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1. INTRODUCTION

Alloyed semiconductor nanocrystals with a tunable composi-
tion and band gap have received a great deal of attention as
luminescent quantum dots and absorbers for thin film solar cells
over the past decade, such as ZnxCd1�xS,

1 ZnxCd1�xSe,
2

ZnxCd1�xSeyS1�y,
3 CdTexSe1�x,

4 CuInxGa1�xS2,
5CuInxTl2�xS3.5,

6

CuGaxIn1�xSe2,
7,8 CuInSexS2�x,

9 etc. Group II�VI or I�III�
VI2 alloyed semiconductors have been extensively studied be-
cause of their potential applications in electro-optical devices10,11

and solar cells.12�14 They both have a high value of absorption
coefficient (104�105 cm�1) in the visible and near-infrared light
range. To date, much of the research has focused on group II�VI
or group I�III�VI2 alloyed semiconductors. In contrast, there is
little published work focused on the synthesis of alloyed (II�VI)x-
(I�III�VI2)1�x semiconductor nanocrystals.15�20 For alloyed
(II�VI)x(I�III�VI2)1�x semiconductors, they are being consid-
ered as a replacement for the highly toxic group II�VI quantum
dots19 such as CdTe and CdSe as well as for the pure group
I�III�VI2 absorbers such as CuInxGa1�xSe2 in solar cells.21

However, group II�VI semiconductors usually crystallize in zinc
blende structure and have a space group of F43m (216), which is
totally different with group I�III�VI2 chalcopyrite semiconductors
(space group I42d, 122).21�25 The phase separation will occur in
their middle composition range.21�25

CuInSe2 is one of the most important group I�III�VI2
semiconductors and of particular interest in luminescent quan-
tum dots26,27 and solar cells.14,28 CuInSe2 has a band gap of
1.04 eV,29 which makes it not a good choice for single-junction

solar cells.30 Therefore, alloying gallium into CuInSe2 has been
extensively studied, aiming to expand thebandgapofCuInSe2.

7,8,31�34

Currently, alloyed CuGaxIn1�xSe2 thin film solar cells have
demonstrated a power conversion efficiency of nearly 20%.34

However, gallium as a rare metallic element is expensive, which is
not beneficial to reduce the material cost of solar cells. In
addition, the band gaps of alloyed CuGaxIn1�xSe2 can be only
tuned in the range from 1.7 to 1.04 eV, which cannot meet the
requirements of tandem solar cells.30 It is well known that the
band gap of (ZnSe)x(CuInSe2)1�x alloys can be tuned from 2.7
to 1.04 eV, making this alloyed material uniquely suitable for
optoelectronic and photovoltaic device applications.21�24 How-
ever, it is quite difficult to synthesize homogeneous (ZnSe)x-
(CuInSe2)1�x alloys with arbitrary composition due to their
phase disparity. According to the diagramof (ZnSe)x(CuInSe2)1�x,
in the bulk solid solution of the (ZnSe)x(CuInSe2)1�x system,

21�25

the zinc blende structure can be only retained for up to 30 mol %
of CuInSe2. The phase difference between ZnSe and CuInSe2
(zinc blende vs chalcopyrite) presents a significant obstacle for
synthesis of homogeneous (ZnSe)x(CuInSe2)1�x alloys over the
full compositional range.21�25

Recently, ternary CuInS2 and Cu2SnS3 nanocrystals with a
metastable zinc blende and wurtzite structure have been success-
fully prepared by a hot-injection approach.17,37 Thus, alloyed
ZnS�CuInS2�Cu2SnS3 system can be synthesized with a
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ABSTRACT: Metastable zinc blende CuInSe2 nanocrystals
were synthesized by a hot-injection approach. It was found that
the lattice mismatches between zinc blende CuInSe2 and ZnSe
as well as CuInSe2 and CuInS2 are only 2.0% and 4.6%, respec-
tively. Thus, alloyed (ZnSe)x(CuInSe2)1�x and CuInSexS2�x

nanocrystals with a zinc blende structure have been successfully
synthesized over the entire composition range, and the band
gaps of alloys can be tuned in the range from 2.82 to 0.96 eV and
1.43 to 0.98 eV, respectively. These alloyed (ZnSe)x(CuInSe2)1�x

and CuInSexS2�x nanocrystals with a broad tunable band gap
have a high potential for photovoltaic and photocatalytic
applications.
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monophase structure over the entire composition range.15,17

Because alloyed (ZnS)x(CuInS2)y(Cu2SnS3)1�x�y nanocrystals
can be accessible, it is reasonable to make homogeneous alloyed
(ZnSe)x(CuInSe2)y(Cu2SnSe3)1�x�y nanocrystals with a mono-
phase structure.More recently, zinc blende and wurtzite CuInSe2
nanocrystals have been successfully synthesized,28,38,39 providing
a possibility to synthesize alloyed (ZnSe)x(CuInSe2)1�x nano-
crystals with a structural homogeneity.

