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ABSTRACT: CuInxGa1−xSe2 nanocrystals synthesized via the
hot injection route have been used to make thin film solar cells
with high power conversion efficiency. Thus, CuInxGa1−xSe2
nanocrystals have the potential to provide a low cost and high
efficiency solution to harvest solar energy. Stoichiometry
control of these nanocrystals offers the possibility of tuning the
band gap of this material. It is important to understand how
the composition of quaternary CuInxGa1−xSe2 nanocrystals
evolves to control the stoichiometry of this compound. We
report a systematic study of the growth and evolution path-
ways of quaternary CuIn0.5Ga0.5Se2 nanocrystals in a hot
coordination solvent. The reaction starts by the formation of a
mixture of binary and ternary nanocrystals, which transforms
subsequently to CuIn0.5Ga0.5Se2 nanocrystals. These binary and ternary compounds dissolve in the course of the reaction, so as to
provide the molecular precursor for monophasic CuIn0.5Ga0.5Se2 nanocrystals to form. Here, we study the growth sequence of
these spherical, monophasic CuIn0.5Ga0.5Se2 nanocrystals as a function of time. Control experiments indicated that the phase
changes of CuIn0.5Ga0.5Se2 nanocrystals are temperature- and time-dependent. The change in the stoichiometry of
CuIn0.5Ga0.5Se2 during growth was estimated using Vegard’s law.

1. INTRODUCTION

In the last two decades, inorganic semiconductor nanocrystals
have drawn much attention due to their potential applications
in different industries.1,2 Many researchers, both in academia
and in industry, have focused their effort on synthesizing high-
quality and size tunable nanocrystals using chemical methods.3

A variety of wet chemical synthesis routes including solvo-
thermal, hot injection, and other colloidal methods have been
developed,3−13 focusing mainly on controlling the size and size
distribution of the nanoparticles and reducing the extensive
purification steps. Hot injection has been shown to give rise to
well-controlled size, morphology, and stoichiometry.
Ternary and quaternary chalcogenides have been widely used

in areas such as photovoltaic cells,14−17 optoelectronic
devices,18,19 light-emitting diodes,20,21 and biomedical devices22

due to their outstanding electrical and optical properties. One
of the most widely studied chalcogenides is quaternary
CuInxGa1−xSe2. They are commonly used as light absorbers
to harvest solar energy because of their high absorption
coefficient (α ≈ 5 × 105 cm−1), tunable energy band gap
(1.07−1.7 eV),23 which is complementary to the solar spectrum
(1.1−1.5 eV), and low toxicity.24−26 Research has shown that
solution-phase processes based on the Cu(InxGa1−x)(SySe1−y)2

family of nanocrystal inks synthesized using the hot injection
method to make low cost solar cells have yielded efficiencies
close to 5%.27,28

In the past decade, great progress has been made in the
controlled synthesis of colloidal monodisperse binary chalco-
genides and other functional compounds through the hot
injection approach. In contrast to the improvement in the
synthesis of binary chalcogenides,3,29−31 synthesis of ternary or
quaternary CuInxGa1−xSe2 nanocrystals is still challenging due
to the difficulty in controlling the stoichiometry of the nano-
crystals. This is because phase separation can easily occur
between the various possible solid-solution components, caused
mainly by the lattice mismatch between each constituent and
also by the differences in the reactivity of precursors.32 Some
efforts to synthesize CuInxGa1−xS2 (CIGS) or CuInxGa1−xSe2
(CIGSe) nanoparticles using coordinating solvent (e.g., OLA
and TOPO) or noncoordinating solvent (ODE) by the hot
injection method have been reported.27,28,33−36 In general,
quaternary CuInxGa1−xSe2 nanocrystals as compared to the
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equivalent bulk materials have poor uniformity in both
composition and phase. This is not unexpected because the
system has a very complicated phase diagram and the nano-
crystals formed can further increase the phase complexity.37

It is important to have a precise control over the chemical
composition, crystal structure, size, and shape of inorganic
nanocrystals to be able to tune their optical and electrical
properties to improve the performance of solar cells.4,38

Another important characteristic of quaternary nanocrystals
for their application in solar cells is the purity of the phase so as
to generate a single band gap within each junction. Although
there were some reports that mentioned the formation of a
single phase of solid solution CuIn0.5Ga0.5Se2, their XRD peaks
showed split reflections, which indicate a mixture of different
CuInxGa1−xSe2 phases.

