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C
opper chalcogenides (CuSe, CuS)
and their ternary (CuInSe2, Cu-
GaSe2, CuInS2) and quartenary com-

pounds (Cu(In1�xGax)Se2, CuIn(Se1�xSx)2)

have attracted much interest in recent years

owing to their outstanding electro-optical

properties.1�6 Among them, the I�III�VI2

chalcopyrite semiconductors are among the

most promising light-absorbing materials

for photovoltaic applications because of

their suitable band gaps, high absorption

coefficients, and good radiation

stabilities.7�9 Thin-film solar cells of

Cu(In1�xGax)Se2 have achieved record con-

version efficiencies as high as 21.5%.10 Chal-

copyrite CuInSe2, with a direct band gap of

�1.04 eV, has a high absorption coefficient

over the UV�vis range, which is on the or-

der of 105 cm�1 for the bulk and 104 cm�1

for thin films.11,12 In order to achieve a bet-

ter match to the solar spectrum, it is desir-

able to widen the band gap of CuInSe2 by

about 0.2�0.5 eV. This can typically be

achieved via incorporation of Ga or S. The

band gap of CuInS2 (�1.53 eV) is well-

matched to the solar spectrum for photo-

voltaic performance.13 With such consider-

ation, heterogeneous CuInSe2/CuInS2 core/

shell nanostructures may be considered as a

promising system for solar energy conver-

sion applications.

While several approaches have been de-

veloped to fabricate CuInSe2 thin films, in-

cluding selenization of metal precursors,14

electrodeposition,15 hot wall deposition,16

chemical vapor deposition,17 magnetron

sputtering,18 paste coating,19 etc., methods

for preparing CuInSe2 nanostructures with

controlled morphologies are so far limited.

Up to now, there are only a few reports on
the synthesis of CuInSe2 nanocrystals using
solvothermal methods,20�25 VLS tech-
niques,26 and solid-state reactions.27 For ex-
ample, Qian’s group20,21 has synthesized
CuInSe2 nanoparticles, nanowhiskers, and
nanorods via solvothermal reactions of Cu,
In, and Ga salts/elements with selenium
powders in ethylenediamine. Guo et al.23

and Koo et al.24 have prepared, respectively,
CuInSe2 nanorings with hexagonal shape
and nanocrystals with trigonal pyramidal
shape using oleylamine as solvent. Peng et
al.26 have reported the synthesis of In2Se3

and CuInSe2 nanowires by VLS techniques.
From a solid-state reaction between an
In2Se3 nanowire and contacting copper
pads, an individual CuInSe2 nanowire has
also been synthesized.27 Nevertheless, to
our best knowledge, there is so far no
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ABSTRACT Facile chemical approaches for the controllable synthesis of CuSe, CuInSe2 nanowire, and CuInSe2/

CuInS2 core/shell nanocable bundles were developed. Hexagonal CuSe nanowire bundles with lengths up to

hundreds of micrometers, consisting of many aligned nanowires with a diameter of about 10�15 nm, were

prepared by reacting cubic Cu2�xSe nanowire bundles with a sodium citrate solution at room temperature. The

CuSe nanowire bundles were then used as self-sacrificial templates for making bundles of tetragonal chalcopyrite

CuInSe2 nanowires by reacting with InCl3 via a solvothermal process. Furthermore, bundles of CuInSe2/CuInS2 core/

shell nanocables were obtained by adding sulfur to the reaction system, and the shell thickness of the

polycrystalline CuInS2 in the nanocables increased with increasing S/Se molar ratios. It was found that the small

radius of copper ions allows their fast outward diffusion from the interior to the surface of nanowires to react with

sulfur atoms/anions and indium ions to form a CuInS2 shell. Enhanced optical absorption in the vis�NIR region

of CuInSe2/CuInS2 core/shell nanocable bundles is demonstrated, which is considered beneficial for applications in

optoelectronic devices and solar energy conversion.
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report on a templating synthesis of CuInSe2 nanostruc-

tures in large scale under relatively mild conditions. In

this work, we develop a simple and effective method for

chemically converting bundles of Cu2�xSe nanowires

to bundles of CuSe and CuInSe2 nanowires as well as

bundles of CuInSe2/CuInS2 core/shell nanocables with

different S/Se molar ratios.

