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ABSTRACT: Tetragonal chalcopyrite Culn-
(S1-:Se,), (0 < x < 1) nanocrystals were
synthesized by reacting a mixture of CuCl],
InCls, S, and Se in the presence of oleylamine
at 265 °C. The S/Se composition ratio in the
Culn(S;_,Se,), could be tuned across the
entire composition range of x from 0 to 1 by
modulating the S/Se reactant mole ratio. The
tetragonal lattice constants, that is, a and ¢,
increase linearly with the increase of Se con-
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tent, following Vegard's law. The band gap
energies of Culn(S;—,Se,), nanocrystals
could be tuned in the range between 0.98
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and 1.46 eV and change nonlinearly with respect to x, deriving a bowing parameter of 0.17 V. In addition, the method developed in this study
was scalable to achieve gram-scale production of stoichiometry-controlled Culn(S,—,Se,), and Culn,—,Ga,Se, nanocrystals.

B INTRODUCTION

Culn(Se,S), (ie, CIS) compound materials have been well-
known as promising light-absorbing materials for thin film solar
cells because they are direct band gap materials with intrinsic high
optical absorbing coefficients and desired optical energy gap energies
(CulnSe,, 1.0 éV; CulnS,, 1.5 ¢V)." > CIS-based solar cells demonstrate
solar energy conversion efficiency of ~14%, " higher than other thin
film solar cells such as a-Si based photovoltaic devices. However,
manufacturing processes for CIS-based solar cells mainly rely on high-
cost and complicated vacuum-based tools, yielding expensive module
prices and increasing their commercialization difficulty. Recently,
there have been increasing efforts in developing nonvacuum, solution-
based methods to fabricate solar cells via cost-effective, roll-to-roll,
and high-throughput procedures.’ CIS nanocrystals are promising
precursors for absorber deposition because these stoichiometric
nanocrystals may not only reduce film composition heterogeneity
over large device areas, but also alleviate film cracking problems dur-
ing postselenization annealing.” High-quality, narrow-sized CIS nano-
crystals could be synthesized by arrested precipitation routes.® 7 CIS
nanocrystals exhibit superior dispersibility in a wide range of solvents
and could be used as nanocrystal inks for absorbing layer deposition
via various wet processing methods such as spin-coating, dip-coating,
inject-printing, and spray-deposition. Several examples regarding
incorporating CIS nanocrystals into solar cell fabrications have been
recently reported.*'*~'® For example, Guo et al. made a CIS absorber
layer by drop-casting nanocrytals onto a Mo-coated soda lime glass
followed by traditional selenization annealing, and the fabricated
device exhibited solar energy conversion efficiencies as high as
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4.17%.">'® Panthani et al. showed CulnSe, nanocrystal solar cells
exhibiting efficiency of 0.24% without any postannealing proce-
dures."* Li et al. reported CulnSe, nanocrystal solar cells in which
the absorber was made by in situ formation of CulnS, nanocrystal
film, and the devices yielded conversion efficiency up to 4.0%.
The band gap energies of Culn(S;—,Se,), solid solution (~1—
1.5 V) are in the range of optimum band gap energies for single
junction solar cells."®”** Motivated by this advantageous charac-
teristic, studies on band gap tuning of quaternary-alloyed Culn-
(S1—.Se,), have been investigated by a number of different methods,
including horizontal Bridgman,™ chemical spray pyrolysis,** S or Se
thermal diffusion,”> microwave irradiation,”"* r.f, sputtering,” melt
and annealing,'” and solution methods.”” >’ For semiconductor
nanocrystals, although the quantum confinement effect can tune the
band gap fall in the optimized absorption region,* this effect gene-
rally vanishes while nanocrystals form a dense film or sinter into a
polycrystalline layer. Therefore, composition-mediated band gap
tunin§ is a more robust approach to keep the absorber optical prop-
erty.*’ However, stoichiometric control of quaternary nanocrystals
is much more challenging as compared to that of ternary nanocrys-
tals®®~** because reactions easily suffer from unwanted side-reactions
and usually yield products containing a plurality of compositional
phases due to their high degree of phase complexity. Recent studies
have shown that band gap engineering of quaternary nanocrystals
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such as CuInI,xGaxSez, % CuGan,_,S35* Culn,Tl_,S;5,*
Culn;_,Ga, sz, ZnS—AgInS,,* (CuInSz)x(ZnS)l o° Zn,-
Cdl_xSySel_y, and (Cu,Sn),/3Zn;—,S™ could be achieved by
colloid routes.

