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In recent years, there have been several reports on the
formation of I-III-VI2 nanoparticles through the decom-
position of single-source precursors (SSPs) using thermo-
lysis,1-7 photolysis,8 andmicrowave irradiation.9,10 Uses of
SSPs in preparation of nanomaterials present distinct ad-
vantages such as precise control in reaction conditions and
stoichiometry as SSPs contain all necessary elements in a
single molecule. Despite the obvious advantages of SSPs, to
the best of our knowledge, no studies have been conducted
using combinations of SSPs to form quaternary or multi-
nary chalcopyrite nanoparticles.
Previously, we reported the size-controlled preparation

of CuInS2 nanoparticles from SSP, (Ph3P)2Cu(μ-SEt)2In-
(SEt)2 (1), via microwave irradiation.10 As we looked to
expand our method to prepare quaternary nanoparticles,
we discovered that mixing of two SSPs containing In and
Ga can provide desired products without sacrificing stoi-
chiometric control in resulting nanoparticles. In recent
years, therehavebeena limitednumberof reports describing
the preparation of related multinary nanoparticles from
multiple sources.For example,Nakamuraet al., successfully

prepared Zn-Cu-In-Ga-S (Zn:Cu:In:Ga:S = 1:n:n:4,
where n = 0.5-4).11 Pan et al. recently reported the
synthesis of quaternary Cu1.0GaxIn2-xS3.5 (0 e x e 2)
nanocrystals with tunable bandgaps by increasing the
indium content.12 In addition, there have been some
exciting reports of incorporating similar nanoparticles
into photovoltaic devices with promising results.13-17

In our studies, we prefer microwave-assisted growth of
nanoparticles over traditional thermolysis as microwave
provides greater homogeneity in the overall reaction
temperature.18 This allows for the preparation of nano-
particles with diameters of a few nanometers,19 dramatic
decreases in reaction times, improved product purities,
the use of many forms of precursors, and reactions
exhibiting good reproducibility and high yields.10,20

Herein, we report efficient syntheses of the quaternary
CuInxGa1-xS2 (0 e x e 1) chalcopyrite nanoparticles
with precise stoichiometric control by decomposition of a
mixture of two I-III bimetallic SSPs in the presence of
1,2-ethanedithiol via microwave irradiation.
In a typical reaction, a combination of two SSPs,

(Ph3P)2Cu(μ-SEt)2In(SEt)2 (1) and (Ph3P)2Cu(μ-SEt)2-
Ga(SEt)2 (2),

3,21,22 are dissolved in benzyl acetate in the
presence of 1,2-ethanedithiol and irradiated with micro-
wave and held at a desired reaction temperature for less
than 1 h. Resulting nanoparticles exhibit darker colors as
a function of increasing In content and represent respec-
tive bandgap changes in CuInxGa1-xS2 nanoparticles as
shown inFigure 1. The qualitative comparison of theXPS
data indicates that we can indeed prepare nanoparticles
which contain Cu, In, Ga, and S as well as carbon from
the 1,2-ethanedithiol (see the Supporting Information).
The modulation between Ga and In in the quaternary
nanoparticles is clearly reflected in the XPS data (see the
Supporting Information). When SSP 1 was mixed with
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increasing amounts of SSP 2 under the reaction condi-
tions, the resulting nanoparticles contained increasing
amounts of Ga as expected (Table 1).
The analysis of CuInxGa1-xS2 nanoparticles by ICP-

OES (Table 1) indicates that our method allows precise
control of In and Ga. The high level of control is most
likely due to the fact that 1,2-ethanedithiol acts as a
bridging unit between two SSP units.10 This process
produces cross-linked random polymers of SSPs, which
undergo rapid decomposition to produce the resulting
CuInxGa1-xS2 nanoparticles.

10 This is supported by the
fact that replacing 1,2-ethanedithiol with 1-hexanethiol
resulted in poor metal ratio control (see the Supporting
Information).
As shown in Figure 1, the absorption peak shifts to

lower energy when the nanoparticles are grown at higher
concentrations of In. The bandgap range (1.59-2.30 eV)
achieved by our CuInxGa1-xS2 (0e xe 1) nanoparticles
fits nicelybetween thebandgapsof thebulkCuInS2 (1.50 eV)
and CuGaS2 (2.40 eV).
The estimated volume-weighted crystal diameters

(Scherrer equation with a shape factor of 0.9)23 of our

samples range from2.7 to 3.3 nmas a function of increasing
In content (Figure 2). The XRDpatterns show three major
peaks at 2θ=28.0, 46.4, and 55.0� forCuInS2, and at 2θ=
29.1, 48.7, and 57.2� for CuGaS2. The peaks are consistent
with chalcopyrite for CuInS2 reference pattern 85-1575
(JCPDS-03-065-2732) and CuGaS2 reference pattern
25-0279 (JCPDS-01-082-1531). These quaternary na-
noparticles are most likely chalcopyrite phase with major
peaks shifting toward narrower lattice spacing as expected,
as a function of increasing Ga content.14,16

To determine the effects of the reaction temperature in
the In:Ga ratio, we irradiated the 1:1 mixture of SSPs 1
and 2 via microwave from 160 to 240 �C under the
analogous condition. According to the ICP-OES data
(Table 2), the resulting nanoparticles are slightly Cu-rich
and In:Ga ratios were approximately 1:1 at various
temperatures. In addition, larger nanoparticles were
formed as a function of increasing reaction temperatures
as indicated by decreasing bandgaps ranging from 1.83 to
1.64 eV (Figure 3). At 240 �C, quaternary CuInxGa1-xS2
(0 e x e 1) chalcopyrite nanoparticles were also success-
fully synthesizedwith bandgap ranging from1.90 to 1.40 eV
and size ranging from 3.7 to 5.9 nm (see the Supporting
Information).

