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Abstract A new preparation method for CuInS2
and CuInSe2 nanoparticles synthesis is described

without using any organic solvent. Heating Cu, In,

and S/Se precursors dissolved in water for 30 min in

a microwave oven in the presence of mercapto-acetic

acid leads to monodispersed chalcopyrite nanoparti-

cles. No precipitation of these nanoparticles is

observed after several months at room temperature.

These new materials have been thoroughly charac-

terized to confirm their compositions, sizes, and

structure without any filtration. Transmission electron

microscopy (TEM) confirmed particle sizes below

5 nm. Energy dispersive X-ray analysis (EDXA)

confirmed the chemical composition of these sam-

ples. X-ray diffraction (XRD) showed a chalcopyrite-

type structure with crystallite size of about 2 nm.

No difference has been observed between batch

and continuous synthesis processes. CuxInS2 and

CuxInSe2 nanoparticles, with x\ 1, have been

also synthesized and identified. Simulation using a

commercial software confirmed the difference

between copper poor (CuxInS2) and copper rich

(CuInS2) chalcopyrite structures. Conventional spray

deposition techniques have been used to form rela-

tively thin films on solid substrates.

Keywords Nanoparticle � Green synthesis �

Chalcopyrite � CuInS2 � CuInSe2 �

Thin film � Photovoltaic � Environment

Introduction

Green chemistry principles applied to nanoparticle

synthesis is attracting a lot of interest (Dahl et al. 2007).

For example elimination of toxic reagents and sol-

vents, increasing the yield and reducing purification

steps and the amount of organic solvent, will help

reduce fabrication cost and mitigate environmental

impact. Nanoparticle synthesis in aqueous media will

reduce utilization of organic solvent and could be also

beneficial to filtration (Sweeney et al. 2006), integra-

tion and utilization steps involving aqueous media.

Chalcopyrite-type semiconductors have received a

lot of interest in recent years for their potential use as

photovoltaic materials for thin film-based solar cells

(Dhere 2006; Kazmerski 2006). These chalcopyrite

materials are called CIGS and usually correspond to

the general formula Cu(InyGa1-y)SzSe2-z (where y

and z vary from 0 to 1 and 0 to 2, respectively).

Among inorganic photovoltaic materials, they display

the highest optical absorption in the solar spectrum
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region. CIGS-based solar cells have been shown to

provide the highest power efficiency among thin film

cells, approaching those of crystalline silicon-based

solar cells. Efficiency approaching 20% has been

measured on a CIGS-based solar cell composition

with an energy gap around 1.13 eV (Repins et al.

2008). However, the laborious process used to obtain

these highly efficient CIGS solar cells is costly and

requires precise multi-element co-evaporation under

high vacuum and high temperature conditions. Fur-

thermore, required post-deposition treatments often

involve toxic gases such as H2Se.

Low temperature and non-vacuum thin film depo-

sition techniques using chalcopyrite nanoparticles

and microparticles as starting material have been

recently reported (Basol 2000; Eberspacher et al.

2001; Raffaelle et al. 2002; Kaelin et al. 2003, 2005;

Kapur et al. 2003; Arici et al. 2004). Several

prototypes have been described, but none of these

approaches seems to have been successfully inte-

grated into commercial photovoltaic solar cells.

Physico-chemical parameters of these CIGS particles

are often insufficiently characterized to allow opti-

mized and reproducible properties of the photovoltaic

solar cells. Furthermore, these particles are often too

large to allow preparation of smooth, dense, and

uniform films. For example, large particles may

promote high porosity in films leading in turn to poor

photovoltaic properties.

It is well known that nanoparticles melt at lower

temperature than corresponding bulk material (Takagi

1954). However, significant reduction in melting

temperature is observed on sub-10 nm nanoparticles

only. This property allows a lower thermal energy

budget during annealing of nanoparticle-based films.

It is worth noting that annealing is a critical process

in the fabrication of high quality films even when

vacuum deposition techniques are used.

