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Abstract The ternary I-III-VI2 semiconductor of CuInSe2

nanoparticles with controllable size was synthesized via a

simple solvothermal method by the reaction of elemental

selenium powder and CuCl as well as InCl3 directly in the

presence of anhydrous ethylenediamine as solvent. X-ray

diffraction patterns and scanning electron microscopy

characterization confirmed that CuInSe2 nanoparticles with

high purity were obtained at different temperatures by

varying solvothermal time, and the optimal temperature for

preparing CuInSe2 nanoparticles was found to be between

180 and 220 �C. Indium selenide was detected as the

intermediate state at the initial stage during the formation

of pure ternary compound, and the formation of copper-

related binary phase was completely deterred in that the

more stable complex [Cu(C2H8N2)2]? was produced by the

strong N-chelation of ethylenediamine with Cu?. These

CuInSe2 nanoparticles possess a band gap of 1.05 eV cal-

culated from UV–vis spectrum, and maybe can be appli-

cable to the solar cell devices.

Keywords CuInSe2 � Nanoparticles � Solvothermal

method � Characterization � Solar cells

Introduction

The development of new energy resources has been of

great interest to materials scientists in recent years,

because the traditional fossil fuels were gradually

exhausted. Many efforts have been focused on renewable

energy materials including photovoltaic electric genera-

tors. Among them, the ternary I-III-VI2 semiconductor of

CuInSe2 has drawn much attention and becomes a can-

didate as a promising material for solar cell applications

on account of its high optical absorption coefficient, low

band gap (* 1.05 eV), and good radiation stability [1–4].

Until now, several methods were employed to fabricate

CuInSe2, such as sputtering [5], evaporation [6], electro-

deposition [7, 8], and pyrolysis of molecular single-source

precursors [9]. However, most of these techniques usually

require either special equipments or high processing

temperature, and some of them use environment-

unfriendly reagents such as organometallic compounds or

H2Se. There are only a few reports so far about the

synthesis of CuInSe2 nanostructures using solution-based

approaches, partly due to their complexity of synthetic

process and difficulty in controlling the pure phase.

Typically, CuInSe2 nanorods with diameter of 50–100 nm

were prepared in ethylenediamine using Se powder,

In2Se3, and CuCl2 anhydrous powder as the starting

materials [10]. Xie et al. reported the solvothermal syn-

thesis of CuInSe2 nanowhiskers and nanorods by using

structure-directing organic amine solvents [11, 12]. More

recently, CuInSe2 nanoparticles were successfully syn-

thesized in oleylamine solvent [13–15], and nanorings and

nanocrystals with trigonal pyramidal shape were also

prepared via the similar route [16, 17]. Furthermore, Li’s

group developed a facile synthesis and morphology con-

trol of CuInSe2 nanocrystals using alkanethiol as ligand
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and octadecene as noncoordinating solvent at a relatively

low temperature [18].

It is well known that the physical and chemical prop-

erties of nanoscale materials strongly depend on their size,

size distribution, and defect structure [19]. Also consider-

ing the construction of solar cells with high efficiency and

low cost from colloidal semiconductor nanoparticles is one

of the hottest topics in nanoparticle research, thus, devel-

oping a facile method to fabricate CuInSe2 with control-

lable size is the prerequisite for any of their further

applications. Herein, we report a solvothermal synthesis of

CuInSe2 nanoparticles with controllable size in anhydrous

ethylenediamine solvent and no additional surfactants were

employed. Some important factors such as reaction time,

temperature, and concentrations of starting materials were

systematically investigated in details.

Experimental Details

All chemicals were used as received without further puri-

fication. Elemental selenium powder (99.5 ? %), copper

(I) chloride ([ 99.0%), and indium (III) chloride (99.99%)

were purchased from Aldrich Chemical Co., anhydrous

ethylenediamine was obtained from Kanto Chemical Co.,

Inc, Japan. In a typical experimental procedure, elemental

Se powder (0.237 g, 3 mmol) was dissolved in 40-mL

anhydrous ethylenediamine with magnetic stirring for 2 h,

then CuCl (0.15 g, 1.5 mmol) and InCl3 (0.332 g,

1.5 mmol) were added. The earlier mentioned mixture was

continuously stirred for 2 h and then was loaded into a

Teflon-lined stainless steel autoclave of 55 mL capacity.

