not only
the Brillouin zone-center phonons but also the phonons at
Brillouin zone-edges have contribution to the first-order
Raman scattering.

By the aid of the calculated DOS of InN [26] and GaN
[27] shown in Fig. 4(c), we have attempted to give a
qualitative interpretation about the changes of the ratios of
M1/M2 and N1/N2 with the Ga composition. For the A1(LO)
mode, the increase of v0 in InGaN causes large values of
v1 and v2, resulting in the fast increase of the contribution
of the three-phonon process, whereas the blueshift of v0=3
(�200 cm�1) leads to a decrease in the probability of the
four-phonon process; for the E2(high) mode, the increase of
v0 with Ga composition leads to a decrease of the phonon
DOS in InGaN at v0=3 (�170 cm�1) due to the significant
decrease of InN phonon DOS there, i.e., the reduction of the
four-phonon process contribution. Therefore, as shown in
Fig. 4(a) and (b), the values of M1/M2 and N1/N2 in InGaN
are larger than those of InN. The above results demonstrate
unambiguously that with the increase of Ga composition
in InGaN the three-phonon process gradually enhances
the anharmonic shift and broadening of the A1(LO) and
E2(high) modes, though the four-phonon process is ade-
quately responsible for the anharmonic decay process.
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phonon DOS of InN (from Ref. [18]) and GaN (from Ref. [19]).
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4 Conclusions In summary, detailed Raman spectra
of In1� xGaxN (0.06�x� 0.91) thin films grown by
reactive radio-frequency magnetron sputtering on sapphire
substrates have been investigated in the temperature range
of 83–443K by Lorentz fitting, with the emphasis on
the A1(LO), and E2(high) modes. By the aid of a model
involving the contributions of the thermal expansion, lattice-
mismatch-induced strain, as well as three- and four-phonon
coupling, we have clearly illustrated the temperature effect
on the phonon frequency and linewidth of InGaN. We
have demonstrated that with increasing Ga composition
the contribution of the three-phonon process increases while
that of four-phonon process reduces, due to the variation
of structural properties and phonon DOS in InGaN. The
phonon properties provide an experimental basis for further
theoretical investigation and the design of InGaN-based
devices.
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Effects of counter-rotating-wave terms of the driving field on the spectrum of resonance fluorescence
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We investigate the fluorescence spectrum of a two-level system driven by a monochromatic classical field by
the Born-Markovian master equation based on a unitary transformation. The main purpose is to understand the
effects of counter-rotating-wave terms of the driving on spectral features of the fluorescence. We have derived
an analytical expression for the fluorescence spectrum, which is different from Mollow’s theory, while Mollow’s
result on resonance is the limiting case of ours in moderately weak driving regimes. Our results demonstrate
precisely that the counter-rotating-wave terms of the driving play an important role in the fluorescence spectrum
for intense driving: (i) the counter-rotating coupling suppresses the red sideband in the Mollow triplet and it
enhances the blue one in explicitly contrast to the well-known equal intensity of the sideband in Mollow’s theory,
(ii) the higher-order Mollow triplets appear as a characteristic spectral feature arising from counter-rotating-wave
terms of the driving, and (iii) a significant frequency shift of the sidebands is observed, which depends on both
the detuning and driving strength.

DOI: 10.1103/PhysRevA.88.053821 PACS number(s): 42.50.Ct, 42.50.Hz, 32.50.+d, 32.80.−t

I. INTRODUCTION

Mollow initially derived the resonance fluorescence spec-
trum of a driven two-level system (TLS) [1]. The predicted
resonance fluorescence spectrum has been verified in tradi-
tional quantum optical experiments [2]. In Mollow’s theory, the
line shape of the resonance fluorescence spectrum depends on
both the TLS spontaneous decay rate and the driving strength.
Specifically speaking, the decay rate influences the full width
at half maximum (FWHM) of peaks in the spectrum, and the
driving strength determines the splitting. For weak driving
strengths, the resonance fluorescence spectrum is made up of
a single Lorentzian spontaneous emission line. For moderately
strong driving strengths, instead of the single Lorentzian line,
it consists of three split peaks known as the Mollow triplet.

Recently, there has been increasing experimental investi-
gation of the fluorescence spectrum in artificial atoms, for
instance, semiconductor quantum dots [3–9], single molecules
[10], and superconducting circuits [11]. The experiments are
not only to test fundamental theory but also to develop single-
quantum emitters for quantum light spectroscopy and quantum
information applications. It is reported in Ref. [11] that the
observed fluorescence spectrum is in quantitative agreement
with the predictions from Mollow’s theory. According to
Ref. [9], an individual Mollow sideband channel of the
resonance fluorescence from a single quantum dot can act as an
efficient single-photon source. However, so far most resonance
fluorescence observed in experiments is under conditions such
that the driving strength is of the magnitude of the spontaneous
decay rate, which is far less than the bare transition frequency
of the TLS. Thus, it is not surprising that the theory is consistent
with the data from experiments such as that in Ref. [11].

Apart from the experimental research on the fluorescence
spectrum, theoretical investigations, which are attractive and
significant, can be roughly grouped into two categories. One
is studying the influence of the various types of driving
and environments in which TLSs exist on the fluorescence
spectrum within the rotating-wave approximation (RWA) of
driving, such as the works concerning the resonance spectrum

of a quantum dot excited by a strong optical pulse [12] and
the influence from a solid-state environment [13]. The other
is extending the theory out of the framework of the RWA
of driving, such as the work carried out in Ref. [14], the
main idea of which is treating the counter-rotating (CR) wave
terms of the driving as perturbation in the so-called dressed
basis. In intense-driving regimes and on resonance, based on
perturbation calculation, the authors found unequally intense
sidebands, generation of higher-order Mollow triplets with
intensities comparable to those of the first, and an analytical
expression for the shift of sidebands in frequency [14].

Although the RWA-based theory succeeds in explaining
classical fluorescence experiments, we believe that it is
necessary to take into account the effects of CR-wave terms of
driving on the same footing as the rotating-wave terms for
the following reasons. On the one hand, the RWA loses
its validity when the driving strength is comparable to the
magnitude of the bare transition frequency of the TLS and/or
the driving frequency is detuned from the resonance. The
experiments in strongly driven TLS reported in Refs. [15,16]
reveal that theories beyond the RWA are needed to explain
the observed phenomena. In this work, we show clearly that
for a finite-detuning case the spectrum without the RWA
differs from the one with the RWA even in weak-driving
regimes. On the other hand, the CR-wave terms have important
effects on the coherently strongly driven dynamics of the
TLS [17,18], such as the intriguing phenomenon known as
coherent destruction of tunneling (CDT) [19]. Thus, one
can expect that the CR-wave terms should introduce some
characteristic spectral features of the scattered light from TLSs
in intense-driving regimes.

In this paper, we consider the effects of the CR-wave
terms of the driving on fluorescence from a TLS driven by
a monochromatic classical field. We take into account the
CR-wave terms of driving by means of the same unitary
transformation as that of Ref. [20], which has been used to
study the coherently driven dynamics of the TLS. Using the
unitary transformation, we obtain an effective Hamiltonian
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with RWA form, but the corresponding parameters become
renormalized, which includes the effects of the CR-wave terms
of the driving. From the effective Hamiltonian, it is convenient
to calculate the fluorescence spectrum by Mollow’s method
(Sec. III). In this sense our method is as simple as the RWA
method. On the other hand, our previous work shows that the
method properly takes into account the CR-wave terms [20].
Using the effective Rabi frequency given in terms of the
renormalized parameters, we have calculated the well-known
Bloch-Siegert shift up to fourth order of the driving strength,
which is exactly the same as the prediction of Floquet theory
[21]. In this work we demonstrate the spectral features arising
from the CR-wave terms of the driving in three aspects: (i) the
asymmetry of the sidebands with respect to the central peak,
(ii) the generation of the higher-order Mollow triplets, and
(iii) frequency shifts of the sidebands. We discuss these
characters and the difference from other works in the
Secs. III A and III B.

II. UNITARY TRANSFORMATION
AND MASTER EQUATION

The Hamiltonian describing a TLS driven by a classical
monochromatic field with the frequency ωL in a vacuum
electromagnetic field reads (h̄ = 1)

H (t) = 1

2
ω0σz + � cos(ωLt)σx +

∑
k

ωkb
†
kbk

+ 1

2

∑
k

gk(b†k + bk)σx, (1)

where σx and σz are Pauli matrices describing the TLS. ω0

is the bare transition frequency between the two levels, �

is the driving strength, bk (b†k) is the annihilation (creation)
operator of the kth-mode electromagnetic field with frequency
ωk , and gkis the coupling between the TLS and the kth-mode
electromagnetic field.

In order to take into account the CR-wave terms of the
driving, we perform a unitary transformation proposed in
Ref. [20]. The generator of the unitary transformation is given
by

S(t) = i
�

ωL

ζ sin(ωLt)σx, (2)

where we introduce a parameter ζ to be determined later. The
transformation H ′(t) = eS(t)H (t)e−S(t) − ieS(t) d

dt
e−S(t) can be

done to the end and yields

H ′(t) = 1

2
ω0 cos

[
2�

ωL

ζ sin(ωLt)

]
σz

+ 1

2
ω0 sin

[
2�

ωL

ζ sin(ωLt)

]
σy

+�(1 − ζ ) cos(ωLt)σx +
∑

k

ωkb
†
kbk

+ 1

2

∑
k

gk(b†k + bk)σx. (3)

Using the identity given in Ref. [22],

exp(iz sin θ ) =
∞∑

n=−∞
Jn(z) exp(inθ ), (4)

where Jn(z) is a Bessel function of the first kind, we divide
the transformed Hamiltonian into two parts,

H ′(t) = H ′
0(t) + H ′

1(t), (5)

H ′
0(t) = 1

2
ω0J0

(
2�

ωL

ζ

)
σz + ω0J1

(
2�

ωL

ζ

)
sin(ωLt)σy

+�(1 − ζ ) cos(ωLt)σx +
∑

k

ωkb
†
kbk

+ 1

2

∑
k

gk(b†k + bk)σx, (6)

H ′
1(t) = ω0

∞∑
n=1

J2n+1

(
2�

ωL

ζ

)
sin [(2n + 1)ωLt] σy

+ω0

∞∑
n=1

J2n

(
2�

ωL

ζ

)
cos(2nωLt)σz. (7)

Up to now, the treatment is exact without any approximation.
To proceed, we first introduce an approximation where
we drop H ′

1(t) because the higher-order harmonic terms
(nωL,n � 2) are negligible according to Ref. [20].

Since our interest is the spectral features of the fluorescence
arising from the CR-wave terms of the driving, we assume
an RWA for the TLS-environment interaction as Mollow
did [1]. This is the second approximation we introduce in the
following. To derive the master equation, we further assume
weak TLS-environment coupling and the Born-Markovian
approximation as usual [23]. These are all the approximations
we use for deriving the master equation in this work. If the
parameter ζ is determined as

�(1 − ζ ) = ω0J1

(
2�

ωL

ζ

)
≡ �̃

2
, (8)

we obtain our reformulated rotating-wave Hamiltonian,

H ′(t) = 1

2
ω0J0

(
2�

ωL

ζ

)
σz + �̃

2
(eiωLtσ− + e−iωLtσ+)

+
∑

k

ωkb
†
kbk + 1

2

∑
k

gk(b†kσ− + bkσ+), (9)

where σ± = 1
2 (σx ± iσy). We perform the unitary rotating

transformation given by

R(t) = exp

[
iωLt

(
1

2
σz +

∑
k

b
†
kbk

)]
, (10)

then obtain a time-independent Hamiltonian,

H̃ = R(t)H ′(t)R†(t) + i
∂R(t)

∂t
R†(t)

= 1

2
(δ̃σz + �̃σx) +

∑
k

(ωk − ωL)b†kbk

+ 1

2

∑
k

gk(b†kσ− + bkσ+)

≡ H̃0S + H̃0B + H̃1, (11)

where the effective detuning δ̃ = ω0J0( 2�
ωL

ζ ) − ωL, H̃0S is the

dressed TLS-driving Hamiltonian, H̃0B is the environment
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term, and H̃1 is the TLS-environment coupling. Provided the
Born-Markovian approximation is used in the derivation of the
master equation in the rotating basis, the master equation for
the reduced density matrix of the TLS, ρ̃S(t) = TrB[ρ̃SB(t)],
takes the same form as Mollow’s:

d

dt
ρ̃S(t) = −i[H̃0S,ρ̃S(t)] − κ

2
[σ+σ−ρ̃S(t) + ρ̃S(t)σ+σ−

− 2σ−ρ̃S(t)σ+], (12)

where the subscript S denotes the TLS and κ is the spontaneous
decay rate of the TLS. The derivation of the master equation
is given in Appendix A.

According to Eq. (12), it is easy to obtain the Bloch
equations, which take the form

d

dt

⎛
⎝〈σ+(t)〉

〈σ−(t)〉
〈σz(t)〉

⎞
⎠ =

⎛
⎜⎝

− κ
2 + iδ̃ 0 −i �̃

2

0 − κ
2 − iδ̃ i �̃

2

−i�̃ i�̃ −κ

⎞
⎟⎠

×
⎛
⎝〈σ+(t)〉

〈σ−(t)〉
〈σz(t)〉

⎞
⎠ +

⎛
⎝ 0

0
−κ

⎞
⎠ . (13)

Here,
〈
σμ(t)

〉 = Tr[ρ̃S(t)σμ], (μ = +, − ,z). The equations
have the steady-state solutions

〈σ+〉s = 〈σ−〉∗s = −�̃(2δ̃ − iκ)

2�̃2 + 4δ̃2 + κ2
, (14)

〈σz〉s = −4δ̃2 − κ2

2�̃2 + 4δ̃2 + κ2
. (15)

These results show that the solutions depend on the effective
detuning and modified driving strength. If we do not apply the
unitary transformation but assume the RWA for the driving and
follow the same procedure from Eq. (10) to (12), we obtain the
same differential equation without modified driving strength
and detuning. In other words, the parameters in the above
equations are replaced as follows:

�̃ → �, δ̃ → δ = ω0 − ωL, (16)

and they become the results of Mollow’s master equation [1].

III. FLUORESCENCE SPECTRUM

In general, the power spectrum of the scattered light is
obtained from the time-integrated Fourier transformation of
the first-order correlation function [24],

S(ω) = 1

2π
lim

T →∞
1

T

∫ T

0
dt

∫ T

0
dt ′g(1)(t,t ′)e−iω(t−t ′), (17)

where the correlation function g(1)(t,t ′) =
〈U †(t)σ+U (t)U †(t ′)σ−U (t ′)〉, with U (t) being the evolution
operator for the original Hamiltonian. We analytically derive
the fluorescence spectrum in Appendix B.

The fluorescence spectrum consists of the so-called co-
herent (Rayleigh scattering) and incoherent (inelastic scat-
tering) components. The coherent one arising from the term
〈σμ(τ → ∞)σν(0)〉 is the δ function,

Sc(ω) = 1

4π

∑
n odd

In,0δ(ω − nωL), (18)

with

In,0 = (
j 2
n + j ′2

n+2

)|〈σ+〉s|2 + jnj
′
n+2

(〈σ−〉2
s + 〈σ+〉2

s

)
+ (jnj

′
n+1 + j ′

n+1j
′
n+2)

×〈σz〉s(〈σ−〉s + 〈σ+〉s) + j ′2
n+1〈σz〉2

s , (19)

where the summation is taken over all positive odd integers
and coefficients jn and j ′

n have been defined in Appendix B.
We denote the roots of the third-degree polynomial (B12),
f (p), by −γ1 and −γ2 ± i�′. Then the incoherent part of the
spectrum is written as

Sinc(ω) = 1

4π
Re

∑
n odd

[
In,1

γ1 + i(nωL − ω)

γ 2
1 + (ω − nωL)2

+ In,2
γ2 + i(nωL − �′ − ω)

γ 2
2 + (ω − nωL + �′)2

+ In,3
γ2 + i(nωL + �′ − ω)

γ 2
2 + (ω − nωL − �′)2

+ I ′
n,1

γ1 − i(nωL + ω)

γ 2
1 + (ω + nωL)2

+ I ′
n,2

γ2 − i(nωL + �′ + ω)

γ 2
2 + (ω + nωL + �′)2

+ I ′
n,3

γ2 − i(nωL − �′ + ω)

γ 2
2 + (ω + nωL − �′)2

]
, (20)

with

In,l = j 2
nR

(−)
+,l + jnj

′
n+2R

(−)
−,l + jnj

′
n+1R

(−)
z,l + jnj

′
n+2R

(+)
+,l

+ j ′2
n+2R

(+)
−,l + j ′

n+1j
′
n+2R

(+)
z,l + jnj

′
n+1R

(z)
+,l

+ j ′
n+1j

′
n+2R

(z)
−,l + j ′2

n+1R
(z)
z,l , (21)

I ′
n,l = j 2

n+2R
(−)
+,l + j ′

njn+2R
(−)
−,l + jn+1jn+2R

(−)
z,l + j ′

njn+2R
(+)
+,l

+j ′2
n R

(+)
−,l + j ′

njn+1R
(+)
z,l + jn+1jn+2R

(z)
+,l

+ j ′
njn+1R

(z)
−,l + j 2

n+1R
(z)
z,l . (22)

The quantities in Eqs. (21) and (22) are defined and evaluated
in Appendix B.

Up to now, we have obtained the modified spectrum, which
takes a more complex form than Mollow’s. The expression
indicates that there are higher-order Mollow triplets, the central
peaks of which locate at odd multiples of the driving frequency
nωL. These higher-order triplets fail to be captured with the
RWA for the driving and are consistent with the predictions
from the previous works based on different methods [14,25].
In Eq. (20), the last three terms in the square brackets are the
additional terms arising from the CR-wave terms.

A. Spectral features and effects of the CR-wave terms

In the following, we illustrate precisely the spectral features
induced by the CR-wave terms. We set the bare transition
frequency ω0 as the unit. At the same time, we only show the
incoherent part of the fluorescence in the plots.

To begin with, we examine whether the fluorescence
spectrum on resonance obtained from our method coincides
with Mollow’s when the driving strength is moderately weak.
We show the spectrum on resonance for driving strength

053821-3150
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FIG. 1. (Color online) The resonance fluorescence spectrum as a function of frequency ω for � = 5κ and (a) �/ω0 = 0.01 and
(b) �/ω0 = 0.1. The solid line represents our spectrum, and the dashed line shows Mollow’s spectrum.

� = 5κ with �/ω0 = 0.01, 0.1 in Figs. 1(a) and 1(b), re-
spectively. It turns out that under the moderately weak driving
strength and resonance condition, the spectrum calculated by
our method is in good agreement with Mollow’s. However,
when �/ω0 = 0.1, our calculated spectrum is slightly different
from Mollow’s because it has a higher blue sideband and a
lower red sideband compared with Mollow’s. These results
indicate that the effects of CR-wave terms are negligible under
the weak driving strength and resonance condition. The effects
of driving CR terms become clearer with increasing driving
strength. Therefore, the RWA-based theory is adequate and
succeeds in explaining classical fluorescence experiments.

We now illustrate the influence of the CR-wave terms on
the line shape of the fluorescence spectrum when increasing

driving strength to the magnitude comparable to the bare
transition frequency. In Figs. 2(a)–2(c), we plot the spectrum as
a function of frequency ω for � = 10κ and �/ω0 = 0.6 with
the three detuning values δ/ω0 = 0.2, 0, −0.2, respectively.
The asymmetry of the two sidebands with respect to the
central peak for �/ω0 = 0.6 becomes noticeable. Comparing
our results with Mollow’s results in Figs. 2(a)–2(c), we
notice the common character that the red sideband of our
calculated spectrum is suppressed while the blue sideband
is enhanced. Furthermore, Fig. 3 shows that this effect can be
strengthened by increasing the driving strength. Moreover, our
theory predicts that a significant shift of the two sidebands in
frequency can be observed with proper detuning and driving
strength. In Fig. 4, we show the second Mollow triplet, whose

0.0 0.5 1.0 1.5
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FIG. 2. (Color online) The fluorescence spectrum as a function of frequency ω for � = 10κ , �/ω0 = 0.6, and (a) ωL = 0.8ω0, (b) ωL = ω0,
and (c) ωL = 1.2ω0. The solid line represents our spectrum, and the dashed line shows Mollow’s spectrum.
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FIG. 3. (Color online) The dimensionless height κS(ωp) as a
function of driving strength � with ωp = ωL,ωL ∓ �′, corresponding
to the central peak (solid line), red sideband (dashed line), and blue
sideband (dot-dashed line) in the first triplet. The driving frequency
is ωL = ω0, and the decay rate κ = 10−3ω0. All thick lines represent
our predictions, and the thin ones are Mollow’s predictions.

central peak is at the frequency ω = 3ωL on resonance and
�/ω0 = 0.9. Even for such strong driving, the intensity of
the second Mollow triplet is much less than that of the first.
This feature of the higher-order triplet is distinguished from
that in previous work [14]. Our method demonstrates that the
higher-order triplet clearly comes from the counter-rotating
term of the driving field which is depicted in Eq. (20), and
its intensity is determined by a coefficient with higher-order
Bessel functions. Therefore, the experimental study of the
higher-order triplet is an interesting challenge.

In Figs. 2, 3, and 4, we show the spectral features arising
from the CR-wave terms in three aspects: (i) the asymmetry
of the sidebands with respect to the central peak, (ii) the
generation of the higher-order Mollow triplets, and (iii) shifts
of the sidebands. Although some characters have been reported
in previous works [14,25]. we identify that there are dramatic
differences between our results and those in Ref. [14].

First of all, we clearly show that the CR-wave terms
enhance the emission of the red sideband while suppressing

0 1 2 3 4 5 6

10 6

10 5

10 4

0.001

0.01

0.1

ω units of ω0

κ
S
ω

Mollow' s

Ours

FIG. 4. (Color online) The fluorescence spectrum obtained by
our method (solid line) and Mollow’s method (dashed line) on a
logarithmic scale for � = 20κ , �/ω0 = 0.9, and ωL = ω0. The inset
shows the spectrum obtained in Ref. [14] with the same parameters.

that of the blue one compared with Mollow’s spectra. This
feature deterministically comes from the CR-wave terms and is
different from the result claimed in Ref. [14], i.e., the unequally
intense Mollow sidebands. Since the method in Ref. [14] has
taken into account the effects of the three different decay rates,
which also cause the unequally intense Mollow sidebands, we
believe that the unequally intense Mollow sidebands claimed
in Ref. [14] arise from the combined effects of both different
decay rates and the CR-wave terms.

Second, our calculations clearly show the higher-order
Mollow triplets, which come from the effects of the CR-wave
terms. Moreover, the detailed character is distinct from those of
Ref. [14]. We find that a higher-order Mollow triplet with very
weak intensities relative to the first one, while in Ref. [14]
the second Mollow triplet becomes comparable in intensity
to the first triplet. We show numerical results with the same
parameters as those in Fig. 6 of Ref. [14]. In Fig. 4, it is clearly
seen that the magnitudes of the three peaks of the second
Mollow triplet are far less than the magnitude of the central
line of the first one. The ratio of intensities between the
emission lines of the second Mollow triplet and central line of
the first triplet is about 1/100 for �/ω0 = 0.9, which shows
the dramatic difference between the results obtained by the
two methods (see the inset in Fig. 4). In contrast, the results
of Ref. [14] show that the height of the red sideband in the
second Mollow triplet is of the same magnitude as the central
line in the first triplet for �/ω0 = 0.9. However, the same
sideband in our calculated spectrum almost disappears for this
case.

Finally, we show a comparison of the shifts of sidebands
relative to Mollow’s spectrum predicted by our method and
Ref. [14]. In the weak-driving regime, both shifts are almost
the same. However, as the driving strength increases from
�/ω0 = 0.7 to 1 [see Fig. 5(b)], the shift obtained in Ref. [14]
sharply increases. This probably results from the second-
order energy corrections containing a divergent term. As a
comparison, the valid parameter space of our method is clearly
shown in Fig. 6 in our previous work [20]. Further, the method
works very well from the weak driving strength to intermediate
strong driving strength in the resonance and near-resonance
regimes. Moreover, since the Bloch-Siegert shift obtained by
our method is exact up to fourth order, it strongly proves
that our method properly takes into account the effects of the
CR-wave terms of the driving. Thus, we believe that the shift
obtained by our method is reliable.

B. CR-wave terms modulated frequency shift

In the following, we focus on the frequency shift of the
sidebands caused by CR-wave terms of the driving which may
be detectable in experiment. In a way similar to Mollow’s
theory, the third-degree polynomial equation [Eq. (B12) in
Appendix B], which takes the same form obtained by Mollow
but with the corresponding renormalized coefficients, com-
pletely determines the FWHM of the fluorescence spectrum,
i.e., γ1 and γ2, and the splitting between the central peak and
its satellite sidebands, i.e., �′. In general, the quantity �′
determined in Eq. (B12) is different from Mollow’s due to
the effects of the CR-wave terms. As a result, the sideband’s
shift in frequency occurs. In order to determine the influence
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FIG. 5. (Color online) (a) The shift ��′ of sidebands as a function of driving strength � for κ = 10−3ω0 and various driving frequencies:
ωL = 0.8ω0 (solid line), ωL = ω0 (dashed line), and ωL = 1.2ω0 (dot-dashed line). (b) The comparison between the shift obtained in Ref. [14]
and ours for the exact resonance and κ = 10−3ω0.

of the CR-wave terms on this frequency shift, we can define
the difference ��′ = �′

M − �′ as a significant frequency
shift, where �′

M denotes the splitting between the central
peak and its sidebands in Mollow’s theory. It is known that
in the intense-driving limit (� 
 κ), the splitting �′

M is
well approximated by the Rabi frequency �R = √

δ2 + �2

in Mollow’s theory. Thus, the modulated frequency shift due
to CR-wave terms can be approximated to the difference
�R − �̃R since the effective Rabi frequency �̃R =

√
δ̃2 + �̃2

in our method has taken into account the effects of the CR-wave
terms. It is worth noting that the shift obtained by our method
is beyond the second-order corrections [20]. As a comparison,
the shift obtained in Ref. [14] results from the second-order
energy corrections.