35,39,40 As a result, properties such as the
band gap may not be optimal for good device performance.
Thus, in this work the synthesis of monodisperse, single-
crystalline, and single-phase nanoparticles of CIGSe is studied,
which is crucial in the control of its properties and hence its
application in photovoltaics. These ternary and quarternary
compounds are frequently synthesized using OLA. In the
present work, hexadecylamine (HDA) was shown for the first
time to be able to control the growth of CIGSe nanocrystals
very well. Both HDA and OLA are very similar ligands/
solvents. OLA (C18H37N) and HDA (C16H35N) are from the
same family of primary amines, and synthesis pathways of
CIGSe nanocrystals using HDA or OLA should not deviate
much as the functionality of both ligands is very similar. The
synthesis of nanocrystals using HDA and OLA gives similar
morphology and sizes, but HDA has the advantage of having
shorter chain, which usually gives a better degree of mono-
dispersity in the synthesis of nanocrystals.41−43

Understanding the growth and formation pathway of ternary
and quaternary CuInxGa1−xSe2 is important to reach a
stoichiometric compound and improve the growth of nano-
crystals. A few successful attempts have been made to control
the evolution of ternary CIS and CISe nanocrystals.44,45

However, the nucleation and growth mechanism of quaternary
CIGSe nanoparticles is still unclear, which makes determination
of the processes and transformation states of these nano-
particles difficult. Therefore, investigation of the pathways for
pure quaternary CIGSe during hot injection synthesis is
required to further comprehend the phase, composition, size,
and morphology development. This Article presents a growth
sequence for quaternary CIGSe during hot injection synthesis.
Although the synthesis reported is a one-pot reaction, the
formation of CuIn0.5Ga0.5Se2 nanocrystals involves several steps.

2. EXPERIMENTAL DETAILS

2.1. CuIn0.5Ga0.5Se2 Nanocrystal Synthesis. In this study,
the growth of monodisperse, pure CuIn0.5Ga0.5Se2 nanocrystals
using hot injection synthesis is systematically studied. The
nanocrystals were synthesized using a modified hot injection
process where hexadecylamine (HDA) is the capping reagent
and some simple precursors, for example, metal acetylacetonate,
chloride, and elemental selenium, are used. The processes were
carried out in an oxygen-free environment. The products
obtained are readily dispersed in organic solvents such as
toluene and chloroform.
A typical procedure for CuIn0.5Ga0.5Se2 synthesis is as

follows: 0.2 mmol of CuCl (Sigma-Aldrich, 99.995%), 0.1 mmol of
InCl3 (Sigma-Aldrich, 99.999%), and 0.1 mmol of gallium(III)
acetylacetonate (Ga(acac)3, Sigma-Aldrich, anhydrous ≥99.999%)

were mixed with 6.5 g of n-hexadecylamine (HDA, Sigma-
Aldrich, 95%) in a three-neck flask at room temperature. The
reaction was heated to 80 °C and degassed for 1 h. The
complete dissolution of cation precursors at 130 °C was
confirmed by a color change in the solution from blue to
yellow. A suspension of 0.4 mmol of selenium powder (Se,
Kanto Chemical Co. Inc., 99.0%) in 4 g of HDA was heated to
50 °C and injected into the reaction flask at 130 °C under
constant stirring and nitrogen flow. This resulted in an
immediate color change in the solution to black followed by
a temperature drop to 120 °C. Small aliquots were extracted at
different temperature and time intervals (different growth
conditions) between 10 and 120 min while the reaction was
progressing to 230 °C (Figure S1). The reaction was halted by
freezing in an ice bath for further investigation of the
CuIn0.5Ga0.5Se2 formation progress, and the particles were
precipitated and washed with toluene and methanol to remove
any residual capping agent. The purified precipitate was
subsequently redissolved in toluene.