The autoclave was sealed and maintained at 200 �C for

24 h in an electric oven. After the reaction, the autoclave

was allowed to cool naturally to room temperature and the

nanoparticles existed in ethylenediamine solution with

black color were collected by centrifugation, rinsed with

distilled water and absolute ethanol several times to

remove the by-products. Finally, the pure product was

obtained and stored in absolute ethanol at room

temperature. Other controlled experiments were carried out

in details by changing the reaction time, temperature, and

concentrations of starting materials.

The phase and crystallinity of the as-prepared samples

were characterized by X-ray diffraction (XRD) on a Bruker

D8 Discover diffractometer equipped with Cu Ka
(k = 0.15406 nm) radiation in the 2h range from 20 to 80�
while the voltage and electric current were held at 40 kV

and 40 mA, respectively. Scanning electron microscopy

(SEM) images were obtained using a JEOL JSM7401F

field emission scanning electron microscope. Transmission

electron microscopy (TEM) image, high-resolution TEM

(HRTEM) image, and the corresponding selected area

electron diffraction (SAED) pattern were taken on a JEOL

JEM3010 transmission electron microscope with an

accelerating voltage of 300 kV. X-ray photoelectron

spectroscopy (XPS) measurements were carried out on an

ESCA 2000 spectrometer using an Al Ka X-ray as the

excitation source. Raman spectrum were measured from 50

to 350 cm-1 at room temperature using the 514-nm line of

an Ar? laser beam with a power level of 30 mW (RM1000-

Invia, Renishaw). The UV–vis absorption spectrum of the

obtained product was recorded using a UV–vis–NIR

spectrophotometer (SHIMADZU, UV-3600).

Results and Discussion

In order to synthesize the ternary compounds CuInSe2 with

high purity, the amounts of the starting precursors should

be complied with their stoichiometry because otherwise

additional second phases such as Cu2Se, CuSe, or In2Se3

would be introduced on the basis of phase diagram [20].

Therefore, we employed all the precursors with their stoi-

chiometric ratio during the synthetic procedure. The phase

structure and purity of the CuInSe2 product obtained at

200 �C for 24 h were examined by X-ray diffraction

(XRD). As shown in Fig. 1a, all the diffraction peaks in the

XRD pattern can be indexed to pure phase of CuInSe2 with

chalcopyrite tetragonal structure, and the lattice constants
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Raman spectrum (b) of CuInSe2

product prepared at 200 �C for

24 h
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measured for the sample are a = 0.577 nm and

c = 1.162 nm, which are in good agreement with the

standard values of the reported data (JCPDS No.40-1487,

a = 0.578 nm and c = 1.162 nm). Especially, the three-

weak peaks including (211), (301), and (400) emerge here

that distinguishes the chalcopyrite phase from the sphal-

erite phase. In addition, no peaks of other impurities were

detected, indicating the high phase purity of CuInSe2

sample.

Typical Raman spectrum of above CuInSe2 sample was

presented in Fig. 1b, where the most intense peak located

at 173 cm-1 is attributed to A1 mode because this is the

strongest peak generally observed in the Raman spectrum

of I-III-VI2 chalcopyrite compounds. The A1 mode in

CuInSe2 results from the motion of the Se atom, and the Cu

and In atoms remain at rest. The other two weak peaks at

62 and 125 cm-1 can be assigned to B2 and B1 mode,

respectively, and are well consistent with those reported for

CuInSe2 films. Besides, a shoulder peak characterizing the

presence of CuxSe, which is usually centered at about

258 cm-1 [21], does not emerge in the Raman spectrum.

The secondary phase CuxSe is always absent during the

formation process of CuInSe2 via the present approach, and

the detailed reason will be discussed later.

The valence states of the elements in the above CuInSe2

product were further investigated by XPS. The Cu 2p, In

3d, and Se 3d core levels were examined, respectively. The

binding energies obtained in the XPS analysis were

corrected for specimen charging by referencing the C 1s to

284.6 eV. Figure 2a showed the XPS survey spectrum, and

the Cu 2p core-level spectrum was illustrated in Fig. 2b. It

was observed that two intense peaks were centered at 932.4

and 952.3 eV, corresponding to Cu 2p3/2 and Cu 2p1/2,

respectively. The full widths at half maximum (FWHM)

for peaks Cu 2p3/2 and Cu 2p1/2 were 1.9 and 2.3 eV, well

consistent with the reported values for Cu? [22]. Further-

more, the binding energy for Cu2? was usually located at

942 eV and emerged as a typical satellite peak [23], which

was not observed in the present XPS spectrum. Hence, it

can be concluded that the chemical valence of copper in the

obtained product is ?1 (Cu?). Meanwhile, it can be clearly

found from Fig. 2c that the peaks centered at binding

energy of 445.3 and 452.9 eV coincided well with In 3d5/2

and In 3d3/2. The selenium 3d binding energy given by the

core-level spectrum (Fig. 2d) was 54.3 eV. Both the In and

Se 3d core-level spectra are very similar to those reported

for CuInSe2 [24].

