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ABSTRACT: Monodisperse wurtzite Culn,Ga; .S, nano-
crystals have been synthesized over the entire composition
range using a facile solution-based method. Depending on
the chemical composition and synthesis conditions, the
morphology of the nanocrystals can be controlled in the
form of bullet-like, rod-like, and tadpole-like shapes. The
band gap of the nanocrystals increases linearly with increas-
ing Ga concentration, with band gap values for the end
members being close to those observed in the bulk. Colloi-
dal suspensions of the nanocrystals are attractive for use as
inks for low-cost fabrication of thin film solar cells by spin or
spray coating.

Wth ever increasing demand for clean energy, the fabrication
of low cost and high efficiency photovoltaic devices has
attracted considerable attention in recent years. Among different
types of photovoltaic devices, inorganic photovoltaic cells have
exhibited the highest solar energy conversion efficiency, but at
the expense of high fabrication cost. A possible approach for
reducing cost is to use colloidal nanocrystals synthesized using
simple solution-based methods. Recently, there have been a
number of reports on the fabrication of thin film solar cells by
spin coating' and screen printing” of colloidal semiconducting
nanocrystals, with an efficiency as high as 7.2% being reported
using copper—zinc—tin—chalcogenide nanocrystals.” Besides
chemical composition and crystal phase, the band gap of
semiconductor nanocrystals can be tuned by varying the size
because of the quantum confinement effect.* Moreover, the
nanocrystal shape can influence their optical properties. For
example, one-dimensional nanorods and nanowires have been
observed to exhibit optical properties that are different from
those of quantum dots.” Therefore, systematic tuning of the
composition, crystal phase, size, and shape of semiconducting
nanocrystals represents an attractive approach for developing
next-generation, low-cost, and high-performance solar cells.
Among different classes of semiconducting materials, A'BX*,
semiconductors of the [—III— VI, family, such as Culn,Ga, _,S(Se),
are of considerable interest for use as light-emitting diodes,
photovoltaic cells, and nonlinear ogtical devices.® The most com-
mon crystal structure of A*B>"X*~, semiconductors is chalco-
pyrite, in which the A and B ions are ordered in the cation
sublattice sites. Random distribution of the cations leads to the
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zinc blende structure.” The orthorhombic phase is another
ordered phase of A'B**X>, that has been observed for AglInS,
and AgInSe,.® Similar to the chalcopyrite structure, when the A
and B ions are disordered in the cation sites, the orthorhombic
phase converts to a wurtzite structure. The random distribution
of A and B ions in the wurtzite phase offers flexibility for
stoichiometry control, which is advantageous for fabrication of
photovoltaics™ since it provides the ability to tune the Fermi
energy over a wide ramge.9b For example, as one of the end
members, CulnS, (CIS) has proven to be effective for fabricating
high efficiency thin film solar cells because of its unique proper-
ties such as high absorption efficiency,'® a direct band gap,"'
facile electron/hole carrier conversion, ' and being eco-friendly.

Unlike binary chalcogenides,'® the synthesis of ternary CIS
and, in particular, quaternary Culn,Ga,_,S, (CIGS) nanocryst-
als is challenging because of the difficulty in controlling the
stoichiometry and phase structure. Recently, CulnS, nanocryst-
als with crystal Iphases in the form of chalcopyrite,14 zinc-blende,"®
and wurtzite”'® structures have been successfully synthesized
using solvothermal and other conventional solution synthesis
methods. Monodisperse CIS nanocrystals with different mor-
phologies have been obtained with a variable ratio of copper and
indium."®* Chalcopyite phase CuGa$S, (CGS) nanocrystals have
also been synthesized by hydrothermal and solvothermal
methods.'” However, the product is mostly in the form of large
crystallites with a broad size distribution. Similarly, for quatern-
ary CIGS, only the synthesis of chalcopyrite phase nanocrystals
has been reported.'® To the best of our knowledge, wurtzite-
structured Culn,Ga;_,S, nanocrystals have not been synthe-
sized for values of x < 1. Herein we report on the facile synthesis
of wurtzite-structured CIGS nanocrystals with controlled mor-
phology and narrow size distribution over the entire composi-
tion range (0 < x < 1). The band gap can be systematically
tuned by varying the In/Ga ratio, and the nanocrystals readily
form colloidal suspensions that are attractive for fabrication of
solar cells.