Here, we report the high-yield synthesis of chalcopyrite
Culn(S;—,Se,), nanoparticles with controllable S/Se ratio using
a facile heating-up method. A mixture of CuCl, InCl;, S, Se, and
oleylamine was gradually heated to 265 °C, and the reactions were
held at that temperature for hours to enable quaternary Culn-
(S1—.Se,), formation. By varying the S/Se reactant molar ratio,
the S/Se ratio in the Culn(S,—,Se,), nanocrystals could be con-
trolled, and the band gap energies of Culn(S,—,Se,.), could be tuned
in the range between 0.98 and 1.46 €V, sitting between the band gaps
of bulk CulnSe, and CulnS,. Furthermore, considering a large
number of CIS or Culn,_,Ga,Se, (CIGS) nanocrystals might be
in need of supply for nonvacuum absorber deposition processes, a
general mass-production method is highly requested. We demon-
strate that the method developed here could be readily scaled for
gram-scale production of stoichiometry-controlled Culn(S;—,Se,),
and Culn,_,Ga,Se, nanocrystals.

B EXPERIMENTAL METHODS

Chemicals. All chemicals were used as received from the
Aldrich Chemical Co., including copper(I) chloride (CuCl,
99.995+%), indium(I1I) chloride (InCl; anyhydrous, 99.99%),
gallium(III) chloride (GaCls, 99.9999%), elemental S (99.98%),
elemental Se (99.99%), hexane, toluene, oleylamine (70%), and
ethanol (ACS reagent grade, >99.5%).

Nanocrystal Synthesis. Precise weighing of reactants is
required for the synthesis of stoichiometry-controlled Culn(S,—,-
Se,), nanocrystals. In a reaction of Culn(S,—,Se,), nanocrystals,
12 mL of oleylamine, 0.5 mmol of CuCl (0.049 g), 0.5 mmol of
InCl;(0.111 g), and 1 mmol total of elemental Se (0.000—0.079 g)
and elemental S (0.000—0.032 g) were added to a SO mL three-neck
flask placed on a heating mantle. One neck with an attached con-
denser and stopcock valve was connected to a Schlenk line; the other
neck was connected to a thermocouple for temperature monitoring
and accurate temperature control; the third neck was sealed by a
rubber septum. The flask was purged of oxygen and water by argon
bubbling at 130 °C for 1 h with stirring. Next, the temperature of
the mixture was slowly raised to 265 °C with a ramping rate of
2.3 °C/min. The reaction was held at 265 °C for 1.5 h with con-
tinuous vigorous stirring. The flask was cooled to ambient tempera-
ture by a cold water bath. The nanocrystals were isolated by
precipitation with addition of 10 mL of hexane and 15 mL of ethanol
followed by centrifugation at 8000 rpm for 10 min. After a washing
step, the nanocrystals were in the precipitate, whereas the super-
natant containing unreacted precursors and byproducts was dis-
carded. The isolated nanocrystals were dispersed in hexane or
toluene for further characterization. The typical yield of nanocrystals
after washing was ~80%.

