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ABSTRACT: Cu2ZnGeS4 (CZGS) and Cu2ZnGeSe4 (CZGSe) single crystalline
nanowire arrays have been prepared via a convenient one-step nanoconfined
solvothermal approach. The porous anodic aluminum oxide was used as a morphology
directing template by offering nanospace in the AAO pores for confined solvothermal
reaction. The structure, morphology, composition, and optical absorption properties of
the as-prepared samples were characterized using X-ray powder diffraction,
transmission electron microscopy, energy dispersive X-ray spectrometry, scanning
electron microscopy, and a UV−vis spectrophotometer. The CZGS and CZGSe films
are found to have obvious photoelectric response, indicating their potential in the
application of photovoltaic devices.

1. INTRODUCTION

Copper-based quaternary I2−II−IV−VI4 semiconductors have
attracted much attention recently for their various excellent
optical and electrical properties and potential application as
solar-cell absorbers, photocatalysts for solar water splitting, and
thermoelectric materials.1−9 Cu2ZnGeS4 (CZGS) and
Cu2ZnGeSe4 (CZGSe) belong to the family of Cu-based
quaternary chalcogenide compounds. Both CZGS and CZGSe
are reported experimentally and theoretically to be p-type
semiconductors with bandgaps (Eg = 1.2 and ∼2.1 eV,
respectively) that match the preferred range of solar irradiation
and make them alternative indium- and cadmium-free absorber
material for photovoltaic devices.10−12 Over the past several
years, many studies have been performed on the preparation,
structure, and electronic properties of the quaternary I2−II−
IV−VI4 chalcogenide semiconductors, including Cu2ZnSnS4,
Cu2ZnSnSe4 , Cu2ZnSnS xSe4− x , Cu2CdSnSe4 , and
Ag2ZnSnS4.

13−19 However, relatively few investigations about
CZGS and CZGSe have been conducted.20−22

The fabrication of arrays of well-aligned one-dimensional
semiconductor nanostructure (nanowire, nanotube, or nano-
rod) are highly desirable because it is a key step toward building
functional nanodevices such as nanoscale electronics and
molecular sensing. Single crystalline semiconductor nanowire
arrays have previously been prepared by various approaches.
For example, the hydrothermal or solvothermal method has
been reported to prepared single crystalline ZnS, ZnSe, and
Co3O4 nanowire array.23−25 The chemical vapor deposition
approach has been used to synthesize ZnO, InSb, and GaN
single crystalline nanowire array.26−28 To the best of our
knowledge, the single crystalline CZGS and CZGSe nanowire
array configuration has not been reported. Such semi-
conductors in the ordered nanowire shape can offer a well-

defined nanoscale domain with clearly identifiable grain
boundaries, where an energy barrier could better avoid the
charge carrier recombination.29,30 Furthermore, continuous
charge carrier transport pathways without dead ends may exist
in the well-aligned nanowires. These favorable characteristics
would lead to increase in conversion efficiency in nanowires
photovoltaic devices. In spite of this, it is usually difficult to
control the nucleation and growth of CZGS and CZGSe for
fabrication of well-aligned nanostructures due to their very
complicated phase diagrams. In addition, nanoscale materials
show more phase complexity than their corresponding bulk
materials. To date, it remains still a challenge for synthesis of
CZGS and CZGSe nanowire arrays.
Recently, it has been reported that chemical reactions

conducted within confined nanospaces exhibit distinct proper-
ties compared to the same processes involving macroscopic
systems. The resulting nanoconfinement effect may lead to
higher degree of stability and more favorable thermodynamic
properties31−33 In particular, as a result of nanoconfinement
effect, reactions may occur under milder conditions; particle
agglomeration and phase segregation can be avoided, and
tailoring the particle shape and size becomes more available by
choosing an appropriate template. Usually, nanoporous
materials are utilized as templates to provide nanospace in
the pores for nanoconfined chemical reactions. Among various
types of templates, porous anodic aluminum oxide (AAO) is a
particularly desirable hard template due to its advantages
including monodisperse size distribution, high pore density,
nearly parallel porous structures, and easily controlled pore
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diameter.34,35 Most importantly, AAO templates are thermally
and mechanically stable; hence, they can be employed in
rigorous reaction conditions. Inspired by the good properties of
nanoconfined chemical reactions and AAO template, we here
develop a nanoconfined solvothermal approach within AAO
pores and first synthesized arrays of ordered uniform single
crystalline CZGS and CZGSe nanowires. During the reaction
process, AAO acted as a morphology directing template by
offering nanospace in the AAO pores for nanoconfined
solvothermal reaction. In addition, a film made of as-
synthesized CZGS or CZGSe nanowires was found to have
obvious photoelectric response, which indicates the potential
use of them in solar energy conversion systems, such as the
fabrication of photovoltaic devices.