In addition, sulfur was also introduced into CuInSe2 in order
to expand the band gap of CuInSe2 and improve the conversion
efficiency of alloyed CuInSexS2�x thin film solar cells.35,36

Recently, alloyed CuInSexS2�x nanocrystals with a chalcopyrite
structure have been reported by a warm-up technique.9 In this
paper, alloyed CuInSexS2�x nanocrystals with a metastable zinc
blende structure were synthesized by a hot-injection approach.

2. RESULTS AND DISCUSSION

Ternary CuInSe2 can be considered as being derived from
binary ZnSe. There are three main possibilities from binary ZnSe
to ternary CuInSe2 (see Figure 1). First, as shown in Figure 1d,
Zn2+ can be substituted by 1/2 Cu+ and 1/2 In3+ cations and Cu+

and In3+ have a fixed position in the unit cell. In this case, the
most common and stable chalcopyrite structure was obtained. In
numerous experimental studies, CuInSe2 thin film and nano-
crystals usually possess a stable chalcopyrite phase.21�28 Accord-
ing to the CuInSe2 phase diagram, the tetragonal chalcopyrite
structure is converted to a metastable zinc blende structure at
temperatures higher than 810 �C,24,25 where Cu+ and In3+ cations
randomly occupy the same position in the zinc blende unit cell
and the occupancy possibilities of Cu+ and In3+ are 50%,
respectively (see Figure 1b). It is noteworthy that zinc blende
ZnSe and CuInSe2 possess the same space group and similar
X-ray diffraction (XRD) pattern, but the zinc blende structure
is metastable for ternary CuInSe2 at low temperatures.

Finally, another possible substitution from ZnSe to CuInSe2 is
shown in Figure 1c, i.e., primitive tetragonal phase. However,
there are no reports on this structure in the literature.

Figure 2(left) shows the XRD pattern of as-prepared CuInSe2
nanocrystals by a hot-injection technique. It is well known that
the nanocrystalline structure can be different from that of the
corresponding bulk materials. By changing the reactivity of pre-
cursors and/or bonding strength of capping agents, some of the
high-temperature and metastable phases can be achieved for
nanocrystalline materials by wet chemical methods at low tem-
peratures. To clarify the crystalline structure of CuInSe2 nano-
crystals, we therefore simulated the XRD patterns for zinc blende,
chalcopyrite, and primitive tetragonal CuInSe2 and compared
them with our experimental pattern. The simulated XRD pat-
terns were obtained according to the unit cells in Figure 1b, 1c,
and 1d using a Diamond 3.0 program, and the peaks with
intensity values below 1% were ignored. It was found that our
diffraction patterns did not match those of chalcopyrite and
primitive tetragonal structures. The XRD pattern of as-prepared
CuInSe2 nanocrystals more closely resembles that of zinc blende
CuInSe2 rather than those of chalcopyrite and primitive tetra-
gonal CuInSe2, signifying that CuInSe2 nanocrystals possess a
zinc blende structure. Furthermore, the zinc blende structure of
CuInSe2 nanocrystals can also be confirmed by selected area
electron diffraction (SAED) (Figure 2, right).

The crystallinity and crystal phase of alloyed (ZnSe)x-
(CuInSe2)1�x and CuInSexS2�x nanocrystals were demonstrated
by the XRD shown in Figure 3 (left and right). The XRD patterns
of the pure ZnSe, CuInS2, and CuInSe2 match their standard or
simulated zinc blende patterns. All of the patterns can be indexed
to a zinc blende structure, which consists of three prominent
peaks consistent with the (111), (220), and (311) planes, con-
firming that the crystal structure of the nanocrystals is indepen-
dent of the composition. Our XRD data show that even alloying a
large amount of CuInSe2 into ZnSe does not change the zinc
blende structure of alloyed (ZnSe)x(CuInSe2)1�x nanocrystals,
i.e., a monophase zinc blende structure was retained over the entire
composition range. The cell parameters of alloyed (ZnSe)x-
(CuInSe2)1�x and CuInSexS2�x were calculated by JADE 5.0
and plotted as a function of CuInSe2 mole fraction as shown in
Figure 4. The calculated lattice mismatches between ZnSe and
CuInSe2 as well as CuInS2 and CuInSe2 are only 2.0% and 4.6%,
and such insignificant mismatches make it possible to synthesize
homogeneous (ZnSe)x(CuInSe2)1�x and CuInSexS2�x nano-
crystals. As shown in Figure 4, the cell parameters of alloyed
(ZnSe)x(CuInSe2)1�x and CuInSexS2�x nanocrystals were

Figure 1. Double unit cells of (a) zinc blende ZnSe, (b) zinc blende
CuInSe2, and (c) primitive tetragonal CuInSe2 as well as the unit cell of
(d) chalcopyrite CuInSe2.