Gram-Scale Production of CulnSSe, Culn(Sg ¢55€0.35)2, and
Culng sGag sSe, Nanocrystals. For gram-scale production of
CulnSSe nanocrystals, the synthesis was carried out by heating a
500 mL flask containing a mixture of 120 mL of oleylamine, 0.495 g
of CuCl, 1.106 g of InCl5, 0.394 g of Se, and 0.161 g of S to 265 °C
with a ramping rate of 2.3 °C/min and holding the synthesis at
265 °C for 1.5 h. For Culn(Sy ¢sSeg 35 )» and Culng sGag sSe, nano-
crystals, the synthetic procedure was the same as CulnSSe synthesis
except with different reactant contents: Culn(SygsS€o3s)2 120 mL
of oleylamine, 0.495 g of CuCl, 1.106 g of InCl;, 0.276 g of Se, and

0.209 g of S; CulngsGagsSe,, 120 mL of oleylamine, 0.495 g of
CuCl, 0.553 g of InCls, 0.440 g of GaCls, and 0.789 g of Se.

Characterization. The nanocrystals were characterized using
various analytical techniques, including transmission electron micros-
copy (TEM), energy-dispersive X-ray spectroscopy (EDS), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and
UV—vis—NIR absorbance spectrophotometer.

The TEM samples were prepared by drop-casting the as-prepared
nanocrystals in hexane dispersion onto carbon-coated 200 mesh
titanium or nickel TEM grids. Hitachi H-7100 TEM and JEOL JEM-
1200 were used for low resolution TEM imaging. HRTEM images
were acquired on a Tecnai G* F20 X-Twin microscope at an acce-
lerating voltage of 200 kV. The HRTEM microscope is equipped
with an Oxford INCA EDS detector for EDS data collection. XRD
analyses were performed on a Rigaku Ultima IV X-ray diffractometer
using a Cu Kat radiation source (4 = 1.54 A) For XRD sample char-
acterization, the nanocrystals were evaporated from concentrated
dispersions onto glass substrates. Diffraction data were collected by
scanning for 12 h at a rate of 0.016 deg/s. XPS data were acquired
on Kratos Axis Ultra DLD using a 500 mm Rowland circle Al
monochromator. For XPS sample preparation, the nanocrystals were
drop-casted on a 0.5 X 0.5 cm wafer in an argon-filled glovebox.
UV—vis—NIR absorbance spectra of nanocrystals dispersion in
toluene were obtained by a JASCO V-570 UV—vis—NIR spectro-
photometer.

B RESULTS AND DISCUSSION

Culn(S;—,Se,), nanocrystals were synthesized by a modified
heating-up method developed by Panthani et al.'"* and Guo
et al!® CuCl, InCl;, S, and Se were used as Cu, In, S, and Se precur-
sor sources, respectively. In a typical reaction, a combination of
precursors with desired individual mole ratio with oleyamine was
placed in a glass flask connected to a Schlenk line system. The flask
was heated to 130 °C for degassing, heated to 265 °C with a
temperature ramping rate of 2.3 °C/min, and left for several hours to
enable nanocrystal growth and stoichiometric alloying. To achieve
the formation of Culn(S;—,Se,), quaternary nanocrystals with
controlled S/Se ratio, keeping a temperature ramping profile at
a slow and constant rate is the most important key. Oleylamine has
multifunctional roles for nanocrystal synthesis. First, CuCl (or
InCly) salts readily dissolved in oleylamine to form a liquid metal
[CuCl—oleylamine] (or [InCl;—oleylamine]) complex at room
temperature. These complexes exhibit good stability, which might be
due to the formation of a N—H- - - Cl hydrogen bonding.™ The
decomposition of the liquid complex provides sufficient Cu (or In)
supply for nanocrystal growth. On the other hand, S and Se powder
were not soluble in oleylamine, but they immediately melted above
their melting points (Se, 220 °C; S, 120 °C) and mixed homo-
geneously with reaction solution. Second, as discussed by Pan et al,,*’
oleylamine could reduce the relative reactivity between Cu, In, S, and
Se reactants, which is crucial for successful stoichiometry-controlled
nanocrystal synthesis. Third, oleylamine can passivate the growing
nuclei and decelerate the growth rate of nanocrystals at reactions, so
obtained nanocrystals had smaller size and morphology deviation.
Finally, oleylamine-capped Culn(S,;—,Se,), nanocrystals could form
stable nanocrystal dispersion in a wide range of organic solvents for
months, making them ideal nanocrystal inks for further photovoltaic
applications.