The size and morphology of the CuInSe2 synthesized at

200 �C for 24 h were investigated by scanning electron

microscopy (SEM) and shown in Fig. 3a. The product is

mainly composed of a large amount of nanoparticles with

average size of about 80 nm, and these CuInSe2 nanopar-

ticles with irregular shapes were easily aggregated toge-

ther. The size and microstructure of the product were

further examined with transmission electron microscopy

(TEM) and high-resolution TEM, respectively. From the

Fig. 2 (a) XPS survey

spectrum, (b) Cu 2p, (c) In 3d,

and (d) Se 3d core-level

spectrum of the CuInSe2

nanoparticles synthesized at

200 �C for 24 h
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TEM image displayed in Fig. 3b, we can find that the

CuInSe2 nanoparticles still aggregated to some extent,

although 20 min of sonication was employed in order to

disperse it before the sample was deposited on the carbon-

coated copper grid for the TEM measurement. The size is

about 80–90 nm, almost consistent with that observed from

SEM image. The HRTEM image of the nanoparticles is

shown in Fig. 3c, where the lattice fringe is measured to be

0.34 nm corresponding to the (112) lattice plane of

tetragonal CuInSe2. The three ring selected area electrical

diffraction (SAED) pattern shown in Fig. 3d corresponds to

the (112), (220)/(204), (116)/(312) reflection direction of

the tetragonal CuInSe2. The SAED rings are not continuous

but are composed of many discrete spots, not only sug-

gesting the complex polycrystalline but also implying a

preferential orientation of the collective CuInSe2

nanoparticles.

To understand the influence of reaction time on the size

of CuInSe2 nanoparticles, several experiments were carried

out on the basis of time variable, and the products obtained

at different stages were investigated using the XRD and

SEM techniques. From the XRD patterns shown in Fig. 4a,

it can be found that the secondary phase of indium selenide

binary compound exists with reaction less than 12 h when

the temperature is fixed at 200 �C. There was no trace of

second phase detected in the sample prepared for the

reaction time more than 15 h. After that, if longer time of

solvothermal process was employed, the peaks belonging

to the CuInSe2 chalcopyrite phase were strengthened (e.g.,

48 h), suggesting that the longer reaction time does favor

the crystallization of the CuInSe2 phase and high purity can

be obtained. At room temperature, the elemental selenium

can be dissolved in ethylenediamine gradually with the

assistance of magnetic stirring, accompanied by the solu-

tion color changing from opaque to dark brown and the

disappearance of selenium powder. In the following

solvothermal stage, the reactivity of dissolved Se is greatly

enhanced and it can be reduced to Se2- by amine group.

Meanwhile, the Cu? is chelated by bidentate ethylenedia-

mine and forms the stable two-five-membered-ring che-

lated structure in which the Cu? bridges the amino groups

of the two ethylenediamine moieties. Thus, the bidentate

ligand complex effectively deters the formation of binary

copper chalcogenides.

Figure 4b shows the SEM images of CuInSe2 nanopar-

ticles prepared with time of 15 h. Most of the nanoparticles

have an average size of about 55–60 nm and only a few

exceptions with larger grains coexist. With the reaction

progressing to 24 h, the size would gradually grow into

80 nm, as shown in Fig. 3a. If we continued to increase the

solvothermal treatment to 30 h while the temperature was

still maintained at 200 �C, CuInSe2 nanoparticles with

Fig. 3 SEM image (a) and TEM image (b) of CuInSe2 nanoparticles prepared at 200 �C for 24 h. (c) HRTEM image and (d) The related SAED

pattern of CuInSe2 nanoparticles, the fringe spacing of 0.34 nm in (c) corresponds to (112) lattice planes
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mean size of 200 nm were produced and still remained the

irregular shapes (Fig. 4c). More complicated CuInSe2

products including microspheres, rod- and belt-like struc-

tures were formed as the time was prolonged to 48 h

(Fig. 4d). When the experiment was stopped at this stage,

the reactant solution in the autoclave changed to light

yellow, and the black products with microscale deposited

on the bottom. Therefore, almost no CuInSe2 within

nanoscale could be collected by centrifugation from the

solution.