Figure 5 shows how the driving strength affects the shift.
��′ < 0 means that the sidebands of our prediction shift
outwards to the center, ��′ > 0 means that the sidebands
of our prediction shift inwards to the center, and ��′ = 0
means that the frequencies of the sidebands predicted by the
two methods are equal. Since the shift is slight on resonance for
weak driving, the RWA is a sufficiently good approximation
under such conditions. However, a significant amount of shift
emerges when the detuning δ = ±0.2ω0 even for a small
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FIG. 6. (Color online) The shift ��′ of sidebands as a function
of detuning δ for � = 20κ and various ratios: �/ω0 = 0.01 (solid
line), �/ω0 = 0.1 (dashed line), and �/ω0 = 0.9 (dot-dashed line).

value of �. This indicates that it is necessary to take into
account the effects of the CR-wave terms in the off-resonance
case where the RWA breaks down even for weak driving
strength. When δ = 0.2ω0, the absolute value of the effective
detuning δ̃ changes nonmonotonously as � increases. As a
result, the shift increases slowly at first and then decreases
with increasing �. Figure 5(b) shows the difference between
the shift obtained in Ref. [14] and our result on resonance. In
the weak-driving regime, the shifts are almost the same. They
rise with increasing �. However, when the driving strength
increases from �/ω0 = 0.7 to 1, the shift obtained in Ref. [14]
sharply increases, which probably results from the divergent
term in the second-order energy correction.

Figure 6 shows the dependence of the shift on the detuning
δ for various driving strengths. For � � ω0, the shift is too
slight to be observed in the line shape of the spectrum. When �

is comparable to ω0, we notice that a negative detuned driving,
i.e., ωL > ω0, is favorable for obtaining a larger shift with a
given driving strength. In the intensive-driving regime, one
has ��′ = �R − �̃R . As δ/ω0 increases from zero to −0.2
in the case �/ω0 = 0.9, one can verify that the difference
between �R and �̃R increases monotonically. Thus, the shift
increases to a maximum value of 0.06ω0 at δ = −0.2ω0.
This helps us detect the CR-modified frequency shift in
experiment.

IV. CONCLUSIONS

In summary, we have developed an analytical approach
based on a unitary transformation to investigate the spectral
features of the scattered light from a two-level system driven
by a monochromatic classical field. The method has taken
into account the effects of the CR-wave terms of the driving
but still retains the simple RWA form of the driving with the
CR-modified parameters, which is distinct from the traditional
perturbative method. We have derived an analytical expression
for the fluorescence spectrum. Our calculated results clearly
show the spectral features arising from the CR-wave terms in
three aspects: (i) the asymmetry of the sidebands with respect
to the central peak, (ii) the generation of the higher-order
Mollow triplets, and (iii) shifts of the sidebands. First, since the
red sideband is suppressed while the blue sideband is enhanced
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in comparison with Mollow’s triplet, our calculation shows that
the CR-wave term of the driving induces the asymmetry of the
sidebands. Second, our theory also predicts the generation
of the higher-order Mollow triplets, which is qualitatively
consistent with the results of other methods in previous work
[14,25]. However, we have found that the intensities of the
higher-order Mollow triplets are far less than those of the first
triplet. This feature is distinct from that of the previous work.
Third, we readily observe that the sidebands in the first triplet
shift from the positions of the corresponding sidebands given
by Mollow’s theory in intense-driving regimes. Moreover, the
shift depends on both the driving strength and the detuning.
A negative detuning of the driving is favorable for generating
a larger shift for a fixed, moderately intense driving strength.
We expect that all the effects of the CR-wave terms would be
experimentally observable with elaborately designed detuning
and driving strength. Our results illustrate that the CR-wave
terms of the driving have significant effects on the spectral
features of fluorescence.
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APPENDIX A: MASTER EQUATION UNDER
BORN-MARKOVIAN APPROXIMATION

In the interaction picture of the dressed Hamiltonian, the
density matrix satisfies the equation of motion,

d

dt
ρ̃I

SB (t) = −i
[
H̃I (t),ρ̃I

SB(t)
]
, (A1)

where ρ̃I
SB (t) = ei(H̃0S+H̃0B )t ρ̃SB (t)e−i(H̃0S+H̃0B )t and

H̃I (t) = ei(H̃0S+H̃0B )t H̃1e
−i(H̃0S+H̃0B )t

= eiH̃0S H̃1(t)e−iH̃0S . (A2)

Equation (A1) can be integrated formally and yields

ρ̃I
SB(t) = ρ̃I

SB (0) − i

∫ t

0
dτ

[
H̃I (τ ),ρ̃I

SB(τ )
]
. (A3)

Substituting expression (A3) back into Eq. (A1) and taking
the trace over the degree of freedom of the environment, we
obtain the following equation:

d

dt
ρ̃I

S (t) = −TrB

∫ t

0
dτ

[
H̃I (t),

[
H̃I (τ ),ρ̃I

S (τ )ρB

]]
, (A4)

where we have used the Born approximation ρ̃I
SB(τ ) ≈

ρ̃I
S (τ )ρB since in the weak-coupling regime the influence of the

system on the environment is negligible. We further introduce
Markovian approximation, which assumes ρ̃I

S (τ ) ≈ ρ̃I
S (t) in

Eq. (A4), and transform the equation of motion back into
Shrödinger picture,

d

dt
ρ̃S(t) = −i[H̃0S,ρ̃S(t)] −

∫ ∞

0
dt ′TrB

× [H̃1(t),[e−iH̃0S t ′H̃1(t − t ′)eiH̃0S t ′ ,ρ̃S(t)ρB]].

(A5)

Here, we have replaced the variable τ by t − t ′ and let the
upper limit of the integral go to infinity, which is reliable since
the integrand vanishes sufficiently quickly as time increases
[23].

At zero temperature, the master equation in Eq. (A5) can
be rewritten as

d

dt
ρ̃S(t) = −i[H̃0S,ρ̃S(t)] −

∫ ∞

0
dt ′

∑
k

g2
k

4

{
e−i(ωk−ωL)t ′σ+e−iH̃0S t ′σ−eiH̃0S t ′ ρ̃S(t) − e−i(ωk−ωL)t ′e−iH̃0S t ′σ−eiH̃0S t ′ ρ̃S(t)σ+

− ei(ωk−ωL)t ′σ−ρ̃S(t)e−iH̃0S t ′σ+eiH̃0S t ′ + ei(ωk−ωL)t ′ ρ̃S(t)e−iH̃0S t ′σ+eiH̃0S t ′σ−
}

(A6)

since Tr(b†kbkρB) = 0. It is not difficult to derive following equations:

e−iH̃0S tσ±eiH̃0S t =
[

�̃2

2�̃2
R

+ 1

4

(
1 + δ̃

�̃R

)2

e∓i�̃Rt + 1

4

(
1 − δ̃

�̃R

)2

e±i�̃Rt

]
σ±

+ �̃

4�̃R

[
2δ̃

�̃R

−
(

1 + δ̃

�̃R

)
e∓i�̃Rt +

(
1 − δ̃

�̃R

)
e±i�̃Rt

]
σz + �̃2

4�̃2
R

(2 − e−i�̃Rt − ei�̃Rt )σ∓. (A7)

Substituting Eqs. (A7) into Eq. (A6), integrating with respect to t ′, and assuming

∫ ∞

0
dτ

∑
k

g2
k

4
e±i(ωk−ωL±�̃R)τ ≈

∫ ∞

0
dτ

∑
k

g2
k

4
e±i(ωk−ωL)τ ≈ κ

2
, (A8)

namely, assuming that the decay rate of a driven two-level system remains constant, we finally obtain the form of the master
equation presented in Eq. (12).
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APPENDIX B: THE DERIVATION OF THE FLUORESCENCE SPECTRUM

For the fluorescence spectrum, it is sufficient to evaluate the integral (17) in the steady-state limit. In this limit, due to the
time-dependent unitary transformations (2) and (10), we have the correlation function

g(1)(t,t ′) = Tr[R (t) eS(t)σ+e−S(t)R† (t) Ũ (τ ) R(t ′)eS(t ′)σ−e−S(t ′)R†(t ′)ρ̃ss ⊗ ρBŨ † (τ )], (B1)

where ρ̃ss is the steady-state solution for master equation (12), Ũ (τ ) = exp(−iH̃ τ ), and τ = t − t ′. The transform
R (t) eS(t)σ±e−S(t)R† (t) in the correlation function can be expressed in terms of σ± and σz with time-dependent coefficients,

R(t)eS(t)σ±e−S(t)R†(t) = 1 + cos
[

2�
ωL

ζ sin(ωLt)
]

2
σ±e±iωLt + 1 − cos

[
2�
ωL

ζ sin(ωLt)
]

2
σ∓e∓iωLt ∓ i

sin
[

2�
ωL

ζ sin(ωLt)
]

2
σz

= 1

2

∑
n odd

[(jne
±inωLt + jn+2e

∓inωLt )σ± + (j ′
ne

∓inωLt + j ′
n+2e

±inωLt )σ∓ + (jn+1e
∓inωLt + j ′

n+1e
±inωLt )σz],

(B2)

where the summation is taken over all positive odd integers and the series are defined as

jn =
⎧⎨
⎩

1 + J0

(
2�
ωL

ζ
)

, n = 1,

Jn−1

(
2�
ωL

ζ
)

, n �= 1,
(B3)

and

j ′
n =

⎧⎨
⎩

1 − J0

(
2�
ωL

ζ
)

, n = 1,

−Jn−1

(
2�
ωL

ζ
)

, n �= 1.
(B4)

When calculating the spectrum, according to Ref. [24], we approximate the integral by

I (ω) = lim
T →∞

1

T

∫ T

0
dt

∫ T

0
dt ′einωLt−imωLt ′ 〈σμ(τ )σν(0)〉se

−iω(t−t ′)

= lim
T →∞

1

T

∫ T

0
dt

∫ T

0
dt ′einωLτ−i(m−n)ωLt ′ 〈σμ(τ )σν(0)〉se

−iωτ

= lim
T →∞

1

T

∫ T

0
dt ′e−i(m−n)ωLt ′

∫ T −t ′

−t ′
dτ 〈σμ(τ )σν(0)〉se

i(nωL−ω)τ

= lim
T →∞

1

T

∫ T

0
dt ′e−i(m−n)ωLt ′

∫ +∞

−∞
dτ 〈σμ(τ )σν(0)〉se

i(nωL−ω)τ

= δm,n

∫ +∞

−∞
dτ 〈σμ(τ )σν(0)〉se

i(nωL−ω)τ , (B5)

where 〈σμ(τ )σν(0)〉s = Tr[σμ(τ )σν(0)ρ̃ssρB], (μ,ν = +, − ,z). Using this approximation, one can easily show that the spectrum
is given by

S(ω) = 1

4π
Re

∑
n odd

∫ ∞

0
dτe−iωτ

[ (
j 2
n einωLτ + j 2

n+2e
−inωLτ

) 〈σ+(τ )σ−(0)〉s + (j ′
njn+2e

−inωLτ + jnj
′
n+2e

inωLτ )〈σ−(τ )σ−(0)〉s

+ (jn+1jn+2e
−inωLτ + jnj

′
n+1e

inωLτ )〈σz(τ )σ−(0)〉s + (jnj
′
n+2e

inωLτ + j ′
njn+2e

−inωLτ )〈σ+(τ )σ+(0)〉s

+ (j ′2
n e−inωLτ + j ′2

n+2e
inωLτ )〈σ−(τ )σ+(0)〉s + (j ′

njn+1e
−inωLτ + j ′

n+1j
′
n+2e

inωLτ )〈σz(τ )σ+(0)〉s

+ (jnj
′
n+1e

inωLτ + jn+1jn+2e
−inωLτ )〈σ+(τ )σz(0)〉s + (j ′

njn+1e
−inωLτ + j ′

n+1j
′
n+2e

inωLτ )〈σ−(τ )σz(0)〉s

+ (
j 2
n+1e

−inωLτ + j ′2
n+1e

inωLτ
)〈σz(τ )σz(0)〉s

]
, (B6)

where Re(z) gives the real part of complex number z.
To obtain the explicit expression for the spectrum, it is necessary to evaluate the correlation function 〈σμ(τ )σν(0)〉s, which

is evaluated based on quantum regression theorem [26]. Notice that the dynamics of the quantity 〈〈σμ(τ )〉〉 = 〈σμ(τ )〉 − 〈σμ〉s

is determined by the homogeneous part of Bloch equations (13). Using quantum regression theorem, we obtain a close set of
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differential equations for the quantity 〈〈σμ(τ )σν(0)〉〉 = 〈σμ(τ )σν(0)〉s − 〈σμ〉s〈σν〉s, which is

d

dτ
〈〈σμ(τ )σν(0)〉〉 =

∑
λ

Mμλ〈〈σλ(τ )σν(0)〉〉, (B7)

M =

⎛
⎜⎝

− κ
2 + iδ̃ 0 −i �̃

2

0 − κ
2 − iδ̃ i �̃

2

−i�̃ i�̃ −κ

⎞
⎟⎠ . (B8)

One can obtain the following Laplace transforms without difficulty:

g+ν(p) =
∫ ∞

0
dτe−pτ 〈〈σ+(τ )σν(0)〉〉

= �̃2(x0ν + y0ν) − i�̃z0ν

(
p + iδ̃ + κ

2

) + x0ν(p + κ)(2p + 2iδ̃ + κ)

2f (p)
, (B9)

g−ν(p) =
∫ ∞

0
dτe−pτ 〈〈σ−(τ )σν(0)〉〉

= �̃2(x0ν + y0ν) + i�̃z0ν

(
p − iδ̃ + κ

2

) + y0ν(p + κ)(2p − 2iδ̃ + κ)

2f (p)
, (B10)

gzν(p) =
∫ ∞

0
dτe−pτ 〈〈σz(τ )σν(0)〉〉

= �̃(x0ν + y0ν)δ̃ + z0ν

[
δ̃2 + (

p + κ
2

)2] − i�̃
(
p + κ

2

)
(x0ν − y0ν)

f (p)
, (B11)

where

f (p) = p3 + 2κp2 +
(

�̃2 + δ̃2 + 5

4
κ2

)
p + κ

(
�̃2

2
+ δ̃2 + κ2

4

)
(B12)

and

x0ν = 〈〈σ+(0)σν(0)〉〉 , (B13)

y0ν = 〈〈σ−(0)σν(0)〉〉 , (B14)

z0ν = 〈〈σz(0)σν(0)〉〉 (B15)

are the initial conditions. These results lead to the solutions

〈〈σμ(τ )σν(0)〉〉 =
3∑

l=1

R
(ν)
μ,le

slτ . (B16)

Here, R
(ν)
μ,l = limp→sl

(p − sl)gμv(p), and sl denotes the three roots for f (p) = 0. Consequently, the fluorescence spectrum can
be completely determined.
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An analytic ground state is proposed for the unbiased spin-boson Hamiltonian, which is non-
Gaussian and beyond the Silbey-Harris ground state with lower ground state energy. The infrared
catastrophe in Ohmic and sub-Ohmic bosonic bath plays an important role in determining the de-
generacy of the ground state. We show that the infrared divergence associated with the displacement
of the nonadiabatic modes in bath may be removed from the proposed ground state for the coupling
α < αc. Then αc is the quantum critical point of a transition from non-degenerate to degenerate
ground state and our calculated αc agrees with previous numerical results. © 2013 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4803661]

I. INTRODUCTION

Quantum impurity systems with competing interactions
constitute a field of wide interest in the quantum physics. In
recent years, the quantum two-level system coupled to dissi-
pative bosonic environment (spin-boson model, SBM) attracts
much attention in this field because it may be one of the sim-
plest but nontrivial quantum impurity system for studying the
physics of competing interactions. The Hamiltonian of SBM
reads (we set ¯ = 1)

H = −1

2
�σx +

∑
k

ωkb
†
kbk + 1

2

∑
k

gk

(
b
†
k + bk

)
σz, (1)

where b
†
k (bk) is the creation (annihilation) operator of envi-

ronmental bosonic mode with frequency ωk, σ x, and σ z are
Pauli matrices to describe the two-level system. The compet-
ing interactions in SBM are between the quantum tunneling
� and the dissipative coupling gk to the environment. The ef-
fect of the environment is characterized by a spectral density
J (ω) = ∑

k g2
k δ(ω − ωk) = 2αωsω1−s

c θ (ωc − ω) with the di-
mensionless coupling strength α and the hard upper cutoff at
ωc. The index s accounts for various physical situations:1, 2

the Ohmic s = 1, sub-Ohmic s < 1, and super-Ohmic s > 1
baths.

The quantum critical point (QCP) and the quantum
phase transition (QPT) are related to the ground state tran-
sition, which is usually triggered by competing interactions.
As for SBM, the interesting phase transition is related to
the transition of degeneracy of the ground state, that is, it
is a transition between the non-degenerate and degenerate
ground state.1–5 The main theoretical interest of the QCP
in SBM is to understand how the competing interactions
influences the degeneracy of the ground state. Since the
Hamiltonian (1) is invariant under σ z → −σ z (together with
bk, b

†
k → −bk,−b

†
k) and one must have 〈σ z〉G = 0 (〈. . . 〉G

means the ground state average). However, for the Ohmic bath

s = 1 it is well known1, 2 that a Kosterlitz-Thouless quantum
transition separates a degenerate ground state at α > αc from
a non-degenerate one at α < αc (αc = 1 in the scaling limit
� � ωc).

The ground state of SBM Hamiltonian (1) was studied
by many authors using various analytic and numerical meth-
ods. Silbey and Harris (SH)6 proposed a variational ground
state and predicted the QCP αc = 1 for s = 1. The SH
ground state was used by Kehrein and Mielke7 for sub-Ohmic
(s < 1) bath to calculate the QCP αc. In last ten years, various
numerical techniques were used for calculation of the QCP
in the SBM, such as the numerical renormalization group
(NRG),3–5 the quantum Monte Carlo (QMC),8 the method
of sparse polynomial space representation,9 the extended co-
herent state approach,10 and the variational matrix product
state approach.11 Besides, recently an extension of the Silbey-
Harris ground state was proposed by Zhao et al.12 and Chin
et al.13 to study the QPT in the s = 1/2 sub-Ohmic SBM.

In this work, we propose an analytic ground state wave-
function for the SBM, which is non-Gaussian for the bath
modes and is an extension of the work of Zhao et al.12 and
Chin et al.13 The QPT is usually not a weak coupling prob-
lem and people believe that the numerical techniques may be
more powerful than approximate analytic methods for strong
coupling problem. Then, why do we still try to find an ap-
proximate analytical solution? Generally speaking, our pur-
pose is to see and understand the physics more clearly and
straightforwardly. In particular, here our purpose is to under-
stand the role played by the infrared divergence in the SBM
Hamiltonian (1).

The QPT in quantum impurity systems may be related
to the infrared catastrophe in baths. Anderson14 was the first
to point out this relation for the Anderson model and Kondo
model in fermionic bath. Our question is: What is the role
played by the infrared catastrophe in the quantum phase tran-
sition in bosonic bath of SBM?

0021-9606/2013/138(17)/174117/4/$30.00 © 2013 AIP Publishing LLC138, 174117-1
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II. THE GROUND STATE

If � = 0, Hamiltonian (1) is solvable and we have de-
generate ground state

|ψ↑(↓)〉 = exp

[
−

∑
k

gk

(
b
†
k − bk

)
σz/2ωk

]
| ↑ (↓)〉|{0k}〉,

(2)

where |↑(↓)〉 is the eigenstate of σ z: σ z|↑(↓)〉 = +( − )|↑(↓)〉
and |{0k}〉 is the vacuum state of the bath. Then, for finite
� it is naturally to use a superposed ground state to remove
the degeneracy. But it is well known1, 2, 6, 7 that there exists
an infrared divergence in the overlap between the degenerate
states: 〈ψ↑|ψ↓〉 = exp[−∑

k g2
k/2ω2

k] = 0 for s ≤ 1. Silbey
and Harris proposed a modified superposed ground state6

|GSH〉 = exp

[
−

∑
k

gk

(
b
†
k − bk

)
σz/2(ωk + η0�)

]
2−1/2

× (| ↑〉 + | ↓〉)|{0k}〉, (3)

with finite renormalized overlap η0 = exp[−∑
k g2

k/2(ωk

+ η0�)2] where the infrared divergence has been removed.
The ground state energy is

ESH
g = −η0�/2 −

∑
k

g2
k (ωk + 2η0�)/4(ωk + η0�)2.

(4)

For the SH ground state at the scaling limit � � ωc,
η0 = (e�/ωc)

α
1−α for s = 1 and thus the QCP is at αSH

c = 1
where η0 = 0. For sub-ohmic bath s < 1 one can calculate the
QCP by condition: η0 = 0 at α → αSH

c ,7, 15 and some results
are listed in the second column of Table I.

Zhao et al.12 and Chin et al.13 proposed an extension
of the Silbey-Harris ground state to study the QPT in the s
= 1/2 sub-Ohmic spin-boson model, with degenerate ground
state when zero-biased and α > αD

c (superscript “D” means
degenerate),

|
±〉 = exp(−S±)(u±| ↑〉 + v±| ↓〉)|{0k}〉, (5)

S± =
∑

k

gk

2ωk

(
b
†
k − bk

)
[ξkσz±(1 − ξk)φk], (6)

where u+ = v− = 2−1/2
√

1 + M , u− = v+ = 2−1/2
√

1 − M ,
ξk = ωk/(ωk + W ), W = η�/

√
1 − M2, and

η = exp

[
−

∑
k

g2
k ξ

2
k /2ω2

k

]
, (7)

TABLE I. QCP of different bath type s.

s αSH
c αD

c Our αc αc
3 αc

8 αc
9 αc

10

1/4 0.08554 0.02413 0.02744 0.0264 0.0254 0.0259 0.0256
1/2 0.1768 0.08555 0.1084 0.1065 0.0983 0.0977 0.0820
3/4 0.3537 0.2176 0.3076 0.3168 0.2951 0.2953 0.3205
1 1 0.5121 1 1 1 1 1

M =
∑

k

g2
kφk(1 − ξk)2/(ωkW ). (8)

Zhao et al.12 and Chin et al.13 let φk = M to be a constant in
Eqs. (6) and (8), where M( > 0) = 〈
+|σ z|
+〉 (〈
−|σ z|
−〉
= −M) is the bath-induced static displacement for the de-
generate ground state |
+〉 and |
−〉 with degenerate ground
state energy

ED
g = −W/2 −

∑
k

g2
k ξk(2 − ξk)/4ωk

+
∑

k

g2
kM

2(1 − ξk)2/4ωk. (9)

The first term in (9), −W/2 is the bath-renormalized energy
of the two-level system from its bare form −�/2. It was
proposed12, 13 that the QCP is at α = αD

c where a nonzero M
leads to lower ground state energy (note that when α ≤ αD

c ,
M = 0, and |
+〉 = |
−〉 = |GSH〉). Some αD

c values for dif-
ferent baths are listed in the third column of Table I. But, as
mentioned above, since the Hamiltonian (1) is invariant un-
der σ z → −σ z (together with bk, b

†
k → −bk,−b

†
k) we should

have 〈σ z〉G = 0.

III. INFRARED CATASTROPHE AND QPT

The wavefunction of every bath mode in |GSH〉 or |
±〉
is a Gaussian function, thus these ground states are in the
Gaussian approximation. Following the proposal of Shore and
Sander16 we propose the following superposed ground state
for the SBM, which is beyond the Gaussian approximation
and takes into account the effect of quantum fluctuations,

|G〉 = A(|
+〉 + |
−〉), (10)

where A is a normalization factor. Then, it is easy to check
that 〈G|σ z|G〉 = 0. But if one choose φk = M in Eqs. (6) and
(8), as was pointed out by Chin et al.,13 there is an infrared di-
vergence of the occupation number of the nonadiabatic (NA)
modes. We show that this divergence leads to the orthogonal-
ity catastrophe between |
+〉 and |
−〉,

ρ = 〈
−|
+〉

= 〈{0k}| exp

(
−

∑
k

gk

ωk

(1 − ξk)
(
b
†
k − bk

)
M

)
|{0k}〉

= exp

(
−

∑
k

g2
k

2ω2
k

(1 − ξk)2M2

)

= exp

(
−αM2W 2

∫
0

ωs−2dω

(ω + W )2

)
= 0 (11)

for Ohmic (s = 1) and sub-Ohmic (s < 1) baths as the integra-
tion in the exponential is infrared divergent. This is similar to
the infrared catastrophe in Fermi sea interacting with a quan-
tum impurity.14 Because of the orthogonality catastrophe the
ground states, |GD〉 = |
+〉, |GD〉 = |
−〉, or |G〉 (Eq. (10))
are degenerate with ground state energy (9).

