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Well-defined ternary CulnS, nanorods 20—25 nm in diameter
and 400—450 nm in length were synthesized by the reaction of
Cu(l,, In, CS,, and NaOH at temperature as low as 180°C for
15h when water was used as the solvent. The products were
characterized by X-ray diffraction, transmission electron micro-
scopy, selected area electron diffraction, X-ray photoelectron
spectroscopy, and UV—vis absorption spectroscopy techniques.
Experimental results indicate that reaction temperature is an
important factor in this approach and liquid indium plays an
important role in the formation of CulnS, nanorods. Finally,
a solution—liquid—solid mechanism was proposed for the nanorod
growth. © 2001 Academic Press
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1. INTRODUCTION

The large interest in nanostructures results from their
numerous potential applications in various areas such as
materials and biomedical sciences, electronics, optics, mag-
netism, energy storage, and electrochemistry (1). Nanostruc-
tural materials can often display optical, electronic, and
structural properties different from those of their bulk
counterparts (2,3). Currently, one-dimensional nanoscale
materials have attracted much attention due to their inter-
esting physical properties and potential device applications
(4). Therefore, the synthesis of nanowires, nanorods, or
nanofibers and the investigation of their properties have
aroused considerable interest (2). The control of nucleation
and growth of one-dimensional nanostructural material is
becoming critical. The study of nucleation and growth
mechanisms will help us to understand and control these
processes at the atomic level via the synthetic chemistry
employed.
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Due to its direct energy gap of 1.5 eV, ternary compound
CulnS, with the chalcopyrite structure, which belongs to
the I-111-VI, family, has emerged as a leading material for
high-efficiency and radiation-hard solar cell applications (5).
In addition, CulnS, is a candidate for the cathode material
of photochemical devices owing to its high performance and
high output stability (6). CulnS, can be synthesized by
a variety of methods such as solid-state reaction at elevated
temperature (7), electrodeposition (8), spray pyrolysis (9),
sputtering (10), multi- and single source chemical vapor
deposition (CVD) (11), and ionized cluster beam technique
(12). However, these methods require either very high tem-
perature (typically 600-900°C), high pressure, or special
apparatus. In addition, these methods are of relatively long
reaction time and it is difficult to get satisfactory
stoichiometry. Recently, Parkin and co-workers obtained
CulnS, by refluxing a mixture of CuCl,, InCl;, and Na,S
in toluene for 72h, but posttreatment at 500°C for 24h
was necessary to get crystals (13).

It is well known that the device properties of CulnS,-
based solar cells are badly affected by their stoichiometeric
composition, defect, and structure, which are strongly re-
lated to preparation conditions. For example, the density of
stacking faults and dislocation lines on the [112] crystal
plane is much higher for the Cu-poor CulnS, film compared
with the Cu-rich CulnS, film, which leads to a difference in
the conversion efficiency of the optoelectronic device (14).
Recently, various solution chemical synthesis techniques
have been utilized to prepare some fascinating materials.
This chemical method allows the particle size and their
distribution as well as their morphology to be
controlled (15). In our group, Lu et al. synthesized
irregular CulnS, nanoparticles at 200°C through a
solvothermal process using CuCl, In, and S as reagents;
however, they could not control the products to grow
nanorods (16). Jiang et al. prepared CulnS, nanorods
at 280°C for 48h through elemental solvothermal
reaction (17).
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Very recently, a solution-liquid-solid (SLS) mechanism
was developed to grow well-crystallized semiconductor
fibres at greatly decreased temperatures (18). The SLS is
closely analogous to the well-known vapor-liquid-solid
(VLS) mechanism (19), in which whisker crystals grow from
flux droplets that are fed from the vapor phase rather than
a solution phase. In this paper, we report a hydrothermal
pathway to ternary CulnS, nanorods with CuCl,-2H,O0,
In, CS,, and NaOH as reagents at 180°C. The synthetic
reaction was carried out in an autoclave and can be repre-
sented by Eq. [1]:

3CuCl,-2H,0 + CS, + In + 6NaOH =%

CulnS, + Na,CO; + 4NaCl + 2CuCl + 9H,0. [1]
In this process, carbon disulfide was used as the sulfur

source and NaOH as the attacking reagent to release S*~
(20).

2. EXPERIMENTAL

All reagents were of analytical grade and were used with-
out further purification. In a typical procedure, the product
CulnS, can be synthesized from a stoichiometric mixture of
CuCl,-2H,0 (1.023g, 6 mmol), In (0.23g, 2mmol), CS,
(0.152 g, 2 mmol), and NaOH (0.48 g, 12 mmol). The react-
ants were added into a 50-mL Teflon-lined autoclave, which
was then filled with distilled water up to 85% of the total
volume. The autoclave was sealed and maintained at 180°C
for 15h, and then allowed to cool to room temperature
naturally. The precipitate was filtered off, washed with di-
lute HNO3, aqueous ammonia solution, absolute ethanol
and distilled water in sequence, and then dried under a vac-
uum at 50°C for 4 h. The product was collected for charac-
terization. In order to investigate the reaction mechanism,
this reaction was also performed at 150°C (below the
melting point of In).