Various synthesis approaches have been recently

developed specifically to produce sub-micron CIGS

particles (Gurin 1998; Azad-Malik et al. 1999;

Czekelius et al. 1999; Grisaru et al. 2003; Castro

et al. 2004; Chun et al. 2005; Roh et al. 2005; Wei

and Mu 2005; Dutta and Sharma 2006; Nakamura

et al. 2006). There are very few cases where

monodispersed chalcopyrite nanoparticles with a

diameter around 5 nm or less are obtained. These

targeted values for the particle size correspond to the

estimated Bohr radius for CuInSe2 and CuInS2

semiconductor materials. A procedure to prepare

nanoparticles with sub-5 nm diameter is critical to

obtain high quality chalcopyrite films at low melting

temperature.

CuInS2 nanoparticles are obtained using polyvi-

nylalcohol (Gurin 1998). Based on the diffraction

peak width, an average crystallite size of 7 nm could

be inferred. However, average diameter of the

nanoparticle measured using TEM is relatively larger.

Use of toxic gases (H2S and H2Se) and the presence

of a difficult-to-remove polymer coating should be

avoided when large scale production is sought. Using

the so called TOPO approach, O’Brien’s group

showed that nanoparticles of CuInSe2 are obtained

with a diameter size in the range of 4–5 nm (Azad-

Malik et al. 1999). A band edge of 420 nm (2.95 eV)

is also measured. This band edge is outside the

optimum solar absorption range. Using single source

precursors, Castro et al. (2004) prepared colloidal

CuInS2 nanoparticles between 2.7 and 4 nm. The

corresponding fabrication process involves several

solvent and energy intensive size-selection steps,

very costly to scale up.

Photovoltaic solar cells based on bulk CuInS2 and

CuInSe2 (also referred to as CIS in the absence of

Ga), respectively, with energy bandgap values of 1.5

and 1.0 eV have been shown to provide relatively

high power efficiency (Klaer et al. 2003; Klenk et al.

2005; Shay et al. 1975). The structure and fabrication

process of these two ternary compounds are relatively

simple, providing a desirable combination of low cost

and high efficiency for thin film solar cells. This is

particularly true when compared to their quaternary

and pentanary homologs (Dhere 2006; Kazmerski

2006; Repins et al. 2008). Calculation based on the

solar spectrum distribution indicates that the highest

efficiency solar cells are obtained with PV material

having a bandgap between 1.2 and 1.8 eV, more

specifically around 1.5 eV. However, the best effi-

ciency obtained so far has been with chalcopyrite

films with an energy bandgap around 1.13 eV

(Repins et al. 2008).

Additional requirements related to fabrication cost

and environmental footprint must be taken into

account for any new material synthesis and process

in view of a successful commercial applications.

Specifically, the synthesis should be scalable, cost

effective and involve ‘‘green’’ chemistry principles.

Film deposition steps should avoid the need of energy
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intensive processes. All processing should involve

minimal heating without any toxic gases.

In this article, we will describe a microwave

synthesis procedure to prepare CuInS2 and CuInSe2
nanoparticles. A microwave heating approach is used

to prepare metallic and semiconductor nanoparticle

(Grisaru et al. 2003; Bensebaa et al. 2005; Firth et al.

2005; Gardner et al. 2008). The choice of solvent to

carry out nanoparticle synthesis is critical. Water is a

well known solvent with a very high dielectric

constant making it quite suitable for microwave

heating. Proposed process should allow recycling of

used water solvent. A water soluble surfactant should

be used to avoid agglomeration and obtain size

distribution with fairly uniform diameters. Ideally,

the surfactant should be easily stripped away during

the solar cell fabrication steps. These surfactants

should then be weakly bonded to the nanoparticle.

For this purpose, we have used Mercapto-acetic acid

(MAA), although other surfactants may also work.