Figure 2. (Left) Comparison of experimental and simulated XRD
patterns for CuInSe2. (Right) Selected area electron diffraction (SAED)
image of CuInSe2 nanocrystals with a zinc blende structure.
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increasing linearly with increasing the amount of CuInSe2, which
is in accordance with Vegard’s law, confirming formation of
homogeneous alloyed nanocrystals. Note that the reaction
temperature plays a critical role in the synthesis of homogeneous
(ZnSe)x(CuInSe2)1�x nanocrystals. If the temperature is below
280 �C, phase separation will occur, resulting from the low
reactivity of Zn precursor. In addition, in our experiments, cation
precursors were injected into a hot selenium and/or sulfur
solution due to a low decomposition temperature of Cu precursor.

Although binary ZnSe and ternary CuInSe2 have the same
crystal structure, the band gap of the former compound was
substantially larger than that of the latter. Hence, the band gap of

alloyed (ZnSe)x(CuInSe2)1�x should be tuned between their
band gaps. As shown in Figure 5 on the left, the optical absorp-
tion band edges of alloyed nanocrystals showed a gradual red
shift with decreasing ZnSe/CuInSe2 ratio. As expected, the band
gap of (ZnSe)x(CuInSe2)1�x nanocrystals is continuously ad-
justable from 2.82 eV for pure ZnSe to 0.96 eV for pure CuInSe2,
which covers the optimal band gap of 1.3 eV for a single-junction
solar cell.30 For zinc blende CuInSe2 nanocrystals, the band gap is
slightly lower than that already reported for chalcopyrite
CuInSe2 (1.02�1.19 eV),14,28,29,38,39 which is probably due to
the phase disparity.

The band gap control is critically important for solar cell
semiconductors and luminescent quantum dots. Therefore, the
relation between the alloy compositions and their band gaps was
investigated. In general, the band gaps of the alloy nanocrystals
Eg(x) vs compositions can be expressed as Eg(x) = xEg

CuInSe2 +
(1� x)Eg

ZnSe� bx(1� x), where Eg
CuInSe2 andEg

ZnSe are the band
gap of CuInSe2 and ZnSe, respectively, x is mole fraction of
CuInSe2, and b is the band gap bowing parameter that char-
acterizes the deviation from a linear relation between the band
gap and the composition. Figure 4 (top, black line) shows the
relation of the band gaps of alloyed (ZnSe)x(CuInSe2)1�x

nanocrystals and compositions. It was found that alloying a tiny
amount of CuInSe2 into ZnSe will dramatically decrease the band
gaps of alloyed (ZnSe)x(CuInSe2)1�x nanocrystals. In contrast,
the band gaps of CuInSe2-rich alloyed nanocrystals are not
sensitive with the change of alloyed compositions. As shown in
Figure S1, Supporting Information, the bowing parameter b is
strongly dependent on the CuInSe2 content. This result is
consistent with those already reported for alloyed (ZnS)x-
(CuInS2)1�x and (ZnS)x(Cu2SnS3)1�x nanocrystals.

15,17 Note
that only alloying 15%CuInSe2 into ZnSe the band gap of alloyed
nanocrystals will cover the whole visible light region, thus
providing the possibility of synthesis of nontoxic quantum dots
emitting in the UV�vis�NIR region.

Figure 5 on the right shows UV�vis�NIR absorption spectra
of CuInSexS2�x nanocrystals. The calculated optical band gaps of
CuInS2 and CuInSe2 nanocrystals are 1.43 and 0.98 eV, respec-
tively, which are slightly lower than those of the corresponding
bulk materials (1.53 and 1.02 eV).40 The alloyed CuInSexS2�x

nanocrystals displayed tunable band gaps in the range from 1.43
to 0.98 eV, further confirming formation of homogeneous alloys.
In contrast to alloyed (ZnSe)x(CuInSe2)1�x nanocrystals, alloyed

Figure 3. (Left) XRD patterns of (ZnSe)x(CuInSe2)1�x nanocrystals with a zinc blende structure. Top and bottom lines are the standard XRD pattern
(PDFNo. 37-1463) for zinc blende ZnSe and simulated XRD pattern for zinc blende CuInSe2. (Right) XRD patterns of CuInSexS2�x nanocrystals with
a zinc blende structure. Top and bottom lines are the simulated XRD patterns for zinc blende CuInS2 and CuInSe2.