Synthesis of CulnSSe Nanocrystals. Figure 1 shows the
synthesis result by decomposing 0.5 mmol of individual Cu, In,
S, and Se reactants in the presence of oleylamine at 265 °C.
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Figure 1. (a) XRD pattern of CulnSSe nanocrystals. The peaks have
been indexed to tetragonal chalcopyrite of CulnSSe (JCPDS no.
36-1311). (b) TEM image of CISSe nanocrystals. Inset: Indexed SAED
pattern. (c¢) HRTEM image of a CulnSSe nanocrystal projected in the
[110] orientation. Inset: The corresponding FFT pattern. (d) Element
composition of a field of CulnSSe nanocrystals measured by EDS. The
Tiand C signals in the EDS data are from the titanium TEM grid and the
carbon support.

The XRD pattern (Figure la) from the product shows three
major diffraction peaks at 27.28, 45.26, and 53.65, which can be
indexed to the (112), (220)/(204), and (312)/(116) of tetra-
gonal chalcopyrite structure of CulnSSe (JCPDS no. 36-1311),
respectively. There were no other measurable phases produced
in the synthesis. Figure 1b shows TEM images of nanocrystals
with size polydispersity, with an average diameter of approxi-
mately 16.6 nm and a size deviation of 3.24 nm (Table S1). The
selected-area electron diffraction pattern (SAED) of a field of
nanoparticles shows three diffraction rings, in agreement with the
(112), (220), and (312) of the chalcopyrite phase of CulnSSe,
respectively. Figure 1c shows a high-resolution TEM image of a
nanocrystal, showing its primarily ordered single-crystal struc-
ture, with interplanar d-spacings of 2.00, 2.85, and 3.27 A corre-
sponding to the (220), (200), and (112) planes of chalcopyrite
CulnSSe, respectively. The fast Fourier transforms (FFTs) of the
nanocrystal (Figure 1c, inset) are also consistent with chalcopyr-
ite CulnSSe. EDS (Figure 1d) of a field of nanocrystals gave an
average Cu/In/S/Se composition of 0.25:0.27:0.24:0.24 match-
ing greatly with the target mole ratio of 0.25:0.25:0.25:0.25.
STEM-EDS mapping (Figure 2) of nanocrystals in the selected
rectangular area confirmed that Cu, In, S, and Se are equally
distributed among the nanocrystals, indicating that CulnSSe
nanocrystals are uniformly alloyed. The feature peaks of oleyla-
mine from FTIR analysis show the presence of oleylamine on the
nanocrystal surface (Figure S1).

XPS was used to investigate the chemical electronic state of the
CulnSSe nanoparticles. All binding energies had been corrected
by referencing the C 1s (284.6 eV). Figure 3 shows the XPS
spectra of oleylamine-capped CulnSSe nanocrystals. Figure 3a
shows the Cu 2p core splitting into Cu 2p3,, (932.1 V) and Cu
2p1/> (952.0 V) peaks with a peak separation of 19.9 €V, in

25 nm

Figure 2. STEM image of CulnSSe nanocrystals. The red rectangular
area is the selected area for STEM-EDS elemental mapping of Cu, In, S,
and Se, and the individual element mapping result is shown at the right.
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Figure 3. XPS spectrum of the obtained CuInSSe nanocrystals: (a) Cu
2p, (b) In 34, (c) Se 3d, and (d) S 2p and Se 3p core levels. The green
lines are contributed from the S 2p orbital, and the blue lines are
contributed from the Se 3p orbital, respectively. The fitting procedure
used to separate these contributions is described in the text.