2. EXPERIMENTAL SECTION
All reagents are analytical grade and used without further purification.
AAO templates (Whatman Co., U.K.) with pore sizes of 200 nm in
diameter were used in the experiments. For CZGS synthesis, the
precursor solution contains 0.1 g of sulfur, 0.14 g of anhydrous
Cu(I)Cl, 0.1 g of ZnCl2, 120 μL of germanium(IV) methoxide, and 15
mL of anhydrous ethylenediamine (En). In the case of CZTSe, 0.23 g
of selenium powder is used instead of sulfur; other conditions
remained unchanged. In a typical procedure, a precursor solution (for
CZGS or CZGSe) was prepared first with mild magnetic stirring. The
AAO template was then immersed in the precursor solution, followed
by 5 min sonication to remove the air in the AAO pore. Afterward, the
system was attached to a Schlenk line to purge oxygen and water
under rough vacuum, followed by 10 min nitrogen bubbling. The
evacuation and N2 bubbling process was cycled for three times at room
temperature. The solution was then transferred into a 20 mL stainless
steel Teflon-lined autoclave. The autoclave was sealed, and the
temperature was maintained at 220 °C for 36 h before being cooled
down to room temperature. The AAO template containing the
product was taken out, thoroughly washed with ethanol and distilled
water, and air-dried before characterization.
The overall crystallinity of the product was examined by X-ray

diffraction (XRD, Rigakau RU-300 with Cu Kα radiation). The general
morphology of the products was characterized using scanning electron
microscopy (FESEM QF400). Detailed microstructure analysis was
carried out using transmission electron microscopy (TEM Tecnai
20ST). The chemical composition and the spatial distribution of the
compositional elements in the product were examined using an energy
dispersive X-ray (EDX) spectrometer and Gatan image filtering (GIF)
system, attached to the same microscope. For the SEM measurements,
several drops of 1 M NaOH aqueous solution were added onto the
sample to dissolve some part of the AAO template. The residual
solution on the surface of the template was rinsed with distilled water.
For the TEM and HRTEM measurements, the template was
completely dissolved in 2 M NaOH aqueous solution. The product
was centrifuged, thoroughly washed with distilled water to remove
residual NaOH, and then rinsed with absolute ethanol. The UV−vis
spectrum of the product was recorded in a UV−vis spectrophotometer
(UV-1601PC, Shimadzu Corporation). I−V curves were measured by
linear sweep voltammetry on CH Instrument 660C electrochemical
analyzer. A photoresponse device structure was fabricated to study the
optoelectronic properties of the as-synthesized nanowires. The
fabrication details of the device structure are as follows: an insulating
quartz substrate was used as the substrate and thoroughly washed with
a mixed solution of deionized water, acetone, and 2-propanol under
sonication for 30 min. RF sputtering of Au electrodes were then
completed on insulating quartz substrates. The CZGS and CZGSe film
were fabricated by dripping the concentrated nanowires methanol
dispersion on the electrodes and the substrate and then drying it for 5
h at room temperature under ambient conditions. A postanneal
process was conducted at 300 °C in an Ar atmosphere to improve
substrate adhesion.

3. RESULTS AND DISCUSSION
The CZGS and CZGSe products were characterized by X-ray
diffraction (XRD) to obtain information on crystal structure
and phase composition. Both products are phase-pure as
determined. A typical XRD pattern of the as-prepared CZGS is
shown in Figure 1a. All diffraction peaks can be indexed to the

tetragonal structured CZGS. After refinement, the lattice
constant, a = 5.268 Å and c = 10.537 Å, is obtained, which
matches well to the reported value for CZGS crystal (JCPDS
card, No. 78-781). The XRD pattern of the CZGSe product is
shown in Figure 1b, which can also be indexed to be tetragonal
structure. The refined lattice constants of the CZGSe are a =
5.603 Å and c = 11.045 Å, in accordance with the reported
value for CZGSe crystal (JCPDS card, No. 52-867). The
broadening peaks in the two XRD patterns suggest that the
grain sizes of the CZGS and CZGSe products are on a
nanometer scale.
Figures 2a and 2e show respectively typical SEM images of

as-prepared CZGS and CZGSe product with AAO template
etched off, displaying that arrays made up of large-area dense
nanowires with uniform diameter is formed. The average
diameter of these nanowires is about 200 nm, being consistent
with the pore size of the AAO template. The length of the
nanowires is in the range of several micrometers. These CZGS
and CZGSe nanowires are all found to be compact and parallel
to each other, maintaining a nanowire array structure from the
side view.
Detailed microstructure information and chemical composi-

