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Culn;_xGaxS; (x=0.5) flowers consisting of nanoflakes were successfully prepared by a biomolecule-
assisted solvothermal route at 220°C for 10h, employing copper chloride, gallium chloride, indium
chloride and L-cysteine as precursors. The biomolecule L-cysteine acting as sulfur source was found to play
avery important role in the formation of the final product. The diameter of the Culng5Gag5S, flowers was
1-2 m, and the thickness of the flakes was about 15 nm. The obtained products were characterized by
X-ray diffraction (XRD), energy dispersion spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS),

Iéi{forg: S field-emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), high-
L_cysot'zmeo's : resolution transmission electron microscopy (HRTEM), selected area electron diffraction spectroscopy

(SAED), and UV-vis absorption spectroscopy. The influences of the reaction temperature, reaction time,
sulfur source and the molar ratio of Cu-to-L-cysteine (reactants) on the formation of the target com-
pound were investigated. The formation mechanism of the CulngsGagsS, flowers consisting of flakes

Semiconductors
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Microstructure

was discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the synthesis and properties characterization
of nano- and submicron-sized structures have been attracting an
increasing interest owing to their theoretical and practical inter-
ests [1]. Especially, semiconductor nanocrystals have been studied
extensively as their excellent physical and chemical properties
[2] and their potential applications on photo-electronic transition
devices [3,4], and their optical properties are highly depen-
dent on size and morphology [5]. Copper-Indium-Gallium Sulfide
[Culny_,GaxS; (0<x<1)]is an important quaternary I-III-VI, semi-
conductor material which has a potential for optoelectronics
devices [6]. The energy gap (Eg) of Culny_,GaxS, can be con-
trolled from 1.5eV (CulnS;) to 2.49eV (CuGaS,) by Ga addition
[7]. Compared to pure CulnS, and CuGaS,, CuGa;_In,S, give the
advantage of band gap Eg tunability from 1.5 to 2.5eV [8]. Up to
now, there are only a few reports on the synthesis of Culn;_xGaxS;
nanocrystals [6,9]. Nevertheless, these methods generally require
rigorous experimental conditions, high reaction temperature, intri-
cate materials, which makes production in large scale difficult.
Therefore, a simple, rapid and environment-friendly approach
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for the large-scale preparation of Culn;_yGaxS, nanostructures is
highly desired.

Biomolecule-assisted synthetic route has been received con-
siderable attention due to biomolecule’s special structures and
fascinating self-assembling functions and important technologi-
cal applications in the preparation of inorganic materials [10-13].
Based on these facts, biomolecule-assisted synthesis methods have
been new and promising focus on preparation of various nanoma-
terials where biomolecules have been exploited as the template
and reagent [14,15]. In the current work, a small biomolecule, L-
cysteine [HSCH,CH(NH;)-COOH] served as the sulfide source in
the formation of Culny_,GaxS; nanostructures, which has attracted
researchers’ attention because of its simple hydrosulfide-group-
including structure [16]. To the best of our knowledge, there are no
reports about the biomolecule-assisted synthesis of Culn;_,GaxS,
flowers or other forms of structures. Therefore, we report for the
first time a solvothermal method for the synthesis of high quality
Culn;_xGaxS, flowers with the assistance of L-cysteine. A possi-
ble reaction as well as growth mechanism for the formation of
Culn;_xGaxS, flowers is also proposed.

2. Experimental
2.1. Materials
Copper chloride (CuCl,-2H,0), gallium chloride(GaCls), indium chloride (InCls)

and L-cysteine (C3H7NO,S) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). N,N-dimethylformamide (DMF) were purchased from Shang-
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hai Chemical Reagent Co., Ltd. (Shanghai, China). All the chemical reagents used in
the experiments were analytical grade and used without further purification. Double
distilled water was used throughout the experiments.

2.2. Synthesis of the CulngsGagsS, flowers

In a typical process, 1 mmol CuCl,-2H,0, 0.5 mmol GaCls, 0.5 mmol InCl;, and
2 mmol L-cysteine were dissolved in 40 mL DMF under vigorous stirring for 10 min to
obtain a clear solution. Then the clear solution was transferred into a 50 mL Teflon-
lined stainless-steel autoclave with a filling capacity of 80% of the total volume. The
autoclave was sealed and maintained at 220°C for 10 h, and then naturally cooled
to room temperature. After the reaction, the resulting precipitate was centrifuged
and washed with distilled water and absolute ethanol several times, and then dried
in a vacuum at 55°C for 4 h.