The influence of temperature on the size of CuInSe2

nanoparticles with a fixed reaction time of 24 h was also

studied. When the temperature was reduced to 180 �C, the

products mainly composed of small CuInSe2 nanoparticles

with the average diameters ranging from 40 to 50 nm, as

revealed by the SEM image in Fig. 5a. The temperature

effect was so distinct that a minute portion of binary

compound would emerge in the final product when the

temperature decreased to 160 �C, even the time was

extended to 24 h. At lower temperature, less energy can be

supplied and it is insufficient to complete the chemical

reaction in a relatively short time. Thus, longer time was

required in order to prepare CuInSe2 nanoparticles with

single pure phase at this temperature, which reversely

resulted in the difficulty of controlling the size within a

definite range in nanoscale. In contrast, the product fabri-

cated at 220 �C possesses the size in the range of

150–200 nm, as shown in Fig. 5b. Interestingly, the Cu-

InSe2 nanoparticles seem to be slightly fused each other on

the surface instead of aggregated, and most of the inter-

faces between the nanoparticles were not clearly or fully

observed. Sonication technique or rinsing several times

with absolute ethanol was employed in an attempt to sep-

arate them, but it was not effective.

Generally, the magnitude of nanoparticles prepared via

solution method can be controlled by some parameters

such as reaction time, temperature, pH value, concentra-

tions of precursors, solvent, and so on. However, when

we attempted to control the size of CuInSe2 nanoparticles

by decreasing the concentrations of starting materials, the

results are not satisfied. Figure 5c and d illustrate the

SEM images of CuInSe2 products synthesized at 200 �C
for 24 h with the concentrations of half and one-third,

respectively, compared to those in typical synthesis in the

‘‘Experimental’’ section. The size did not show obvious

change and was almost in the range of 70–80 nm.

Hydrothermal or solvothermal method has some advan-

tages including low cost and convenience of handle.

However, the disadvantage is also apparent that a relative

long time is required to raise the temperature of solution

Fig. 4 (a) XRD patterns of

CuInSe2 products prepared at

200 �C for 12, 15, and 48 h.

SEM images of CuInSe2

nanostructures prepared 200 �C
for (b) 15 h, (c) 30 h, and

(d) 48 h
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in the autoclave to a target value, during which the

reaction has already taken place and resulted in the dif-

ficulty in separating the nucleation stage from crystal

growth step. Hence, the final nanoparticles are not

expected to be uniform in both size and shape, as

revealed by the previous SEM images. In the present

work, in order to precisely control the size and phase of

CuInSe2 nanoparticles by simply changing some synthetic

factors, further work should be carried out to understand

the detailed mechanism and influences of preparation

conditions, and some related research is currently in

progress.

Figure 6 shows the UV–vis absorption spectrum of the

CuInSe2 nanoparticles prepared at 200 �C for solvothermal

treatment of 15 h with ethylenediamine solvent. The

sample was dispersed in absolute ethanol under intense

sonication of 20 min and also ethanol was used as a ref-

erence. The result shows an absorption peak centered at

approximately 440 nm. The band gap of the CuInSe2

nanoparticles is calculated using the direct band gap

method [16], and the value was determined to be 1.05 eV,

which is consistent with the reported value of 1.04 eV for

CuInSe2 thin film [25]. Although the sample used for UV–

vis absorption measurement is the one with the smallest

size we can obtain at 200 �C through the present method, it

is still too large to observe the blue-shift due to quantum

confinement effect.

Conclusions

In summary, the ternary I-III-VI2 semiconductor of CuIn-

Se2 nanoparticles with controllable size has been success-

fully prepared via solvothermal approach. Elemental

selenium powder, CuCl, and InCl3 were used as starting

Fig. 5 SEM images of CuInSe2 nanoparticles synthesized at (a)

180 �C and (b) 220 �C for 24 h, respectively. SEM images of

CuInSe2 nanoparticles prepared at 200 �C for 24 h with the

concentration of starting materials decreased to that of half (c) and

one-third (d) of the typical synthesis
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Fig. 6 The absorption spectrum of CuInSe2 nanoparticles prepared at

200 �C for solvothermal treatment of 15 h
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materials and ethylenediamine as solvent. The phase purity

of the product can be easily controlled by varying reaction

time at different temperatures, however, the optimal tem-

perature for synthesizing CuInSe2 nanoparticles within

nanoscale ranges from 180 to 220 �C, only appropriate

time of solvothermal treatment was employed. The as-

obtained CuInSe2 nanoparticles possess a band gap of

1.05 eV calculated from UV–vis spectrum. We believe

these CuInSe2 nanoparticles with controllable size could be

processed into films and have wide potential applications in

solar cell devices.
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