RESULTS AND DISCUSSION
Cu2�xSe nanowire bundles with diameters of

200�400 nm and lengths up to hundreds of microme-
ters (see Supporting Information, Figure S1) have been
prepared by a water-evaporation-induced self-
assembly method.28 Using the Cu2�xSe nanowire
bundles as templates, CuSe nanowire bundles with the
same morphologies were obtained by reaction with
aqueous sodium citrate solution at room temperature.
As an important biological ligand,29 sodium citrate mol-
ecules, each with three carboxylate groups, can strongly
chelate copper ions to form a stable complex of
[(C6H5O7)Cu]� due to its large formation constants (K
� 1014.2).30 The chemical reaction may take place as
follows

Figure 1a shows a typical SEM image of the CuSe

nanowire bundles with lengths up to hundreds of mi-

crometers. A high-magnification SEM image in Figure

1b reveals that the bundles with diameters of 200�400

nm consist of many nanowires. Diameters of individual

nanowires are estimated to be in the range of 10�15

nm (see Supporting Information, Figure S2). Figure 1c,d

shows TEM images of the CuSe nanowire bundles

showing that the nanowires are well-aligned in the

bundles. A high-resolution TEM image of a single nano-

wire in Figure 1e shows a lattice with six-fold symme-

try. A corresponding fast Fourier transform (FFT) of the

lattice is shown in the inset of Figure 1e. The lattice

spacing is 0.34 nm, which matches well the {100} inter-

planar spacing of the hexagonal CuSe crystal. An

energy-dispersive X-ray (EDX) spectrum of the nano-

wire bundles in Figure 1f suggests that the nanowires

consist only of copper and selenium with an atomic ra-

tio of about 48:52.

By reacting the as-prepared CuSe nanowire bundles

with InCl3 in triethylene glycol at 200 °C, followed by im-

mersion in a mixed solution of ethylenediamine and

ethanol for several hours, CuInSe2 product with mor-

phologies similar to those of the CuSe template was ob-

tained (Figure 2a). A high-magnification SEM image in

Figure 2b and a TEM image in Figure 2c reveal that the

CuInSe2 bundles are made up of many well-aligned

nanowires. Careful comparison with the bundles of

Cu2�xSe and CuSe nanowires suggests that the CuInSe2

nanowires have a larger diameter, which is probably

due to Ostwald ripening growth during the solvother-

mal process (see Supporting Information, Figure S3).

Figure 2d,e shows high-resolution TEM images of a

CuInSe2 nanowire. The lattice fringes with spacings of

0.20 and 0.34 nm match well with the interplanar spac-

ings of the {220} and the {112} planes of chalcopyrite

Figure 1. (a,b) SEM, (c,d) TEM, (e) high-resolution TEM images,
and (f) EDX spectrum of the CuSe nanowire bundles. Inset of (e)
is a fast Fourier transform (FFT) of the CuSe nanowire high-
resolution TEM imaged in (e).

2Cu2-xSe + (1 - x)O2 + 2(1 - x)C6H5O7
3- + 2(1 -

x)H2O f 2CuSe + 2(1 - x)[(C6H5O7)Cu]- + 4(1 -

x)OH-

Figure 2. (a,b) SEM, (c) TEM images of CuInSe2 nanowire
bundles; (d,e) high-resolution TEM images of a CuInSe2

nanowire; (f) a corresponding FFT of the image in (d); and
(g) an EDX spectrum of the CuInSe2 nanowire bundles.
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CuInSe2. An EDX spectrum (Figure 2g) of the CuInSe2

nanowire bundles demonstrates that the bundles con-
sist of copper, indium, and selenium with atomic ratios
of 24:26:50.