Figure 4. Lattice parameters c and optical band gaps of (ZnSe)x-
(CuInSe2)1�x (top) andCuInSexS2�x (bottom) nanocrystals as a function
of CuInSe2 mole fraction.
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CuInSexS2�x nanocrystals exhibit a linear relationship between
the band gap and the composition (Figure 4, bottom).

Figure 6a and 6c show transmission electronmicroscopy (TEM)
images for alloyed (ZnSe)0.5(CuInSe2)0.5 and CuInSe1.0S1.0 nano-
crystals. They both exhibit a narrow size distribution and have an
average size of 17.1 and 15.0 nm, respectively, which are very close to
the sizes calculated from their XRD patterns by the Scherrer
equation. High-resolution TEM (HR-TEM) images (Figure 6b

and 6d) clearly indicate that these nanoparticles are single crystalline
and triangular in shape. A fast Fourier transform (FFT) (inset of
Figure 6b) was used to measure the average spacing of the (220)
plane for zinc blende (ZnSe)0.5(CuInSe2)0.5 nanocrystal, and it was
found to be 2.031 Å. For pure CuInSe2 and ZnSe nanocrystals, their
TEM images are shown in Figure S2, Supporting Information.

The chemical compositions of alloyed (ZnSe)x(CuInSe2)1�x

nanocrystals were studied by energy-disperse X-ray spectroscopy

Figure 5. UV�vis�NIR absorption spectra of alloyed (ZnSe)x(CuInSe2)1�x and CuInSexS1�x nanocrystals.

Figure 6. (a) TEM image of (ZnSe)0.5(CuInSe2)0.5 nanocrystals. (b) HR-TEM image of a (ZnSe)0.5(CuInSe2)0.5 nanocrystal and its FFT (inset).
(c) TEM image of CuInSe1.0S1.0 nanocrystals. (d) HR-TEM image of a CuInSe1.0S1.0 nanocrystal.
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(EDS) (Figure S3, Supporting Information). Compositions of
the alloyed nanocrystals can be readily controlled by changing
the ratio between the precursors (see Table S1, Supporting
Information). X-ray photoelectron spectroscopy (XPS) (Figure
S4, Supporting Information) was also applied to determine the
chemical composition of (ZnSe)0.5(CuInSe2)0.5 nanocrystals.
XPS spectra of (ZnSe)0.5(CuInSe2)0.5 nanocrystals confirmed
the presence of the following elements: copper (Cu2p at 931.3
and 951.2 eV), zinc (Zn2p at 1021.4 and 1044.3 eV), indium
(In3d at 443.8 and 451.4 eV), and selenium (Se3d at 54.1 eV).

In addition, the chemical compositions and valence states of
alloyed CuInSexS2�x nanocrystals were also investigated by
means of EDS (Figure S5, Supporting Information) and XPS
(Figure 7). The ratios of Se-to-S in alloyed CuInSexS2�x

nanocrystals are well consistent with those of the selenium
and sulfur precursors (Table S2, Supporting Information). In
Figure 7, the Cu 2p core splits into 2p3/2 (932.2 eV) and 2p1/2
(952.1 eV) peaks and In 3d shows two peaks at 444.1 and
451.6 eV. The observed binding energy values of Cu 2p and In 3d
are in good accordance with those reported in the literature for
the CuInS2 nanocrystals,

9,37 suggesting that the valence states of
Cu and In are +1 and +3. Se 3d shows a peak at 55.1 eV, and the
two peaks located at 161.3 and 163.2 eV were assigned to S 2p
with a valence of �2.

3. CONCLUSION

In summary, metastable zinc blende CuInSe2 nanocrystals
were synthesized by a hot-injection approach, which enables
formation of alloyed (ZnSe)x(CuInSe2)1�x and CuInSexS2�x

nanocrystals with a monophase zinc blende structure over the
entire composition range. The disparities of the crystal structure
and precursor reactivity between CuInSe2 and ZnSe as well as

CuInSe2 and CuInS2 vanished. The band gaps of alloyed (ZnSe)x-
(CuInSe2)1�x and CuInSexS2�x nanocrystals can be tuned in the
range from 2.82 to 0.96 eV and 1.43 to 0.98 eV, which covers the
optimal band gap of 1.3 eV for single-junction solar cell applications.
These alloyed nanocrystals with a broad tunable band gap have a
high potential for photovoltaic and photocatalytic applications.
Furthermore, it is quite possible to synthesize homogeneous alloyed
(ZnSe)x(CuInSe2)1�x/ZnS core/shell quantum dots emitting in
the UV�vis�NIR region for replacement of highly toxic cadmium-
and mercury-based quantum dots such as CdS, CdSe, CdTe,
HgTe, etc.