Table 1. Composition (from ICP-OES analysis) and
Optical Bandgaps (Eg) (from UV-vis spectra) of CuInxGa1-xS2

Nanoparticles Prepared at 160 �C

entry SSP 1/2 Cu %a In %a Ga %a InþGa Eg (eV)

1 1.0/0.0 18.48 17.64 0.00 17.64 1.59
2 0.9/0.1 19.67 17.49 2.16 19.65 1.66
3 0.8/0.2 20.14 16.09 3.81 19.90 1.70
4 0.7/0.3 20.23 14.45 5.81 20.26 1.73
5 0.6/0.4 20.48 12.89 7.49 20.38 1.76
6 0.5/0.5 20.50 10.62 9.59 20.21 1.83
7 0.4/0.6 20.74 8.85 12.00 20.85 1.86
8 0.3/0.7 20.93 6.88 13.58 20.46 1.96
9 0.2/0.8 21.23 4.96 15.63 20.59 2.03
10 0.1/0.9 21.85 3.31 17.80 21.11 2.10
11 0.0/1.0 21.36 0.00 19.01 19.01 2.30

aThe measurements by ICP-OES have an error of (0.2 atom % for
Cu, (0.5 atom % for In, and (0.2 atom % for Ga.

Figure 1. Normalized UV-vis absorption spectra of CuInxGa1-xS2
nanoparticles prepared at 160 �C with bandgaps.

Figure 2. Normalized XRD data of CuInxGa1-xS2 nanoparticles
prepared at 160 �C.

Table 2. Composition, Sizes, andOptical Bandgaps (Eg) ofCuIn0.5Ga0.5S2

Nanoparticles Prepared from 160-240 �C

entry T (�C) Cu %a In %a Ga %a size (nm) Eg (eV)

12 160 20.50 10.62 9.59 2.9 1.83
13 180 20.95 9.77 9.74 3.2 1.80
14 200 21.82 10.16 10.26 3.4 1.76
15 220 22.59 9.72 10.79 3.7 1.71
16 240 22.66 10.99 10.72 4.3 1.64

aThe measurements by ICP-OES have an error of (0.2 atom % for
Cu, (0.5 atom % for In, and (0.2 atom % for Ga.
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The gradual sharpening of XRD peaks is indicative of
the increasing particle sizes with increasing reaction
temperatures (Figure 4). The particle sizes were deter-
mined to range from 2.9 to 4.3 nm. We observed the
resulting bandgaps of CuIn0.5Ga0.5S2 nanoparticles to be
from 1.83 to 1.64 eV (Table 2, Figure 3).
A HRTEM image of CuIn0.9Ga0.1S2 nanoparticles

(Table 1, entry 2) is shown in Figure 5. Sizes of CuIn0.5-
Ga0.5S2 nanoparticles range from 2.9 to 4.3 nm when
synthesized at 160 to 240 �C, respectively, and the range is
consistent with the HRTEM images (see the Supporting
Information).
The selected area electron diffraction (SAED) pattern

of CuIn0.7Ga0.3S2 nanoparticles (Table 1, entry 4) sup-
ports a high crystallinity of chalcopyrite phase (Figure 6).
Potentially, these nanoparticles can be incorporated into

next-generation quantum-dot-based solar cells. Therefore,
the ability to prepare quaternaryCuInxGa1-xS2 (0exe 1)

chalcopyrite nanoparticles with precise control of stoichi-
ometry is important for controlling bandgaps. The reaction
temperatures are also critical for fine control of nanopar-
ticle sizes and bandgaps.We have shown that by exploiting
the microwave assisted decomposition of two different
SSPs in the presence of 1,2-ethanedithiol, we efficiently
prepared CuInxGa1-xS2 (0 e x e 1) nanoparticles. Short
reaction times of less than 1 h have been achieved for the
preparation of these nanoparticles. Two major advantages
of our approachareprecise stoichiometric control of Inand
Ga ratio and controlling the size of nanoparticles by
reaction temperatures thus engineering bandgaps. A wide
range of bandgaps can be engineered through a combina-
tionof precise control of elemental composition andparticle
sizes. We are currently exploring the use of various related
SSPs to prepare multinary nanoparticles that exhibit an
evenwider range of bandgaps and other unique optoelectric
behaviors.
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Figure 3. NormalizedUV-vis absorption spectraof typicalCuIn0.5Ga0.5S2
nanoparticles prepared at 160-240 �C, respectively, with calculated
bandgaps.

Figure 4. NormalizedXRDdata of typical CuIn0.5Ga0.5S2 nanoparticles
prepared at 160-240 �C, respectively, with calculated diameters.

Figure 5. HRTEM image of CuIn0.9Ga0.1S2 nanoparticles at 160 �C.

Figure 6. SAED pattern of CuIn0.7Ga0.3S2 nanoparticles at 160 �C.