The way to avoid the infrared catastrophe is similar to
the proposal of Anderson,14 that is, quantum fluctuation of
the NA modes leads to a k-dependent φk in Eqs. (6) and (8)
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removing the infrared divergence. Then the ground state en-
ergy Eg of the superposed ground state (10) is

Eg = (E0 + ρU )/(1 + ρ
√

1 − M2), (12)

where E0 = 〈
+|H|
+〉, ρ = 〈
+|
−〉, and ρU
= 〈
+|H|
−〉. Here

E0 = −W/2 −
∑

k

g2
k ξk(2 − ξk)/4ωk + Y, (13)

U =
√

1 − M2

(
−η2�2/2W −

∑
k

g2
k ξk(2 − ξk)/4ωk − Y

)

−η� [cosh(M) − 1 − M(sinh(M) − M)] /2, (14)

and Y = ∑
k g2

kφ
2
k (1 − ξk)2/4ωk .

The variational function φk can be determined by

∂Eg

∂φk

= 0 = ∂Eg

∂M

∂M

∂φk

+ ∂Eg

∂ρ

∂ρ

∂φk

+ ∂Eg

∂Y

∂Y

∂φk

(15)

for every mode k and the result is

φk = τωk/(ωk + ρδ), (16)

where δ = 2(E0

√
1 − M2 − U )/[(1 − ρ)(1 + ρ

√
1 − M2)]

and τ is the variational parameter. In this way, the overlap-
ping integral is

ρ = exp

(
−

∑
k

g2
k

2ω2
k

(1 − ξk)2φ2
k

)

= exp

(
−ατ 2W 2

∫
0

ωsdω

(ω + W )2(ω + ρδ)2

)
, (17)

which is finite as long as s > 0.
For s = 1 the result of variational calculation is shown in

Fig. 1. When α goes to 1, the variational parameter τ tends to
1 and the overlapping ρ decreases to zero as follows:

ρ =
[

δ

W

] ατ2

1−ατ2

exp

(
ατ 2

1 − ατ 2

[
ln(1 + W/ωc) + 2 + W/ωc

1 + W/ωc

])
,

(18)

FIG. 1. The variation parameter τ and the overlapping ρ as functions of α

for Ohmic bath s = 1.

FIG. 2. The ground state average of σ x as a function of α for Ohmic bath
s = 1. The solid line is the result of our non-Gaussian ground state and the
dashed line that of SH ground state.

that is, ρ → 0 when α → 1 − 0+ (0+ is a positive infinitesi-
mal) since τ → 1. This is to say that for s = 1 the ground state
becomes doubly degenerate when α → αc = 1. We note that,
although this is the same QCP for the Ohmic bath s = 1 as
the prediction of Silbey and Harris,6 the way to determine the
QCP is different. Reference 6 determines the QCP by η0 → 0
when α → αc, while we determine the QCP by the vanishing
overlapping ρ → 0. Figure 2 shows the ground state average
of σ x as a function of α for Ohmic bath s = 1. One can see
that our calculated average 〈G|σ x|G〉,

〈G|σx |G〉 = η {[cosh(M) − M sinh(M)]ρ

+η�/W } /(1 + ρη�/W ), (19)

is a finite quantity even if α = 1, but that of Ref. 6,
〈GSH|σx |GSH〉 = η0, goes to zero when α < ∼1.

For sub-Ohmic bath s < 1 Eq. (17) has to be solved nu-
merically and self-consistently, and the QCP αc can be de-
termined as the point where the ground state changes from
non-degenerate (α < αc) to doubly degenerate (α > αc). Our
results for some s values are shown in Table I. For

FIG. 3. Eg − ED
g is the difference between ground state energies calculated

by Eqs. (12) and (9). �/ωc = 0.1. See text for details.
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comparison, the numerical results by NRG,3 by QMC,8 by the
method of sparse polynomial space representation,9 and by
the extended coherent state approach10 are also shown. One
can see that our result compares well with these numerical
results.

Figure 3 shows the difference between our calculation of
the ground state energy and that of Zhao et al.12 and Chin
et al.,13 δEg = Eg − ED

g . The lower ground state energy in-
dicates that the ansatz of this work is a better one for the real
ground state.

We note that when s > 1 (super-Ohmic bath) the over-
lapping ρ in Eq. (17) has always a finite solution. This is to
say that the ground state of the SBM with super-Ohmic bath
is always non-degenerate and there is no QPT.

IV. CONCLUSION

We propose an analytic ground state wavefunction
for the unbiased spin-boson Hamiltonian, which is a
superposition of the two degenerate state and is non-Gaussian
for the bosonic bath modes. The infrared catastrophe in
Ohmic and sub-Ohmic bosonic bath plays an important role in
determining the degeneracy of the ground state and we show
that the infrared divergence associated with the displacement
of the nonadiabatic modes in bath may be removed from the
proposed ground state for the coupling α < αc. The QCP αc

is determined by the transition from non-degenerate to degen-
erate ground state. Our ground state energy is lower than pre-
vious authors’ results. The calculation of αc agrees well with
previous numerical results.
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Theoretical studies and numerical simulations on design, performance, and improvements of

terahertz quantum-well photodetector (THz QWP) are presented. In the first part of this paper, we

discuss the device band structure resulting from a self-consistent solution and simulation results.

First, the temperature dependence of device characteristics is analyzed. Next, we deduce the

condition of optimal doping concentration for maximizing dark current limited detectivity Ddet*

when QWP is lightly doped. Accordingly, unlike in previously published reports, doping

concentration is not fixed and is selected by the above condition. In the second part of this paper,

we propose two schemes for improving operation temperature. The first is to incorporate an optical

antenna which focuses incident THz wave. Numerical results show that the QWP with peak

frequency higher than 5.5 THz is expected to achieve background-noise-limited performance at

77 K or above when employing a 106 times enhancement antenna. The second scheme is to use a

laser as the signal source to achieve photon-noise-limited performance (PLIP) at high

temperatures. Simulations show that when operating below critical temperature QWPs in the range

of 1 � 7 THz can reach PLIP under practical illumination intensities. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4826625]

I. INTRODUCTION

Presently, considerable interest has been paid to tera-

hertz quantum-well photodetector (THz QWP) which is a

good candidate for compact terahertz systems. Compared

with other types of THz detectors, THz QWP has some

unique advantages originating from characteristics of inter-

subband transition and unipolar transport properties. The

parameters of QWPs can be designed according to a specifi-

cally required response frequency. The fast intrinsic

response speed enables high-frequency applications.1 THz

QWPs, as a natural extension of the traditional quantum-

well infrared (IR) photodetector into longer wavelength

region, have basically the same physical mechanism of

detection and design rules. However, unlike IR QWP tech-

nology, THz QWP is far from mature and the performance

needs substantial improvements. First, additional physical

effects, which in the IR region can be neglected, must be

included. The low value of transition energy (small

response frequency) of THz QWP necessitates the inclusion

of many-particle effects, which adds extra computations

and uncertainties. Recently, Guo et al. reported a self-

consistent solution using plane wave expansion by which

they calculated band structure and designed parameters of

device including many-particle effects.2,3 Second, the low

barrier height results in a low background-noise-limited

performance (BLIP) temperature, which seriously limits

THz QWP’s application scope. Moreover, our experimental

results on THz QWPs with increased doping densities

have showed non-trivial trends and attempts on reaching

lower THz region (<3 THz) have thus-far failed. Clearly

more detailed simulations, which are the focus of this

paper, and experimental work, which are on-going, are

called for.

The paper is organized as follows. In Sec. II, the theo-

retical framework of self-consistent solution for band struc-

ture is presented. Furthermore, the temperature dependence

of device characteristics is discussed. Then, a scheme using

an optical antenna to increase BLIP temperature is pro-

posed. Next, a photon-noise-limited performance (PLIP)

application which utilizes a high power signal source to

raise THz QWP’s working temperature is described.

Afterwards, we deduce the optimum doping concentration

for maximizing detectivity when QWP is lightly doped. In

Sec. III, we investigate numerically the various issues men-

tioned in Sec. II. First, on the basis of simulation given by

Guo et al.,4 where doping concentration is fixed, we present

an improvement which sets doping concentration as the one

which maximizes detectivity Ddet*. Furthermore, numerical

results on performance characteristics (such as BLIP tem-

perature and PLIP regime) are given and discussed in

details.

II. THEORY AND MODEL

A. Self-consistent solution of band structure

The generally accepted design rule for QWP is to ensure

the first excited subband in alignment with the top of the bar-

rier. For designing IR QWPs, the requirement is easily met

since many-particle interactions are small compared with the

intersubband energy and negligible for the determination ofa)Electronic mail: phybuff@sjtu.edu.cn.
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the first excited state. In contrast, the quantum well of THz

QWP is very shallow, therefore above effects play a key role

in band structures and the response peak frequency. Within

the effective mass approximation, the Schr€odinger equation

in the quantum well growth direction z is

� �h2

2

@

@z

1

m�ðzÞ
@

@z

� �
þ VQWðzÞ þ VHðzÞ þ VxcðzÞ

( )
ul;kzðzÞ

¼ el;kzul;kzðzÞ: (1)

Here, m* is the electron effective mass, �h is the reduced

Planck constant, VQW is the stepwise potential energy repre-

senting the conduction band offset profile, VH is the Hartree

potential energy obtained from Poisson’s equation, Vxc is the

exchange-correlation potential energy which is given by the

local density approximation based on the density functional

theory,5,6 ul,kz is z-direction envelope function, and el,kz is

eigen-energy, where l is miniband index and kz is z-direction

wavevector. Schr€odinger equation and Poisson equation,

along with exchange-correlation expression form a closed

set which should be solved self-consistently. The self-

consistency is realized by an iterative procedure until con-

vergence is achieved.7 In this paper, we numerically solve

above equations using a plane-wave expansion method.2 In

Sec. III, we use the following criteria to check the conver-

gence: j(EF(i)-EF(i-1))/EF(i)j � 0.0001, with EF(i) being the

Fermi energy at the ith iterative step.2

The calculation method of Fermi energy EF is shown

below. In the band structure of QWP, each eigen-energy el,kz

corresponds to a subband or an in-plane parabolic band, i.e.,

the total energy of electron is E¼Ekzþ �h2 kk
2/2m, here kk is

the in-plane wavevector in the x-y plane. The number of

electrons on a given subband is Nl,kz(EF)

Nl;kzðEFÞ ¼
maverage

p�h2
kBTln 1þ exp

EF � el;kz

kBT

� �� �
; (2)

where the average electron effective mass maverage is defined

as maverage ¼ m�w

Ð
welljuiðzÞj

2
dzþ m�b

Ð
barrierjuiðzÞj

2
dz, m*w

(m*b) is effective mass in the well (barrier), kB is the

Boltzmann constant. Hence, the summation over all sub-

bands equals the product of 2-dimensional (2D) doping den-

sity N2Ddope and period number NQW (the right-hand side of

below equation)

X
l;kz

Nl;kzðEFÞ ¼ N3DdopeLdopeNQW : (3)

Here, N3Ddope is three-dimensional (3D) doping (usually

with silicon for GaAs/AlGaAs materials system) concentra-

tion in a center region of QW, Ldope is doping region width,

N2Ddope¼N3DdopeLdope. Through calculation, we find that

the electron density in the lowest subband is orders of mag-

nitude higher than that on all of the other subbands. As an

approximation in our calculation, the left-hand side of Eq.

(3) is replaced by a summation of 3D free electrons above

the barrier and electrons of the lowest subband, i.e.,

N3DLperiodNQW þ
X1

l¼1

X
kz

Nl;kzðEFÞ

¼ N3DdopeLdopeNQW ; (4)

where quantum well period Lperiod is the sum of well width

Lw and barrier thickness Lb, 3D above-barrier free electron

density N3D can be approximated by

N3D ¼ 2
m�bkBT

2p�h2

� �3=2

exp �Vb � EF

kBT

� �
: (5)

Here, Vb is the barrier height. Therefore, EF is obtained by

solving Eq. (4).

Of particular importance is the temperature dependence

of various parameters of QWP. From Eq. (2), it is evident

that temperature T directly determines subband electron num-

ber Nl,kz(EF) and affects electron density along z-direction

qe(z) through Eq. (6)

qeðzÞ ¼ jej
X
l;kz

Nl;kzjul;kzðzÞj2: (6)

Furthermore, Hartree and exchange-correlation potentials

depend on electron density qe(z). Thus eigen-energies

change with temperature T, leading to a situation that the

QWP parameters (Lw, x, N3Ddope) designed for one operat-

ing temperature do not best fit for another operating tem-

perature. Therefore, it is better to design THz QWP

parameters according to each specific operating tempera-

ture. However, in the situation, where it is not practical to

determine the accurate operating temperature in advance,

we approximately take the calculated parameters for a

fixed temperature.

B. Different operation regimes

For a typical photodetector, the total current Itotal origi-

nates from dark current carriers, background radiation gener-

ated carriers, and signal radiation generated carriers.

Accordingly, Itotal can be expressed as a summation of the

above three contributions

Itotal ¼ Idark þ RPB þ RPS: (7)

Here, R is detector responsivity, PB is background radiation

power, PS is signal radiation power. According to the relative

magnitudes among RPS, RPB, and Idark, the operating status

of QWP can be categorized into three performance regimes:1

PLIP in which RPS dominates, BLIP in which RPB domi-

nates, and dark-current-limited performance in which Idark

dominates. In order to achieve maximal sensitivity, it is

always desirable to operate a QWP under BLIP or PLIP con-

ditions. In standard theory of QWP, the dark current mainly

comes from thermal excitation when electric field is small

and quantum barrier is thick (so we can neglect the contribu-

tion from scattering assisted tunneling and inter-well

tunneling).

Jdark ¼ eN3D�driftðFÞ; (8)
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where �drift(F) is the drift velocity as a function of electric

field F, and N3D is given by Eq. (5). Photocurrent density

generated by a monochromatic light (e.g., a laser) is given by

Jphotonð�Þ ¼ e/ð�Þgð�Þg; (9)

where � is frequency, U(�) is photon number flux, g(�)

is absorption efficiency, and photoconductive gain

g � sc�driftðFÞ=NQWLperiod, where sc is the excited carrier cap-

ture time. If the incident radiation is broadband, such as from

blackbody radiation, we should use the integrated background

photon number flux UB,ph,
1

Jphoton broadband ¼ e/B;phg
ð1ÞNQWg; (10)

where g(1) is peak absorption efficiency of single well and

double pass, g(1) /N2Ddope/DE (DE is full width at half maxi-

mum (FWHM) of absorption spectrum, where horizontal

axis is energy, i.e., DE¼ 2� (h�p-h�c), here, �p is peak

response frequency, �c is cutoff frequency).1 According to

some reported THz QWPs of V266, V267, and M570,3,8 we

find the simple empirical relation among g(1) and N2Ddope

and h�p: g(1)¼C�N2Ddope/DE, where C¼ 4.05� 10�13,

DE¼ 0.25� h�p (the units of N2Ddope and DE are cm�2 and

meV, respectively). In addition, we give calculated absorp-

tion coefficient to verify above empirically fitted model.

Absorption efficiency g is given by1

g ¼ e2h

4e0nrm�wc

sin2 h
cos h

N2Ddopef
1

p
C

ðht� E21Þ2 þ C2
; (11)

where e0 is vacuum permittivity, the refractive index is 3.3,

the angle between THz ray’s propagating direction and

QW’s growth axis h is 45�, the Lorentzian linewidth constant

C ¼ DE=2, the oscillator strength f ¼ 4pm�wt
�h jhu2jzju1ij2, and

u2 and u1 are the first excited and the ground state z-direc-

tion wavefunctions, respectively. Through comparing two

formulas of g, the constant C is given by C ¼ e2h
4e0nrm�wc

sin2h
cos h f 2

p.

We choose QWP V267 to compute absorption coefficient.

V267’s parameters are as follows: Lw¼ 22.1 nm, Alx¼ 1.5%,

and N3Ddope¼ 3� 1022 m�3. Through calculating integral of

the wavefunctions, we obtain that oscillator strength

f¼ 0.9064 and C¼ 4.0527� 10�13, which is very close to

our empirical value (note that we have doubled it because

g(1) means double pass absorption efficiency). The compari-

son result shows that our empirically fitted model is accepta-

ble. Therefore, we use the model to obtain peak absorption

efficiency for other QWP with different doping density and

peak response frequency.

1. BLIP temperature with an antenna

In many applications of QWP, such as passive thermal

imaging, signal radiation is very weak. Correspondingly, sig-

nal current is negligible compared with background current

and dark current. To achieve optimal performance, the oper-

ation temperature should be lowered sufficiently to suppress

dark current until the background current dominates. Then,

QWP is said to be under BLIP regime if operated below

Tblip, and the critical temperature is determined when Jdark

equals Jphoton. Due to the low barrier height of THz QWP

and the fact that thermally excited dark current increases

exponentially when barrier height decreases, the BLIP tem-

perature Tblip of THz QWP is quite low (below 30 K for 7

THz QWP),9,10 which seriously limits its application.

In this paper, we analyze the situation, where the dimen-

sions of QWP are reduced in order to suppress dark current

and improve BLIP temperature. However, terahertz wave’s

long wavelength determines the device’s minimum dimen-

sion, below which the absorption will be insufficient. The

common solution is using an antenna, which can couple the

incident light efficiently and concentrate the far-field radia-

tion into small localized areas.11,12 Therefore, when equipped

with a THz antenna, QWP dimension is allowed to decrease

to micrometer scale. Here, we focus on the improvement of

Tblip with an antenna and give an ideal estimation on antenna

enhancement as follows. The inset of Figure 4 shows a sche-

matic of the optical-antenna-coupled THz QWP. We suppose

the antenna dimension to be 100� 100 lm and the QWP

dimension to be 1� 1 lm. Assuming that antenna can ideally

capture and focus 100� 100 lm size incident THz ray into

1� 1 lm size QWP, the photon number flux U increases 104

times with the antenna. In an extreme case, we may shrink

the QWP size to 0.1� 0.1 lm (the length of n-type GaAs sur-

face depletion) with an enhancement factor as large as 106. In

the following analyses, we denote the antenna enhancement

factor as Kantenna. From Eqs. (8) to (10), we deduce the fol-

lowing equations:

gð1Þsc/B;ph ¼ 2
mbkBT

2p�h2

� �3=2

Lperiod exp �Vb � EF

kBT

� �
; (12)

gð1Þsc/B;phKantenna ¼ 2
mbkBT

2p�h2

� �3=2

Lperiod

� exp �Vb � EF

kBT

� �
: (13)

Solving Eqs. (12) and (13) for temperature gives Tblip with-

out and with antenna, respectively.

2. Required power for PLIP regime

Certain applications (e.g., gas sensing and heterodyne

detection) require the combined use of a QWP, and a laser

(such as a quantum cascade laser—QCL) which acts as ei-

ther the source or local oscillator. These applications are rap-

idly emerging since THz QCLs can provide high power up

to hundreds of milliwatts. Using a high-power THz QCL as

the signal radiation source, signal current can be larger than

dark current and background photocurrent at operating tem-

peratures higher than Tblip. We define the regime where sig-

nal current dominants as PLIP. Figure 5(a) shows combined

use of a QCL and a THz QWP. The required threshold power

and flux when signal photocurrent equals the dark current

are called powerplip and fluxplip, respectively, which can be

obtained by solving Eqs. (8) and (9).
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fluxplip ¼
N3DLperiod

scgð1Þ
; (14a)

powerplip ¼ h�p
N3DLperiod

scgð1Þ
: (14b)

C. Optimum doping concentration for maximizing
dark-current limited detectivity

The general expression of dark-current limited detectiv-

ity Ddet* is

D�det ¼
k

2hc

gffiffiffiffiffiffiffiffiffi
NQW

p
ffiffiffiffiffiffiffiffiffiffiffiffiffi

sc

N3DLp

r
: (15)

The widely used optimum condition of doping concentration

(or Fermi energy) for maximizing dark-current limited

detectivity Ddet* is EF¼ 2kBT.1 The condition is deduced

within the assumption that the quantum well layers of QWP

are heavily doped n-type GaAs, and the formula for subband

electron density Eq. (2) is simplified as n2D¼EF�m/(p�h2).

However, for the lightly doped THz QWP, the above

approximation is not applicable anymore. We therefore

need to look at the following: D�det / g
ffiffiffiffiffiffi

1
N3D

q
/ n2De

�EF
2kBT

/ lnðe
EF

kB 	T þ 1Þe
�EF
2kBT , where the zero point of potential energy

is set at ground subband. The optimum doping concentration

(or Fermi energy) is deduced by d
dð Ef

kBTÞ
½lnðe

EF
kBT þ 1Þe

�EF
2kBT
 ¼ 0.

Above condition gives EF/(kBT)¼ ln(�2/lambertw(0,

�2� 10�2)� 1)� 1.3665, where lambertw denotes

Lambert W function, (also called the omega function) which

is the inverse function of f(W)¼WeW. So the following con-

dition guarantees the maximum Ddet*
, where T is the desired

operation temperature.

EF ¼ 1:3665� kBT: (16a)

In most case, operation temperature roughly equals BLIP

temperature Tblip, so

EF � 1:3665� kBTblip: (16b)

Putting Eq. (16) into Eq. (4), we obtain the optimum doping

concentration for a given operating temperature T or Tblip.

N2Ddope best ¼
mw
�

p�h2
kBTlnðe1:3665 þ 1Þ ¼ 1:59

mw
�

p�h2
kBT; (17)

where we have neglect the first excited subband electrons

and 3D-electrons terms in Eq. (4) (which is a commonly

used approximation1).

III. CALCULATION AND DISCUSSION

A. Self-consistent solution of band structure

The band structure of an n-type GaAs-AlGaAs QWP is

determined by the following physical quantities: quantum

well width Lw, barrier aluminum fraction x, and quantum

well doping concentration N3Ddope (when doping width is

fixed). First, we present calculation examples to show the

significance of many-body effects (by including Hartree

potential energy VH, exchange-correlation potential energy

Vxc, and depolarization energy Edepolar
2 step by step). We

choose two QWPs from Fig. 3’s results to calculate their

band structures without and with considering many-body

effects. In Table I, the two QWPs’ results show that

many-body effects decrease ground state energy E1 by

4� 5 meV and increase response peak frequency vp by

0.8� 1 THz, which indicates that many-body effects indeed

play an important role in the design of terahertz QWPs.

Guo et al. calculated response peak frequencies in QWP

parameter space of x¼ 0.5%� 4.0% and Lw¼ 10� 30 nm

without and with considering the many-particle interactions.4

The silicon doping concentration in quantum well N3Ddope was

fixed to 4� 1016 cm�3. Similarly, we first calculate QWP pa-

rameters with fixed doping concentration. Figure 1 illustrates

the calculated well width and aluminum fraction for corre-

sponding response peak frequencies at 8 K and 77 K. In our

simulation, the parameters are as follows: aluminum fraction

x¼ 0.1%� 8%, Lw¼ 10� 25 nm, N3Ddope¼ 4� 1016 cm�3,

doping width Ldope is 10 nm in the central region of the quan-

tum well, the number of QW periods NQW is 30, the barrier

height Vb¼ x� 0.87 eV and the barrier thickness Lb is suffi-

ciently thick so that the inter-well tunneling can be neglected

(here, we set it as Lb¼ 4.5�Lw). 150 plane waves are used to

expand the envelope wave functions.2 As shown, the two

curves overlap at high frequency region (v> 3 THz), and we

can therefore neglect the temperature effects. In contrast, for

the lower frequency range, the obvious differences between

TABLE I. Comparison of eigen-energies and response peak frequencies with and without including many-body effects. The two QWPs are chosen from

Fig. 3’s results. The temperature is 10 K.

Without considering many-body effects Considering VH and Vxc

�p (THz)c

QWP sample

Lw

(nm)

Alx
(%)

N3Ddope

(m�3)

E1

(meV)a

E2

(meV)b

�p

(THz)c

E1

(meV)a

E2

(meV)b

Not considering

Edepolar

Considering

Edepolar

1 12.9 3.4 5.74� 1022 10.87 29.98 4.62 5.36 28.05 5.48 5.67

2 16.7 1.9 3.36� 1022 6.33 16.85 2.54 2.02 15.43 3.24 3.38

aE1 is ground state energy.
bE2 is first excited state energy.
c�p is response peak frequency.

194507-4 Zhang et al. J. Appl. Phys. 114, 194507 (2013)

165



two curves indicate that the influence of operating temperature

should be taken into consideration.

Now, we calculate the band structure letting Lw, x, and

N3Ddope as free parameters. Figure 2 shows the calculated

combinations of parameters for 4 THz QWP. In our simulation,

the parameters are as follows: aluminum fraction x¼ 1.7%

� 2.4%, Lw¼ 14.9� 15.5 nm, N3Ddope¼ 2� 7�1016 cm�3,

the temperature T is 10 K, other values are the same as in

Figure 1. The energy difference between the top of barrier and

the first excited subband should be less than 2.0 meV,4 so that

excited electrons in the first subband can escape efficiently. In

our simulation, the calculated parameters in Figure 2 corre-

spond to an energy difference about 1 meV, which satisfies the

design rule well.