agreement with those reported in the literature for the CulnSe,
nanocrystals,*’ suggesting that the copper valence state in the
CulnSSe nanocrystals is 4 1. In addition, we exclude the presence
of +2 valence state because the Cu 2p;, satellite peak of Cu**
(942 eV) did not appear in the spectrum. Figure 3b shows the In
3d peaks located at 444.4 and 451.9 eV with a peak separation of
7.5 eV, consistent with a valence of +3.*>* Figure 3¢ shows the
Se 3ds/, peak located at 54.1 eV, indicating Se* ™. Figure 3d
shows the S 2p and Se 3p core levels, which were fitted to
doublets by a mixed Gaussian and Lorentzian profile. S 2p core
splits into S 2p3, (162.5 €V) and S 2p, s, (163.6 eV) peaks with
a peak separation of 1.1 eV.** The two peaks of S 2p in Figure 3d
were assigned to S 2p binding energy with a valence of —2,
which is the characteristic of sulfide (i.e., S bonded to copper or
indium). The Se 3p core splits into two peaks of Se 3ps, (161.1 V)
and Se 3p;, (167.1 eV) with a peak separation of 6.0 eV. The
peak-shift value of Se 3p and the location of binding energy of
both S 2p and Se 3p are in good accordance with those values
reported.*’
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Table 1. Composition, Lattice Parameters (a and c), and Optical Band Gap Energies of Culn(S,—,Se,), Nanocrystals

precursor composition

composition measured by

target compound Culn(S,—,Se,), (Cu/In/S/Se atom ratio %) EDS? (Cu/In/sySe atom ratio %) a(A)® c(A)? E, (eV)*
CulnS, (x = 0) 25:25:50:0 (1:1:2:0) 24.39:25.76:49.85:0 (0.98:1.03:1.99:0) 5.52 11.02 146
Culn(Spg5S¢015)s (x = 0.15) 25:25:42.5:7.5 (1:1:1.7:03) 23.71:26.46:43.72:6.11 (0.95:1.06:1.75:0.24) 5.57 11.10 135
Culn(SoesSe0ss)s (x = 0.35) 25:25:32.5:17.5 (1:1:1.3:0.7)  27.39:24.23:30.14:18.24 (1.09:0.97:121:0.73) 5.62 1121 125
Culn(So.sSeo)s (x = 0.5) 25:25:25:25 (1:1:1:1) 25.22:26.97:23.51:24.30 (1.01:1.08:0.94:0.97) 5.67 11.32 118
Culn(So35Se0es)s (x = 0.65) 25:25:17.5:32.5 (1:1:0.7:13)  23.12:25.25:18.59:33.04 (0.93:1.01:0.74:1.32) 571 11.40 L1
Culn(S 15Se055) (x = 0.85) 25:25:7.5:42.5 (1:1:03:1.7) 23.93:25.74:6.77:43.56 (0.96:1.03:0.27:1.74) 576 11.52 1.05
CulnSe, (x = 1) 25:25:0:50 (1:1:0:2) 23.83:24.23:0:51.94 (0.95:0.97:0:2.08) 579 11.62 0.98

“EDS measurements have an error of ca. +-2 atom %. ” Lattice parameters (a and c) were determined from XRD patterns. © Optical band gap energies

(E,) were determined from UV—vis—NIR spectra.
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Figure 4. (a) XRD patterns of Culn(S,—,Se,), nanocrystals prepared
at 265 °C.

Synthesis of Culn(S;_,Se,)>, Nanocrystals. The S/Se com-
position ratio in Culn(S,_,Se,), nanocrystals could be tuned
across the entire x range from 0 to 1 by varying the S/Se reactant
ratio. Figure 4 shows XRD data of Culn(S;—,Se,), nanocrystals
synthesized in the reactions of S/Se reactant ratio varying from
0 to 1. The variation between the S/Se ratio in the Culn(S,—_,Se),
nanoparticles is clearly reflected from XRD data. At x = 0, the
XRD data correspond to those of chalcopyrite CulnS, (JCPDS
no. 27-0159). As the Se content increases, the diffraction peaks
gradually shift toward lower 20 angle, which is attributed to the
increased lattice spacings of larger Se atoms (1.98 A) substitution
for smaller S atoms (1.84 A). At x = 1, the XRD data could be
indexed to chalcopyrite CulnSe, (JCPDS no. 40-1487). The
lattice parameters (a and c) of tetragonal Culn(S;—,Se,),
nanocrystals determined from XRD patterns are listed in Table 1.
Figure S shows the plot of Culn(S,—,Se,), lattice parameters as a
function of x. Our fitting has shown that the lattice parameters
have a linear relation with Se composition, which is in agreement
with Vegard's law.