2.2. Materials Characterization. For optical character-
ization, the nanocrystals were dispersed in toluene. The
ultraviolet−visible/near-infrared (UV−vis/NIR) absorption
spectrum of the nanoparticles was obtained using a UV−vis/
NIR PerkinElmer Lambda 900 spectrophotometer at room
temperature and under ambient conditions with wavelengths
ranging from 300 to 1300 nm (step size of 0.5 nm). The size
and morphology of the nanocrystals was characterized using
transmission electron microscopy (TEM), selected area
electron diffraction (SAED), and convergent beam electron
diffraction (CBED). Samples for TEM were prepared by
dropping nanocrystals dispersed in toluene onto lacey carbon-
coated copper grids. TEM studies were carried out using a
JEOL 2100F field-emission microscope at an acceleration
voltage of 200 kV. The composition of the as-prepared
CuIn0.5Ga0.5Se2 nanoparticles was semiquantitatively deter-
mined using energy dispersive X-ray spectroscopy (EDAX) in
the TEM. The phase and crystallographic structure of the
nanocrystals were characterized using grazing incidence X-ray
diffraction (GIXRD) patterns, which were recorded using a
Bruker D8 Advance with a fixed θ of 0.5°, scanning rate of
0.2° min−1, step size of 0.02°, and 2θ range from 10 to 80°,
using CuKα radiation (λave = 1.54 Å) operating at 40 kV and
40 mA. The starting Rietveld refinement model used CuSe,46

Se,47 CuInSe2,
48 CuGaSe2,

49 and CuIn0.52Ga0.48Se2.
50 The

fundamental parameters peak-shape profile was used; a five-
coefficient Chebychev polynomial and 1/x background, zero
error, scale factors, unit cell parameters, and crystal size were
sequentially refined using the TOPAS V4 program. The weight
percentage of each phase was calculated on the basis of
quantitative phase analysis using the Rietveld method:51

=
∑

α
α α

W
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where Wα is the weight fraction of phase α, S is the Rietveld
scale factor, Z is the number of formula units in unit cell, M is
the molecular mass of formula unit, and V is the unit cell
volume.

3. RESULTS AND DISCUSSION

At 230 °C (120 min), single-phase tetragonal CuIn0.5Ga0.5Se2
nanocrystals with a relatively narrow size distribution and
uniform shape were obtained (Figure 1). To understand the
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formation of CuIn0.5Ga0.5Se2 nanocrystals and their phase
evolution, controlled extractions were carried out at specific
reaction intervals. Because of the complexity of the reaction,
intermediate pathways for formation of the products need to be
accounted for. As was previously studied using thermo-
gravimetric analysis,52 these precursors have different thermal
decomposition temperatures. In general, the precursor reaction
with HDA to form the precursor complexes occurs at a lower
temperature than the decomposition temperature53 so it would

be difficult to relate the decomposition temperature directly
with the activity of the complex. Nevertheless, in this reaction, a
narrow size distribution and a uniform shape is obtained using
HDA, which acts as both the solvent in the reaction and also
the stabilizer to control the activity of the monomers.41−43 In
other words, it is the activation agent, and it may reduce the
differences in the reactivity of the precursors and hence assist
the formation of homogeneous CIGSe nanoparticles.