When doping concentration N3Ddope increases, on the

one hand, absorption efficiency and signal current will be

enhanced. On the other hand, many-particle effects become

stronger and eigenenergies falls more deeply.2 To satisfy

design rule, aluminum fraction has to be decreased (as the

curve shown in Fig. 2(a)) resulting in an exponential increase

of dark current. So there is a trade-off in the selection of dop-

ing concentration: weighing the benefits of improving photo-

current against the unwanted enhancement of dark current.

Since each dot from Fig. 2(a) curve represents a set of three

parameters (Lw, x, N3Ddope) which ensure the first excited sub-

band in resonance with the top of the barrier, we can choose

one dot (3 parameters) which optimizes a specific figure-of-

merit. The figure-of-merit should contain information charac-

terizing absorption efficiency and dark current simultaneously

in order to solve the dilemma stated above. Here, we select

QWP parameters which maximize Ddet* (i.e., doping concen-

tration equals N3Ddope_best in Eq. (17)). From Eq. (17), first

we need to obtain the BLIP temperature Tblip. As a rough esti-

mation, Tblip linearly depends on response frequency,13 i.e.,

Tblip¼ c� v, where v is response frequency and c is a con-

stant. The upper curve and lower curve in Figure 1 of Ref. 13

correspond to different ratios c with different doping concen-

trations. Therefore, in order to obtain the N3Ddope_best, it is

necessary to calculate N3Ddope_best’s corresponding ratio c.

The procedure is presented briefly: taking the 4 THz (there is

a weak correlation between QWP parameters and temperature

T around 4 THz from Figure 1) QWP parameters from Figure

2, through Eq. (12) we obtain a Tblip for every QWP (the nu-

merical calculation of Tblip will be elaborated in Sec. III B).

Then, through Eq. (17) we get the optimum doping

concentration N3Ddope_best corresponding to every QWP with

parameters Lw, x, and Ndope. Next, we find the parameters

which have the minimum difference between N3Ddope_best and

Ndope: Lw¼ 15.1 nm, x¼ 2.08%, Ndope¼ 4.03� 1016 cm�3,

Tblip¼ 10.3 K. Finally, we determine the ratio: c¼ 10.3/

(4� 1012). Putting Tblip¼ c� v into Eq. (17), we can improve

the simulation reported by Guo et al.4 with doping concentra-

tion obeying the condition Ndope ¼ 1:59
Ldope

mw
�

p�h2 kBcv, which only

contains variable v.

FIG. 1. Calculated quantum well width and aluminum fraction for correspond-

ing response peak frequency at 8 K and 77 K. N3Ddope¼ 4� 1016 cm�3. In the

simulation, we include VH, Vxc, and Edepolar.

FIG. 2. Calculated quantum well width, aluminum fraction, and doping con-

centration for 4 THz QWP. (a) Three-dimension plot. (b) Two-dimension

plot. The value nearby the red dot represents the corresponding doping con-

centration (the red dots are randomly chosen from the black dots, i.e., they

are all simulated results). The temperature T is 10 K. In the simulation, we

include VH, Vxc, and Edepolar.
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Figure 3 shows the calculated quantum well widths and

aluminum fractions for different response frequencies with

optimum doping concentration. In our simulation, the param-

eter ranges are: aluminum fraction x¼ 0.1% � 5.7%,

Lw¼ 10� 34 nm, response frequency is 1� 7 THz, N3Ddope

¼ 1:59
Ldope

mw
�

p�h2 kBcv, where c¼ 10.3/(4� 1012), other values are

the same as in Figure 2.

B. Different performance regimes

1. BLIP temperature with an antenna

Figure 4 illustrates the calculated BLIP temperature Tblip

for different peak detection frequencies vp by solving Eqs.

(12) and (13). As shown, the simulated Tblip without antenna

enhancement is consistent with calculated and experimental

results reported before.13,14 Approximately, BLIP tempera-

ture depends linearly with peak frequency. Comparing the

five curves shown in the figure, incorporating optical anten-

nas indeed improve BLIP temperature. However, significant

rise can only be achieved by a high order focusing antenna

(a 106 times enhancement antenna gives a fivefold Tblip, a

104 times enhancement antenna gives a doubled Tblip, a 102

times enhancement antenna only increases Tblip by 5 K for a

4 THz QWP). Theoretically, it is anticipated that the QWP

with peak frequency higher than 5.5 THz may operate at

BLIP performance at 77 K or above when employing a 106

times enhancement antenna. It is important to note that BLIP

temperature does not continue to increase when the focusing

capacity of antenna becomes higher and higher. Since when

operating temperature rises, 3D above-barrier free electrons

count for a growing part of the whole doping electrons. So

we need to make sure the proportion of 3D electrons less

than a certain percentage (here, we set it as 10%) to guaran-

tee, there are still enough bound state electrons which are

used for generating photocurrent. Then, we get each QWP’s

corresponding critical operating temperature, which is 16 K

for 1 THz QWP, 62.5 K for 4 THz QWP, and 107 K for

7 THz QWP. As Fig. 4 shows, when antenna enhancement

factor is 106, Tblip is below critical operating temperature for

each QWP, so all of the results of BLIP temperatures in

Fig. 4 make sense.

In the calculation, typical values are used with 90� field-

of-view and 300 K background temperature. Barrier effective

mass mb, QW period thick Lperiod, doping concentration

N3Ddope, and response peak frequency vp are taken from

Figure 3. Fermi energy EF follows the rule: EF¼ 1.3665� kBT
(it is also verified by calculation results of Fermi energy). In

addition, we assume peak absorption efficiency (single well

FIG. 3. Calculated quantum well width and aluminum fraction for a given

response peak frequency. The doping concentration is selected by

N2Ddope ¼ 1:59 mw
�

p�h2 kBcv, here c¼ 10.3/(4� 1012). The parameters here guar-

antee maximal dark current limited detectivity Ddet*. (a) Three-dimension

plot. (b) Two-dimension plot. The value around the red dot represents the

response peak frequency (the red dots are randomly chosen from the black

dots, i.e., they are all simulated results). In the simulation, we include VH,
Vxc, and Edepolar.

FIG. 4. Calculated BLIP temperatures for different peak response frequen-

cies with or without optical antenna. Background temperature is 300 K,

FOV is 90�, lifetime sc¼ 10 ps. QWP parameters are taken from Figure 3,

so Fermi energy follows EF¼ 1.3665� kBT. The inset depicts the schematic

of an optical-antenna-coupled THz QWP.
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and double pass) as g(1)¼C�N2Ddope/(0.25� h�p), where

C¼ 4.05� 10�13. Background photon number flux UB,ph is

the integral of the product of blackbody spectral lineshape and

Lorentzian spectral response function with respect to fre-

quency � (the lower and upper limit of the integral are �p

�2�D� and �pþ 2�D�. Here, �p is peak response fre-

quency, D�¼ 2� (�p��c)¼DE/h).1 For MIR QWP, the life-

time of the excited-electron sc is mainly determined by optical

phonon scattering rate. However, in THz region, where inter-

subband transition energy E12 (E12¼ h� �p) is smaller than

LO phonon energy of GaAs (36 meV), electron-electron scat-

tering becomes the dominant mechanism.15,16 From Eqs. (12)

and (13), sc is not in the exponent. As a consequence, a small

deviation of estimation of sc has a weak influence on the calcu-

lated result of Tblip. Here, the lifetime is set as sc¼ 10 ps.

2. Required power for PLIP regime

Substituting the calculated data from Figure 3 into Eqs.

(14a) and (14b), the relationship between minimum signal

power (flux) required for PLIP performance and peak fre-

quency �p is obtained. The values used in calculation are the

same as Sec. III B 1: EF¼ 1.3665� kBT, sc¼ 10 ps, g(1)¼C

�N2Ddope/(0.25� h�p), where C¼ 4.05� 10�13.

The minimum photon flux required for PLIP regime at

different operating temperatures is plotted in Figure 5(b).

The required photon flux goes up rapidly when response fre-

quency decreases, indicating that the PLIP operating condi-

tion is more demanding at lower THz region. The results

conform to our intuition that lower THz QWP has lower bar-

rier and higher dark current, and hence needs larger photon

flux. Also note that there is a black dot curve which repre-

sents the corresponding photon flux for each QWP when the

QWP works at its critical operating temperature. The critical

operating temperature is determined by the same way as Sec.

III B 1.

Using Eq. (14a) to calculate photon flux of critical oper-

ating temperature, we obtain the black dot curve in Fig. 5(b).

Figure 5(c) presents the PLIP’s minimum required signal

power curve which is less steep than photon flux curve due

to the diminution of photon energy h� in lower frequency

region. And by similar way, we get the black dot curve,

which represents the corresponding signal power for each

QWP at its critical operating temperature. QWP’s tolerable

illumination density reported before is 0.1 mW/lm2 on a

10� 10 lm2 active-area device.17 Such a high illumination

density can be obtained by a high power THz QCL and a fo-

cusing optical antenna. As Fig. 5(c) shows, the required sig-

nal power is far less than 0.1 mW/lm2 in the frequency

region from 1 THz to 7 THz, indicating that the combined

use of THz QWP and THz QCL for gas sensing and other

applications is practical when QWP operates below critical

temperature. For example, when a 4 THz QWP operates at

60 K (less than its critical temperature of 62.5 K), it needs

signal power higher than 0.0025 mW/lm2 to achieve PLIP.

Note that presently THz QCLs still need cooling,18 which

are compatible with the operation of THz QWPs.

IV. CONCLUSION

In conclusion, we present theoretical analyses and

detailed simulations on design, performance, and improve-

ments of THz QWPs. In the first part of this paper, discus-

sions and calculations about device design are given. First,

the temperature dependence of device characteristics is dis-

cussed. Next, we deduce the condition of optimal doping

concentration for maximizing dark current limited detectiv-

ity Ddet* when QWP is lightly doped. Accordingly, unlike in

previously published reports, doping concentration is not

fixed and is selected by the above condition. Since a lower

Tblip is the main factor limiting the application of THz

QWPs, in the second part of this paper, we propose two

schemes for improving operation temperature. First, a

scheme that using an optical antenna to increase BLIP tem-

perature is proposed. The calculation shows a QWP with

peak frequency higher than 5.5 THz is expected to achieve

FIG. 5. (a) Illustration of combined use of a QCL and a THz QWP. (b)

Minimum photon flux required for PLIP performance at different operating

temperatures. (c) Minimum signal power density required for PLIP perform-

ance at different operating temperatures. The black dot curve in (b) and (c)

represents the corresponding photon flux and signal power for each QWP

when the QWP works at its critical operating temperature. Lifetime sc¼ 10

ps. QWP parameters are taken from Figure 3, so Fermi energy follows

EF¼ 1.3665� kBT.
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BLIP at 77 K or above when employing a 106 times enhance-

ment antenna. Second, PLIP which utilizes a high-power sig-

nal to raise THz QWP’s working temperature is described.

The simulation results demonstrate that when operating

below critical temperature QWPs in the range of 1� 7 THz

can reach PLIP under practical illumination intensities.

ACKNOWLEDGMENTS

This work was supported in part by the National Major

Basic Research Projects (2011CB925603), the 863 Program

of China (2011AA010205), Natural Science Foundation of

China (91221201, 61234005, and 11074167) and China

Postdoctoral Science Foundation General Financial Grant

(No. 2012M520890).

1H. Schneider and H. C. Liu, Quantum Well Infrared Photodetectors:
Physics and Applications (Springer, 2007).

2X. G. Guo, Z. Y. Tan, J. C. Cao, and H. C. Liu, Appl. Phys. Lett. 94,

201101 (2009).
3X. G. Guo, R. Zhang, H. C. Liu, A. J. S. Thorpe, and J. C. Cao, Appl.

Phys. Lett. 97, 021114 (2010).

4X. G. Guo, J. C. Cao, R. Zhang, Z. Y. Tan, and H. C. Liu, IEEE J. Sel.

Top. Quantum Electron. 19, 8500508 (2013).
5O. Gunnarsson and B. I. Lundqvist, Phys. Rev. B 13, 4274 (1976).
6J. Zhang and W. P€otz, Phys. Rev. B 42, 11366 (1990).
7S. Barbieri, F. Beltram, and F. Rossi, Phys. Rev. B 60, 1953 (1999).
8M. Graf, E. Dupont, H. Luo, S. Haffouz, Z. R. Wasilewski, A. J. S.

Thorpe, D. Ban, and H. C. Liu, Infrared Phys. Technol. 52, 289 (2009).
9H. Schneider, H. C. Liu, S. Winnerl, C. Y. Song, M. Walther, and M.

Helm, Opt. Express 17, 12279 (2009).
10H. Schneider, H. C. Liu, S. Winnerl, C. Y. Song, O. Drachenko, M.

Walther, J. Faist, and M. Helm, Infrared Phys. Technol. 52, 419 (2009).
11P. Liu, W. Cai, L. Wang, X. Zhang, and J. Xu, Appl. Phys. Lett. 100,

153111 (2012).
12A. Berrier, P. Albella, M. A. Poyli, R. Ulbricht, M. Bonn, J. Aizpurua, and

J. G. Rivas, Opt. Express 20, 5052 (2012).
13H. C. Liu, C. Y. Song, A. J. S. Thorpe, and J. C. Cao, Appl. Phys. Lett. 84,

4068 (2004).
14H. Luo, H. C. Liu, C. Y. Song, and Z. R. Wasilewski, Appl. Phys. Lett. 86,

231103 (2005).
15J. H. Smet, C. G. Fonstad, and Q. Hu, J. Appl. Phys. 79, 9305 (1996).
16K. K�alna, M. Mo�sko, and F. M. Peeters, Appl. Phys. Lett. 68, 117 (1996).
17H. C. Liu, R. Dudek, A. Shen, E. Dupont, C. Y. Song, Z. R. Wasilewski,

and M. Buchanan, Appl. Phys. Lett. 79, 4237 (2001).
18S. Fathololoumi, E. Dupont, C. W. I. Chan, Z. R. Wasilewski, S. R.

Laframboise, D. Ban, A. M�aty�as, C. Jirauschek, Q. Hu, and H. C. Liu,

Opt. Express 20, 3866 (2012).

194507-8 Zhang et al. J. Appl. Phys. 114, 194507 (2013)

169

http://dx.doi.org/10.1063/1.3134485
http://dx.doi.org/10.1063/1.3458829
http://dx.doi.org/10.1063/1.3458829
http://dx.doi.org/10.1109/JSTQE.2012.2201136
http://dx.doi.org/10.1109/JSTQE.2012.2201136
http://dx.doi.org/10.1103/PhysRevB.13.4274
http://dx.doi.org/10.1103/PhysRevB.42.11366
http://dx.doi.org/10.1103/PhysRevB.60.1953
http://dx.doi.org/10.1016/j.infrared.2009.05.034
http://dx.doi.org/10.1364/OE.17.012279
http://dx.doi.org/10.1016/j.infrared.2009.05.036
http://dx.doi.org/10.1063/1.3702819
http://dx.doi.org/10.1364/OE.20.005052
http://dx.doi.org/10.1063/1.1751620
http://dx.doi.org/10.1063/1.1947377
http://dx.doi.org/10.1063/1.362607
http://dx.doi.org/10.1063/1.116207
http://dx.doi.org/10.1063/1.1425066
http://dx.doi.org/10.1364/OE.20.003866


InAs/GaAs p-type quantum dot infrared photodetector with higher efficiency

Yan-Feng Lao,1 Seyoum Wolde,1 A. G. Unil Perera,1,a) Y. H. Zhang,2 T. M. Wang,2

H. C. Liu,2 J. O. Kim,3 Ted Schuler-Sandy,3 Zhao-Bing Tian,3 and S. S. Krishna3

1Department of Physics and Astronomy, Georgia State University, Atlanta, Georgia 30303, USA
2Key Laboratory of Artificial Structures and Quantum Control, Department of Physics and Astronomy,
Shanghai Jiao Tong University, Shanghai 200240, China
3Center for High Technology Materials, Department of Electrical and Computer Engineering,
University of New Mexico, Albuquerque, New Mexico 87106, USA

(Received 23 October 2013; accepted 12 November 2013; published online 13 December 2013)

An InAs/GaAs quantum dot infrared photodetector (QDIP) based on p-type valence-band

intersublevel hole transitions as opposed to conventional electron transitions is reported. Two

response bands observed at 1.5–3 and 3–10 lm are due to transitions from the heavy-hole to

spin-orbit split-off QD level and from the heavy-hole to heavy-hole level, respectively. Without

employing optimized structures (e.g., the dark current blocking layer), the demonstrated QDIP

displays promising characteristics, including a specific detectivity of 1:8� 109 cm � Hz1=2/W and a

quantum efficiency of 17%, which is about 5% higher than that of present n-type QDIPs. This study

shows the promise of utilizing hole transitions for developing QDIPs. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4846555]

In the past decade, the quantum dot infrared photodetec-

tor (QDIP), one of the important emerging devices in the

field of infrared (IR) technology, has received considerable

attention, owing to the advantage of three-dimensional con-

finement of carriers. The three-dimensional confinement

promises to offer normal incidence detection, and improved

characteristics, such as low dark current and increased photo-

carrier lifetime because of the phonon bottleneck.1

Significant progress in the past has been achieved using

quantum dots (QDs)2 and dots-in-a-well (DWELL)3 designs,

based on n-type electrons. So far, little attention has been

paid to p-type QDIP. In this letter, we report a p-type QDIP

operating through optical transitions between different sets

of valence-band (VB) QD levels, as opposite to electron tran-

sitions between conduction band (CB) QD levels.

Despite the promising characteristics, a major challenge

associated with QDIPs is the low quantum efficiency (QE).4

For example, the typical QE was obtained to be about 2%.4,5

Optimization to 12% can be achieved by utilizing bound-to-

bound transitions in a GaAs-based n-type DWELL struc-

ture,3 which, however, is still less than the QE of HgCdTe

and type-II superlattice detectors.4 By growing InAs QDs on

InP substrate and using the bound-to-bound transition

DWELL structure, further improvement to as high as 35%

was reported, with the response up to 5 lm.6 The relatively

low QE of QDIPs results in part from the large fluctuation of

the dot size in the Stranski-Krastanov growth mode. This,

along with the low QD density as compared to the density of

dopants in quantum-well infrared photodetectors (QWIPs),7

give rise to the lower absorption efficiency than expected.

Although alternative growth methods such as sub-monolayer

epitaxy come with the advantage of higher dot density (e.g.,

�5� 1011 cm�2),8 designing optimized structures to further

improve QE is yet to be demonstrated. Such designs may

include a change of operating carrier type from majority

electrons to holes, which offers a few unique characteristics,

such as optical transitions associated with three valence

bands and higher effective mass of the holes. The former

leads to a broad response allowing for convenient tailoring

of the spectral response. The latter features increased density

of states and thus enhanced absorption, as a great number of

holes are allowed in QDs. Also, higher effective mass of

holes means the lower dark current compared to conduction

through electrons.9

Among a variety of photodetectors being investigated,

devices based on p-type doping10,11 are not studied as widely

as the n-type counterpart. Room-temperature operation by

utilizing p-type inter-valence-band transitions was recently

demonstrated using bulk heterojunctions.12–14 Aside from the

high-temperature operation, inter-valence-band transitions

typically yield a broad-band absorption and detection span-

ning from 1 lm up to beyond 10 lm.14,15 This allows for a

convenient tuning of the spectral response by adjusting the

heterojunction band offset. However, an intrinsic drawback of

using bulk semiconductors is the fast carrier relaxation time,

which is, for example, about 0.1 ps for 1� 1019 cm�3 p-type

doped GaAs. In contrast, quantum structures such as dots or

dots-in-well are demonstrated to have longer lifetime of pho-

tocarriers (up to nanoseconds).16 As such, an integration of

the QD structure and p-type hole transitions could offer an

alternative route to develop high performance QDIPs.

A schematic structure of the p-type QDIP grown by

molecular beam epitaxy is shown in Fig. 1(a). The absorb-

ing region consists of 10 periods of InAs QDs, between

which is an 80-nm thick undoped GaAs barrier. The pyram-

idal shape QDs have the height and base dimensions of �5

and �20� 25 nm, respectively. The dot density is about

5� 1010 cm�2. Free holes are introduced by a d-doping

technique. A sheet density of 5� 1011 cm�2 p-type dopants

is placed above the QDs, with a 15-nm thick spacer (GaAs)

in-between them, which gives about 10 holes per dot.17 The

detectors were processed by wet etching to produce square

mesas and depositing metal ohmic contacts onto the top and

bottom contact layers. A top ring contact with a windowa)uperera@gsu.edu
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opened in the center was used to allow for front-side illumi-

nation. Spectral response was measured on devices with the

dimension of 400� 400 lm2 by using a Perkin-Elmer sys-

tem 2000 Fourier transform infrared spectrometer. A bo-

lometer with known sensitivity is used for background

measurements and calibration of the responsivity.

The hole states in QDs were calculated as shown in

Fig. 1(b), by using an 8 � 8 k � p model described in Ref. 18.

In contrast to only one electron state in the CB, many hole

states are allowed in the dots. From numerical computation

point of view, this means a massive number of eigenvalues to

be solved simultaneously from the eight-band Hamiltonian,

which becomes even difficult in the higher hole energy range

where dense states19 are included. To facilitate the computa-

tion, the spin-orbit split-off (SO) states were obtained by

treating the QD as a quantum well (QW) and using an

effective-mass method.20 The much wider in-plane dimen-

sion of the dots than the height partially validates such a

treatment. The comparison of QD and QW states for the

heavy-hole (HH) level, as shown in Fig. 1(b), indicates that

the obtained ground states from two approaches are close to

each other. We use the QW SO state to represent for the QD

SO hole and interpret the spectral response, which should be

acceptable for analysis on distinguishing respective contribu-

tions of VB hole transitions to the response.

The computed electronic structure of QDs is used to

interpret the spectral response of p-QDIP, as shown in

Fig. 2(a), displaying two primary response bands at 1.5–3

and 3–10 lm. The overall spectral profile is analogy with

that of the p-type GaAs heterojunction detector14 [Fig. 2(b)].

However, the responsivity of p- QDIP is about 10–20 times

higher than that of the heterojunction detector, as shown in

Figs. 2(b) and 2(c), despite that QDIP contains a much

thinner absorbing region than the heterojunction. This char-

acteristic indicates that the origin of response should be dom-

inantly due to the QDs but not the p-type GaAs contact

layers [Fig. 1(a)], benefiting from the longer hole lifetime of

QDs. The small spacing between hole states (<30 meV)

leads to varying response with the photon energy in accord-

ance with the band structure of InAs/GaAs. For example, the

two response bands lie above and below the SO splitting

energy of InAs (0.39 eV or 3.2 lm in wavelength).21 The ex-

perimental short-wavelength response peak at 0.552 eV cor-

responds to the hole transition from the HH ground state to

the SO state [0.609 eV by calculation as indicated by transi-

tion I of Fig. 1(b)], while the long-wavelength peak at

0.247 eV [also see inset of Fig. 2(a)] corresponds to the hole

transition from the HH ground state to the state near the

GaAs barrier [transition II, calculated as 0.260 eV]. In view

of assumed ideal pyramidal shape in the calculations, the

agreement between experiment and computed electronic

structure is reasonably well.

The hole transition which contributes to the primary

response peak at 0.247 eV may end up to quasibound states.

It can be seen from Fig. 1(b) that hole states becomes

denser19 at the higher energy portion of the HH confinement

potential, due in part to the larger hole effective mass and to

the light-hole (LH) confinement potential, which leads to a

continuum of tenuously bound states.22 This characteristic is

consistent with the broad nature of the response peak with

Dk=k ¼ 0:42, where k and Dk are 5.2 lm and 2.2 lm, respec-

tively. However, the HH bound-to-HH quasibound transition

may dominate over the HH bound-to-LH continuum transi-

tion, as the bound-to-quasibound transition has the higher

FIG. 1. (a) Schematic of the p-type QDIP structure. Free holes are intro-

duced into QDs by d-doping above the QD layer. (b) Computed valence

band structure of the QDs, where solid lines represent for hole states

obtained by using an 8 � 8 k � p model.18 The thick lines are the band edges.

The dashed lines are the hole ground states of a QW, which has the same

thickness as the QD height. The QW states were obtained using an effective-

mass method,20 with the potential confinement adopted from that of the QD

in the growth direction through the dot center.18,23 The states beyond the LH

level become denser due to the larger hole effective mass and also to the LH

confinement potential, which leads to a quasicontinuum of tenuously bound

states.22 Three transitions (I, II, and III) indicated contribute to the response

as observed experimentally, where the transition III only observed at higher

biases has the much weaker contribution compared to the other two.

FIG. 2. (a) Spectral response (R) of the p-type QDIP at 78 K. Two response

bands at 1.5–3 and 3–10 lm originate from hole transitions between the

SO-HH and HH-HH QD levels, respectively. Inset: Gaussian fits to the spec-

tral response show a lower-energy response peak at 0.148 eV due to the LH-

HH transition. (b) Comparison between the response of the p-type QDIP and

heterojunction detector.14 The bias voltages are selected such that they lead

to nearly the same electric field. The heterojunction detector consists of 30

periods of p-type GaAs (3� 1018 cm�3, 18.8 nm) and Al0.28Ga0.72As

(60 nm). Its spectral response was reported elsewhere.14 (c) The variation of

peak responsivity with the electric field. The responsivity of p-QDIP is about

10–20 times higher than that of the heterojunction detector.14

241115-2 Lao et al. Appl. Phys. Lett. 103, 241115 (2013)
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absorption than the bound-to-continuum transition.3

Compared to the HH to HH response, the short-wavelength

response contributed by the HH to SO transition is not as

strong as in the heterojunction case, as shown in Fig. 2(b). A

possible cause is the impact of strain on the local band

edges,23 leading to a much shallower SO confinement poten-

tial than the HH band and giving rise to continuum SO states.