Experimental part

Cupric chloride dihydrate (Merck), indium chloride

(Aldrich), and sodium sulphide (Aldrich) are the

three precursors used to synthesize CuInS2. Deion-

ized water was used as solvent. MAA is used as

surfactant. Copper and indium precursors are first

mixed thoroughly with MAA to provide high dilu-

tion. Sodium sulphide (Na2S) is then added to the

previous solution. Cu:In:S atomic ratio of the starting

materials is set to 1.1:1:2 to synthesize CuInS2
nanoparticles. Atomic/molecular ratio of In:MAA is

set to about 1:50.

The solution is then introduced inside the micro-

wave and heated to about 90�C for 30 min using

controlled ramping for a total duration of 2 min.

Resulting solution is allowed to cool down. Centri-

fugation is also used to clean product reaction. After

this cleaning step, solid material is used for

characterization.

CuInSe2 nanoparticles have been also prepared

using the same approach. For the selenium source,

Na2Se precursor is used instead of Na2S. CuxInS2 and

CuxInSe2, with a nominal value of x\ 1, have been

prepared.

A dilute aqueous solution containing a few drops

of the precipitate was prepared in a beaker and

shaken vigorously. A drop of the resulting suspension

was then deposited on a nickel grid and allowed to

dry. Transmission electron microscopy (TEM) anal-

ysis was recorded using a Philips CM20 200 kV

electron microscope equipped with an Oxford Instru-

ment for Energy Dispersive X-ray Analysis (EDXA).

XRD characterization was performed at room

temperature with Cu Ka radiation using a Bruker

diffractometer D8. CIGS powders were uniformly

spread over a low background silicon based sample

holder.

Result and discussion

We will first describe and discuss experimental data

related to nanoparticle synthesis. Experimental data

related to scalability of the nanoparticle synthesis and

thin film integration will be then briefly discussed.

Nanoparticles synthesis

Colloidal CuInS2 and CuInSe2 nanoparticles obtained

following microwave heating and cleaning steps are

characterized to provide information about size

distribution, composition, and structure. Following

the microwave heating stage, colloidal nanoparticles

are stable for several months in water solution at

room temperature. Following cleaning and drying

steps, these nanoparticles are easily redispersed in

water and other solvent selected solvents.

Figure 1 shows a TEM image of as-synthesized

CuInS2 nanoparticles, representative of the overall

field of view. Ultrafine, spherical, and well dispersed

particles with uniform size distribution are shown. An

average particle size of 3 nm is measured.

Using the so called TOPO method developed for

the synthesis of monodispersed CdX (X = S, Se, Te)

nanoparticles, Azad-Malik et al. (1999) showed a

TEM micrograph of a single CuInSe2 nanoparticle

with a diameter of 4.5 nm. These authors also showed

a relatively larger field of view TEM data of CuSe

nanoparticles having an average size of about 15 nm.

Heating a single-source precursor (PPh3)2CuIn

(SEt)4 up to 200�C or more in the presence of

hexanethiol in dioctylphthalate leads to CuInS2
nanoparticle with a diameter of 2–4 nm, following

organic solvent based size-selection steps (Castro

et al. 2004). TEM data showed some agglomeration.
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However, it is worth noting that synthesis of this

single source is quite difficult and laborious. Using

similar precursors Gardner et al. synthesized clus-

tered nanoparticle by microwave heating (Gardner

et al. 2008).

Using a room temperature stirring for 5 h followed

by 20 h aging and more as well as an elaborate post-

treatment at 50 and 100�C, Wei and Mu (2005)

obtained cube-shaped CuInS2 nanoparticles with an

average size of 27 nm.

CuInyGa1-ySe2 (or CIGS) nanoparticles with a

diameter in the range of 30–80 nm were obtained

using solvothermal technique. The temperature heat-

ing range of 180–280�C for around 36 h has been

used min (Chun et al. 2005; Ahn et al. 2007).

Irregular shaped particles with a wide size distribu-

tion have been obtained. CIGS nanoparticles with

15–70 nm diameter could be obtained by reacting

under nitrogen atmosphere a mixture of CuI, InI3, and

GaI3 in pyridine with Na2Se in methanol at 0�C using

mechanical stirring min (Chun et al. 2005; Ahn et al.