The obtained product was characterized by X-ray powder
diffraction (XRD) using a Japan Rigaku D/max-rA X-ray
diffractometer with graphite-monochromatized CuKu radi-
ation (4 = 1.54178 A). The scan rate of 0.05°s ™! was applied
to record the patterns in the 26 range of 10-70°. Transmis-
sion electron microscopy (TEM) image and selected area
electron diffraction (SAED) pattern were obtained on
a Hitachi Model H-800 with an accelerating voltage of
200kV. In order to derive the composition information
about the product, X-ray photoelectron spectroscopy (XPS)
was performed on an ESCALab MKII X-ray photoelectron
spectrometer, using MgKo X ray as the excitation source.
UV-vis absorption spectroscopy was performed on
a JGNA Specord 200 PC UV-vis spectrophotometer when
ethanol was used as a reference.
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FIG. 1. XRD patterns of the products obtained by the hydrothermal
pathway at different temperatures: (a) tetragonal CulnS, prepared at
180°C and (b) hexagonal CuS prepared at 150°C.

3. RESULTS AND DISCUSSION

The XRD pattern of a typical sample prepared at 180°Cis
shown in Fig. la, indicating only the chalcopyrite phase
with an intense peak at 20 = 27.8° oriented along the [112]
crystal plane. All the diffraction peaks can be indexed to
tetragonal CulnS, with cell constants a = 5.514 A and
¢ = 11.139 A, which is in agreement with the reported data
in the literature (¢ = 5.523 A and ¢ = 11.141 A) (21). How-
ever, a relatively strong [004] peak in the pattern indicates
a weakly preferential orientation of [001] in CulnS,
nanorods. No characteristic peaks of other impurities such
as In or copper sulfides were observed. According to the
Scherrer formula (22) based on the half-width of XRD
peaks, the average crystalline size of the nanorods is esti-
mated as 22.1 nm. Figure 1b shows the XRD pattern of the
sample prepared at 150°C, showing that the as-prepared
product can be indexed to hexagonal CuS (JCPDS
No. 6-464). This results clearly indicates that the reaction
temperature is an important factor in this approach.
When the reaction temperature is lower than the melting
point of In, this reaction proceeds to produce CuS and
cannot continue to form CulnS, because of the low reactiv-
ity of In.

TEM image for the sample prepared at 180°C is shown in
Fig. 2a, indicating that the as-obtained products are well-
defined nanorods with diameters of 20-25 nm and lengths
ranging from 400 to 450 nm. The SAED pattern (Fig. 2b) is
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FIG. 2.

consistent with the single-crystalline nature of the nanorods.
These diffraction dots can be divided into two series: one is
caused by the [004] crystal plane; the other is caused by the
[116] plane.

The XPS technique was carried out to obtain composi-
tion information about the sample prepared at 180°C.
A survey spectrum is shown in Fig. 3a, indicating the pres-
ence of Cu, In, and S as well as C from reference and
O impurity. Oxygen in the sample is likely due to exposure
to the atmosphere since nanocrystalline material exhibits
a high surface area-to-volume ratio. There are no peaks for
Cl or Na from the reactants and other peaks, indicating that
the as-obtained product is relatively pure.

High-resolution spectra were also taken for the Cu 2p
region, the In 3d region, and the S 2p region in order to
determine the valency state and atomic ratio. The Cu 2p
core level spectrum is shown in Fig. 3b, indicating that the
observed values of the binding energies for Cu 2p;,, and Cu
2p,,, are consistent with the literature values (23). The full
width at half-maximum for Cu 2p;,, and Cu 2p,,, peaks are
1.9 and 2.3 ¢V, respectively, which are also in good agree-
ment with the literature values for Cu™ (24). In addition, the
Cu 2ps,;, satellite peak of Cu®™, which is usually centered at
942 ¢V (25), does not appear in the spectrum. Therefore, it
can be concluded that only Cu* exists in the sample, indic-
ating that Cu?™ of the starting material was reduced during
the course of reaction. Figure 3c is the typical In 3d core
level spectrum, showing that the strong peak at 444.8eV
corresponds to the In 3ds,, binding energy for CulnS, (23).
The In 3ds;, binding energy of elemental In is usually
located at 443.8¢V (23), indicating that elemental In was
oxidized during the hydrothermal treatment. The S 2p core
level spectrum (Fig. 3d) shows two peaks (namely the
presence of two chemical environment): one at 161.2¢eV
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(a) TEM image of CulnS, nanorods and (b) SAED pattern of CulnS, nanorods.

corresponding to S from Cu-S and the other at 162.4eV
corresponding to S from In-S (23). For three core level
spectra, there was no evidence of shake-up peaks, which are
photoemission peaks from species ionized prior to the ob-
served photoemission process and generally occur several
electronvolts higher than the binding energy of the main
peaks in the spectra. The quantification of the peaks gives
a Cu:In:S ratio of 0.96:1:2.04, which is close to the
stoichiometry of CulnS,.