All reactions were performed in a fume hood, under inert
conditions. In a typical reaction for the synthesis of CIGS
nanocrystals with the wurtzite structure, 1 mmol of copper(II)
acetylacetonate (acac), 1 mmol of indium(III)/gallium(III) ace-
tylacetonate (acac), and 3.5 mmol of trioctylphosphine oxide
(TOPO) (90%) were mixed with 10 mL of oleylamine in a four-
neck round-bottom flask and stirred at room temperature for
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30 min with nitrogen purging. The solution was then heated to
150 °C, and a mixture of 0.25 mL of 1-dodecanethiol (1-DDT)
and 1.75 mL of tert-dodecanethiol (t-DDT) was rapidly injected
into the solution under a nitrogen atmosphere with continuous
stirring. The solution turned essentially clear with a light yellow
color. The solution mixture was then heated up to 280—290 °C
in 30 min and maintained at this temperature for 30 min. The
mixture was subsequently cooled down to room temperature,
and a mixture of hexane and ethanol was used to precipitate the
product and collect it via centrifugation. The color of the
centrifuged product varied from black for CulnS,, dark red for
Culng 5Gag 5S,, to dark yellow for CuGaS,. A similar procedure
was used for the synthesis of tadpole-shaped nanocrystals. The
only difference being that the metal acetylacetonate precursors
were initially dissolved in 10 mL of 1-octadecene (ODE) instead
of oleylamine (OLA).

We have determined that the optimal temperature for inject-
ing the 1-DDT and t-DDT solution into the copper/indium/
gallium precursor solution is around 150 °C. Kruszynska et al.'*d
synthesized CIS nanocrystals by injecting the sulfur source at
temperatures above 200 °C and observed formation of Cu,S as
an impurity phase in the product mixture. Han et al.'” reported
the synthesis of Cu,S particles using Cu(acac), and dodeca-
nethiol as precursors. With increasing temperature, the precursor
solution turned clear at 148—152 °C and then quickly precipi-
tated Cu,$S particles at 200 °C. These results suggest that in order
to avoid formation of the Cu,S phases the optimal temperature
for the synthesis of CIS nanocrystals should be below 200 °C.
Therefore, our strategy for avoiding the formation of Cu,S was to
first form the intermediate CulnGa(SR), complexes before the
reaction system goes through the formation temperature of Cu,S
at 200 °C. In(acac); and Ga(acac); were specifically chosen as
reactants because of their low decomposition temperature.*’
Accordingly, we added a step involving aging of the reactants at
150 °C for 30 min. This enables the formation of intermediate
complexes as confirmed by a color change to light yellow. These
intermediates likely result in the formation of stoichiometric
CIGS clusters that can then grow during the subsequent step of
fast heat-up and short aging at 280—290 °C. This is similar to the
reported synthesis of ternar?r chalcogenide nanocrystals using
single source precursors.’>>' Note that the reaction time for
synthesis of CIS nanocrystals using our procedure is much
shorter than that reported (17—24 h) for converting the biphasic
Cu,S-CulnS, to monophasic CulnS, namocrystals.lsd Thus,
quaternary Culn,Ga;_,S, (CIGS) nanocrystals, instead of
Cu,S or mixed phases, can be efficiently synthesized by first
mixing and forming a clear solution mixture of the intermediates
at 150 °C and then heating up the mixture to a temperature of
280—290 °C for product formation.