2.3. Characterization

The structure and phase purity of the as-prepared samples was characterized
by powder X-ray diffraction patterns equipped with graphite monochromator Cu
Ko radiation (A=1.5406A) at 40kV and 40 mA, and X-ray photoelectron spec-
troscopy (XPS) analysis was performed on an ESCALAB 250 X-ray photoelectron
spectroscopy using Monochrome Al Ka as the excitation source. The morphology of
the as-synthesized powders analysed by field-emission scanning electron micro-
scope (FESEM, JEOL-6700F, Accelerating voltage of 10kV) with energy-disperse
X-ray spectroscopy (EDS) attachment. The transmission electron microscopy (TEM)
images, high-resolution TEM (HRTEM) and selected area electron diffraction (SAED)
images were recorded on a FEI Tecnai F-20 transmission electron microscopy at
an acceleration voltage of 200 kV. UV-vis absorption spectra were recorded on an
UV-2501PC spectrophotometer.

3. Results and discussion

The typical XRD pattern of the product prepared in DMF at 220°C
for 10 h was shown in Fig. 1. It shows that the most intense peak
at 20=28.48¢ is attributed to the chalcopyrite phase oriented along
the (11 2)tetragonal crystal plane. The XRD patterns are consistent
with the tetragonal phases CulnS, (JCPDS No. 75-0106) and CuGasS,
(JCPDS No. 82-1531). No impurity phases are detected from this
pattern, confirming that the product obtained is composed of the
pure CulngsGagsS, crystals. The strong and sharp peaks indicate
that the as-prepared Culngs5GagsS, is well crystallized.

The morphology of the Culngs5GagsS, powders synthesized at
220°C for 10 h via biomolecule-assisted solvothermal method was
observed by field-emission scanning electron microscopy (FESEM)
and illustrated in Fig. 2. Fig. 2a and b shows a typical low-
magnification FESEM micrograph of the CulngsGagsS, powders.
It can be seen in Fig. 2a and b, the as-prepared CulngsGagsS;
powders are consisted of large-scale flowers with the diame-
ter about 1-2 pm. High-magnification FESEM micrograph of the
Culng 5Gag5S, powders is represented in Fig. 2c that depicts the
surface morphology of the single flower. The Culng5GagsS; flow-
ers are composed of nanoflakes with the thickness of a single
flake is about 15 nm. The chemical compositions of the as-prepared
Culng5Gag5S, flowers were investigated by energy dispersion
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Fig. 1. Typical XRD pattern of as-prepared CulngsGapsS, synthesized at 220°C for
10h.

spectroscopy (EDS). Only peaks of the elements Cu, In, Ga and S are
present in the EDS spectrum (Fig. 2d). The atomic ratio of Cu, In, Ga,
and Sis about 2.04:1:0.97:3.97, which is close to the stoichiometric
composition of Culng5GagsS;.

The states of elements and composition information about as-
prepared CulngsGagsS; sample were further determined by the
XPS technique. The survey spectrum results show the presence
of Cu, In, Ga and S, as well as C from reference and O impurity
(figure not show here). Oxygen in the sample is likely due to expo-
sure to the atmosphere since nanocrystalline material exhibits a
high surface area-to-volume ratio [17]. In order to determine the
valency state and atomic ratio, high-resolution spectra were also
taken for the Cu2p region, the In3d region, the Ga2p region and the
S2p region. The Cu2p core level spectrum is shown in Fig. 3a, indi-
cating that the observed values of the binding energies for Cu2ps,
and Cu2p,, are about 931.75 and 951.65 eV, respectively, which
are in agreement with the literature values for Cu* [18]. In addi-
tion, the Cu2ps), satellite peak of Cu?* which is usually located at
942 eV [19] does not appear in the spectrum. Therefore, it can be
concluded that only Cu* exists in the sample. The In3d core-level
spectraregion (Fig. 3b) indicates that the binding energy for In3ds,
(444.51eV) and In3ds»(452.16eV) are in good agreement with
the report values for In3* [20]. The Ga2p core-level spectra region
(Fig. 3¢) provides the binding energy for Ga2p3p, (1117.94eV) and
Ga2p,p(1144.91eV), which are close to the respective values for
Ga3*. The S2p core level spectrum (Fig. 3d) shows a peak located
at 161.8eV, which is also in agreement with the literature [21].
Hence, the XPS analysis is consistent with the valence states for
Culng5Gag5S; flowers being Cu*, In3*, Ga3* and S2-. No obvious
impurities could be detected in the sample, indicating that the
level of impurities is lower than the resolution limit of XPS (1 at.%).
The intensities of the relevant peaks gave the sample’s surface sto-
ichiometry of Cu/In/Ga/S of 2.11:1:0.96:3.89, in good agreement
with the XRD and EDS results.