tion of individual nanowire are obtained from TEM related
studies including imaging, selected area electron diffraction
(SAED), and energy dispersive X-ray spectrometry (EDX). A
typical TEM image of straight nanowires in Figure 2b discloses
that the CZGS nanowires are straight with smooth surface.
SAED pattern (inset of Figure 2b) reveals clear symmetrical
diffraction spots; in addition, the diffraction pattern did not
change as the electron beam was moved along the nanowire,
disclosing the uniform single crystalline nature of the CZGS
nanowires. The EDX spectrum (Figure 2c) taken from the
sample reveals intense peaks of Cu, Zn, Ge, and S, indicating
the chemical composition of Cu, Zn, Ge, and S, only. The gold
and carbon signals come from the supporting TEM grid. EDX

Figure 1. Representative XRD patterns of CZGS and CZGSe
products.
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quantitative analysis gives an average Cu/Zn/Ge/S composi-
tion ratio of 2:1:1:4, in accordance with the stoichiometry of
Cu2ZnSnS4. A high-resolution TEM (HRTEM) image shown
in Figure 2d shows clear lattice spacing of 0.30 nm which
corresponds well to the d spacing of the (112) planes in
tetragonal chalcopyrite structured CZGS, confirming again the
well-crystallized CZGS nanowires. The inset of Figure 2d
shows a two-dimensional Fourier transform pattern of the
lattice resolved image, which can be indexed to the [1−10]
zone of tetragonal structured CZGS. Carefully analysis of the
HRTEM results showed that CZGS nanowires have an axial
growth crystal plane of (220) and, accordingly, a growth axis in
the [110] direction.
For CZGSe nanowires, the TEM image (Figure 2e) and its

SAED pattern (inset of Figure 2e) display its single crystalline
nature. The EDX spectrum (Figure 2g) exhibits its composition
of Cu, Zn, Ge, and Se only. The HRTEM image shown in
Figure 2h shows clear lattice spacing of 0.32 nm, matching well
to the d spacing of the (112) planes in tetragonal structured
CZGSe. The inset of Figure 2d discloses a two-dimensional
Fourier transform pattern of the lattice resolved image, which
can be indexed to the [0−21] zone of tetragonal structured
CZGSe. Based on the high-resolution image and its two-
dimensional Fourier transform pattern, CZGSe nanowires are
determined to have an axial growth crystal plane of (112) and a
growth axis in the [221] direction.

STEM-EDX elemental mapping can provide information on
the spatial distribution of different compositional elements in
the CZGS and CZGSe nanowires. Figure 3a shows the dark

field image of a portion of the CZGS single nanowire and gives
the elemental maps of Cu, Zn, Ge, and S. It illustrates clearly
that the spatial distribution of compositional elements in CZGS
nanowires is uniform. Figure 3b also demonstrates that the
spatial well-distributed Cu, Zn, Ge, and Se elements in CZGSe
nanowires.
Both CZGS and CZGSe samples appear black due to their

strong photon absorption in the entire visible range of light,
suggesting their potential application as solar energy conversion
materials. Figure 4 shows the room temperature UV−vis

absorption spectra for the as-prepared CZGS and CZGSe
nanowires samples. Estimation on the optical band gap (Eg) of
the CZGS and CZGSe nanowires can be obtained by plotting
(αhν)2 as a function of the photon energy (in the inset of
Figures 4a and 4b), with α being the absorption coefficient, h
Planck’s constant, and ν the frequency. Based on the
intersection of the extrapolated linear portion, the Eg values
can be calculated to be 2.05 eV for CZGS and 1.59 eV for
CZGSe, in agreement with that of reported value for CZGS and
CZGSe.10,36 Such band gap values are desirable for the
photovoltaic applications.
A possible formation mechanism of CZGS and CZGSe

nanowires arrays can be proposed as follows. During the
reaction process, we believe ethylenediamine plays an
important role in the formation of nanocrystalline CZGS and
CZGSe nanowires. Being a good solvent of sulfur or selenium
powder, ethylenediamine dissolved them easily with stirring

Figure 2. SEM (a), TEM (b), SAED (inset of b), and HRTEM (d)
images and EDX spectrum (c) of the CZGS nanowires array. The
inset of (d) shows a two-dimensional Fourier transform pattern of the
lattice resolved image for CZGS nanowires. SEM (e), TEM (f), SAED
(inset of f), and HRTEM (h) images and EDX spectrum (g) of the as-
prepared CZGSe nanowire array. The inset of (h) shows a two-
dimensional Fourier transform pattern of the lattice-resolved image
CZGSe nanowires.