Additionally, scattering events are required to transfer holes

in the SO states to the HH states of the barrier to facilitate

transport, which somewhat reduces the escape efficiency.

Typical QDIPs display bias-dependent multiple wave-

length responses as a result of the change between bound-to-

bound and bound-to-continuum transitions. Such an effect is

less pronounced in the present p-type detector compared to

n-type QDIP.24 It was observed that a long-wavelength

response tail rises at higher bias as shown in Fig. 2(a), the

Gaussian fit of which [inset of Fig. 2(a)] gives its peak at

0.148 eV. In view of its width (Dk=k ¼ 0:23, where k and

Dk are 8.3 lm and 1.9 lm, respectively), this response origi-

nates from the HH bound-to-LH bound transition as indi-

cated by transition III of Fig. 1(b) (0.160 eV by calculation).

The dark current-voltage characteristic of the p- QDIP is

shown in Fig. 3(a), and used, along with the experimentally

measured noise current (in), to obtain the noise gain (g)

through the expression: g ¼ i2
n=4eId, where Id is the dark

current. Figure 3(b) plots the noise gain as a function of

bias. Assuming that the photoconductive gain equals the

noise gain,2,6 the value of QE can be calculated from the

relationship between the responsivity (R) and gain:

QE ¼ R� h�=eg, where h� is the photon energy. As shown

in Fig. 3(c), QE reaches the maximum of 17% at �0.6 V.

The specific detectivity is given by D� ¼ R
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A� Df

p
=in,

where A is the device area and Df is the bandwidth. The

detectivity at 78 K for the response peak at 5 lm as a func-

tion of bias is shown in Fig. 4, with a maximum value of

1:8� 109 cm � Hz1=2/W at �0.4 V.

It was reported3 that the bias at which the maximum

detectivity is obtained progressively varies with the transition

type. The optimum operating bias of the bound-to-continuum

transition is close to 0 V.3 A recently demonstrated p-type

Ge/Si(001) QDIP17 based on the bound-to-continuum transi-

tion also confirmed this operation. For the InAs/GaAs p-QDIP

reported here, the bias-dependent detectivity as shown in

Fig. 4 indicates the bound-to-quasibound transition as the pri-

mary transition contributing to the response, in agreement

with the prior analysis based on computed electronic structure

[Fig. 1(b)].

It should be noted that the demonstrated p-QDIP does

not employ a dark current blocking layer [see Fig. 1(a)]. This

causes the dark current more than three order of magnitudes

higher than that of n-QDIPs typically using a blocking

layer.25 Although the current blocking layer also reduces the

responsivity, the noise is suppressed more effectively, lead-

ing to increased signal to noise ratio and the detectivity.25

On the basis of the present structure, further improvement on

the QE is possible through optimizing the transition type and

enhancing the absorption. Barve et al.3 reported the QE val-

ues for the bound-to-continuum, bound-to-quasibound, and

bound-to-bound transitions, the maximums of which are

�2%, 6%, and 12%, respectively. It is therefore expecting

an increase in the QE of the p-QDIP by operating based on

the bound-to-bound hole transitions. The enhancement of

absorption could be attained by optimizing the QDs, such as

the number, density, and uniformity of the dot layers, and

also by employing a resonant cavity.26

A major concern regarding the p-QDIP could be the

relatively lower mobility of holes, which causes limitation

on the speed performance as compared to operation through

electrons. However, the structure shown in Fig. 1(a) may

not be expected to display significant degradation in the

speed performance, owing to the use of undoped materials

(except for the d-doping regions). The mobility is mostly

determined by the GaAs barrier as the dots are much

thinner. The hole mobility (77 K) of p-type GaAs at

p¼ 1018 cm�3 is 900 cm2/V � s, and increases to about

104 cm2/V � s for undoped GaAs.27

To conclude, we have demonstrated the promise of

p-type hole transitions for QDIPs, with a higher QE of 17%

being achieved as compared to previously reported n-type

QDIPs grown on GaAs substrate.3 Two response bands at

1.5–3 and 3–10 lm were confirmed as being due to hole tran-

sitions from the HH to SO level and from the HH to HH

level, respectively. The broad response (Dk=k ¼ 0:42) and

FIG. 3. (a) Dark current density of the p-type QDIP at different tempera-

tures. (b) and (c) (shown as insets) are the noise gain and QE, respectively.

The noise gain is calculated by using experimentally measured noise current

and dark current. QE is obtained by assuming that the photoconductive gain

equals the noise gain.2,6

FIG. 4. The specific detectivity of the p-type QDIP for the response peak at

5 lm, plotted as a function of the bias.

241115-3 Lao et al. Appl. Phys. Lett. 103, 241115 (2013)
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the behavior of the bias-dependent detectivity indicate that

the response originates from the bound-to-quasibound transi-

tion, agreeing with the computed electronic structure of the

QDs. Despite the absence of current blocking layers, a spe-

cific detectivity of 1:8� 109 cm � Hz1=2/W was obtained for

the response peak at 78 K and at 5 lm.
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We demonstrate single-mode surface-emitting terahertz frequency quantum cascade lasers utilising

non-uniform second-order distributed feedback concentric-circular-gratings. The grating is

designed for single-mode operation and surface emission for efficient and directional optical power

out-coupling. The devices exhibit single-mode operation over the entire dynamic range with a side-

mode-suppression-ratio of around 30 dB at 78 K, and a six-fold rotationally symmetric far-field

pattern. In addition, the devices show a peak output power approximately three times higher than

in ridge-waveguide lasers of similar size, whilst maintaining similar threshold current densities for

the 3.8 THz emission and without remarkably sacrificing the maximum temperature operation

performance. Owing to the high symmetry of the structure and the broad area light emission from

surface, the devices are potentially very suitable for use as single-mode, high power emitters for

integration into two-dimensional laser arrays. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4789535]

Terahertz (THz) frequency quantum cascade lasers

(QCLs) have emerged as a compact semiconductor source of

coherent THz radiation since their first demonstration in

2002,1,2 and have promise for exploitation in THz applica-

tions such as spectroscopy,3 heterodyne detection,4 and

imaging.5 For most of these applications, high power single-

mode lasers accompanied by low beam divergence are highly

desirable. However, owing to the lack of a mode-selection

mechanism, and the sub-wavelength mode confinement in-

herent particularly to metal-metal waveguides, conventional

edge-emitting ridge-waveguide THz QCLs suffer from

multiple-mode operation and an extremely wide beam diver-

gence (�180�). Moreover, the strong mode confinement in

the laser cavity leads to a large impedance mismatch

between the modes inside and outside the cavity, resulting in

a low output power.

To overcome these drawbacks, approaches that use lin-

ear second-order distributed feedback (DFB) gratings6,7 have

been developed to couple the optical power vertically out of

the laser cavity (i.e., surface emitting) and achieve a high

output power and a low beam divergence, as well as single-

mode emission. The surface emitted beam profiles are then

typically two-dimensional (2D) ellipses. Although a low

beam divergence is obtained in the direction parallel to the

ridge axis,6 the beam divergence angle is still large in the

direction perpendicular to the laser ridge. Therefore, to

achieve a narrow 2D symmetric far-field profile, several

studies have bent the linear gratings into a ring structure,

leading to second-order DFB ring grating QCLs.8–10 Mean-

while, other techniques to improve beam divergence of THz

QCLs have also been developed, such as collimated Si

lens,11 integrated spoof surface plasmon structure,12 two-

dimensional photonic crystal,13 phase-locked arrays,14 third-

order Bragg grating,15 etc.

Another potential way to overcome the drawbacks of

ridge-waveguide THz QCLs is to use concentric-circular-

gratings (CCGs).16–18 In this letter, we demonstrate single-

mode surface emitting second-order CCG DFB THz QCLs.

The devices exhibit a single-mode operation over the full

range of injection currents where lasing is observed, with a

high side-mode-suppression-ratio (SMSR) of �30 dB. In

addition, a six-fold rotationally symmetric far-field profile is

observed which corresponds to the third-order azimuthal

mode in the laser cavity. Furthermore, the surface emitting

CCG THz QCLs show a high output coupling power in com-

parison with the ridge-waveguide lasers of similar area.

The active region design of the THz QCLs used in this

letter is a re-growth of that reported in Ref. 19 but with a

slightly higher doping in the active region. This wafer was

first Au-Au thermocompression bonded to an nþ GaAs re-

ceptor wafer, and then the original QCL substrate was

removed by lapping and selective chemical etching. After

that, the highly absorptive contact layer of the active region

was removed by using a H2SO4:H2O2:H2O (1:7:80) solution

to avoid loss of the THz radiation coupled out through the

open regions of the grating. Top metal gratings (Ti/Aua)Electronic mail: qjwang@ntu.edu.sg.
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15/200 nm) were then defined by standard optical lithogra-

phy and lift-off processes, following which the active region

was wet-etched to form a disk structure using a H3PO4:

H2O2:H2O (1:1:10) solution with a photoresist (AZ5214) as

the mask. The substrate was thinned to 150 lm, and a Ti/Au

(20/300 nm) employed for the bottom contact. The sample

was then cleaved, mounted onto Cu submounts, wired, and

finally mounted onto the cold finger of a cryostat for

measurement.

Figure 1 shows optical microscope images of a typical

fabricated device. The radial standing wave modes inside the

disk can be expressed by a superimposition of non-periodic

Bessel functions.20 This is in contrast to traditional second-

order DFB ridge-waveguide lasers where a linear second-

order grating is adopted, because the standing wave modes

in the ridge cavities are expressed as sinusoidal waves. Thus,

we design the CCG to be a non-uniform grating targeted for

single-mode emission at �3.8 THz. The width of all the

open slits is 2 lm, which is relatively narrow to guarantee

uniform current injection over the whole disk area. The slits

have a small mark-to-space duty cycle of �10% to achieve a

low out-coupling loss so that the threshold of the CCG lasers

is comparable with that of ridge-waveguide lasers. The size

of the boundary region (without metal coverage) and the di-

ameter of the center ring are optimized through simulations

to be 24.2 lm and 46.8 lm, respectively. The radius of the

whole disk is 352 lm. The whole designed grating structure

starting from the center of disk to the boundary is as follows:

23.4/2/20.1/2/18.7/2/18.9/2/20.1/2/19.4/2/20.1/2/20.1/2/20.1/

2/20.1/2/19.9/2/20.1/2/20.1/2/20.5/2/16.9/24.2lm, where bold

number indicates the open slits. A three-spoke bridge structure

is employed to connect all the rings together for electrical

pumping of the whole device.

Figure 2(a) shows the light-current-voltage (LIV) char-

acteristics of a typical CCG THz QCL for different operating

temperatures, using a room-temperature pyroelectric detec-

tor. The laser operates up to 104 K in pulsed mode, under a

200 ns pulse width and a 10 kHz repetition rate. The maxi-

mum operating temperature of a ridge laser (125 lm wide

and 2 mm long) processed from the same QCL wafer is

around 130 K, under the same operating conditions. Figure 2(b)

shows the spectra of the CCG DFB THz QCL for different

injected current densities at 78 K, from the threshold to the

rollover. The device has a single-mode emission at �3.8

THz for all drive currents. Limited by the noise level of the

detector, a SMSR of around 30 dB can be measured at 78 K,

as shown in the inset of Fig. 2(b), reflecting the strong single

mode selectivity of the grating. Similar spectra were

observed in several devices of the same grating design.

Figure 3 shows the LI curve of a CCG DFB QCL com-

pared with that of a ridge-waveguide laser of similar area.

An increased output power, by a factor of approximately

three times, is measured. Owing to the Stark effect of the di-

agonal lasing transition, the emission frequency of the ridge-

waveguide THz QCL shifts from 3.2 THz to 3.9 THz as the

drive current increases, as shown in the inset of Figure 3.

The CCG grating is designed only to select the �3.8 THz

mode, which does not lie in the gain spectrum (centered at

3.2 THz) at low drive currents (<1.1 kA/cm2), and so this

prevents a direct comparison of threshold current densities of

the ridge-waveguide and CCG THz QCL. However, from

the red dashed-dotted line in Fig. 3 which shows the charac-

teristics of a ridge-waveguide laser at �3.8 THz, one can still

conclude that the two lasers have similar threshold current

densities and dynamic ranges for 3.8 THz laser emission.

The 2D far-field profile of a CCG DFB QCL was meas-

ured by scanning a parabolic mirror (1� per step) with a

5 mm aperture on a spherical surface 15 cm in front of the

laser. The purpose of using the 5 mm aperture is to guarantee

a high angular resolution in the measurement. The incident

radiation passing through the aperture was reflected by the

parabolic mirror into a liquid-helium-cooled bolometer. As

FIG. 1. Optical microscope images of a fabricated CCG DFB QCL. Left: A

three-spoke bridge structure connects the metal gratings, allowing electrical

pumping of the whole device. Right: Magnified images of the device show-

ing the dimensions of the center ring and the boundary slit without metal

coverage.

FIG. 2. Measured results of a CCG DFB laser. (a) Pulsed (200 ns pulses

repeated at 10 kHz) LIV characteristics of the laser. (b) Emission spectra of

the laser at 78 K for different injected current densities, from the threshold

to the rollover. The inset shows a logarithmic scale plot of the spectrum,

indicating a side-mode suppression ratio of around 30 dB.

031119-2 Liang et al. Appl. Phys. Lett. 102, 031119 (2013)
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shown in Figure 4, the far-field pattern shows a six-fold rota-

tional symmetry measured at 1.23 kA/cm2, indicating that

the lasing mode coupled from the CCG cavity is the third-

order azimuthal mode, but not the fundamental azimuthal

mode whose far-field pattern is a small ring. Using 2D nu-

merical simulations (Comsol Multiphysics), and an approxi-

mate method described in Ref. 21, the simulated far-field

pattern is shown in Fig. 4(b), which well reproduces the

main features of the measured far-field pattern.

To further investigate the mode characteristics of CCG

DFB QCLs, the mode spectrum is plotted in Fig. 5, based on

a 2D simulation of the top-view of the cavity, adding in

losses in the open slit regions to take into account the surface

emission loss (surface out coupling). Only the first four azi-

muthal modes are shown; the higher-order modes with

higher losses are not plotted. Two modes appear with almost

the same eigen-frequencies and losses (highlighted by a red

circle) around the lasing frequency (�3.8 THz). One is the

third-order azimuthal mode, whilst the other is the first-order

azimuthal mode (Inset; Fig. 5). However, from the far-field

measurements shown in Fig. 4, only the third-order azi-

muthal mode appears in the experimental results (the far-

field pattern of the first-order azimuthal mode should be

mainly a single spot located at (0, 0) in Fig. 4). We attribute

this to the perturbation effects of the three-spoke bridge

structure, which result in a lower loss for the third order azi-

muthal mode (the first order azimuthal mode has a higher

overlap with the metal bridge structure (see the inset of

Fig. 5), which induces higher losses due to the scattering

effects. It is noted that the metal bridge structures function as

more disturbing the light than guiding it because only a small

portion of the mode is covered under the bridges.

It is worth mentioning that the device could also support

whispering-gallery-like (WGL) modes, similar to those

shown in Fig. 6(c), since the device has a disk structure.

However, these WGL modes are suppressed by the

unpumped and, thus, absorptive boundary. Moreover, even if

those WGL modes are excited, they will be well confined in

the cavity with very low out-coupling efficiencies, preventing

FIG. 3. Comparison of the LI characteristics of a CCG DFB QCL and a

ridge-waveguide laser at 78 K. The CCG DFB laser operates only at 3.77

THz, whilst the ridge laser operates at �3.2 THz (green portion of the LI

curve) and �3.8 THz (red portion of the LI curve) below and above a

1.1 kA/cm2 current density, respectively. The inset shows the spectra of the

ridge-waveguide laser under different drive currents.

FIG. 4. Two-dimensional far-field emission patterns of the CCG DFB QCL.

(a) The experimentally measured emission, and (b) the simulated emission

of the third-order azimuthal mode.

FIG. 5. Mode-spectrum of the CCG structure. Only the first four lowest

order azimuthal modes are shown. One first-order and one third-order azi-

muthal modes have the lowest calculated losses at the lasing frequency,

highlighted by the red circle. The mode distributions of the two modes are

shown in the inset. Owing to the perturbation effects of the three-spoke

bridge structure, only the third-order azimuthal mode achieved lasing in

reality, as indicated by the far-field measurement represented in Fig. 4.

FIG. 6. Supported modes in the CCG DFB QCLs, and the corresponding

momentum space intensity distributions. (a) Electric field intensity of the

third-order azimuthal lasing mode and (c) a WGL mode. (b) and (d) are in-

plane momentum-space intensity distributions for the modes in (a) and (c),

respectively. The red dashed circle represents the light-cone—only radiation

components inside the light-cone can be out-coupled. There are no intensity

components in the light-cone for the WGL mode, in contrast to the situation

for the third-order CCG mode.
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them from being observed experimentally in the far-field. To

gain insight into the behavior of these WGL modes, we calcu-

lated the momentum-space intensity distributions by using the

Fourier transform of the in-plane fields (Figs. 6(b) and 6(d)).22

The red dashed circle in each figure represents the light-cone

defined as kx
2þ ky

2¼ (x=c)2, where only the radiation com-

ponents inside the light-cone can be out-coupled. As there is

no observable component in the light-cone (Fig. 6(d)) for the

WGL modes, such modes cannot contribute to the far-field

radiation. This contrasts with CCG modes, where efficient

out-coupling can be expected.

In conclusion, we have demonstrated single-mode sur-

face emitting THz QCLs using second-order CCGs, which

can be simply fabricated by metal evaporation on top of the

laser active region. We have achieved a side-mode suppres-

sion ratio of around 30 dB at 78 K with a concentrated

six-fold rotationally symmetric far-field pattern, which corre-

sponds to the third-order azimuthal mode. We show that the

CCG DFB QCL has a similar threshold current to a ridge

laser of comparable area, but with a three-fold increase in

output power. Furthermore, compared with ring grating DFB

QCLs, the emission of the CCG DFB QCLs can be designed

to be evenly distributed across the top surface, potentially

leading to a further improved beam divergence.
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Terahertz Imaging With Quantum-Cascade Laser
and Quantum-Well Photodetector

Z. Y. Tan, Tao Zhou, J. C. Cao, and H. C. Liu, Fellow, IEEE

Abstract— A transmission imaging system based on a terahertz
quantum-cascade laser and a spectrally-matched quantum-well
photodetector is presented. Terahertz imaging of paper money is
demonstrated. An imaging resolution of 0.5 mm is achieved. This
experiment demonstrates that the laser and the photodetector are
potentially useful for imaging applications.

Index Terms— Terahertz, imaging, quantum-cascade laser,
quantum-well photodetector.

I. INTRODUCTION

TERAHERTZ (THz) imaging is a promising technol-
ogy for applications in security screening, biomedical

imaging, active remote sensing, and material characteriza-
tions [1], [2]. The first demonstration of terahertz imaging of
a circuit and a leaf was realized by employing an optically
gated terahertz transmitter and a corresponding detector [3].
After that, research on imaging with terahertz radiation had
been rapidly developed in the past ten years [4]–[8]. The
terahertz quantum-cascade laser (QCL) [9] is one of the impor-
tant terahertz solid-state sources with high output power and
compact structure. Experiments on biological tissues and real-
time imaging for fingerprint identification were demonstrated
by using terahertz QCLs as light sources [10]–[12]. However,
the terahertz detectors used in these systems were thermal
detectors with slow response of about ten milliseconds. The
terahertz quantum-well photodetector (QWP) [13], [14] is
one of the promising detectors with fast response time and
can spectrally match the terahertz QCL. It has been used in
characterizing thermal quenching of terahertz QCLs [15] and
in passive terahertz imaging [16]. However, the the signal-to-
noise (SNR) is not high in this passive imaging demonstration.
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Fig. 1. Schematic of the set-up for terahertz transmission imaging.

In order to obtain a good SNR in imaging, in this letter, a
terahertz QCL as a light source is employed. A transmission
imaging setup is built by employing a terahertz QCL, a
spectrally- matched QWP, two Ellipsoidal Replicated Mirrors
(ERMs for short), and a two-dimensional translation stage. The
terahertz light beam spot at the confocal point of two ERMs
is acquired and analyzed. The terahertz transmission image
of the watermark of a paper money is acquired. The imaging
resolution is analyzed and discussed.

II. EXPERIMENTAL SETUP

The terahertz light source in our experimental setup is a
GaAs/AlGaAs-based terahertz QCL, with an active region con-
sisting of three-well modules [17], [18], emitting at 3.90 THz.
The terahertz QCL, operating at 11 K, is fixed to a copper
heat sink and mounted onto the cold finger of a closed-cycle
helium cryostat (Cryostat1) with a cooling power of about
2.2 W at 10 K. The light receiver is a GaAs/AlGaAs-based
terahertz QWP (v267) [14] with a size of 0.8 mm × 0.8 mm.
The QWP is cooled down to 3.2 K by a closed-cycle helium
cryostat (Cryostat2) with a low temperature limit of 2.8 K.
The peak response frequency of the detector is 3.22 THz with
a responsivity of about 0.5 A/W and a detectivity of about
1011 cm·Hz1/2/W [14].

A schematic of the experimental setup is shown in Fig. 1.
The sample is placed at the focal plane (X-Y plane) of two
ERMs both with a long focal length of 183 mm and mounted
on a computer controlled X-Y translation stage. The terahertz
QCL is driven by a high power pulse generator. The driving
voltage is 13 V with a frequency of 20 Hz. The emitted
terahertz light from QCL is collected by the ERMs and then
focused onto the terahertz QWP. The signal current generated
by the detector is extracted as a voltage by a low noise current
preamplifier. The amplified voltage is read out by a lock-in

1041-1135/$31.00 © 2013 IEEE
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Fig. 2. Normalized spectra of the terahertz laser emission and the detector
response.

amplifier (LIA) controlled by a computer for synchronization
with the X-Y translation stage, and is displayed on the
oscilloscope simultaneously. Normalized spectra of the laser
emission and the detector response are compared in Fig. 2.
From the inset, it is clear that the response of the detector is
flat around the emission frequency (3.90 THz) of the laser.
Therefore, as a receiver, the detector is well suited for this
frequency point.

III. RESULTS AND DISCUSSIONS

First, we evaluated the beam spot size of the laser in
the sample plane using the knife-edge method [19]. A sharp
metallic blade was placed in the confocal plane of the ERMs
and moved along the X (horizontal) and Y (vertical) directions.
The scan step of the blade is set to 0.125 mm in both direc-
tions. The measured results are shown in Fig. 3. According to
the method used in Ref. [18], the effective size of the terahertz
beam in each of the X and Y directions is approximately
equal to the “clip width” of the beam measured in each of
the two transverse dimensions. The clip levels used in this
letter are in the range around 10% and 90% [19]. Therefore,
the size of the beam spot is estimated to be 0.625 mm (�x)
and 0.813 mm (�y) from the results shown in Fig. 3, where
�x is �x= (�x1 + �x2)/2, and �y is obtained by the same
method. The large beam spot is due to the mechanical vibration
of the closed-cycle helium cryostat. The amount of vibration is
more in Y direction. Another important factor that influences
the image quality is the SNR. The noise level due to the dark
current of the detector was 2 mV. This gives a dynamic range
of about 100:1 in our system, which is better than that in
Ref. [16].

Next, a transmission image of the watermark of a paper
money is collected. The scan step of the sample is set to
0.5 mm both in X and Y directions. Fig. 4(b) shows the
resulting terahertz image from the watermark region of a paper
money and Fig. 4(a) shows a comparison with its optical
image (photograph). The size of the watermark region is

Fig. 3. The dimension of the terahertz beam spot in X and Y directions
measured by employing a sharp metallic blade.

33 × 52 mm2 and the image consists of 7035 pixels with
a spacing of 0.5 mm between neighboring pixels. The total
scanning time takes about three hours. The speed is limited
by the translation scan mechanism and the integration time,
with a value of 300 ms, used in the LIA.

In the terahertz imaging, the portrait watermark area (barely
visible in the optical image) is clearly shown. Different
hair cluster in the head area can be clearly distinguished.

In order to estimate the spatial resolution of the terahertz
image in Fig. 4(b), the transmission amplitude of a cross
section at Y = 4.0 mm (the red short dashed line) in the
image is drawn in Fig. 4(c). We choose half amplitude as
a threshold to estimate the spatial resolution. The values of
the signal above the blue short dashed line represent high
transmission part in the paper money, displayed with nearly
white color in Fig. 4(b). In Fig. 4(c), point A represents the
transmission amplitude in the area of no pattern, and point
B the area of pattern “1”. The distance between point A
and B represents the spatial resolution in the “100” pattern
region which is estimated 0.5 mm from the intensity line. The
distance between the points B and C represents the width of
pattern “1” which is estimated 1.0 mm, and the real width
on the paper money is about 1.5 mm. By the same method,
in the “100” watermark area, because there is no scanning
point between points D and E, the spatial resolution is less
than 0.5 mm. The width of watermark “1” is estimated less
than 1.0 mm, and the real value on the paper money is about
1.0 mm. Therefore, the best spatial resolution is about 0.5 mm
in our experiments. The values of the signal below the blue
dash-dotted line represent the low transmission part in the
paper money, displayed with nearly black color. We can see
five lower values below the short dot line, which corresponding
to the five crossing points of the red short dashed line and the
“100” pattern in Fig. 4(b).