The morphology of the synthesized products has been in-
vestigated using TEM. As seen in Figure 1a, the CIS nanocrystals
synthesized in OLA have a bullet-like shape with a uniform size of
about 16 nm in width and 35 nm in length. For nanocrystals with
a composition of Culng5Gag25S,, the shape changes to rod-like
and their average length is smaller. As a general trend, a decrease
in the average size of the nanocrystals is observed with increasing
concentration of Ga (Figure S1). By replacing OLA with ODE as
the solvent, the morphology of CIGS changes from nanobullet to
nanorod (Figure 1b), nanosphere, and nanotadpole (Figure 1c)
shape. Both CGS and Culng,5Gag7sS, nanocrystals exhibit a
tadpole-like shape, with the Culng,5Gag 75S, nanotadpoles being
relatively smaller in size (see Figure S2). The morphology variations

Figure 1. TEM images of (a) bullet-like CuInS, nanocrystals synthe-
sized in OLA, (b) rod-like Culng;5Gao,sS, nanocrystals synthesized in
ODE, and (c) tadpole-like CuGa$S, nanocrystals synthesized in ODE;
HRTEM images of individual (d) bullet-like, (e) rod-like, and (f)
tadpole-like nanocrystals.

with different Ga/In ratios is likely caused by differences in the
binding strength of the respective cations with TOPO.** The
weaker binding of Ga®* can result in a broader size distribution
with increasing Ga concentration in CIGS, as has been observed.
Similarly, the observed changes in the shape and size of the
nanocrystals using OLA and ODE as solvents can be attributed
to differences in their coordination ability with the cations,
with OLA known to be a much stronger coordinating ligand
than ODE.**

HRTEM images of individual nanocrystals for the different
shapes show clear lattice fringes with spacings of d = 0.322 %+
0.004 nm (Figure 1d) and d = 0.317 % 0.005 nm (Figure le),
corresponding to the (002) lattice plane of the wurtzite structure.
One-dimensional wurtzite ZnO>* and CdSe*® nanorods also
display preferential growth along the [001] direction. Lattice
fringes shown in Figure 1fhave an average spacing of d =0.323 +
0.005 nm, corresponding to (100) lattice planes of the wurtzite
structure. The d spacing measured in the tail section of a typical
tadpole-like nanocrystal is the same as that in the head part,
indicating the same wurtzite structure (Figure S3). Similar
nanotadpole-shape ;rowth has been reported for CdSe,” AgInS-
(Se)»,*® and gold®” nanocrystals. We have not observed any
significant lattice distortion in the CGS nanotadpoles by HRTEM
(Figure S3). While the formation mechanism of the tail segment
of the nanocrystals is not totally clear, it can partly be attributed
to the random growth along the [100] and [010] directions in
the hexagonal structure.

Figure 2 shows the XRD patterns of CIGS nanocrystals of
different compositions. Major diffraction peaks for CIS nano-
crystals (Figure 2a) are observed at 26 values of 26.24°, 27.67°,
29.74°, 38.56°, 46.40°, and 50.34°. The peak positions and
relative peak intensities match well with the powder diffraction
data reported for wurtzite CulnS,.'® Because of the smaller size
of a gallium ion as compared to indium, a systematic shift of the
peaks to higher angles is noted with increasing gallium substitu-
tion (Figure 2a to 2e). The chalcopyrite phase is thermodyna-
mically more stable than the wurtzite ghase in the bulk as
indicated by both experimental results® and theoretical cal-
culations.*® For the synthesis of wurtzite CIS nanocrystals, both
dodecanethiol and oleylamine are strong coordinating ligands

11073 dx.doi.org/10.1021/ja203933e |J. Am. Chem. Soc. 2011, 133, 11072-11075



Journal of the American Chemical Society

COMMUNICATION

R i e e
gec 58 _
= =
i g8 & @]
g i ]
< M\ A AAMm___®
==
=
w B -
LM A~ @
EL N i
[\ L_AA (d)
i |.| ill x I'III 7
- /I Irl - III'\—.,.__.._/\_. J'II I'\—/A\..../ rllL‘x_.__.__(e)_
20 30 40 50 60 70

20 (degree)