2007). The size of these nanoparticles are tunable

from 15 to 70 nm when the reaction time is increased

from 1 to 5 min (Chun et al. 2005; Ahn et al. 2007).

The two-step fabrication process used in this work

to synthesize CuInS2 nanoparticles gives rise to

higher quality particles when compared to previously

published data. We believe that combination of low

temperature process and uniform heating process

using microwave are key parameters allowing rela-

tively high quality CuInS2 nanoparticles. Further-

more, materials yield of this synthesis approach has

been estimated to be above 90%. It is also worth

noting that one could also consider the possibility of

recycling the water used in the synthesis.

EDXA data shown in Fig. 2 confirmed the chem-

ical composition of the nanoparticle. Indeed, based

on the peak intensity, an approximate relative ratio of

Cu/In and Cu/S atomic ratio has been estimated. This

ratio agrees with the nominal CuInS2 stoichiometry.

For precise determination of stoichiometry, one

should use a reference sample, which we did not do

in this study. Observed Ni peaks shown in Fig. 2 are

assigned to the TEM sample holder.

X-ray diffraction (XRD) has been used to charac-

terize the structure of these CuInS2 nanoparticles.

Figure 3 shows a typical diffraction pattern of this

material. These patterns indicate that these nanopar-

ticles have chalcopyrite tetragonal structure after

comparing with the Joint Committee on Powder Dif-

fraction Standards (JCPDS) card File No. 27-0159.

These diffraction patterns are similar to those

reported in the literature (Czekelius et al. 1999).

Three relatively broad diffraction peaks are detected

around 2h (2-theta) = 28�, 47�, and 55�. These three

Fig. 1 Transmission electron microscopy (TEM) image spec-

trum of as-synthesized CuInS2 nanoparticles. Scale = 20 nm

Fig. 2 Energy dispersive X-ray analysis (EDXA) of spectrum

of as-synthesized CuInS2 nanoparticle
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peaks correspond to the (112), (204)/(220), and (116)/

312 planes of the tetragonal structure, respectively

(Czekelius et al. 1999; Akaki et al. 2003).

Line broadening of the XRD diffraction peaks has

been used in the past to estimate the average

crystallite size of analyzed particles. Peak broadening

due to instrumental artefacts and strain are not

considered here. The size of the crystallites dc has

been determined using the Scherrer equation (Castro

et al. 2004; Gurin 1998; Nairn et al. 2006; Bensebaa

et al. 2004)

dc ¼ 0:9 k=b cos h

where b (in radians) is the linewidth at an angle 2h (in

radians) and k is the X-ray wavelength, 1.5406 Å.

Based on the linewidth of the (112) diffraction peak,

we estimate the size of the crystallite to be around

2.2 nm. The small difference between the TEM

(3 nm) and XRD (2 nm) dimensions could be

explained by the presence of a dead layer at the

surface of the crystallite. The relatively small size

difference, around 0.8 nm, is a good indication of the

mono-crystallinity of these nanoparticles.

CuInSe2 nanoparticles have been also prepared

after replacing Na2S by Na2Se as starting selenium

raw material. The average particle size is slightly

larger at around 4 nm. XRD peak feature of stoichi-

ometric CuInSe2 (Fig. 3) are consistent with those of

CuInS2 materials.

Ability to control the value of x = [Cu]/[In] ratio

in CuxInS2 is highly desirable. Relative atomic

concentrations of the starting raw materials have

been varied to control the value of x in the final

product. XRD peak features showed some differences

between copper deficient (CuxInS2) and stoichiome-

tric (CuInS2) nanoparticles. As shown in Fig. 3, a

new peak is observed around 2h = 16� for CuxInS2
and CuxInSe2 (with x\ 1) compositions.

XRD simulation with the exact Debye formula

(Debye 1915) using a commercial software (Materi-

als Toolkit) on small CuInS2 nanoparticle confirmed

that the relative intensity of this peak is related to

copper deficiency (Le Page and Rodgers 2005). As

shown in Fig. 4, decreasing Cu/In from 1 to 0.8,

shows that the relative intensity of (110) peak at

2h = 16� increases. As expected XRD simulation of

stoichiometric CuInS2 do not show any significant

peak from (110) plane.