The results acquired by employing our transmission imaging
system provide a proof-of-concept demonstration, however the
imaging resolution should be improved in further work. A
liquid helium cryostat with nearly no vibration should be
employed for the laser. Using a helium dewar in place of
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Fig. 4. Optical (a) and terahertz image (b) of the watermark region of a paper
money. (c) The transmission amplitude of a cross section of the terahertz
image in (b); the red short dashed line indicates the location Y = 4.0 mm.

closed-cycle mechanical cryostat to cool down the detector
may also be a better choice. A faster mechanical scanning
mechanism may be employed to shorten the imaging time
in further work, such as the fast opto-mechanical scanning
system. Meanwhile, further improvement in SNR and trade-
off considerations between scan speed and integration time
must be made.

IV. CONCLUSION

We have demonstrated transmission imaging based on a
terahertz QCL and a spectrally-matched QWP. A terahertz
image of the watermark area of a paper money has been
acquired. An imaging resolution of 0.5 mm has been obtained.
The experiment has shown that the terahertz QCL and QWP
devices are good candidates for transmission imaging. For

obtaining better resolution, low-vibration cryostats should be
used for both the laser and the detector. To obtain a much
shorter imaging time, a faster mechanical scanning mechanism
may be used and the SNR of the system must be improved in
further work.
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Negative differential resistance (NDR) behavior existing in dark current-voltage (IV) curves of

terahertz quantum-well photodetectors (QWPs) is theoretically investigated. Due to electron-electron

scattering, the localized two-dimensional (2D) electrons in terahertz QWPs are thermalized. In steady

state, the effective temperature of the 2D electrons is found to be higher than that of lattice. A

self-consistent model is used to simulate the dark IV curves of terahertz QWPs, taking into account

the thermalization effect of the 2D electrons. The NDR behavior is qualitatively reproduced. The

periodic structures of electric-field domain and 2D electron occupation are formed in the NDR

regime. The improved self-consistent model is useful for further understanding of the electron

transport properties and improving the performance of terahertz QWPs. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4808343]

I. INTRODUCTION

Vertical electron transport across weakly coupled multi-

quantum wells (MQWs) is a central issue for the perform-

ance improvement of quantum-well photodetectors

(QWPs).1 Recently, large current discontinuity and instabil-

ity have been observed in the current-voltage (IV) curve of a

terahertz QWP at a temperature of 1.5 K by Gomez et al.2

Later, Delga et al. shown that the negative differential resist-

ance (NDR) regime in the dark IV curve measured in a cur-

rent sweeping mode was responsible for such current

discontinuity and instability.3 They concluded that the NDR

was mediated by the space charge in the quantum wells

(QWs) released by an intersubband impact ionization pro-

cess;4 and such depletion layers were near the emitter and

collector contacts.

In QWPs, the impact ionization originates from the

electron-electron (ee) interaction between the drift hot elec-

trons in the continuum states above the QWs and the con-

fined two-dimensional (2D) cold electrons in QWs.4–6 In a

more general point of view, the most important effect of ee

interaction between the two groups of electrons is that the

2D cold electrons are thermalized. Therefore, in steady state,

the effective temperature of the 2D electrons is higher than

that of lattice. The temperature difference is determined by

the densities and temperatures of the two groups of electrons,

the escape probability of energetic 2D electrons, and energy

exchange rate between 2D electrons and lattice. Because

there are two degrees of freedom for the 2D electrons in

QWs, it is expected that such energy exchange between the

3D hot electrons and the 2D cold electrons is efficient. The

thermalization of 2D electrons has been found in quantum

cascade lasers.7 In terahertz QWPs, because the energy dif-

ferences between the ground subbands and the continuum

states are very small, the dark IV curves are very sensitive to

temperature.8 Therefore, it is necessary to consider the effect

of 2D electron thermalization on the electron transport

behaviors in terahertz QWPs.

II. THEORETICAL MODEL

Within a first-order approximation, the 2D electron

effective temperature Te can be expressed by the rate equa-

tion dTe=dt ¼ SðEk; JÞ � RðTe; TLÞ, where S(Ek,J) describes

energy exchange rate between the 3D hot electrons and the

2D cold electrons, which is assumed to be proportional to

the thermal power of the drift 3D electrons EkJ with Ek the

kinetic energy of a drift 3D electron in QW layers and J the

current density, and R(Te,TL) is the energy relaxation rate

from the 2D electrons to lattice with TL the temperature of

lattice. In steady state, for a larger value of Te, the increase

of S will become slower and the energy relaxation rate R will

be faster. Therefore, it is expected that there is a maximum

value Tmax for Te. The kinetic energy of a drift electron

in the ith QW layer is Eki ¼ Fi�1vdsþ Eb � E1. Here,

vd ¼ uFi�1=½1þ ðuFi�1=vsatÞ2�1=2
is the drift velocity of

electrons with Fi�1 the electric field across the barrier on the

left-hand side of the ith QW, l the mobility, and vsat the satu-

ration drift velocity. Here, s is the scattering time, Eb is the

barrier height, and E1 is the energy of the first subband bot-

tom. In low temperature regime, the main energy relaxation

channel from the 2D electrons to lattice is the electron-

acoustic phonon scattering.8 Therefore, the energy relaxation

rate is RðTe; TLÞ ¼ AðTc
e � Tc

LÞ, where A and c are two fitting

parameters.9 In steady state, the effective temperature Tei of

the 2D electrons confined in the ith QW is phenomenologi-

cally expressed asa)Electronic mail: xgguo@mail.sim.ac.cn
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Tei ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tc

L þ aEkiJ
c
p

; if Tei < Tmax

Tmax; if Tei � Tmax

:

�
(1)

Here, a, c, and Tmax are three fitting parameters.

Due to Eq. (1), a positive feedback loop is introduced

when the bias voltage is slightly increased at a critical bias

point: larger current density ! higher effective temperature

of 2D electrons ! more thermal emission of electrons from

the QWs! larger current density. The positive feedback loop

stops when Te approaches to Tmax. The NDR regime can be

qualitatively explained by the above positive feedback loop.

In this paper, Eq. (1) is incorporated into a self-consistent

model developed by Thibaudeau et al.10 The numerical results

show that the thermalization of 2D electrons in QWs can

introduce NDR in dark IV curves of terahertz QWPs.

When a QWP is operated in steady state, the current J
flowing through the device equals the injected current Jinj

from the emitter contact (left end, electrons flowing from the

left end to the right end of the device), and the number of

captured electrons by one QW equals that of escape electrons

from the QW.10–13 Under the assumption of uniform electric

field across each barrier, the dark IV relation is determined

by the following coupled equations:9

qi ¼ qd þ
e0er

q
ðFi � Fi�1Þ; (2)

pc JinjðF0; TL; TeÞ ¼ Jthðqi;Fi; TeÞ; (3)

V ¼ LbF0 þ
XN

i¼1

ðLb þ LwÞFi; (4)

where qi is the 2D electron density in the ith QW, qd is the

Si doping density in the QWs, e0 is the vacuum permittivity,

er is the static dielectric constant, q is the electron charge, pc

is the electron capture rate, Fi�1 (Fi) is the electric field

across the left (right)-hand side barrier of the ith QW, Jth is

the thermal emission and field-assisted tunneling current

from the ith QW, V is the bias voltage applied to the device,

N is the number of QWs, Lb is the barrier height, and Lw is

the width of QW. The injected current Jinj is given by the fol-

lowing expression:10,11

Jinj ¼
qm�kTL

2p2�h3

ð1
Ec

TðEz;F0Þ

�ln
1þ expððEFc � EzÞ=kTLÞ

1þ expððEFw � Ez � qF0LbÞ=kTeÞ

� �
; (5)

where m* is the effective mass of electron, k is the

Boltzmann constant, Ec is the energy of conduction band

bottom, Ez is the electron kinetic energy along the direction

of current flow, and EFc and EFw are the Fermi energies of

the emitter contact and the first QW, respectively. Within the

WKB approximation, the probability of tunneling T(Ez,F0)

through the barrier is expressed as9,10

TðEz;F0Þ ¼
1; Ez � Eb

exp½ð�4=3qF0Þð2m�=�h2Þ1=2ðEb � EzÞ3=2�;Eb � qF0Lb � Ez < Eb

exp½ð�4=3qF0Þð2m�=�h2Þ1=2ðEb � EzÞ3=2 � ðEb � Ez � qF0LbÞ3=2�; Ez < Eb � qF0Lb

:

8<
: (6)

The QWs are treated as three-dimensional emitters, and the

thermal emission current Jth from the QWs is achieved by an

expression similar with Eq. (5).

III. NUMERICAL RESULTS AND DISCUSSIONS

The studied terahertz QWP is labeled as V265 reported

in Refs. 8 and 14. The MBE layers consist of a 400-nm top

contact layer with Si doping of 1.0� 1017/cm3, 40 quantum

wells with Lw¼ 11.9 nm GaAs layers, Lb¼ 55.2 nm

Al0.05Ga0.95As barriers, and an 800-nm bottom contact layer

doped with Si to 1.0� 1017/cm3. The central 10-nm-wide

region of each quantum well is Si doped to qd¼ 1.0� 1011/

cm2. The band structure of QW is obtained by solving the

Schr€odinger equation and Poisson equation with the

exchange-correlation potential being considered in local den-

sity approximation.2,15 Equations (1)–(6) are solved itera-

tively. The convergence criterion is that the maximum value

of jqi;n � qi;n�1j=qd is less than 1.0� 10�4 with n the nth

iteration. The effective mass of electron is 0.067 m0 with m0

the electron mass. Because of a very small mole fraction of

Al (0.05), the static dielectric constant of GaAs er¼ 10.88 is

taken in the following calculations. The barrier height is

0.84 x¼ 0.042 eV with x the Al mole fraction ratio.10 The lat-

tice temperature is TL¼ 4.0 K. The electron mobility l, the

saturation drift velocity vsat, the electron capture probability

pc, and the scattering time of drift electrons in the barrier

layers are 5000 cm2/V/s, 1.0� 107 cm/s, 0.03, and 8.0 ps,

respectively.

Fig. 1 shows the numerical dark IV curves and experi-

mental data3 in the inset. The fitting parameters are

a¼ 1.0� 1010, c¼ 4.0, and Tmax¼ 14, 20, and 22 K. The

main features of the NDR regime are reproduced qualita-

tively. The start point of the NDR regime is determined by

parameters a and c. The main features of NDR are charac-

terized by parameter Tmax. For Tmax< 15 K, there is only a

kink in the dark IV curve. With the increase of Tmax, the

NDR regime appears and the magnitude of NDR-induced

current discontinuity increases and the minimum bias vol-

tages in the NDR regime approach to smaller values. Our

model can reproduce the two-cusp shape of the NDR re-

gime. Moreover, the transition point and the magnitude

of current discontinuity can be well fitted by adjusting

parameters a, c, and Tmax. However, compared with the
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experimental data, our model gives much smaller values of

the two minimum bias voltages at which the transitions of

NDR states to positive differential resistance (PDR) states

occur. Several reasons maybe responsible for such dis-

crepancies. First, Eq. (1) is a phenomenological expression

to describe the dependence of effective temperature on

electric field and current density; more sophisticated

method is needed. Second, the intersubband impact ioniza-

tion is not included in our model. Finally, because of the

accumulation and depletion of electrons in QWs in the

NDR regime, the electron-related potential is significantly

distorted; but such potential distortion is not considered in

our calculations.

Fig. 2 presents the potential distributions for different

injection current densities labeled as A, B, C, D, E, and F in

the dark IV curve with Tmax¼ 22 K shown in Fig. 1. We find

that the effective temperatures of 2D electrons in different

QWs are different. Before the appearance of NDR transition

(point A), the electric field across the main body of the

device is uniform. According to Eq. (1), the effective tem-

perature Te has the same value for all the QWs. At point B

near the beginning of the NDR regime, due to the increase

of injection current, the electric field across the first barrier

is larger than those across the other barriers. The flowing

electrons in the first QW layer earn more energy from the

electric field, which makes the 2D electrons in the first QW

hotter. In steady state, since the current continuity must be

satisfied, the electric field across the second barrier, and fur-

ther the effective temperature of 2D electrons in the second

QW become lower. For the same mechanism, the electric

field across the third barrier increases. Therefore, at

Jinj¼ 2.76 � 10 �5 A/cm2, electric-field domains are formed

in the first three periods of the terahertz QWP. With further

increasing injection current Jinj, the periodic electric-field

domains are strengthened and they extend to the whole of

the device. The period of the electric-field domains equals

to twice of that of the MQW structure. Similar periodic field

domain structure in mid-infrared QWPs has been reported

by Ryzhii et al.16 At the NDR-PDR transition point (C), the

effective temperature Te of 2D electrons in the odd number

indexed (ONI) QWs equals to Tmax¼ 22 K. Because of

over-thermal emission from the ONI QWs, the electric fields

across the even number indexed (ENI) barriers are reversed.

From point C to point D, the effective temperature Te in

ONI QWs equals to Tmax. Therefore, with the increase of

injection current, the electric fields across the ONI barriers

increase. At the same time, the effective 2D electron tem-

peratures in ENI QWs increases, and the reversed electric

fields across the ENI barriers decrease and approach to zero.

So, in the C-D region, the dark IV shows PDR behavior.

The second PDR-NDR transition near point D is triggered

by the increase of effective 2D electron temperature in ENI

QWs. At point E, the field domains are weakened because

of the decrease of the effective temperature difference

between the ONI QWs and the ENI QWs; the periodicity of

the electric-field domains is smeared. Finally, the effective

temperature Te equals to Tmax for all the QWs. The electric

field across the main body of the terahertz QWP is uniform

(Point F).

The numerical normalized total net electron density

qT ¼
PN

i¼1ðqi � qdÞ=Nqd as a function of injected current is

shown in Fig. 3. At the small injection current region, there

is a small electron accumulation in the device. For Jinj > 3.0

� 10�7 A/cm2, the device is electron depleted. The dip at

point B originates from the thermalization of 2D electrons in

ONI QWs. The sharp depletion of electrons in the D-E

region is induced by the thermalization of 2D electrons in all

QWs. As shown in the inset of Fig. 3 for point C, electrons

are accumulated in ONI QWs and are depleted in ENI QWs.

Similar with the structure of electric-field domain, the effec-

tive temperature difference between ONI QWs and ENI

QWs introduces a periodic structure of 2D electron occupa-

tion in the QWs. Such periodicity is distorted with the

decrease of the effective temperature difference (inset for

point D). At point F, the effective temperature is Tmax¼ 22 K

for 2D electrons in the MQWs. Near the emitter contact,

there is a depleted layer consisting of four QWs. The other

QWs are close to electrically neutral.

FIG. 1. Experimental and numerical dark IV curves of the terahertz QWP la-

beled as v265 in Refs. 12 and 13 at a lattice temperature of 4.0 K, the fitting

parameters a¼ 1.0� 1010, c¼ 4.0, and Tmax¼ 14, 20, and 22 K. Inst: the ex-

perimental dark IV data.3

FIG. 2. Calculated electric potential distributions in the terahertz QWP of

points A, B, C, D, E, and F shown in Fig. 1 with Tmax¼ 22 K. Hartree and

Exchange-correlation potentials are not included.
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IV. CONCLUSIONS

In conclusion, we investigate the NDR properties exist-

ing in the dark IV curve of a terahertz QWP. A phenomeno-

logical expression is used to describe the current-induced

thermalization of 2D electrons in the QWs. The main fea-

tures of the NDR regime are reproduced. We find that the

thermalization of 2D electrons is a two-step procedure. In

the first step, the effective temperature of the 2D electrons in

the ONI QWs reaches to Tmax. In the second step, all the 2D

electrons are completely thermalized. The periodic structures

of electric-field domain and the 2D electron occupation are

formed in the NDR regime.
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A wireless terahertz digital transmission link is demonstrated, in which a quantum-cascade laser and a
spectrally-matched quantum-well photodetector serve as the emitter and receiver, respectively. An on-off
modulation scheme is used. By directly amplitude modulating the laser emitting at 4.13 THz, a 1.0-Mbps
pseudorandom signal is transmitted over a distance of 2.2 m.
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There are huge bandwidth resources in the terahertz
(THz) range. THz wireless communication is a promis-
ing type of future information technology[1]. However,
the emitter and receiver are not mature enough to build
a real THz communication system, especially in the 2.0–
5.0 THz range. The THz quantum-cascade laser (QCL)
is one of the most promising sources in this frequency
region, and has many advantages such as compact size,
portability, long life-time, and easy integration[2−4]. Fast
modulation[5,6] of THz QCLs, such as the midinfrared
QCLs[7], is a key element of transmission systems with
high data-rate. Moreover, a spectrally-matched detector
with fast response ability, such as the quantum-well in-
frared photodetector (QWIP)[8], is also required. Audio
wireless transmission systems have been demonstrated
in Refs. [9,10], in which pulsed and continuous-wave
(CW) THz QCLs are employed, respectively. In this
letter, we report a direct amplitude modulation of a 4.13
THz, CW QCL device by employing a pseudorandom
signal. A transmission link is built using this THz QCL
and a spectrally-matched THz quantum-well photode-
tector (QWP) with a good response in the 3.1–5.0 THz
range[11]. The practical transmission rate of the link is
measured. The main factor that limits the transmission
rate of the system is also discussed.

The emitting frontend consisted of a QCL device based
on a four-well resonant-phonon design, with a metal-
metal waveguide (length: 1 mm, width: 30 µm) and
a home-made modulator. The optical and electrical
properties of the laser are detailed in Ref. [12]. The
receiver consisted of a large-area QWP device, with a
size of 1.5 × 1.5 (mm). The receiver was based on
a GaAs/AlGaAs material system, grown by molecular
beam epitaxy (MBE) and a home-made signal processing
circuit. Both devices worked at cryogenic temperature.
The QCL that operated at 13 K, was fixed to a cop-
per heat sink and then mounted onto the cold finger of
a closed-cycle helium cryostat. The QWP was cooled
down to 4 K by a continuous-flow liquid-helium cryostat.
A schematic of the transmission setup is shown in Fig. 1.

As shown in Fig. 1, the QCL is driven by a home-made
modulator circuit, the input of which is a pseudorandom
signal in transistor-transistor logic (TTL) provided by a
bit error rate (BER) analyzer (Fig. 1). In such system,
the circuit controls the output signal, which leads to a
high and low level switching. The laser also emits a
4.13-THz pseudorandom-like THz light, with an average
power of about 1 mW, thereby realizing an on-off mod-
ulation. Here, the driven voltage added to the laser was
7.8 V in low level (no radiation) and 13.5 V (emitting
radiation) in high level. In addition, overload protection
and impedance matching were applied in this circuit.
Using two off-axis parabolic (OAP) mirrors with a focal
length of 101.6 mm, the emitted pseudorandom-like light
from the QCL was transmitted through a 2.2-m opti-
cal path in free space, and then focused onto the QWP
mesa. The bias voltage added to the QWP was –30.5
mV. The current generated in the QWP was extracted
to a voltage signal by the signal processor, in which a
trans-impedance amplifier and a variable gain amplifier
were used. The current was made to flow through a low-
pass filter to eliminate the high frequency excess noise
caused by the QWP device. Alternating current (AC)
coupling was used in the circuit. Finally, the signal was
fed into an oscilloscope.

Fig. 1. Scheme of the transmission setup based on a digitally-
modulated THz QCL.
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The profile of the THz light beam at the focus point of
the second OAP was measured using a thermal detector
array. The photograph of the displayed result is shown
in Fig. 2. As can be seen, the THz light is gathered at
the focus point.

A 1.0-Mbps signal is transmitted through the 2.2-m
link. The time traces of the modulated signal (upper
part) and demodulated digital signal (lower part) are
shown in Fig. 3, with a time scale of 5 µs per division.
The inverting original signal generated by the detector,
which has a time scale of 5 µs per division, is also shown
in Fig. 4. From the graph, we can see that the signal-
to-noise (SNR) of the original signal is bad and with a
value of about 1. The received signal also shows a delay
of about 600 ns, which is mainly caused by the circuit.

The calculated capacitance of the QWP device is 81 pF,
and from this, a theoretical bandwidth of several hundred
MHz can be estimated. However, the measured value is

Fig. 2. Photograph of the displayed THz light beam spot at
the focus point of the second OAP.

Fig. 3. Time traces of a 1.0-Mbps pseudorandom signal trans-
mitted over the link.

Fig. 4. Original waveform of a 1.0-Mbps pseudorandom signal
generated by the THz QWP.

Fig. 5. Transmittance of the room-temperature atmosphere
with a distance of 1.48 m at a relative humidity of 47%.

380 pF when the wires are connected to the electrodes of
the QWP, and when the bottom contact of the detector
is connected to the ground, because the sample holder of
the cryostat is grounding. The capacitance was measured
by a precision inductor capacitor resistor (LCR) meter
(Agilent, 4285A), with measuring conditions of a 30-mV
bias voltage and a 1.0-MHz frequency. In this case, the
calculated 3-dB bandwidth was about 8 MHz by using
an equivalent resistance-capacitance model. However,
in our experimental case, the background current of the
device is about 600 nA with a bias of –30 mV, whereas
the photocurrent is about 150 nA as a result of the weak
radiation reaching the detector. These are the main fac-
tors that lead to a low SNR of the transmission system
and a limited bandwidth. Therefore, the connection be-
tween the device and the signal processor circuit should
be optimized. Furthermore, the QCL device with higher
output power should be employed in the future work.

The water-vapor absorption in the room-temperature
atmosphere and the collection efficiency of the opti-
cal setup are the main factors that help reduce THz
light power received by the detector when the trans-
mission distance becomes longer, thereby limiting the
transmission distance and the rate. The transmittance
measured by a Fourier-transform spectrometer (Bruker,
IFS 66v/S) at a relative humidity of 47% is shown in
Fig. 5. The transmittance is 50% at 4.13 THz with an
atmosphere distance of 1.48 m. A transmittance of 36%
is deduced using the exponential attenuation equation in
the uniform medium with a distance of 2.2 m. In our
experiment, the light power received by the detector is
only about 3.6% of the laser emission power, while con-
sidering collection efficiency or about 10% of the whole
optical setup. This condition becomes worse when the
distance is longer. Therefore, high collection efficiency
reflectors and methods, along with a dry environment,
should be employed to increase the transmission distance
and rate in future works.

In conclusion, we demonstrate a 1.0-Mbps transmission
link by employing a digitally-modulated THz QCL and a
spectrally-matched QWP. The distance of the transmis-
sion link is 2.2 m, which is limited by the emission power
of the laser. Both the THz QCL and QWP have high
theoretical modulation bandwidths in the GHz region.
However, in our experimental condition, the modulation
speed is limited by the digital circuit and the power of
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the emitter. Nonetheless, a common video would be
transmitted easily by this link. We believe that the mod-
ulation speed can be significantly improved by increasing
the power reaching to the receiver. In turn, such an in-
crease reduces the size of the THz QWP and optimizes
the circuits used in the emitter and the receiver.

This work was supported by the National “973” Pro-
gram of China (No. 2011CB925603), the National “863”
Program of China (No. 2011AA010205), the National
Natural Science Foundation of China (No. 61131006),
the Major National Development Project of Scientific
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the Shanghai Municipal Commission of Science and
Technology (Nos. 09DJ1400102, 10JC1417000, and
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We propose an optically pumped nonpolar GaN/AlGaN quantum well (QW) active region design for terahertz (THz)
lasing in the wavelength range of 30 µm ∼ 40 µm and operating at room temperature. The fast longitudinal optical (LO)
phonon scattering in GaN/AlGaN QWs is used to depopulate the lower laser state, and more importantly, the large LO
phonon energy is utilized to reduce the thermal population of the lasing states at high temperatures. The influences of
temperature and pump intensity on gain and electron densities are investigated. Based on our simulations, we predict that
with a sufficiently high pump intensity, a room temperature operated THz laser using a nonpolar GaN/AlGaN structure is
realizable.

Keywords: quantum well structure, intersubband terahertz laser, GaN
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1. Introduction

The terahertz frequency (THz) range (wavelengths from
30 µm to 1000 µm) remains one of the least developed
spectral regions,[1] although a surge of activity in the past
decade has advanced its potential for applications including
astrophysics and atmospheric science, biological and med-
ical science, security screening and illicit material detec-
tion, non-destructive evaluation, communications technology,
and spectroscopy.[2–5] In 1971 Kazarinov and Suris proposed
a laser based on intersubband transitions in quantum wells
(QWs).[6] The first quantum cascade laser (QCL) was demon-
strated at a wavelength of 4.3 µm (frequency of 70 THz) in
1994.[7] Seven years later in 2002 the first THz QCL was
reported with a lasing frequency of 4.4 THz (wavelength of
68 µm).[8] Presently research on terahertz lasers is progressing
at a rapid pace.