Figure 2. XRD patterns of the wurtzite phase of (a) CulnS,, (b)
Culng 75Gag 2552 (C) Culng 5Gag 5S,, (d) Culng5Gag7sS,, and (e)
CuGas$, nanocrystals synthesized in OLA.

that can bind onto the surface of nanocrystals and thus decrease
the surface energy for stabilizing the wurtzite phase. Such ‘ligand
effect’ has been observed in experimental studies of the synthesis
of wurtzite copper-based chalcogenide nanocrystals.%’léa"30 Be-
sides ligand effect, other factors such as the nature of the sulfur
source and its decomposition rate, the presence of coordinating
solvents, reaction temperature, and concentration of metal
reactants in solution are also known to strongly influence the
formation of metastable wurtzite CIS nanocrystals.”'® Thus, a
combination of kinetic factors are responsible for the preferential
growth and stability of the wurtzite phase.

Besides the composition, the relative intensities of the primary
peaks in Figure 2a to 2e vary because of changes in shape and
texture.'*d In Figure 2b, the peak at around 47° shows a shoulder,
which is likely a result of some structural distortion. The XRD
patterns of nanocrystals synthesized using ODE as a solvent are
very similar to those synthesized using OLA (Figure S4). We
have determined the a and c lattice constants as a function of Ga
concentration. As expected, both of these values decrease linearly
with increasing Ga concentration (Figure SS). We have further used
atomic absorption spectroscopy (AAS) to determine the average
composition of the nanocrystals. The concentration of both Cu and
Gaare close to the expected ratio over the whole composition range,
but the In concentration shows a deficiency, especially for CIS
(Table S1). The indium deficiency relative to copper and sulfur may
be a result of its slower nucleation and incorporation. We have
separately prepared near-stoichiometric CIS nanocrystals using an
intentional excess of In(acac); for the reaction. Interestingly, the
XRD pattern for this sample did not show any change in the peak
positions as compared to the one with an In deficiency (Figure S6).
A similar observation has been reported by Pan et al.'® We have also
determined the relative composition of sulfur with respect to the
cations using energy dispersive X-ray analysis (EDX), with no
significant deviation from stoichiometry being observed.

Figure 3a displays the color change of the nanocrystal sus-
pensions in hexane with increasing Ga content, going from
black for CulnS, to yellow for CuGaS,. We have determined the
absorbance onset by plotting (Ahv)? versus hv (A = absorbance,
h = Planck’s constant, and v = frequency) and extrapolating the
slope in the band edge region (Figure S7).>' A plot of the
determined band gap versus Ga/(In+Ga) concentration for the
nanocrystals synthesized in OLA is shown in Figure 3b. With
increasing concentration of Ga, the band gap of the Culn,Ga, _,S,
nanocrystals increases from 1.53 eV for CIS to 2.48 eV for CGS.
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Figure 3. (a) Photographs showing the color evolution of nanocrystal
suspensions going from CulnS, (left) to CuGaS, (right); (b) plot of
band gap of the nanocrystals as a function of Ga/(In+Ga) ratio.

These values are close to the reported values of 1.53 and 2.43 eV’*
for bulk chalcopyrite CulnS, and CuGaS,, respectively, with no
size confinement effect being observed because of the relatively
large size of the nanocrystals. The products synthesized in both OLA
and ODE exhibit very similar band gaps (see Table S1).

In conclusion, we have synthesized monodisperse wurtzite-
structured Culn,Ga;_,S, semiconductor nanocrystals over the
entire composition range via a simple solution-based route involv-
ing the thermal decomposition of metal-acetylacetonate pre-
cursors and their reaction with a mixture of sulfur sources,
1-dodecanethiol and tert-dodecanethiol. The morphology of the
nanocrystals can be controlled in the form of bullet-like, rod-like,
and tadpole-like shapes. As expected, the band gap of the nano-
crystals increases linearly with increasing Ga concentration, with
the band gap of the end members being close to those in the bulk.”
The CIGS nanocrystals readily form colloidal suspensions that can
be used as inks for low-cost fabrication of thin-film solar cells.
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