Figure 3a shows an XRD spectrum of Cu2�xSe nano-
wire bundles. All of the diffraction peaks can be well in-
dexed to those of cubic Cu2�xSe (JCPDF 06-0680). Fig-
ure 3b shows an XRD spectrum of the copper selenide
sample obtained by reaction of the Cu2�xSe nanowire
bundles with a sodium citrate solution at room temper-
ature. The spectrum is consistent with the standard
spectrum of hexagonal CuSe (JCPDF 34-0171). Figure
3c shows an XRD spectrum of the product obtained
from the reaction between the as-prepared CuSe nano-
wire bundles and InCl3 in triethylene glycol at 200 °C.
All of the diffraction peaks match well to those of tet-
ragonal CuInSe2 (JCPDF 75-0107), except for the two
peaks marked with an asterisk, which can be indexed
to those of cubic Cu2�xSe (JCPDF 06-0680). This indi-
cates the formation of the chalcopyrite CuInSe2 with a
small amount of Cu2�xSe. By immersing the product in

a mixed solution of ethylenediamine and ethanol for
several hours, a pure phase of chalcopyrite CuInSe2 was
obtained, as shown in Figure 3d.

Under the solvothermal conditions, triethylene gly-
col plays two roles. It serves as the solvent as well as a
reducing agent to reduce cupric ions (Cu2�) to cuprous
ions (Cu�). Compared to CuSe, Cu2�xSe is more stable
in the triethylene glycol solvent which provides a reduc-
ing environment. When Cu2�xSe instead of CuSe nano-
wire bundles are used to react with InCl3 in triethylene
glycol, the obtained product is a mixture of Cu2�xSe and
In (Cu2�xSe/In) nanowire bundles with Cu, In, and Se
atomic ratios of about 61:37:2 (see Supporting Informa-
tion, Figure S4). Chalcopyrite CuInSe2 nanowire bundles
can only be prepared by using the CuSe precursor. For
the synthesis of CuInSe2, CuSe is used as the precursor
to react with enough indium ions. As copper ions are
now in surplus, they would diffuse outward from the
nanowire into the solvent during the reaction process.
Therefore, it is desirable to introduce some sulfur into
the system to further react with the surplus copper and
indium ions.

CuInSe2/CuInS2 core/shell nanocable bundles with
lengths of several tens of micrometers (see Supporting
Information, Figure S5) were synthesized following the
approach developed for CuInSe2 nanowire bundles, but
with the addition of some sublimed sulfur to the reac-
tion system. The diameters of these nanocables are es-
timated to be in the range of 25�35 nm. Figure 4a�c
shows high-resolution TEM images of a nanocable pre-
pared with a S/Se molar ratio of 0.31:1, revealing a
single-crystal core/polycrystalline shell structure. The di-
ameter of the single-crystal core is estimated to be
about 20 nm, while the thickness of the polycrystalline
shell is in the range of 4�7 nm. In the single-crystal

Figure 3. XRD spectra of (a) Cu2�xSe nanowire bundles, (b)
CuSe nanowire bundles, (c) CuInSe2 nanowire bundles with
a trace amount of Cu2�xSe impurity, and (d) CuInSe2 nano-
wire bundles.

Figure 4. (a�c) High-resolution TEM images and (d) an EDX spectrum of CuInSe2/CuInS2 core/shell nanocables synthesized
with a S/Se molar ratio of 0.31:1. Inset of (b): FFT of the CuInSe2 core.
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core, the fringe spacing of 0.34 nm matches well to
the interplanar spacing of the {112} planes of the chal-
copyrite CuInSe2 crystal structure. In the polycrystalline
shell, as shown in Figure 4c, the fringe spacing of 0.31
nm matches well with the interplanar spacing of the
{112} planes of chalcopyrite CuInS2. An EDX spectrum
of the nanocables shown in Figure 4d confirms the
presence of copper, indium, selenium, and sulfur. It
was observed that the thickness of the polycrystalline
CuInS2 shell in the nanocables increases with increas-
ing S/Se molar ratio in the reactants (see Supporting In-
formation, Figures S6 and S7).