Figure 6 shows TEM images of Culn(S,—,Se,), with x ranging
from O to 1. The sizes of Culn(S,_,Se,), nanocrystals range
from 14.9 to 16.6 nm, and the statistical analysis of particle size
is shown in Table S1. The variation of the average sizes of
Culn(S,—,Se,), nanocrystals gives a standard deviation of
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Figure 5. Relationship between the change of (a) lattice parameter a
and (b) lattice parameter ¢ with x of Culn(S,—,Se,), nanocrystals. The
error bars are the statistical fluctuations of each different, randomly
selected sample.

15—30% of mean value. Figure 7 shows the HRTEM images of
each different composition Culn(S,_,Se,), nanocrystal with
clear imaged lattice fringes. As the Se content increases, the
lattice spacings of d(;;,) in each nanocrystal increase gradu-
ally, which are in agreement with the change trend of d-spacing
values of (112) plane obtained from powder XRD patterns.
The chemical compositions of Culn(S,—,Se,), nanocrystals
were analyzed by EDS as shown in Figure 8. Quantitative ele-
mental EDS analyses of these nanocrystals are listed in Table 1.
EDS spectra of nanocrystals indicate the presence of Cu, In, §,
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Figure 7. HRTEM images of Culn(S;—,Se,), nanocrystals with (a) x = 0, (b) x = 0.15, (c) x = 0.35, (d) x = 0.65, (e) x = 0.85, and (f) x = 1. The

nanocrystals were all imaged down the [110] crystallographic zone axis.

and Se. The peak intensity of Se gradually increases with
increasing the Se content, whereas the intensity of S decreases.
The relationship between the Se content of precursors and
those obtained from EDS of nanocrystals gave a linear trend

(Figure 8b). The Cu:In:S:Se mole ratios of Culn(S,—,Se,),
nanocrystals measured from EDS are close to those cal-

culated on the basis of the precursors used, as summarized
in Table 1.
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Figure 8. (a) TEM-EDS spectra of Culn(S,—,Se,), nanocrystals.
(b) Relationship between the Se contents in the feed versus those in
the product as determined by EDS. The error bars represent the
uncertainty of the instrument measurements.

Figure 9 shows UV—vis—NIR absorption spectra of a series
of optically clear Culn(S,_,Se,), nanocrystal solutions. The
band-edge absorption of the Culn(S,_,Se,), nanocrystals
exhibited a gradual red shift toward longer wavelength while
increasing Se composition, which is due to a narrower band
gap of CulnSe, (0.98 eV) than that of CulnS, (1.46 eV). The
optical band gaps of nanocrystals were calculated by extra-
polation of the a*-hv line to the horizontal axis and are
listed in Table 1. To further understand the relation between
the alloy composition and their band gap evolution, Figure 9b
shows the plot of the band gap of nanocrystals as a function
of x. It was found that the optical band gap of samples
shows a curve, which is termed as band gap “bowing”.>® The
data points were fitted by the modified bowing equation
as follows:

Eg(x) = ngulnsel +(1 —x)Ei(;“I“S2 —x(1—x)b
where E,“""**? and E,“*'"** are band gap energies of CulnSe,
and CulnS,, respectively; b is the bowing parameter describ-
ing the nonlinear relationship between band gap and compo-
sition. The bowing parameter of Culn(S;—,Se,), nanocrystals
determined by this equation is 0.17 eV, which slightly deviates
from the linear relation and shows a nonlinear dependence of
band gap and x in Culn(S;—,Se, ), nanocrystals. However, the
derived bowing parameter (0.17 eV) was consistent with
reported values of bulk Culn(S;_,Se,),."®*° This nonlinear
relation could possibly arise from three sources: (i) the change
of band structure due to lattice constant variation, (ii) electron
distribution deformation due to the alloy atoms' electronega-
tivity differences, and (iii) relaxation of anion—cation bond
lengths and angles.>"*