3.1. Crystal Chemistry of Cu−In−Ga−Se Phase
Evolution. At the start of the reaction (10 min after injection
of Se-HDA), a mixture of different phases (CuSe, Se, and
CuGaSe2) was formed. The phase distribution can be seen in
Table S1. The variation in the XRD background in Figure 2
may arise from the presence of an amorphous phase in the
sample. From TEM (EDX), amorphous In2Se3 was found
(Figure S2a). Se nanorods (12 ± 1 wt %) crystallized upon
injection of Se into the reaction, leading to partial consumption
of Se in the HDA (Figure S2b). The major phase was found to
be binary CuSe nanocrystals (57 ± 1 wt %) (Figure 2a). This is
found to be the intermediate step in the growth of
CuIn0.5Ga0.5Se2 nanocrystals. Lattice fringe spacings are
obtained from the high-resolution transmission electron
microscopy (HRTEM) images and SAED patterns (Figure
S3a). The spacings are found to be d1 = 3.32 Å, d2 = 3.33 Å that
correspond to the (010) and (100) lattice planes of hexagonal
P63/mmc CuSe, respectively. The Cu:Se ratio was close to 1:1
as determined by semi-quantitative EDX analysis, which is
consistent with one of the phases determined using XRD. In
addition, the XRD pattern also revealed the presence of
crystalline ternary CuGaSe2 nanocrystals (31 ± 1 wt %) and
was further confirmed by HRTEM and CBED. The interplanar
spacings determined from HRTEM/CBED are d1 = 1.93 Å,

Figure 1. X-ray diffraction pattern of phase pure tetragonal
CuIn0.5Ga0.5Se2 nanocrystals synthesized for 120 min at 230 °C. The
difference between the calculated (red) and experimental (blue)
intensities is shown in gray with the Bragg markers shown at the
bottom. The low magnification TEM image of the CuIn0.5Ga0.5Se2
nanocrystals synthesized at 230 °C exhibiting monodispersed size and
shape is shown in the inset.

Figure 2. X-ray diffraction patterns and Rietveld refinement of nanocrystals grown for (a) 10 min at 130 °C, (b) 20 min at 160 °C, (c) 40 min at
200 °C, and (d) 60 min at 230 °C. Vertical lines show the positions of Bragg peaks, and the Bragg markers from top to bottom are: (a) and
(b) CuSe, Se, and CuGaSe2; (c) CuSe, CIGSe1, and CIGSe2; (d) CIGSe1 and CIGSe2. The gray line is the difference between the calculated and
experimental intensities. The blue dots correspond to experimental, and the red line corresponds to calculated intensities. The peak marked “*”

corresponds to a diffraction peak from hexadecylamine.
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d2 = 1.93 Å, and d3 = 1.94 Å corresponding to the (204 ̅), (024 ̅),
and (2̅20) crystal planes (Figure 3a and b).
As the reaction extended to 20 min (160 °C), a mixture of

the phases CuSe, Se, and CuGaSe2 could still be observed
(Figure 2b). However, the amount of unreacted Se was reduced
to 5 ± 1 wt % and was accompanied by an increase in the
CuGaSe2 nanocrystal content to (41 ± 1 wt %) (Table S1).
After 40 min, all of the Se had reacted as the temperature

reached close to the melting point of Se (217 °C). XRD
(Figure 2c) and TEM (Figures 3e,f and S3b) revealed that
main phases, 48 ± 1 wt % CuSe and 52 ± 1 wt % CuInxGa1−xSe2,
coexisted. Rietveld refinement indicated that two quaternary
CuInxGa1−xSe2 phases with different In/Ga stoichiometries and
crystallite sizes were formed (Tables S1 and S2). One of the
phases developed from CuGaSe2 nanocrystals has x very close
to 0.11 and grew from 8 to 16 nm in 20 min, and, at the same
time, a second quaternary CuInxGa1−xSe2 started to crys-
tallize (4 nm). The size of each crystallite was calculated using
the volume weighted mean crystallite size in a modified
Scherrer equation.54,55