Although the first THz QCL operated up to a maxi-
mum temperature of Tmax = 50 K and improvements in active
regions and waveguides brought about substantial progress
in GaAs/AlGaAs-based QCL working temperature (Tmax =

199.5 K),[9–11] room-temperature operation of THz lasers will
require an additional revolution either through the invention
of an alternative active region design, or through the use of a
new system. Thermal backfilling is one of the major processes
causing a degradation of population inversion in THz QCLs at
high temperatures.[1] The thermal backfilling process works as
follows: backfilling of the lower radiative state with electrons
from the heavily populated ground state occurs by thermal ex-

citation (roughly according to Boltzmann distribution). In a
GaAs-based material system, in order to take advantage of the
rapid resonant longitudinal optical (LO) phonon scattering de-
population, the energy separation between the lower laser state
and the ground state is just above the LO phonon energy[12]

(∼ 36 meV), which is comparable to room temperature kBT
(∼ 26 meV). In addition, QCLs based on semiconductors such
as GaAs/AlGaAs are not capable of emitting in the energy
range around the LO phonon energies (ELO ∼ 36 meV in
GaAs), leaving a gap in the spectral range between 30 µm and
40 µm.[13]

Obviously, a material system with large LO phonon en-
ergy will be advantageous. In contrast to a QCL, which is
electrically pumped, optically pumped intersubband lasing has
received limited attention so far. Optical pumping offers the
advantage of highly selective excitation of carriers into the de-
sired subband and thus provides a tool for the study of lasing
mechanisms, carrier relaxation, and other processes.[14] Com-
pared with a GaAs material system, a GaN material system has
a larger LO phonon energy (∼ 90 meV). Its alloys with alu-
minum nitride and related quantum wells have attracted sig-
nificant attention in recent years, resulting in many success-
ful advances[15–17] based on this material system. Previous at-
tempts to grow nonpolar GaN by vapor phase and molecular
beam epitaxy yielded rough and faceted surfaces that were un-
suitable for use in practical devices. Beginning with Waltereit
et al.’s work,[18] significant progress has been made in improv-
ing nonpolar GaN structure quality and morphology.[19,20] We
present a design and simulation of an optically pumped nonpo-

∗Project supported in part by the National Major Basic Research Program of China (Grant No. 2011CB925603) and the Shanghai Municipal Major Basic
Research Project (Grant No. 09DJ1400102).
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lar GaN/AlGaN QW THz laser. This laser could work at room
temperature with a sufficiently high pump intensity. Moreover
it can emit at energy of 36.3 meV (about 8.7 THz), which is
beyond the capability of GaAs lasers.

1.6 nm1.5 nm

E1=34.4 meV

E2=125.7 meV

E3=162.3 meV
E3

E2

E1

E32=36.3 meV

E21=91.4 meV

5.6 nm

Fig. 1. (color online) Right: calculated double quantum well po-
tential and wave functions; left: illustration of the optically pumped
nonpolar laser. E3–E1 is tuned for CO2 laser pumping, and tera-
hertz emission is generated from E3 to E2 transitions.

Figure 1 shows the active region of the proposed non-
polar AlGaN/GaN laser structure which consists of three
Al0.15Ga0.85N barriers and two GaN wells. In this three-level
laser system, levels E3 and E2 are the upper and the lower
laser states, respectively. The laser operates as follows: elec-
trons are pumped into the upper laser state E3; undergo a lasing
transition to the lower laser state E2; and then a depopulation
of E2 occurs by scattering with LO phonon to ground state E1.
A detailed investigation of the performance of this structure is
also presented. In the following sections, we first introduce the
theoretical model for this system and then calculate the transi-
tion time for each process, after that we use the rate equation
consideration to obtain the electron densities for all subbands,
and finally we present the results with discussion.

2. Theoretical model
2.1. Electron transition rate by interaction with phonon

The transition rate for scattering an electron from initial
subband i with in-plane wave vector 𝑘 into any state in sub-
band j via the interaction with phonon is calculated by Fermi’s
golden rule

Wi j(k)=
2π

h̄

∫
|〈k′, j|Hep|k, i〉|2δ (Ek′, j−Ek,i∓ h̄ωQ)dNk′ , (1)

where Hep is the electron–phonon interaction Hamiltonian,
Ek,i is the energy for state |k, i〉 in subband i, which can be

written as

Ek,i = Ei +
h̄2k2

2m∗
, (2)

m∗ is the electron effective mass in GaN, h̄ωQ is the phonon
energy, and the integration is over all final states to which the
scattering process is allowed by energy conservation and in-
plane momentum conservation.

The phonon wave vectors have been decomposed into
their in-plane and normal components, as 𝑄 = 𝑞 + qz𝑒z.
The transition rate integral can be evaluated by transform-
ing the integral over final states to one over Q, dNk′ =

[Ω/(2π)3]qdqdθ dqz. Ω is the volume of the sample. The
matrix element can be expressed as follows:[21]

|〈k′, j|Hep|k, i〉|2

=



Ξ
2
kBT

2clΩ
δq,±(k′−k)|Gi j(qz)|2, acoustical,

e2h̄ω0

2εpΩ

Q2

(Q2 +q2
0)

2 δq,±(k′−k)

|Gi j(qz)|2[n(ωQ)+1/2∓1/2] longitudinal optical,

(3)

where the upper sign is for absorption and the lower for emis-
sion of the phonon; Ξ is the deformation potential; kB is the
Boltzmann constant; cl is the elastic constant associated with
acoustical vibration; e is the free-electron charge; and q0 is the
reciprocal length. Gi j(qz) contains the wave functions inter-
ference effects and can be expressed as Gi j(qz) = 〈 j|e iqzz|i〉.
The permittivity constant εp is

1
εp

=
1

ε∞

− 1
εs
, (4)

where ε∞ and ε0 are high-frequency and static permittivity,
respectively, and (nωQ) is the equilibrium number of optical
phonons

n(ωQ) =
1

exp(h̄ωQ/kBT )−1
. (5)

The Kronecker symbol in the matrix element represents the
in-plane momentum conservation

k′2 = k2 +q2±2kqcosθ , (6)

where θ is the angle between k and q.
Finally, the transition rate is calculated by the following

three-dimensional integral:[21]

Wi j(k) =
2π

h̄

∫ {
|〈k′, j|Hep|k, i〉|2

[∫ 1

−1
δ

( h̄2q2

2m∗
+

h̄2kq
2m∗

cosθ +Ei−E j∓ h̄ωQ

) d cosθ√
1− cosθ 2

]
2qdq

}
dqz. (7)

(i) Acoustical phonon scattering: the energies of acousti-

cal phonons are in general small and may be neglected,

h̄wQ ≈ 0. (8)

The scattering rate by acoustical phonons from subband i into

subband j is

W a
i j(k) =

Ξ
2
kBT m∗

2πcl h̄3

∫
|Gi j(qz)|2 dqz. (9)

(ii) LO-phonon scattering: the LO phonon energy can be

approximated as a constant h̄ωQ. The scattering rate by LO
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phonons from subband i into subband j is

W 0
i j(k) =

e2w0[n(w0)+1/2∓1/2]
8πεp

×
∫ |Gi j(qz)|2[ h̄4k2q2

z

m∗2
+
( h̄2q2

z

2m∗
+Ei−E j±h̄wQ

)2]1/2
dqz. (10)

It is well known that electron–electron scattering becomes rel-
evant only at high carrier concentration and at small spacings
(up to 10 meV) between energy levels; hence it should not be
too important in this system considered here.[22–24]

2.2. Interaction of electrons with electromagnetic field

For the z-polarized radiation, the pumping rate is given
by[25]

M =
e2π

nε0h̄c
z2

13
Γ

2π

1
(h̄ω− h̄ω0)2 +(Γ /2)2 P, (11)

where n is the refractive index and Γ is the transition line width
taken to be equal to 15% of the transition energy–typical in the
THz intersubband lasers.[1,26–29] h̄ω0 and h̄ω are the transition
and photon energies, respectively, z13 is the dipole matrix ele-
ment

z13 =
∫

ϕ
∗
3 zϕ1 dz,

P = Φ× h̄ω is the pump intensity of the pump laser, and Φ is
the pump flux.

2.3. Rate equations

The rate equations for a three-level system is

∂n1

∂ t
=−M13(n1−n3)+

n3−n3T

τ31
+

n2−n2T

τ21
,

∂n2

∂ t
=

n3−n3T

τ32
− n2−n2T

τ21
,

∂n3

∂ t
= M13(n1−n3)−

n3−n3T

τ32
− n3−n3T

τ31
,

n1 +n2 +n3 = n1T +n2T +n3T = ns,

(12)

where ns is the total electron density and (ns = NDL) ND is
the doping concentration, L is the effective length of the struc-
ture. The thermal population effect in the three-level system
is taken into account by allowing ni to approach niT , which is
the area electron density in subband i assuming thermal equi-
librium distribution when the pump light is turned off. They
are related by the approximation of Boltzmann distribution.[17]

Equation (12) can be solved in the steady state (d/dt = 0), and
we then obtain electron density in the laser system.

For a simple analysis, the population n2 of the second sub-
band is given by

∂n2

∂ t
=

n3−n3T

τ32
− n2−n2T

τ21
(13)

in steady state dn2/dt = 0, and noting that n3T < n2T , dictated
by the Boltzmann distribution. Then the standard necessary

condition for population inversion reads:
1

τ32
<

1
τ21

. (14)

After getting the electron densities in the three laser states of
the system, the optical gain is

g =
2e2ω

nε0Γ c
z2

23
n3−n2

L
. (15)

3. Results and discussion

A range of double quantum wells with AlxGa1−xN barri-
ers of the same x and GaN wells were investigated. The length
of the outer barriers was set to a fixed value of 10 nm, while the
inner barrier width Lb, left and right well widths L1 and L2, and
the Al content in the barrier x were varied. Calculations were
performed for various ns values and results for ns = 1012 cm−2

are presented. Figure 1 shows the active region of the proposed
AlGaN/GaN laser structure. Electrons are pumped into the up-
per laser state E3; undergoing a lasing transition to lower laser
state E2; and then depopulating by scattering with LO phonon
to ground state E1. The photon energy generated from the las-
ing transition is 36.3 meV corresponding to 8.7-THz radiation
(34.2 µm) which ordinary QCLs based on GaAs/AlGaAs can-
not cover. The energy separation between levels E2 and E1

is designed to be 91.4 meV, just above the GaN LO phonon
energy.[30] (∼90 meV), such that depopulation of lower laser
state E2 is rapid through the near-resonant LO-phonon emis-
sion process yielding a very short lifetime τ2 for the lower
laser state E2. The larger spatial separation between levels E3

and E1, on the other hand, leads to a longer lifetime τ3 for the
upper laser state E3.

In order to solve the rate equation (12), the scattering time
is needed. The scattering times (reciprocal of scattering rate
Wi j) of subbands are determined by these scattering mecha-
nisms: LO phonon, acoustic phonon, electron–electron, inter-
face roughness, and impurity scattering processes. Although
the interface roughness and impurity scattering are expected to
play an important role in nonpolar GaN-based lasers, for sim-
plicity we have not included these effects as they depend on
actual structure qualities.[17] The scattering time related to ab-
sorbing an acoustic phonon are on the order of 105 ps which is
too long, thus we can neglect it. We can explain this by simple
physical argument. The acoustic phonon energy is near zero
and the electrons are mostly on the bottom of a subband. If it
absorbs an acoustic phonon (near zero energy), the electrons
cannot go up to another subband. We therefore do not need to
consider the rate due to absorbing an acoustic phonon. Since
electrons from the bottom of the third subband cannot emit an
LO phonon to subband E2 because of the energy conservation,
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the interaction with acoustic phonon is dominant in the E3 to
E2 transition process. Moreover, because of the energy conser-
vation and the high pump rate by CO2 laser, we can ignore the
scattering rate related to absorbing a phonon from the subband
E1 to subband E3.

The scattering rate results for the structure at the tempera-
ture 77 K are summarized in Table 1, which lists the total scat-
tering rate Wi j from the subband i to subband j. The scattering
rate from E2 to E1 is 37.5 ps−1, which is significantly larger
than that from E3 to E2 (0.11 ps−1) and essential to achieve
population inversion according to Eq. (14). The energy differ-
ence between subband E3 and E1 (127.7 meV) is larger than
that between E2 and E1 (91.4 meV) which is close to the LO
phonon energy 90 meV. As a result, the scattering rate from E3

to E1 (8.17 ps−1) is smaller than the rate from E2 to E1. Ac-
cording to formula (5), there are very few LO phonons at tem-
perature 77 K, so the scattering rate for an electron absorbing
an LO phonon from the subband E2 to E3 is very small, shown
in table E1 (about 3.977× 10−5 ps−1). Table 2 shows the
scattering rate via interaction with phonons for T = 300 K. It
is interesting to note that the scattering rates from E1 to E2 and
from E2 to E3 rise dramatically with temperature. This is re-
lated to the increase in LO phonon absorbing rate caused by
the increase in the phonon population at high temperature.

Table 1. Calculated scattering rate with pump intensity of
8 MW/cm2 at temperature of liquid nitrogen (77 K).

Wi j/ps−1 j = 1 j = 2 j = 3
i = 1 0 5.09×10−5 0
i = 2 37.50 0 3.98×10−5

i = 3 8.17 0.12 0

Table 2. Calculated scattering rate with pump intensity of
8 MW/cm2 at room temperature (300 K).

Wi j/ps−1 j = 1 j = 2 j = 3
i = 1 0 1.24 0
i = 2 38.94 0 0.97
i = 3 8.55 0.45 0

All calculated scattering times decrease with temperature
as the phonon numbers increase for higher temperature. The
effective lifetimes for the upper and lower laser states are given
by 1/τ3 = 1/τ31 + 1/τ32 and 1/τ2 = 1/τ21 + 1/τ23. It can
be seen from Fig. 2 that τ2 and τ21 are nearly the same in a
low temperature range but deviate somewhat after 170 K. This
is caused by the fact that the fast depopulation process from
E2 to E1 via near-resonant LO-phonon emission determines
the process between E2 and E1, but when the temperature be-
comes high, the scattering time from E2 to E3 absorbing an
LO-phonon decreases, having an effect on the τ2. The much
shorter lifetime of the lower laser state E2 due to the fast near-

resonant LO-phonon emission process ensures the population
inversion.

After getting the scattering time, we can now solve the
rate equation (12) and establish the population distribution of
this three-level system. Then an investigation of the temper-
ature and pump intensity influence on this system in order to
estimate laser performance is available. Figure 3 shows the
temperature dependence of the electron densities and the gain.
We see that the gain is still larger than required to compensate
the losses found within laser cavities, even at 300 K. The result
indicates that a room temperature operated QW nonpolar GaN
laser is possible. It is seen in this picture the electron densities
in subband E3 and subband E1 do not change with temperature
appreciably, showing a slight decrease. The electron density
in subband E2 is greatly influenced by temperature. In a low
temperature range, it increases quickly because of the thermal
equilibrium effect and the decrease of transition time τ32. For
high temperatures it increases by the combined effect of the
decrease of transition times τ32 and τ12.
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Fig. 2. (color online) Temperature dependence of the transition
time for the structure from Fig. 1. Lifetimes of subband E2 and
subband E1 are also shown.
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Fig. 3. (color online) Temperature dependence of electron densities
and gain at pump intensity P = 8 MW/cm2 and ns = 1012 cm−2.

We now compare the laser characteristics at two typical
temperatures. Figure 3 shows the situation at 77 K (the liquid
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nitrogen temperature). n3 is linearly dependent on the pump
intensity P and n1 decreases slightly as the pump intensity in-
creases until P = 100 MW/cm2 when n3 approaches n1 and
the population inversion saturates. If we compare Fig. 3 and
Fig. 4, we find that n3 is mostly determined by pump intensity.
When the pump intensity is low (10 W/cm2–10 kW/cm2), n2

is mostly determined by the thermal equilibrium effect and it
remains nearly unchanged. When the pump intensity is higher
than 10 kW/cm2, results from our simulation show that n2 in-
creases as the pump intensity continues to increase. When the
pump intensity is low (less than 200 W/cm2) n2 is greater than
n3 and there is no population inversion. At slightly higher
pump intensity, population inversion occurs. In the range from
P = 1 kW/cm2 to P = 100 MW/cm2, the gain depends linearly
on the pump intensity. After 100 MW/cm2, the gain saturates.
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Fig. 4. (color online) Pump intensity dependence of electron den-
sities and gain at temperature T = 77 K.
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Fig. 5. (color online) Pump intensity dependence of electron den-
sities and gain at temperature T = 300 K.

Figure 5 shows the pump intensity dependence of elec-
tron densities and gain at 300 K. n1 changes much as it does
in Fig. 4. The change of n2 and n3 is much different from
that at 77 K. n2 does not increase; instead it decreases when
the pump intensity is high, above 4 MW/cm2. And n3 does
not increase until the pump intensity reaches 20 kW/cm2. The
largest difference between Fig. 4 and Fig. 5 is the population
inversion point. At 300 K, beyond 5 MW/cm2 population in-
version occurs and the gain begins to be larger than zero as

shown in Fig. 5, which also means the laser needs a stronger
pump intensity for high temperature.

4. Conclusions
The purpose of this investigation is to provide a design

of a 30 µm ∼ 40 µm laser source operating at room tempera-
ture. An optically pumped nonpolar GaN/AlGaN QW active
region structure for THz lasing at λ = 34 µm (in the GaAs
reststrahlen region) is presented. The large LO-phonon ener-
gies in GaN material system make it possible to achieve room
temperature operation. The THz intersubband laser under con-
sideration is a three-level system and the active region of the
laser structure consists of multiple periods of two nonpolar
GaN QWs coupled by an Al0.15Ga0.85N barrier. The laser rate
equations were solved with both LO and acoustical phonon
scattering and the thermal equilibrium effect taken into con-
sideration. The influence of temperature on values of gain and
electron densities with fixed pump intensity of 8 MW/cm2 was
investigated and we predict that at room temperature, the struc-
ture still has a gain value of about 150 cm−1. We analyzed the
performance of designed structure with varying pump inten-
sities at two typical temperatures. Based on our simulations,
we predict that at a pump intensity of 8 MW/cm2, a room tem-
perature operated THz laser using the nonpolar GaN/AlGaN
structure is realizable.
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Abstract
P-type Cu2O nanocrystals were deposited on n-type silicon nanowire arrays (Si NWs) to form
core–shell heterojunction arrays structure via a simple electroless deposition technique.
Scanning electron microscopy, transmission electron microscope and x-ray diffraction were
utilized to characterize the morphology and structure of the core–shell nanosystem. The
reflectivity of the obtained core–shell structure measured by UV/vis spectrometry showed a
comparatively low reflectivity in the visible-light region, which implied good optical
absorption performance. The water splitting performance of the obtained Si NWs, planar
Si/Cu2O structure and Si NW/Cu2O core–shell nanosystem were studied. Owing to the large
specific surface area, heterojunctions formed between Cu2O nanocrystallites and Si NWs and
the light trapping effect of the NW array structure, the photocatalytic performance of the Si
NW/Cu2O core–shell nanosystem increased markedly compared with that of pure silicon
NWs and a planar Si/Cu2O structure, which means excellent hydrogen production capacity
under irradiation with simulated sunlight. In addition, the photocatalytic performance of the
core–shell nanosystem was improved obviously after platinum nanoparticles were
electrodeposited on it.

(Some figures may appear in colour only in the online journal)

1. Introduction

Direct splitting of water using a semiconductor material
under solar irradiation to produce clean and recyclable
hydrogen on a large scale would be one of the best ways
to solve the problems of energy shortages and environmental
pollution. Since the pioneering work of Fujishima and Honda
in 1972 [1], tremendous research on semiconductor-based
photocatalysis and photoelectrolysis has yielded a better
understanding of the mechanisms involved in photocatalytic
and photoelectrochemical splitting of water [2–5]. Although
a large number of semiconductor materials have been
developed as good candidates for photoelectrodes and
photocatalysts in past decades, the solar–hydrogen conversion

efficiencies of these recognized materials are still not high
enough. A nanostructured semiconductor photoelectrode or
photocatalyst, which absorbs solar light more effectively and
where solar-driven catalytic reactions take place, would play
a critical role in the process of solar-driven water splitting.
Thus, the design of efficient solar-active nanostructured
materials has been the topic of considerable research [6–9].

Silicon is an attractive semiconductor material for
constructing photoelectrodes or photocatalysts because of
its abundance and unique electronic structure characteris-
tics [10]. The study of silicon and its composite structure
for use as a photocathode and photocatalyst in solar-driven
water splitting has been going on for a long time [11–14].
Nanostructured silicon [15, 16], especially silicon nanowires
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(NWs) [17–20], and its composite heterojunction [21–25]
used as a photoelectrode and photocatalyst has attracted more
and more interest in recent years, and nanostructured silicon
has been regarded as a very promising material for generating
hydrogen from splitting water. In addition, as an inexpensive
and eco-friendly material, Cu2O exists as a cuprite abundantly
in nature, and has also been investigated extensively since
Cu2O is a simple metal oxide semiconductor with small band
gap energy of 2.0–2.2 eV [26, 27]. To date, it has been
widely utilized as an active component in electrode materials,
solar cells, superconductors and so on. The conduction and
valence band edges of Cu2O seem to be available for reduction
and oxidation of water, respectively, while the low band gap
of Cu2O means that it can absorb visible light effectively.
So it is considered as an ideal photocatalytic material for
hydrogen generation. Nanostructured Cu2O [28–35] and its
composite structure [36–41] used in photocatalytic water
splitting have been investigated extensively, both theoretically
and in experiments, in the past decade.

In this paper we report a Si NW/Cu2O nanocrystal
core–shell heterojunction structure nanosystem photocatalyst
by a simple electroless deposition technique. This structure
enhances charge separation and transport of photo-induced
carriers due to the heterojunction, and impels carriers to travel
to the electrolyte/catalyst interface. Furthermore, the Cu2O
nanocrystalline layer with a large surface area can improve
the overall effective area for the photochemical reaction, thus
improving the photocatalytic activity. The results demonstrate
that the nanostructure heterojunction is of great importance
for optimizing the photocatalytic performance of generation
of hydrogen from water splitting. We also investigated the
photocatalytic activity of the core–shell nanosystem with a
platinum loading.

2. Experimental procedures

2.1. Silicon NW array fabrication

Highly oriented Si NW arrays on the silicon wafers were
fabricated by a metal-assisted chemical etching method at
room temperature.

(1) N-type Si wafers (1.5 cm × 1.5 cm, 380 µm thick,
10–20 � cm resistivity) were cleaned by soaking in
acetone for 30 min and then by ultrasonic cleaning
for 5 min. After being rinsed with de-ionized water,
they were soaked in ethanol for 10 min then rinsed
with de-ionized water again. Then they were dipped
into H2SO4/H2O2[H2SO4(97%)/H2O2(30%) = 3:1] for
30 min. After rinsing with de-ionized water thoroughly,
the Si wafer was immersed in HF solution for 1 min to
wipe off the silica layer of the surface.

(2) Ag nanoparticles were deposited on the Si wafer by
putting it into a mixed solution of 5 M HF and 0.005 M
AgNO3 for 90 s.

(3) Si NW arrays were obtained finally after putting the
Si wafers covered with Ag nanoparticles into HF-based
aqueous chemical etching solutions (composed of 4.6 M
HF and 0.4 M H2O2) for 60 min.

2.2. Fabrication of the Si NW/Cu2O nanocrystal and planar
Si/Cu2O composite structure

Si NW/Cu2O nanocrystal core–shell structure and planar
Si/Cu2O structures were obtained via an electroless deposi-
tion technique. Fifty milliliters of 0.2 M C4H4O6NaK4H2O
was added to 100 ml 0.15 M CuSO4 solution under constant
stirring. Ten minutes later, 5 ml of 1 M HCHO solution was
added to the mixed solution drop by drop. Next, 2 M of NaOH
solution was added slowly to regulate the pH value to about
13, then the mixed solution was put into a thermostatic water
bath and heated to 45 ◦C. After leaving the Si NWs and Si
wafers in the solution for different times, they were taken out
and washed with ultrapure water.

2.3. Deposition of platinum nanoparticles

Platinum nanoparticles served as a co-catalyst and were
potentiostatically electrodeposited in 200 ml of 1 mM
H2PtCl6 solution at −0.1 V versus a standard Ag/AgCl
reference electrode at room temperature. The deposition times
were 10 min and 20 min respectively.

2.4. Surface morphology, structural characterization

The surface morphology of the Si NWs and Si NWs/Cu2O
samples was characterized by field emission scanning
electron microscopy (FE-SEM; Philips Sirion 200, Philips,
Netherlands) equipped with an energy dispersive x-ray
spectrometer (EDS) system, and Pt nanoparticles were
characterized by transmission electron microscopy (TEM;
JEM-2100F, JEOL Ltd, Japan). The structure of the core–shell
nanosystem was characterized by x-ray diffraction (XRD;
D8 DISCOVER x-ray diffractometer, Bruker, Germany) with
Cu Kα radiation (λ = 1.5406 Å).