The CuInSe2/CuInS2 core/shell nanocables are con-
sidered to form via a solid�liquid reaction mechanism,
which is controlled by the outward diffusion of copper
ions. In the high boiling point triethylene glycol solvent,
the added sulfur powders would first dissolve in the sol-
vent during the heating process. While the CuSe
nanowires react with the inward diffused indium ions
to convert into CuInSe2, surplus copper ions diffuse out-
ward to react with the dissolved sulfur atoms/anions
to form CuS and further evolve into CuInS2 with the re-
action of indium ions on the surface of the nanowires,
resulting in the formation of the CuInSe2/CuInS2 core/
shell nanocables. Due to the relatively large size of sul-
fur atoms/ions, their inward diffusion is negligible.31 The
reaction of sulfur, copper ions, and indiums ions to
form tetragonal CuInS2 is further confirmed by the reac-
tion of S powder, Cu(NO3)2, and InCl3 in triethylene gly-
col, as shown in Figure S8 (Supporting Information). In
our case, the added sulfur is considered to play an im-
portant role in the formation of the CuInSe2/CuInS2

core/shell nanocable bundles in at least three aspects:
(i) sulfur enhances the driving force for outward diffu-
sion of copper ions; (ii) it avoids the formation of binary
impurity of Cu2�xSe; (iii) it provides the sulfur source
for the formation of the CuInS2 shell.

Figure 5a shows XRD data of the as-prepared
CuInSe2/CuInS2 core/shell nanocable bundles synthe-
sized with different S/Se molar ratios. These spectra
closely resemble those of the CuInSe2 core (0:1), but

with the appearance of several minor peaks, which dis-
tinguishing the chalcopyrite phase from the sphalerite
phase. Figure 5b shows an expanded view of the (112)
diffraction peaks in Figure 5a. With increasing S/Se con-
tents, the diffraction peaks broaden and shift to higher
angles. These changes are attributed to the stacking
faults and smaller crystal domain size in/of the polycrys-
talline CuInS2 shell. This observation is consistent with
the HRTEM results (Figure 4 and Figure S6). The progres-
sive shifts in the diffraction peak positions are consis-
tent with the composition changes in the core/shell
nanocable (Figure 4 and Figure S7). On the other hand,
broadening of the diffraction peaks is attributed to the
growth of a polycrystalline CuInS2 shell on the surface of
the single-crystal CuInSe2 core.

Vis�NIR spectrophotometry was used to character-
ize optical absorption properties of the obtained
CuInSe2/CuInS2 core/shell nanowire bundles synthe-
sized with different S/Se molar ratios in the source ma-
terials. For the measurements, these products were dis-
persed in absolute ethanol by ultrasonication. Spectrum
a (Figure 6) of the CuInSe2 nanowire bundles exhibits a
weak broad absorption peak centered at �1106 nm
(�1.12 eV), which corresponds to the expected band
gap energy of �1.04 eV of CuInSe2. Enhanced optical
absorption of the CuInSe2/CuInS2 core/shell nanocable
bundles in the range of 800�1300 nm is demonstrated
as shown in spectra b�e. These spectra show the emer-
gence of a shoulder at �860 nm (�1.44 eV), indicating
the formation of the CuInS2 shell (Eg � 1.53 eV). The up-
per valence band of CuInSe2 and CuInS2 consists of non-
localized and localized states. The nanolocalized states
are due to p�d hybridization, while the localized ones
are due to d electron states of copper. Absorption peaks
around 530�580 nm were also observed, which are
considered to originate from the nonbonding copper
d localized states.32 The absorption energies are attrib-
uted to the non-ground-state absorption energy of
CuInSe2 and CuInS2. Clearly, the CuInSe2/CuInS2 core/
shell structures show broad optical absorption over the
vis�NIR region, which may be beneficial for their pho-
tovoltaic applications.

Figure 5. XRD spectra of (a) CuInSe2/CuInS2 core/shell nanocable
bundles synthesized with various S/Se molar ratios, and (b) an ex-
panded view of the (112) peaks.