All of the binary CuSe was consumed to form CuInxGa1−xSe2
nanocrystals after 60 min. At this stage, the XRD background
indicated that no amorphous In2Se3 was left in the sample
(Figure 2d). Closer inspection of the CuInxGa1−xSe2 XRD
peaks clearly shows that biphasic CuInxGa1−xSe2 crystallized
with different stoichiometry and an average crystal size of 13 ±

1 nm (2θ = 27.1°, 45.1°, and 53.4°) (Figure 2d, Tables S1 and
S2). Finally, by extending the reaction time at 230 °C for
another 60 min, CuInxGa1−xSe2 evolved into single-phase
CuIn0.5Ga0.5Se2 nanocrystals with a narrow size distribution
(average crystallite size of 20 nm) and a nearly spherical shape.
The size of the nanoparticles determined by the Rietveld
refinement (Table S1) is consistent with TEM observations
(Figure 3i and j).
3.2. CuIn

x
Ga1−xSe2 Phase Formation and Reaction

Mechanism. As discussed earlier, metal−HDA complexes
were formed when CuCl, InCl3, and Ga(acac)3 in HDA were
heated to 130 °C. Once Se is injected at 130 °C, nucleation of
the various phases will start to occur as the metal−HDA
complex decomposes and reacts. In stage 1, amorphous In2Se3,
CuSe, and CuGaSe2 nanocrystals and unreacted Se nanorods
were formed. The reason for the initial formation of CuSe
nanocrystals is that 1 mmol of CuCl reacts with 2 mmol of
HDA in solution to make a Cu−HDA complex, but in the case
of Ga3+ and In3+, each millimole of the ions can form
coordinate bonds with 3 or more mmol of HDA, and hence the
complexes are more stable as compared to Cu−HDA
complexes.56 This leads to a higher reactivity of the Cu
complexes in the solution, and hence Cu will first react with Se.
According to the hard−soft acid−base model, elemental ions
can be classified as acids and bases according to their capability
to donate or accept electrons. These acids and bases again can
be classified as hard and soft according to their polarizability,
oxidation states, and electronegativity.57 Therefore, Cu+ is a soft
acid and Se2− is a soft base, and soft acids react faster and form
stronger bonds with soft bases than hard acids with soft bases.
Because Ga3+ is a harder acid as compared to In3+ because In3+

is more electronegative than Ga3+, an In3+ precursor would
bond easily to Se2− to form amorphous In2Se3. Therefore, CuSe
and In2Se3 are more likely to form at the initial stage of the
reaction but not Ga2Se3. Ga−HDA complexes are available to
react with CuSe in the solution to form CuGaSe2. This was
supported by the presence of small CuGaSe2 nanocrystals at this

point in the reaction. From our observation, CuGaSe2 is very likely
to evolve from CuSe particles reacting with the Ga3+ complex.
In the second stage as the temperature increased, Se

nanorods dissolved, and In2Se3 dissociated. CuInxGa1−xSe2
was formed at the expense of CuSe. CuSe particles dissolved
to provide the precursors for CuInxGa1−xSe2. As observed in

Figure 3. TEM images showing the different growth stages of
CuInxGa1−xSe2 nanocrystals (a) 10 min at 130 °C, (c) 20 min at 160 °C,
(e) 40 min at 200 °C, (g) 60 min at 230 °C, and (i) 120 min at 230 °C.
(b), (d), (f), (h), and (j) are the corresponding HRTEM images and
CBED patterns from the nanocrystals.
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TEM images and the proposed schematic growth mechanism
(Figure 4), large CuSe particles continuously dissolve as the
reaction progressed to 200 °C. Stage 3 involved full dissolution
of CuSe followed by the formation of two different CIGSe
phases (Figure 4 and Table S1). This is a strong indication that
CIGSe phases are more stable at higher temperature than
CuSe. Another 60 min at 230 °C resulted in the equilibrium
single phase of CuIn0.5Ga0.5Se2 nanocrystals, and no obvious
change in the shape of the particles was observed. Recently,
Kar et al. showed that the formation of CuInSe2 nanocrystals
in oleylamine involved by the formation of CuSe and InSe
nanocrystals as the primary intermediates.45 Besides, the phase
transformation of biphasic Cu2S−CuInS2 to monophasic
CuInS2 nanocrystals turned out to be an essential intermediate
step.58,59 Figure 5 shows the evolution of the crystal structure

to single-phase tetragonal CuIn0.5Ga0.5Se2 as the temperature is
changed.