Figure 3. (a) Dark field image of a portion of CZGS nanowire and
EDX elemental maps of Cu, Zn, Ge, and S. (b) Dark field image of a
portion of CZGSe nanowire and EDX elemental maps of Cu, Zn, Ge,
and Se.

Figure 4. Typical room temperature UV−vis absorbance spectra of the
CZGS and CZGSe nanowires.
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after addition. During the reaction, ethylenediamine acted as
both a chelating agent and a reducing agent. As a bidentate
ligand, ethylenediamine chelated with Cu+, Zn2+, and Ge4+ to
form complex ions with its five-membered-ring chelated
structure, which was proved to be the most energetic stable
among possible isomeric structures.37 Because of the unique
structure of ethylenediamine and the nanoconfined reaction
environment, the generation of quaternary sulfides or selenides
may be facilitated. Meanwhile, as a reducing agent, ethylenedi-
amine reduced the dissolved elemental S or Se to negatively
charged S2− or Se2− with an organic nucleophilic attack. S2− or
Se2− reacted with complex ions (composed of the En chelated
Cu+, Zn2+, Ge4+) to form CZGS or CZGSe, then starting
nucleation within AAO pores. In our present case, the
solvothermal reaction and subsequent nucleation and crystal
growth were all confined within the pores of AAO template in
the medium of ethylenediamine; oxidation of product can be
avoided effectively. In the nucleation stage, either homogeneous
nucleation or heterogeneous nucleation is possible. Generally,
heterogeneous nucleation on pore walls leads to polycrystalline
materials in an AAO template aided synthesis.38 But our
product is single crystalline nanowires. So, heterogeneous
nucleation did not likely happen. Therefore, a homogeneous
nucleation should occur in our reaction. After nucleation, the
crystal growth conducted within the channels of AAP template.
It is also found that long reaction duration is necessary for

the formation of single crystalline nanowires. If the reaction was
conducted for about 10 h, the product was polycrystalline
nanowires composed of loosely packed nanoparticles. When
the reaction was prolonged to 20 h, the nanoparticles in
nanowires became denser. If the heating time was above 36 h,
the final product turned to be single crystalline nanowires.
Therefore, a polycrystalline-to-single crystalline evolution has
occurred for the formation of CZGS and CZGSe nanowires.
Here, oriented attachment mechanism can be used to explain
the crystal growth process in which smaller particles with
common crystallographic orientations directly combine togeth-
er to form larger ones by crystallographic fusion at the planar
interface. Similar behavior has happened for Cu2ZnSnS4 and
Cu2ZnSnSe4 single crystalline nanowires.13

As a result of the confinement of the AAO pores, one-
dimensional single crystalline nanowires with diameter
determined by the pore size in the AAO template was
generated, which is evidenced by the SEM and TEM
characterization of our product.
To investigate the photoelectric properties, the current−

voltage (I−V) measurements for CZGS film and CZGSe film
were performed. Figure 5 shows the current−voltage (I−V)
curves of the films tested in the darkness and under an
illumination intensity of 100 mW/cm2 from a 150 W xenon
lamp (Bentham IL7), which was measured in a 1 V bias range.
It is found that a promising increase of about 2.6 times for
CZGS and 1.5 times for CZGSe in current at 1 V under light
irradiation relative to the dark state. CZGS and CZGSe are
known to be typically p-type. Light irradiation excites electrons
in the valence band to the conduction band and then increases
the holes in them. As a result, the current is increased obviously
and the conductivity of the film is enhanced. This obvious
photoresponsive behavior indicates the potential use of as-
synthesized CZGS and CZGSe nanowires in solar energy
conversion systems, such as the fabrication of photovoltaic
devices.

4. CONCLUSIONS
In conclusion, single-crystalline nanowires arrays of quaternary
CZGS and CZGSe have been synthesized through a simple
nanoconfined solvothermal solution strategy within AAO
nanopores. UV−vis absorption spectra revealed that the as-
prepared CZGS and CZGSe nanowires have strong optical
absorption in the visible region, and the band gaps match well
with that of the corresponding bulk materials, disclosing their
suitability for the photovoltaic application. The CZGS and
CZGSe films have been fabricated and showed obviously
enhanced conductivity under light irradiation. The as-prepared
CZGS and CZGSe nanowires may be promising for use as
light-absorption layers in solar cells as well as other nano-
electronic devices, such as photoconducting cells and field-
effect transistors.
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