The structure and morphology of the as-prepared samples were
further examined by transmission electron microscopy (TEM). Typ-
ical TEM images of the sample are given in Fig. 4a and b. It can be
seen from the images that the synthesized Culngs5GagsS, crystals
appeared to display uniform flowers morphology with an average
dimensions of about 1-2 pwm in diameter. The higher-magnification
TEM image (Fig. 4b) suggests that the flower contains many flakes,
confirming the above FESEM observations. It is difficult to get
HRTEM and SAED images of the complete flowers because it is
too thick to be penetrated by electron beam. The fringe of single
flower was investigated (area marked with an ellipse in Fig. 4b).
The SAED pattern (Fig. 4c) is agreed well with the poly-crystalline
nature of the Culng5GagsS;, crystals. These diffraction circles can
be resolved into three distinct planar systems with identical pla-
nar spacing, which are caused by the (112),(220/204)and (312)
crystal planes, respectively. The HRTEM image (Fig. 4d) of the
Culng 5Gag 5S, product shows that the lattice fringes are separated
by 0.313 nm, which matches the spacing distance of (11 2) planes
of chalcopyrite Culng 5GagsS; (d(112)=0.3141 nm).

To fully understand the effect of reaction temperature on the
microstructure and morphology of the synthesized samples, FESEM
examination was conducted. Fig. 5 shows the FESEM images of
the products synthesized at different temperatures for 10 h. It was
found that temperature significantly affected the shape of the prod-
ucts. When the product obtained at 160°C for 10 h, some flakes
and large number of irregular particle are coexist in the sample
(Fig. 5a). When the reaction temperature increased to 180°C, the
sample mainly contains of flake shapes and some irregular parti-
cles (Fig. 5b). With a reaction temperature of 200 °C, a large number
of flower consist of nanoflakes and some single nanoflakes are
observed, and the thickness of nanoflakes is about 10 nm (Fig. 5¢).
When the reaction temperature was increased to 220 °C, uniform
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Fig. 2. (a-c) FESEM images of the CulngsGagsS; and (d) EDS spectrum of a single flake.
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Fig. 3. XPS spectra of as-prepared CulngsGapsS; sample in DMF: (a) Cu core level spectrum, (b) In core level spectrum, (c) Ga core level spectrum, and (d) S core level
spectrum.
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Fig. 4. (a and b) TEM image of the CulngsGagsS; product, (c) SAED image of the fringe of individual CulngsGagsS, flower, (d) HRTEM image of the CulngsGagsS; product.

flower with nanoflakes were obtained (Fig. 2a—c), and the thickness
of nanoflakes is about 15 nm (Fig. 5¢). However, when the reaction
temperature was further increased to 240°C, the sample mainly
remains as flower shapes and the diameter of nanoflakes become
thicker on the surface of the flower (Fig. 5d). According to the
above analysis, we can conclude that the suitable reaction temper-
ature was ranged from 200 °C to 240 °C. At a suitable temperature,
longer treatment time (10-15h) did not significantly affect the
crystallinity or the yields of the target products.