Other than exploring the phase evolution of CIGSe, it is
crucial to be able to determine the phase purity and
stoichiometry to better tailor the optical properties of
CuInxGa1−xSe2 nanocrystals. As it is not possible to deduce
the site occupancy from XRD patterns of the nanocrystals,
Vegard’s law was used instead to predict the In/Ga
stoichiometry. This is an empirical rule to determine the unit
cell parameters of a solid-solution series in an alloy.60 The unit
cells for CuInxGa1−xSe2 are a = 5.614 ± 0.001 Å, c = 11.022 ±

0.001 Å, volume = 347.38 Å3 when x = 0,49 and a = 5.8011 ±

0.0001 Å, c = 11.6562 ± 0.0002 Å, volume = 392.26 Å3 when
x = 1.48 A linear increase of the unit cell volume with x was
expected as more In replaces Ga, and this trend was supported
by the reported unit cell parameters of CuIn0.52Ga0.48Se2.

50 The
unit cell volume of intermediate compositions of
CuInxGa1−xSe2 was found by interpolation, and the occupancy
was determined. The a and c parameters were also determined
to be quite close to the interpolated trend (Figure 6), except for
CuInxGa1−xSe2 (x = 0.39) where the crystallite size was too
small (∼4 nm) leading to large estimated standard deviations in
the unit cell parameters. At 230 °C (60 min), the products were
45 wt % CuIn0.36Ga0.64Se2 and 55 wt % CuIn0.64Ga0.36Se2 (Table S2),
which is equivalent to the starting stoichiometric proportion of
the reactants Cu:In:Ga:Se = 1:0.5:0.5:2. The crystallite size was
obtained from a Rietveld refinement and was supported by
TEM measurements (Figure 3g and h). The final monophasic
CuInxGa1−xSe2 (x = 0.49) crystals had the I4 ̅2d space group
(a = 5.6942 Å, c = 11.3876 Å, volume = 369.23 ± 0. 01 Å3) and
are in close agreement with reported CuIn0.52Ga0.48Se2.

48

To clearly differentiate between a solid solution of
CuIn0.5Ga0.5Se2 and immiscible 50 at. % CuInSe2 and 50 at. %
CuGaSe2, XRD patterns of CuInSe2, CuGaSe2, and
CuIn0.5Ga0.5Se2 were calculated (Figure 7). At 2θ = 27.1°
specifically, a solid solution of CuIn0.5Ga0.5Se2 has a single (hkl)
peak, while when two immiscible phases are present, the peak is
split or a peak shoulder is observed. A split peak was observed
after 60 min at 230 °C but disappears after 120 min. This can
also be seen in some of the earlier publications35,39 that
reported on the single phase of CuInxGa1−xSe2. We believe that
this split peak is characteristic of a biphasic CuInxGa1−xSe2

Figure 4. TEM images showing dissolution of CuSe nanoparticles and growth of CuInxGa1−xSe2 inside these particles at (a) 130 °C, (b) 160 °C, (c)
200 °C, and (d) 230 °C. (e) Proposed growth scheme for CuIn0.5Ga0.5Se2 nanoparticles.

Figure 5. X-ray diffraction patterns showing the evolution of the
crystal structure of CuInxGa1−xSe2.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp300187r | J. Phys. Chem. C 2012, 116, 8202−82098206



nanocrystal, and the two-phase model was able to account for
the peaks very well (Figure 8).
3.3. Optical Characteristics of Cu−In−Ga−Se Systems.