Gram-Scale Production of Culn(S;_,Se,), and Culn;_,.
Ga,Se, Nanocrystals. Under well-controlled reaction chemistry,
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Figure 9. (a) UV—vis—NIR absorption spectra of the Culn(S,_,Se,),
nanocrystals dispersed in toluene. (b) Plot of the optical band gaps
versus with composition «x. The error bars are the uncertainties in the
determination of the optical band gap of nanocrystals.

a heating-up method poses advantageous features for large-scale
production of nanocrystals because the synthesis can be carried out
as a reaction with a high concentration of reactants in a large-volume
reactor.”®> Figure 10 shows the result of CulnSSe nanocrystal
synthesis by decomposition of S mmol of individual Cu, In, S, and
Se reactants in the presence of 120 mL of oleylamine in a 500 mL
flask at 265 °C. Figure 10a—c shows the obtained 1.08 g of dried
CulnSSe nanocrystals powders exhibiting a dark black color due to
their red-edge optical absorption (see Figure S2 for the weighing
photographs). CulnSSe nanocrystals obtained from the scale-up
synthesis remain high quality as indicated in TEM imaging and with
good stoichiometric control as confirmed by XRD and UV—vis—
NIR absorption spectra, respectively. Figure 10d show 1.18 g of
Culn(SpgsSepss)> nanocrystals obtained in a scale-up reaction
and their corresponding TEM, XRD, and UV—vis—NIR data
(Figure 10e/f). In addition to Culn(S;—,Se,), nanocrystals, we
also extend the scale-up synthesis for gram-scale production of
stoichiometry-controlled Culn,—,Ga,Se, nanocrystals. As shown
in Figure 10g—i, 125 g of CulngsGagsSe, nanocrystals with
controlled stoichiometry could be obtained.'* These results indicate
that the developed heating-up in this study could be utilized as a
general method to produce large quantities of stoichiometry-
controlled quaternary I—III—VI, compound nanocrystals. These
nanocrystals are potential materials used for CIS or CIGS absorber
film fabrication, but property comparison between nanocrystals and
films made of these nanocrystals requires further study.
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Figure 10. Gram-scale production of (a—c) CulnSSe, (d—f) Culn(Sp6sSe3s)2 and (g—i) CulngsGag sSe, nanocrystals.

B CONCLUSIONS
High-quality, high-yield of chalcopyrite quaternary Culn-

(S1-4Se,)> (0 < x < 1) nanocrystals with composition tunable
across the entire x = 0—1 range have been synthesized. The lattice
parameters (a and ¢) of nanocrystals increased linearly with respect to
«, following Vegard's law. The band gap energies of Culn(S;—,Se,),
nanocrystals could be tuned from 0.98 to 1.46 eV by decreasing the
Se content, yielding a nonlinear relation with x having a bowing
constant of 0.17 eV, in agreement with its bulk values. These high-
quality nanocrystals can be dispersed in most organic solvents and
could be readily used in the form of nanocrystal inks for the
preparation of CIS absorber. Gram quantities of stoichiometry-
controlled Culn(S,—,Se,), and Culn,—,Ga,Se, nanocrystals could
be also obtained by the method developed in this study, demonstrat-
ing its potential for providing ultralarge quantities (e.g, kilograms) of
stoichiometry-tunable I—III—VI, compound nanocrystals in appli-
cations for low-cost non-vacuum-based CIGS solar cells.

B ASSOCIATED CONTENT

© Ssupporting Information.  Statistical size distribution and
FTIR of CulnSSe nanocrystals and weighting photographs of
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gram-scale synthesis product. This material is available free of
charge via the Internet at http://pubs.acs.org.
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