4. EXPERIMENTAL SECTION

I. Chemicals.CuCl, ZnCl2, InCl3 3 4H2O, sulfur powder (99.999%),
selenium powder (99.9%), and oleylamine (OM, 80�90%) were
purchased from Aladdin Inc. Oleic acid (90%) was obtained from
Aldrich. All chemicals were used as received.
II. Synthesis of (ZnSe)x(CuInSe2)1�x Nanocrystals. First,

0.474 g of (6.0 mmol) selenium was dissolved in 60 mL of oleylamine
at 200 �C for 3 h. In a typical synthesis of (ZnSe)0.5(CuInSe2)0.5
nanocrystals, 8.0 mL of Se/oleylamine solution (∼0.8 mmol) was added
to a 50 mL three-neck flask and the reaction mixture was heated to
130 �C.The inside of the flaskwas degassed by a vacuumpump for 10min,
and argon gas was charged from the balloon. This procedure was
repeated three times to remove the oxygen and water. Then, the
temperature was increased to 300 �C. A 1.0 mL amount of oleylamine
solution containing equal molar amounts (0.1 mmol each) of ZnCl2,
CuCl, and InCl3 was heated to 220 �C on a hot plate and then swiftly
injected into the flask under magnetic stirring. After 5 min, the crude
solution was cooled to room temperature. The poorly capped nanocrystals
were centrifuged first for 4 min at 4000 rpm. Then the nanocrystal solution
was precipitated with 20 mL of ethanol. The purified nanocrystals were

Figure 7. XPS spectra of alloyed CuInSexS2�x nanocrystals: (a) Cu2p, (b) In3d, (c) Se3d, and (d) S2p and Se3p.
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redispersed in toluene for UV�vis�NIR, TEM, and XRD measure-
ments. The same procedure as above was employed to synthesize other
alloyed (ZnSe)x(CuInSe2)1�x nanocrystals.
III. Synthesis of CuInSexS2�x Nanocrystals. The Cu/In stock

solutions were prepared by dissolving 2.0 mmol of CuCl and 2.0 mmol
of InCl3 3 4H2O in 20 mL of oleylamine at 180 �C for 30 min. Then, this
stock solution was stored in an electric oven at 70 �C until use.

In a typical synthesis of CuInSe1.0S1.0 nanocrystals, 12.8mg (0.4mmol)
of sulfur, 31.6 mg (0.4 mmol) of selenium, 0.3 mL of oleic acid, and
8.0 mL of oleylamine were loaded to a 50 mL three-neck flask and the
reaction mixture was heated to 130 �C. Oxygen and water were removed
by the procedure mentioned above. Subsequently, the temperature was
elevated to 240 �C. A 1.0 mL amount of Cu/In stock solution in a small
vial was heated to 180 �C on a hot plate and then swiftly injected into the
flask under magnetic stirring. After 5 min, the crude solution was cooled
to 180 �C and then precipitated with 30 mL of ethanol and further
isolated by centrifugation and decantation. The same procedure as above
was applied to synthesize other alloyed CuInSexS2�x nanocrystals. The
yields of alloyed (ZnSe)x(CuInSe2)1�x andCuInSexS2�x nanocrystals after
purification were about 80�90%.
IV. Characterization. The powder XRD patterns were recorded

using a Bruker D8 FOCUS X-ray diffractometer. The simulated XRD
patterns of CuInSe2 were obtained using Diamond 3.0. The lattice mismatch
was calculated via the following function:δ=2|(a2� a1)|/(a2 + a1)� 100%,
where a is the a-axis lattice constant. UV�vis�NIR absorption spectra were
measured by a Shimadzu UV-3600, and the optical band gap (Eg) was
obtained by extrapolating the linear portion of the absorption spectrum to hν
axis. TEM images were taken on a FEI Tecnai G2 F20 with an accelerating
voltage of 200 kV. Energy-disperse spectroscopy (EDS) spectra were
obtained using a scanning electron microscope (Hitachi S-4800) equipped
with a Bruker AXSXFlash detector 4010. X-ray photoelectron spectra (XPS)
were measured with VG ESCALAB MK (VG Co., U.K.) at room tempera-
ture by using a Mg Kα X-ray source (hν = 1253.6 eV) at 14 kV and 20 mA.
The binding energy was calibrated by the C1s (284.6 eV).
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