Another confirmation of the phase evolution can be obtained
from the changes in the optical properties during the formation
of the single band gap CuIn0.5Ga0.5Se2 system.61 Figure 9 shows
the evolution of UV−vis absorption spectra of the aliquots
taken at different times during the reaction. One can clearly see
that the absorption edge of the five samples shifts to the right as
the reaction temperature increases to 230 °C. All of the samples

have strong absorption in the visible range extending to the
infrared wavelengths.
There can be a number of reasons for the change in optical

absorption properties. The optical absorption properties of
nanoparticles are dependent on the size of the nanoparticles
especially near the quantum confinement conditions and
depend on the stoichiometry of the phases. In our study, the
change in optical properties can be attributed to the presence of

Figure 6. The effect of x in the different CuInxGa1−xSe2 compositions on the (a) unit cell parameter, a, (b) unit cell parameter, c, and (c) cell volume
(the solid line represents Vegard’s law). Black, reported data; blue, current study.

Figure 7. Calculated XRD patterns of CuInSe2, CuGaSe2, and
CuIn0.5Ga0.5Se2.

Figure 8. Rietveld refinement of CuInxGa1−xSe2 after 60 min at 230 °C near 2θ = 27.1°, 45.1°, and 53.4° using (a), (b), and (c) the two-phase model
and (d), (e), and (f) the one-phase model.

Figure 9. Room-temperature UV−vis absorption spectra of the
samples at different stages of the reaction.
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different phases during the growth of CuIn0.5Ga0.5Se2 nano-
crystals as the particle sizes are beyond the quantum
confinement regime, and hence the changes in absorption
edges cannot be attributed to sizes. The red-shifted band edge
of the particles as the reaction proceeds indicates the phase
changes to CuIn0.5Ga0.5Se2 (Figure 9).
On the basis of the stoichiometry of CuIn1−xGaxSe2

nanocrystals, it is possible to calculate their optical band gap.
The fundamental transitions in the energy band gap for the
different compositions of CuIn1−xGaxSe2 are fitted to an
equation:62

= + − −E x x x1.010 0.626 0.167 (1 )g (2)

The energy band gap (Eg) for CuIn0.49Ga0.51Se2 extracted from
UV−vis spectroscopy is close to the calculated values (eq 2)
(Table 1). For the biphasic sample (230 °C, 60 min), the

energy band gap is split into two values depending on x, and
the average energy band gap considering the weight proportion
of each phase is close to CuIn0.49Ga0.51Se2. For shorter reaction
times and lower temperatures, the energy band gap is shifted
toward higher energy, due to the contribution from CuSe (Eg =
2 eV)63 (see Supporting Information Figure S4). From the
UV−vis measurements, a single energy band gap does not
correlate to the single phase and can be observed for both
mono and biphasic CuInxGa1−xSe2. Hence, a careful crystallo-
chemical study may overcome the limits of optical absorption
measurements, and this might help tailor the desired properties
for solar cell applications.

4. CONCLUSIONS

A systematic study of the formation process of CuIn0.5Ga0.5Se2
nanocrystals prepared using the hot coordination method has
been described. This understanding will provide a means to
control the synthesis of a pure, single-phase quaternary
compound. The reaction started with the formation of
crystalline CuSe, Se, CuGaSe2, and amorphous In2Se3. From
this work, we can see that CuIn0.5Ga0.5Se2 evolved from the
CuSe phase. A possible growth mechanism to explain the
formation of CuIn0.5Ga0.5Se2 was proposed. The resulting
CuIn0.5Ga0.5Se2 nanoparticles are highly uniform in composi-
tion and phase. The phase purity was confirmed by Rietveld
refinement and the uniformity in composition deduced from
Vegard’s law because occupancy refinement cannot give a
satisfactory measurement of the In and Ga stoichiometry. The
high phase purity determined from the X-ray data implies that
single band gap CuIn0.5Ga0.5Se2 had been obtained, and this
control offers the possibility of tuning the band gap of this
material for application in photovoltaic cells.
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