Batch vs. continuous microwave synthesis

process

Scalability of nanoparticle synthesis is also attracting

interest in view of their potential industrial applica-

tions. Synthesis batch sizes are limited by the

wavelength (around 12 cm) of the applied microwave

(2.45 GHz). Using current commercial microwave

systems, the size of the batch could be limited to

double this critical microwave wavelength. A large

number of batches will then be required to synthesize

the kinds of amounts of these nanoparticles required

for commercial-size applications. To optimize capital

and human resources for the fabrication of nanopar-

ticles, there is then some value in using a continuous

synthesis process.
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Fig. 3 X-ray diffraction (XRD) spectra of copper poor

CuxInS2 and CuxInSe2 nanoparticles. XRD spectra of CuInS2
and CuInSe2 nanoparticles are also shown

Fig. 4 Simulated X-ray diffraction (XRD) spectrum of Cu-

poor CuInS2 after averaging intensity data from nanoparticles

with size of 2.0, 2.5, and 3.0 nm
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We have used two Fisher variable-flow peristaltic

pumps for continuous supply and removal of precur-

sors and reaction product, respectively. The first

pump is used to introduce an appropriate volume of

the aqueous solution, which containing the starting

precursor mixtures into the reaction vessels. After

30 min of microwave reaction, the product is pumped

out using the second pump. This process is repeated

continuously. The product is centrifuged and ana-

lyzed with XRD. No difference has been observed

between nanoparticles obtained with batch and con-

tinuous synthesis processes.

Thin film deposition of CIGS nanoparticles

Several coating techniques have been considered to

deposit the CIGS nanoparticles on different sub-

strates. In the past, precursor mixtures are deposited

using doctor blading and screen printing techniques

(Schulz et al. 1998; Eberspacher et al. 2001). These

coating techniques are relatively easy to use and

scale, although further processing steps are required.

The main drawback of these techniques is the

difficulty in obtaining thin film of about 2-lm thick

or less. Spray deposition technique have been

successfully used to deposit CIGS nanoparticle onto

metal coated glass substrate (Schulz et al. 1998).

Air-brush spray deposition has been used to

prepare high density film. First, about 5 lm TiO2

film has been deposited on transparent conductive

oxide (TCO) coated glass using doctor blading

technique. TiO2 slurry with an average size of

20 nm has been used. A concentrated solution of

CuInS2 nanoparticles has also been used for the spray

deposition on top of the TiO2 film. Following the

deposition, the film was heated to about 400�C for

30 min. High density film CuInS2 film has been

obtained, confirmed by cross-section TEM data

(Fig. 5). However, the quality of the film is not

uniform across the whole surface. Indeed, small

CuInS2-free holes are observed. CIGS nanoparticles

diffusion in the bulk of the TiO2 film has been also

observed by TEM. This observation is of interest

toward the formation of an all inorganic 3D hetero-

junction at the interface between the CIGs materials

and TiO2 layer.

In light of the interest in fabricating thin film on

flexible substrates, we have attempted to deposit these

nanoparticles on titanium substrate. High density

CuInS2 film with a thickness around 1 lm has been

obtained using spray deposition technique. XPS anal-

ysis of the Ti substrate, revealed the presence of about

10-nm thick TiO2 layer. The thickness of this oxide

layer could be tuned using different heat treatments. It

is thus possible to perform monolithic integration of

these nanoparticles directly on these potentially flex-

ible TiO2 coated Ti substrates.

Conclusion and perspective

We have synthesized high quality CuInS2 and

CuInSe2 nanoparticles using a scalable process.

Microwave heating for 30 min at around 90�C in

water is used. Smooth thin films are obtained from

these nanoparticles on different substrates, even at

room temperature. Materials yield of this synthesis

approach has been estimated to be above 90%. For

the first time, CuxInS2 and CuxInSe2 nanoparticles,

with x\ 1, have been synthesized and identified

unambiguously.
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