2.5. Measurement of reflectance spectrum and photocatalytic
performance

Reflectance spectra of the obtained Si NWs, planar
Si/Cu2O structure and Si NWs/Cu2O core–shell nanosystem
were collected using a UV/vis spectrometer (Lambda 20,
Perkin Elmer, Inc., USA). The photocatalytic performance
of Si NWs, planar Si/Cu2O structure, Si NW/Cu2O
core–shell nanosystem, Pt-loaded Si NWs and Pt-loaded Si
NW/Cu2O core–shell nanosystem was investigated in a gas-
closed circulation system (Labsolar-III Beijing Perfectlight
Technology Co. Ltd, China) with a top window Pyrex cell.
A 300 W Xe lamp (SOLAREDGE700, Beijing Perfectlight
Technology Co. Ltd, China) was used as the light source;
the luminous power of the light source was about 40 W.
The amount of H2 evolved was analyzed by an online gas
chromatograph (GC7900, Techcomp LTD., China) equipped
with a thermal conductivity detector (TCD) and MS-5A
column; N2 was used as the carrier. In all experiments, 100 ml
of de-ionized water containing the mixed sacrificial agent,
composed of 0.25 M Na2SO3 and 0.35 M Na2S, was added
to the reaction cell, which eliminated the photogenerated
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Figure 1. Schematic diagram of the fabrication process for the Si NW/Cu2O core–shell nanosystem: (a) Si wafer, (b) Si NWs fabricated
via metal-assisted chemical etching, (c) Cu2O nanocrystallites deposited on Si NWs via electroless deposition, and (d) Si NW/Cu2O
core–shell nanosystem with Pt loading.

holes. Then these photocatalysts were put directly into the
electrolyte solution. The whole system was pumped out with
a vacuum pump before reaction to remove the dissolved air.
The temperature for all photocatalytic reactions was kept at
about 25 ◦C.

3. Results and discussions

Figure 1 shows a schematic diagram of the fabrication process
of the core–shell nanosystem. After the silica layer was
removed, a silicon wafer was put into the mixed solution
consisting of 5 M HF and 0.005 M AgNO3, in which a
galvanic displacement reaction occurred [43]. That is, the
reduction of metal ions (cathodic process) and the oxidation
of Si atoms (anodic process) occurred simultaneously at the
Si surface, while the charge is exchanged through the Si
substrate:

Ag+ + e−VB → Ag0(s) (1)

Si(s)+ 2H2O→ SiO2 + 4H+ + 4e−VB (2)

SiO2(s)+ 6HF→ H2SiF6 + 2H2. (3)

Then a thin silver nanoparticle film appeared on the surface
of the silicon wafer. The formation of Si NW arrays can be
explained basically by a Ag nanoparticle-catalyzed chemical
etching model [42, 43]. The silicon underneath the Ag clusters
acts as the anode, which is locally oxidized into SiO2, and the
dissolution of SiO2 by HF results in the immediate formation

of shallow pits under the Ag clusters. Ag clusters act as
cathodes that serve to transport the electrons released from
Si to facilitate Si oxidation, and are successfully preserved to
gradually sink downwards into etched pits.

The mechanism of electroless deposition of Cu2O
nanocrystals on Si NW arrays can be depicted as follows [44].
Formaldehyde worked as the reduction agent, and when the
pH value of the solution is up to about 13 the number of OH−

ions is large enough for the following chemical reaction to
occur:

2Cu+ + H2O+ 2OH−→ Cu2O+ 2H2O. (4)

The surface morphology of Si NW arrays and Si
NW/Cu2O core–shell nanostructures is shown in figures 2
and 3. Figures 2(a) and (b) are top and cross-sectional views
of the Si NW arrays. The diameter and the length of the Si NW
are about 80–200 nm and 10 µm, respectively. Figures 2(c),
(d) and 3 are top and cross-sectional views of the Si/Cu2O
core–shell NW arrays with different deposition times of
Cu2O nanocrystallite. They distributed on the surface of Si
NW uniformly, and formed a perfect core–shell structure.
When the deposition time was 2 min, there existed a thin
Cu2O nanocrystalline layer on the surface of the Si NWs
(figures 2(c) and (d)). When the deposition time increased to
15 min, these Cu2O nanocrystallites appeared as cubes, and
the surface area of the core–shell structure was augmented
markedly (figures 3(c) and (d)).
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Figure 2. SEM images of Si NWs and Si NW/Cu2O core–shell nanostructure: (a) top-view and (b) cross-sectional view of Si NWs,
(c) cross-sectional view and (d) top-view of Si NW/Cu2O core–shell nanostructure with 2 min deposition of Cu2O nanocrystallite.

Figure 3. SEM images of Si NW/Cu2O core–shell nanostructure: (a) cross-sectional view and (b) top-view of Si NW/Cu2O core–shell
nanostructure with 5 min deposition of Cu2O nanocrystallite; (c) cross-sectional view and (d) top-view of Si NW/Cu2O core–shell
nanostructure with 15 min deposition of Cu2O nanocrystallite.

Figure 4 shows TEM images of the Pt nanoparticles
deposited on the surface of the Si NWs (figure 4(a)) and Si
NW/Cu2O core–shell structure (figures 4(b) and (c)). The
size and the distribution of these Pt nanoparticles are not
uniform, which can be seen clearly from the high-resolution
TEM image of Pt nanoparticles on Cu2O (figure 4(d)). When
the deposition time was 10 min, the size of the biggest Pt

nanoparticle was up to a dozen nanometers (figure 4(c)). In
the high-resolution TEM image (figure 4(d)), the interplanar
spacing of 0.22 nm corresponds to Pt(111), while 0.25 nm
corresponds to Cu2O(111).

The XRD pattern of the as-prepared core–shell nanosys-
tem is shown in figure 5. The highest peak corresponds
to the Si(400) phase from the Si NWs, which indicates
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Figure 4. TEM images of Pt nanoparticles on Si NWs (a), Si NW/Cu2O core–shell nanostructure (b) and (c), and high-resolution TEM of
Pt nanoparticles on Cu2O (d).

Figure 5. XRD pattern of the as-deposited Si NW/Cu2O core–shell
nanosystem.

a strong orientation along the c-axis of the Si NWs.
Besides the Si peak, several other peaks in the 2θ range
of 25–85◦ are observed in the as-prepared Si NW/Cu2O
core–shell nanosystem, whose positions and relative intensity
are found to identify the Cu2O structure, which can be
assigned to the (110), (111), (200), (310), (311) and (222)
planes. In addition, there exist two tiny impurity peaks of
Cu(OH)2 in the sample.

Figure 6 shows the reflectance spectra of the as-prepared
Si NWs, planar Si/Cu2O and Si NW/Cu2O core–shell
nanosystem. The results indicated that the as-prepared Si NWs
have excellent light absorption performance due to the array

Figure 6. Reflectance spectra of Si NWs, planar Si/Cu2O structure
and Si NW/Cu2O core–shell structure with different deposition
times of Cu2O nanocrystallite.

structure, porosity and the low energy gap of the material.
For the Si NW/Cu2O core–shell structure, the reflectivity
would increase when the quantity of Cu2O increased, which
means that the light absorption performance would weaken
to a certain extent. This could possibly be attributed to the
vanishing of porosity and the slightly higher energy gap of the
Cu2O material. However, compared with a planar Si/Cu2O
structure, the Si NW/Cu2O core–shell structure still has a
lower reflectivity, that is, it has higher light absorption ability,
which can be ascribed to light trapping effects of the NW
array structure. For example, for a Si NW/Cu2O structure
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Figure 7. Photocatalytic H2 evolution of Si NWs, planar Si/Cu2O
structure and Si NW/Cu2O core–shell nanosystem under simulated
sunlight irradiation.

with 5 min deposition of Cu2O, the reflectivity is only about
7–10%.

To study the photocatalytic activity of Si NW/Cu2O
nanocrystalline core–shell nanosystem further, the catalytic
activity of Si NWs was first investigated. It is well known
that single material Si alone offers relatively low H2 evolution
kinetics because of the competitive carrier recombination
process. However, when a sacrificial agent exists, the carrier
recombination process will be effectively restrained and the
photocatalytic activity of Si NWs will be improved. The
obtained Si NWs showed a certain photocatalytic hydrogen
generation ability under visible-light irradiation (figure 7(b)).
Comparing figures 7(c) and (b), we can see clearly that the
Si NW/Cu2O core–shell structure with 2 min deposition of
Cu2O has a better photocatalytic performance than that of
the pure Si NWs in spite of a slightly lower light absorption
performance than that of the Si NWs (they have almost the
same surface area). This could be attributed to the formation
of heterojunctions between p-type Cu2O nanocrystallites and
n-type Si NW arrays, which can accelerate the separation
and transportation of photogenerated carriers effectively, thus
minimizing carrier recombination. Besides, NW arrays further
increase light absorption due to their excellent light trapping
effects, which can be demonstrated by comparing figures 7(a)
and (d). This is because a certain fraction of the reflected light
would fall upon another area of the nanosystem in such a
NW array structure and be available again for electron and
hole generation instead of being lost to free space. Moreover,
the photocatalytic performance of the core–shell nanosystem
would be improved with the increase in the deposition time of
Cu2O nanocrystallites (from figures 7(c)–(e)). This is because
the effective surface area of the core–shell nanosystem
for photocatalytic reaction would be obviously augmented
(figures 2(c) and 3(a) and (c)). Compared with Si NWs,
the photocatalytic performance of a Si NW/Cu2O core–shell
nanosystem with 15 min deposition of Cu2O increased nearly
50%.

In addition, as is well known that Pt is one of the most
efficient co-catalysts in water splitting owing to its high

Figure 8. Photocatalytic H2 evolution of Si NWs and Si NW/Cu2O
core–shell nanosystem with Pt nanoparticles as co-catalyst under
simulated sunlight irradiation.

work function and low Fermi energy. Moreover, metal Pt
nanoparticles on the surface of the core–shell nanosystem
would play certain role in protecting the composite structure
catalyst, and then would improve the stability of it. In our
experiments, we deposited Pt nanoparticles on the surface
of Si NWs and a Si NW/Cu2O core–shell nanosystem with
15 min deposition of Cu2O to study their photocatalytic
activity. The deposition times of Pt nanoparticles were 10 min
and 20 min respectively. From figures 7(b) and 8(a)–(c), the
photocatalytic activity of these nanosystems was enhanced
observably after Pt loading. Furthermore, the Si NW/Cu2O
core–shell nanosystem with 10 min Pt deposition was superior
to that of the Si NWs with 10 min Pt deposition. In
addition, according to figures 8(c) and (d), the photocatalytic
performance would be improved with the growing number
and size increment of Pt nanoparticles. The hydrogen
production ability of Si NW/Cu2O (with 15 min deposition
of Cu2O) after 10 and 20 min Pt loading was about 30 and
45% better than that of a pure Si NW/Cu2O nanosystem (with
15 min deposition of Cu2O) (figures 8(b)–(d)).

4. Conclusions

We report a simple high-efficiency electroless deposition
technique to construct a Si NW/Cu2O core–shell hetero-
junction nanosystem photocatalyst for effective photocatalytic
hydrogen generation from water splitting, where Cu2O
nanocrystallites were uniformly distributed on the surface of
vertical Si NWs and formed heterojunctions with Si NWs.
Even though the Si NW/Cu2O core–shell structure has a
slightly lower light absorption performance than that of the
Si NWs, the photocatalytic performance of these core–shell
nanosystems is still superior to pure Si NWs, due to a light
trapping effect from the NW array structure and the formation
of heterojunctions, thus improving charge separation and
transportation, as well as the increased effective area for
photoelectrochemical reaction from Cu2O nanocrystallites. In
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addition, the photocatalytic performance of Si NWs and the
Si NW/Cu2O nanocrystalline core–shell nanosystem would
be improved observably after loading with a Pt nanoparticle
co-catalyst, which can be attributed to the high work function
and low Fermi energy of Pt nanoparticles.
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Abstract

Visible light accounts for about 43% of the solar spectrum, and developing highly efficient visible-light-driven
photocatalyst is of special significance. In this work, highly efficient three-dimensional (3D) Cd1−xZnxS photocatalysts
for hydrogen generation under the irradiation of visible light were synthesized via one-step solvothermal pathway.
Scanning electron microscope, X-ray diffractometer, Raman spectrometer, and X-ray photoelectron spectrometer
were utilized to characterize the morphology, crystal structure, vibrational states, and surface composition of the
obtained 3D Cd1−xZnxS. UV-Vis spectra indicated that the as-synthesized Cd1−xZnxS had appropriate bandgap and
position of the conduction band that is beneficial for visible light absorption and photo-generated electron-hole
pair separation. Moreover, the 3D structure offers a larger surface area thus supplying more surface reaction sites
and better charge transport environment, and therefore, the efficiency of water splitting was improved further.

Keywords: Visible light photocatalytic; Water splitting; Cd1−xZnxS; Solvothermal pathway; Solid solutions
Background
The efficient conversion of solar energy into fuel via
photochemical reactions is of great importance for the
next-generation energy source for its cleanable, renew-
able, and abundant properties [1,2]. Solar-hydrogen, the
conversion of solar energy into hydrogen as chemical
energy carrier, has been regarded as one of the most de-
sirable ways in considering energy consumption, re-
source sustainability, and environmental issues [3,4].
Since the pioneering work of Fujishima and Honda in

1972 [5], tremendous research on semiconductor-based
photocatalysis and photoelectrolysis has yielded a better
understanding of the mechanisms involved in photocata-
lytic and photoelectrochemical water splitting [6-9].
However, most of semiconductor photocatalysts can only
absorb ultraviolet light due to their wide gap. As it is
well known, ultraviolet light occupies only 3% ~ 5% of
the solar spectrum; so, the energy conversion efficiency
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visible-light-responsive photocatalysts to make the
best use of solar energy in visible light region, which
accounts for about 43% of the solar spectrum, is par-
ticularly important [13,14]. In the past, developing
and understanding of semicondutor electrodes or
photocatalysts for photoelectrochemical or photo-
catalytic water splitting were mainly performed on
simple binary systems (e.g., binary oxides [15,16] and
chalcogenides [17,18]) and their composite structure
[19]. Recently, the ternary system as potentially excel-
lent photoelectrode or photocatalyst material has
attracted more and more attention [20-22] because
ternary system can offer more possibilities for
bandgap and band position tuning.
Cadmium sulfide is an important visible-light response

photocatalytic material, in which sulfide ions serve as
electron donors. However, the sulfide ion is readily oxi-
dized to sulfate by the photo-generated holes, with Cd2+

ions escaping into the solution. A feasible way for en-
hancing the photocatalytic activity and stability of cad-
mium sulfide is to develop CdS-based composite
materials. Zinc sulfide has the similar crystal structure as
cadmium sulfide. It is a good host material for the devel-
opment of a visible-light-driven photocatalyst without
n Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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Figure 1 Typical SEM images of the obtained Cd1−xZnxS photocatalysts. (a) Cd0.98S, (b) Cd0.9Zn0.1S, (c) Cd0.72Zn0.26S, and (d) Cd0.24Zn0.75S.

Figure 2 XRD patterns of the as-prepared Cd1−xZnxS
photocatalysts with different x values. (curve a) Cd0.98S, (curve
b) Cd0.9Zn0.1S, (curve c) Cd0.72Zn0.26S, (curve d) Cd0.24Zn0.75S, and
(curve e) Zn0.96S.
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adding noble metals by forming Cd1−xZnxS solid solu-
tions with a narrow bandgap semiconductor, CdS
[22,23]. The bandgap of the solid solutions formed be-
tween ZnS and CdS can be regulated by changing the
compositions and therefore the photocatalytic properties
can be varied [24,25].
In this article, we reported a highly efficient three-

dimensional (3D) visible-light-active Cd1−xZnxS photocatalysts
synthesized via one-step solvothermal pathway. The
obtained photocatalysts had good crystallinity and ordered
structure and showed excellent photocatalytic activity
under the irradiation of visible light.

Methods
Synthesis of photocatalyst
Three-dimensional Cd1−xZnxS nanowires were syn-
thesized in a Teflon-lined stainless steel cylindrical
closed chamber with a 100-mL capacity. All the
chemicals were of analytical grade. Ethylenediamine
(en; 60 ml) and H2O (20 ml) were used as solvent.
Thiourea [NH2CSNH2] (15 mmol) was added into the
203



Figure 3 Representative XPS spectra of typical sample Cd0.72Zn0.26S. (a) survey spectrum, (b) Cd 3d XPS spectrum, (c) Zn 2p XPS spectrum,
and (d) S 2p XPS spectrum.
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solvent as sulfur source, then 5-mmol mixture of cad-
mium acetate [(CH3COO)2Cd·2H2O] and zinc acetate
[(CH3COO)2Zn·2H2O] was added into the mixed so-
lution. After stirring for a few minutes, the closed
chamber was placed inside a preheated oven at 160°C
for 10 h and then cooled to room temperature. The
obtained precipitates were filtered off and washed
several times with water and ethanol, respectively.
The final products were dried in vacuum at 45°C for a
few hours.
Figure 4 Raman spectrum of the typical sample Cd0.72Zn0.26S.
Characterization
The morphology of the as-synthesized powder products
were observed by field-emission scanning electron micros-
copy (Philips Sirion 200, Philips, Netherlands). The crys-
tallographic structure was determined by X-ray diffraction
(XRD, D8 DISCOVER X-ray diffractometer, Bruker,
Karlsruhe, Germany) with Cu Kα radiation (1.54 Å).
Surface composition of the sample was analyzed by X-
ray photoelectron spectroscopy (XPS, AXIS ULTRA
DLD, Kratos, Japan). The Raman spectrum was mea-
sured by the Jobin Yvon LabRam HR 800 UV system
(Horiba, Kyoto, Japan) at room temperature. A laser
wavelength of 514.5 nm was used as the excitation
sources. Reflectance spectra of the obtained were
204
collected using a UV/vis spectrometer (Lambda 20,
Perkin Elmer, Inc., USA).
Photocatalytic hydrogen evolution
The photocatalytic performance of the synthesized 3D
Cd1−xZnxS photocatalysts were investigated in a gas-
closed circulation system (Labsolar-III, Beijing Perfactlight
Technology Co. Ltd., Beijing, China) with a top-window



Figure 5 UV-vis absorption spectra (a) and bandgap evaluation (b) from the plots of (αEphoton)
2 vs. Ephoton. (curve a) Cd0.98S, (curve b)

Cd0.9Zn0.1S, (curve c) Cd0.72Zn0.26S, (curve d) Cd0.24Zn0.75S, and (curve e) Zn0.96S, respectively.

Figure 6 Photocatalytic H2 evolution of the obtained Cd1−xZnxS
photocatalysts. (curve a) Cd0.98S, (curve b) Cd0.9Zn0.1S, (curve c)
Cd0.72Zn0.26S, and (curve d) Cd0.24Zn0.75S.
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Pyrex cell. A 300-W Xe lamp (SOLAREDGE700, Beijing
Perfactlight Technology Co. Ltd., Beijing, China) was used
as the light source, and UV light was removed by a cut-off
filter (λ > 420 nm). Luminous power of the light source is
about 40 W. The amount of H2 evolved was analyzed by
an online gas chromatography (GC7900, Techcomp Ltd.,
Beijing, China) equipped with a thermal conductivity de-
tector, MS-5A column, and N2 was used as carrier. In all
experiments, 100 mL deionized water containing the
mixed sacrificial agent which composed of 0.25 M Na2SO3

and 0.35 M Na2S were added into the reaction cell. Then,
these photocatalysts were directly placed into the electro-
lyte solution. The whole system was vacuumized with a
vacuum pump before reaction to remove the dissolved air.
The temperature for all photocatalytic reactions was kept
at about 20°C.

Results and discussions
The surface morphologies of the obtained Cd1−xZnxS are
shown in Figure 1. Figure 1a is the scanning electron mi-
croscopy (SEM) image of CdS; it presents porous flower-like
3D structure clearly, shorter nanowires appear at the periph-
ery. As the value of x increases, nanosheet emerges grad-
ually, that is, the secondary structure builds up slowly.
Figure 2 shows the XRD patterns of the as-prepared
photocatalysts. CdS exhibits a Greenockite structure, while
ZnS presents a Wurtzite polycrystalline structure, respect-
ively. The diffraction peaks of the photocatalysts shift to a
higher angle side as the value of x increases. The successive
shift of the XRD patterns means that the crystals obtained
are Cd1−xZnxS solid solution, not a simple mixture of ZnS
and CdS [26].
The surface information is collected by XPS of the sam-

ple Cd0.72Zn0.26S (Figure 3). The survey scan spectrum
(Figure 3a) indicates the existence of Cd, Zn, and S in the
Cd0.72Zn0.26S sample. The two sharp peaks (Figure 3b) lo-
cated at 404.3 and 411.2 eV are corresponding to the Cd
3d5/2 and Cd 3d3/2 level, respectively. The peaks of 1,020.8
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and 1,043.7 eV can be assigned to the Zn 2p3/2 and 2p1/2
levels, respectively (Figure 3c). The single S 2p peak at
161.1 eV (Figure 3d) demonstrates that sulfur exists as a
sulfur ion.
Raman scattering is a nondestructive technique for

structural study of the material and a powerful probe to
obtain the vibrational states of a solid. It is an inelastic
process in which incoming photons exchange energy
with the crystal vibrational mode. Figure 4 reveals the
Raman spectrum of the as-obtained Cd0.72Zn0.26S sam-
ple. Bulk CdS has two characteristics of longitudinal-
optical (LO) phonon peaks: (1) 1-LO (first harmonic (at
300/cm)) and (2) 2-LO (second harmonic (at 600/cm))
vibrations [27]. The two phonon peaks are also observed
in the as-obtained Cd0.72Zn0.26S; they are located at
306.5 and 608.1/cm, respectively, and shift toward the
higher energy side compared with that of the pure CdS.
This can be ascribed to the Cd → Zn substitution in the
obtained nanophotocatalysts. In addition, from Figure 4,
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the Raman intensities of 1-LO and 2-LO are both rela-
tively strong and narrow, which implies its good crystal-
linity and ordered structure [28].
Curves a, b, c, d, and e of Figure 5 show the UV-vis ab-

sorption spectra of the as-prepared Cd0.98S, Cd0.9Zn0.1S,
Cd0.72Zn0.26S, Cd0.24Zn0.75S, and Zn0.96S, respectively. The
absorption edge of Cd1−xZnxS solid solutions are red-
shifted relative to ZnS (Figure 5a), which can be attributed
to the incorporation of Zn into the lattice of CdS or en-
tered its interstitial sites (the radii of Zn2+ ion (0.74 Å) is
smaller than that of Cd2+ (0.97 Å)). The bandgap of
Cd1−xZnxS can be acquired from plots of (αEphoton)

2

versus the energy (Ephoton) of absorbed light (α and
Ephoton are the absorption coefficient and the discrete
photon energy, respectively). The extrapolated value (a
straight line to the x-axis) of Ephoton at α = 0 gives absorp-
tion edge energies corresponding to Eg. From Figure 5b,
the bandgap of the synthesized Cd1−xZnxS are 2.37 eV
(curve a), 2.48 eV (curve b), 2.60 eV (curve c), 2.86 eV
(curve d), and 3.67 eV (curve e), respectively. The
bandgaps of Cd1−xZnxS are beneficial to absorbing solar
light to drive the water splitting reaction.
The photocatalytic hydrogen evolution of the obtained

3D Cd1−xZnxS photocatalysts under the irradiation of
visible light is given in Figure 6. All of the Cd1−xZnxS
photocatalysts show much higher photocatalytic H2 evo-
lution capacity than that of the sole CdS at visible light
irradiation (λ > 420 nm). In addition, the photocatalytic
activity of the Cd1−xZnxS solid solutions is strongly
dependent on the composition of the solid solutions. It
is improved obviously with the increase of Zn content (x
value). When the x value increases to 0.75, the 3D solid
solutions photocatalyst has the highest photocatalytic ac-
tivity. This is because ZnS has a high energy conversion
efficiency, it is a good host material for the development
of a visible-light-driven photocatalyst by forming solid so-
lutions with a narrow bandgap semiconductor, CdS. The
more negative reduction potential of the conduction band
of solid solutions would allow for more efficient hydrogen
generation than CdS. In addition, the large bandgap
and wide valence bandwidth benefit the separation of
the photo-generated electrons and holes, and the
photocorrosion of the photocatalysts can be reduced
effectively. The highest activity probably means that
Cd0.24Zn0.75S has an optimum bandgap and a moderate
position of the conduction band, beneficial for visible
light absorption and photo-generated electron-hole
pair separation. Moreover, the 3D structure offers a
larger surface area, thus supplying more surface reac-
tion sites and better charge transport environment.
Therefore, the efficiency of water splitting is improved
further. It is worth noting that no H2 was detected for
ZnS photocatalyst because its bandgap is too large to
absorb the visible light.
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Conclusions
We reported highly efficient three-dimensional Cd1−xZnxS
photocatalysts synthesized via one-step solvothermal path-
way for photocatalytic H2 evolution under the irradiation
of visible light. The Raman spectrum implied the obtained
Cd1−xZnxS had good crystallinity and ordered structure.
The XPS demonstrated that sulfur existed as a sulfur ion,
while Cd and Zn are in 3d and 2p state, respectively. The
bandgap of the synthesized Cd1−xZnxS varied from 2.37 to
2.86 eV, which were suitable for the absorption of visible
light. The photocatalytic activity of the obtained Cd1−xZnxS
photocatalysts were improved markedly compared with
that of the sole CdS. This can be attributed to their appro-
priate bandgap and position of the conduction band that is
beneficial for visible light absorption and photo-generated
electron-hole pair separation, as well as 3D structure that
offered a larger surface area, thus supplying more surface
reaction sites and better charge transport environment.
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