It is noteworthy that the molar ratio of CuCl, and L-cysteine
apparently had a significant effect on the formation of the cur-
rent morphology. When we decrease the molar ratio of CuCl,
and L-cysteine from 1:2 to 1:1 while other conditions remain
unchanged (compared with the condition of Fig. 2), the product
is Culngs5GagsS, flower with irregular flakes and some irregu-
lar particles, as shown in Fig. 6a. When the molar ratio of CuCl,
and L-cysteine in the reacting mixture is increased to 1:3, novel
snowflake-like could be obtained, and their typical FESEM image
is shown in Fig. 6b, from which it can be clearly seen that these
snowflake-like are comprised of many flakes with an irregular
arrangement. The morphology of the products is obviously differ-
ent from the structure of the above-mentioned products in Fig. 2.
Therefore, we think the concentration of L-cysteine is very impor-
tant to the formation of Culng5Gag 5S, flowers.

It is also worth mentioning here that sulfur sources have
great effects on the final morphologies of CulngsGagsS; crystal.
And some experiments have carried out to conform whether the

nanoflowers are motivated by the presence of L-cysteine or by the
strong contribution of DMF. In order to investigate the influence
of solvent condition on the morphology of CulngsGagsS, sample,
reactions are carried out with the distilled water replace DMF as
the solvent while other conditions were constant. When using dis-
tilled water as the solvent, regular microspheres with some flakes
are obtained (Fig. 6¢). The influences of sulfur source on the mor-
phology and microstructure of the products are also investigated.
When thiourea is used as the sulfur source while other conditions
remain unchanged, irregular flakes are obtained (Fig. 6d). And other
experiments are also carried out. Based on the above experimental
results, we can know that the nanoflowers are motivated by the
presence of L-cysteine.

The UV-vis absorption spectra of the as-prepared Culng 5sGag 5S;
flower have been measured at room temperature and are shown
in Fig. 7. The absorption spectra of Culng 5Gag 5S; flowers, typically
showing a broad shoulder with a trail in the long-wavelength direc-
tion, can be tuned to cover the whole visible region. This result is
close to the literature data [9].

The exact mechanism for the formation of Culng 5Gag 5S; flower
with a large number of nanoflakes is still unclear. The possible for-
mation mechanism for nanoflowers was proposed according to the
foregoing experimental results and relative Refs. [22-25]. Firstly,
since the temperatures reached are certainly high enough to melt
indium and Gallium under the solvothermal process, and Culnx-
Gay alloy is formed. Secondly, the new form CulnxGay alloy is
transformed to CulnxGayS; nuclei under sulfuration by the thiol
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Fig. 6. FESEM images of CulngsGagsS; prepared at various molar ratios of CuCl, and L-cysteine: (a) 1:1 and (b) 1:3; FESEM images of Culng sGaosS; obtained under different
conditions, (c) using distilled water as the solvent, and (d) using thiourea as the sulfur source while keep other reaction conditions constant.
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Fig. 7. UV-vis absorption spectra of CulngsGagsS, powders prepared at 220 °C for
10h.

groups -SH provided by decomposed L-cysteine since this amino
acid decomposes around 240°C at normal pressure. A possible
formation mechanism of CulnyGayS,(x =y =0.5) nuclei could be for-
mulated as follows:

sulfuration

Cu +xIn +yGai> CulnxGay —  CulnyGayS,

The initial nuclei rapidly aggregated into flowerlike particles.
Then, the flowerlike particles serve as seeds and grow larger. After
a period of rapid growth, the concentration of reactants decreased.
There is an equation between nucleation and dissolution. At last,
with the prolongation of reaction time, the flower-like nanos-
tructures are produced on a large scale at the expense of the
small particles. On the surface of these flowers, many nanoflakes
are formed because of the oriented growth of L-cysteine-based
molecules and the Ostwald ripening process [26,27]. More stud-
ies are required to clarify the growth mechanism of these
nanocrystals.

4. Conclusions

In summary, CulngsGagsS, flower with a large number of
nanoflakes have been successfully prepared via a mild solvother-
mal method with L-cysteine as the sulfur source. L-cysteine plays
a critical role in the synthesis of CulngsGagsS, flower. The reac-
tion temperature, reaction time, sulfur source and the molar ratio
of Cu-to-L-cysteine (reactants) on the formation of CulngsGagsS;
are investigated. This solvothermal method using L-cysteine as the
sulfur source is simple, efficient and it could be used to synthe-

size other quaternary chalcogenide compounds. XRD, FESEM, EDS,
XPS, TEM, HRTEM, SAED and UV-vis are used to characterize the
as-prepared sample.
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