In this process, CuCl,, CS,, and In play important roles
in the formation of CulnS, nanorods. CS, can be attacked
by NaOH to release S*~, which can make this reaction
proceed at relatively low temperatures. When CS, was
replaced by S powder with other reaction conditions kept
constant, many diffraction peaks appeared in the XRD
pattern, which could be indexed to copper sulfides and
unreacted In, but no characteristic peaks of tetragonal
CulnS, appeared. CuCl,, as an oxidizing reagent, can
oxidize elemental In to In®" (¢l /cuct = 0.538V,
Pl jcur = 0.538V, @fpee /1o = — 0.343 V) under proper re-
action conditions, which is also important for the formation
of the product. When CuCl, was displaced by CuCl, there
was no formation of CulnS,. In this electron-transfer reac-
tion, liquid In also plays an important role in the formation
of CulnS, nanorods when the reaction temperature is high-
er than the melting point of In (157°C). At the reaction
temperature, S~ can react with In** to form (InS,)~ dis-
solved in liquid In. Cu™ ion then reacts at the growth site
with (InS,)~ to form the product. The following reactions
may occur:

CS, + 6NaOH — 2Na,S + Na,CO; + 3H,0 [2]

3CuCl; + In — 3CuCl + InCly [3]



182

Relative intensity (c/s)

180.0k

160.0k
= 140.0k
A
z 120.0k
E 100.0k
E
g 80.0k
3
(3}
Z 600k
40.0k
20.0k . ) ) )
0 200 400 600 300 1000
Binding energy (eV)
22k
b Cu2p3 5
21k F
@ 20k b Cudpy.
3 12
Z
Z ok
2
Rt
=
5}
&l
16k L L
930 940 950 960
Binding energy (eV)
[
160k | 1
~ 14,0k In3d
) 32
S
=
2 12.0k
ks
=
v
Z 100k
=3
[
[+4
8.0k
. L "

45 450 455 460
Binding energy (eV)

XIAO ET AL.

2827 4 In3* —(InS,)" [4]
CuCl < Cu* + CI™ [5]
Cu* + (InS,)” — CulnS,. [6]

The existence of liquid In may motivate this electron-
transfer reaction to grow CulnS, nanorods. This mecha-
nism resembles that of the complex solution-liquid-solid
(SLS) proposed for the growth of InP nanofibers by Buhro’s
research group (18). At the synthetic temperature (above the
melting point of In), the metal particle would melt (liquid
state) and provide an energetically favored site for the ab-
sorption of solution-phase reactants (solution state), which
benefits the growth of nanorods (solid state) significantly.
Since the SLS mechanism cannot function without liquid In,
the reaction at temperatures below the melting point of In
should not produce rods or fibers. The failure to obtain rods
at 150°C further confirmed the proposed mechanism.

The structural property of CulnS, nanorods is also reflec-
ted in the absorption spectrum (Fig. 4). A minor absorption
shoulder peak at about 825nm is observed, which can be
regarded as the optical transition of the first excitonic state
and is in agreement with that of the bulk CulnS, (827 nm).
The result indicates that as-obtained CulnS, nanorods are
too large for quantum confinement, and in fact the Bohr
exciton radius for CulnS, is 3.2 nm, which can be calculated
according to Refs. (26,27). The average particle diameter, as
calculated from the maximum of the absorption curve
(Am = 825nm), is 21 nm (28), which is consistent with the
TEM and XRD results. Since the onset of the absorption
spectrum generally represents the larger end of the size
distribution (29), the position of the absorption edge
(Ae = 1000 nm) shows the Iength of the nanorods
(400-450 nm). The large difference between sizes calculated

Binding energy (eV)

FIG. 3. XPS spectra of CulnS, nanorods: (a) typical XPS survey spec-
trum of CulnS, nanorods, (b) core level spectrum for Cu 2p, (c) core level
spectrum for In 3d, and (d) core level spectrum for S 2p.
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FIG. 4. UV-vis absorption spectrum of CulnS, nanorods dispersed in
ethanol.
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from A, and A,, which may be related to the width of
particle size distribution, is characteristic of nanorods.

4. CONCLUSION

In summary, CulnS, nanorods with diameters of
20-25nm and lengths of 400-450 nm have been syn-
thesized via a hydrothermal pathway at 180°C for 15h.
TEM images confirmed the morphology of the as-obtained
products. Experimental results indicate that the reaction
temperature is an important factor in this approach and
liquid indium plays an important role in the formation of
CulnS, nanorods. The SLS mechanism is likely responsible
for the nanorod growth.
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