Figure 6. Room temperature absorbance spectra of the
CuInSe2/CuInS2 core/shell nanocable bundles synthesized
with different molar ratios of S/Se in the reactants. (a) 0:1,
(b) 0.15:1, (c) 0.25:1, (d) 0.31:1, (e) 0.62:1.
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CONCLUSIONS
CuSe was demonstrated to be a good precursor

for fabricating chalcopyrite CuInSe2-based nano-
structures with inherited morphologies in large
scale. CuSe nanowire bundles with lengths up to
hundreds of micrometers have been synthesized by
reacting Cu2�xSe nanowire bundles with sodium cit-
rate solution. Chalcopyrite CuInSe2 nanowire
bundles have been synthesized in large scale by us-
ing these as-prepared CuSe nanowire bundles as

self-sacrificial templates to react with InCl3 via a sol-
vothermal method, in which the solvent of triethyl-
ene glycol also serves as a reducing reagent. The
synthesis of chalcopyrite CuInSe2/CuInS2 core/shell
nanowire bundles with various S/Se molar ratios has
been demonstrated, in which the fast outward diffu-
sion of copper ions is responsible for the formation
of CuInS2 shell. Broad optical absorption over the
vis�NIR region of CuInSe2/CuInS2 core/shell nano-
wire bundles was demonstrated.

EXPERIMENTAL SECTION
Synthesis of Cu2�xSe Nanowire Bundles. Synthesis of Cu2�xSe nano-

wire bundles has been described elsewhere.28 In a typical synthe-
sis, 0.15 g of Se powder, 4.5 g of NaOH, and 20 mL of distilled wa-
ter were put in a 100 mL beaker with heating and stirring to
make an alkaline selenium aqueous solution. Then 1.5 mL of
Cu(NO3)2 aqueous solution (0.50 M) was then added. Cu2�xSe
nanowire bundles were obtained after drying the solution in a
fan-forced oven at 140 °C. The nanowire bundles were collected
and washed with hot distilled water and ethanol several times
and then dried under vacuum.

Synthesis of CuSe Nanowire Bundles. CuSe nanowire bundles were
prepared by immersing Cu2�xSe nanowire bundles in an aque-
ous sodium citrate solution (0.1 M) with gentle stirring at room
temperature for 18�30 h. The product was separated by cen-
trifugation, washed with distilled water and absolute ethanol,
and then dried under vacuum for 12 h.

Synthesis of CuInSe2 Nanowire Bundles. InCl3 (0.01 g) was first dis-
solved in 30 mL of triethylene glycol in a Teflon-lined stainless
steel autoclave; 0.045 g of CuSe nanowire bundles was then dis-
persed into the solution by stirring and ultrasonication. The au-
toclave was then sealed and maintained at 180�200 °C for 40 h.
After cooling to room temperature naturally, reaction product
was collected and washed with absolute ethanol several times.
The product was then immersed in a 1:1 mixture of anhydrous
ethylenediamine and absolute ethanol under gentle stirring for
several hours. Precipitates were finally separated by centrifuga-
tion, washed with absolute ethanol, and then dried under
vacuum for 12 h.

Synthesis of CuInSe2/CuInS2 Core/Shell Nanowire Bundles. InCl3 (0.01
g), CuSe nanowire bundles (0.045 g), and various amounts of
sublimed sulfur were dispersed or dissolved in 30 mL of triethyl-
ene glycol by stirring and ultrasonication in a Teflon-lined stain-
less steel autoclave. The autoclave was then sealed and main-
tained at 180�200 °C for 40 h. After cooling to room
temperature naturally, the reaction product was collected and
washed with absolute ethanol several times and then dried un-
der vacuum for 12 h.

Characterization of Samples. As-prepared samples were charac-
terized via X-ray diffraction (XRD) in a Philips X’Pert diffractome-
ter with a Cu K� radiation source. Scanning electron microscopy
(SEM) was carried out with a Philips XL30 FEG SEM. Transmis-
sion electron microscopic (TEM) images and high-resolution TEM
images were taken with a Philips CM 20 FEG TEM and a Philips
CM 200 FEG TEM, respectively, operated at 200 kV. Absorption
spectra were recorded with a PE Lambda 19 spectrophotome-
ter.
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