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Abstract: We synthesized wurtzite CuInS2 nanorods (NRs) by colloidal solution-phase growth. We
discovered that the growth process starts with nucleation of Cu2S nanodisks, followed by epitaxial overgrowth
of CuInS2 NRs onto only one face of Cu2S nanodisks, resulting in biphasic Cu2S-CISu heterostructured
NRs. The phase transformation of biphasic Cu2S-CuInS2 into monophasic CuInS2 NRs occurred with growth
progression. The observed epitaxial overgrowth and phase transformation is facile for three reasons. First,
the sharing of the sulfur sublattice by the hexagonal chalcocite Cu2S and wurtzite CuInS2 minimizes the
lattice distortion. Second, Cu2S is in a superionic conducting state at the growth temperature of 250 °C
wherein the copper ions move fluidly. Third, the size of the Cu2S nanodisks is small, resulting in fast phase
transformation. Our results provide valuable insight into the controlled solution growth of ternary chalcogenide
nanoparticles and will aid in the development of solar cells using ternary I-III-VI2 semiconductors.

Introduction

Ternary I-III-VI2 semiconductors have garnered great
interest due to their promise for photovoltaic applications. The
I-III-VI2 class of materials has myriad benefits, including large
absorption coefficients and good stability under solar radiation.1

Thin films of CuInxGa1-xSe2 (CIGS) with a band gap of 1.3 eV
have been demonstrated to have a high power efficiency of
∼20%, which is the highest among thin-film solar cell technolo-
gies. An analogous system, CuInS2 (CISu), has a desirable direct
band gap of 1.5 eV, which is also well matched with the solar
spectrum and is more environmentally friendly without Se.2

Theoretical solar conversion efficiencies of 27-32% have been
calculated with CISu as an absorber,3,4 and CISu thin film solar
cells of 12% efficiency have been successfully made.4 However,
these CIGS and CISu solar cells are typically fabricated via a
high-cost vacuum coevaporation process,5 but a low-cost process
is desired.

Recently, colloidal nanocrystals of solar absorber materials
have attracted much attention.6-11 Nanocrystal syntheses can

utilize lower processing temperatures than bulk synthesis
methods, and device fabrication with nanocrystals can benefit
from roll to roll processing and solution-phase processing such
as printing.12 In addition, we have recently shown that chemi-
cally synthesized nanostructures can generally provide well-
defined domains for understanding complex phase behaviors
such as vacancy ordering and Cu(I) ion diffusion,13,14 which
are particularly important in I-III-VI2 semiconductors.

CISu nanocrystals have previously been made by standard
synthetic methods such as solvothermal techniques,15,16 hydro-
thermal techniques,17 and single-source decomposition.18,19

Nanocrystals have been most commonly synthesized as the
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roquesite phase (JCPDS no. 85-1575), though Lu16 has shown
that a new wurtzite phase of CISu is accessible in their hot-
injection synthesis method. The wurtzite phase allows flexibility
of stoichiometry, due to the copper and indium sharing a lattice
site. This is beneficial for device fabrication because it provides
the ability to tune the Fermi energy over a wide range. A recent
solvothermal synthetic procedure developed by Hyeon20 and
Tang21 utilized metal oleate complexes in oleylamine and
dodecanethiol to produce heterostructured nanocrystals. This
method is attractive due to simplicity, low cost of precursors,
and scalability of the synthesis; however, nanocrystals thus made
were identified as Cu2S-In2S3 heterostructures without CISu.
Herein, we report that CISu nanocrystals can be synthesized
under conditions similar to those of Hyeon20 and Tang.21 We
discovered that the growth process starts with nucleation of Cu2S
nanodisks, followed by epitaxial overgrowth of CISu NRs onto
only one side of the Cu2S nanodisks, resulting in biphasic
Cu2S-CISu heterostructured NRs. We also tracked the phase
transformation of biphasic Cu2S-CISu heterostructured NRs
into monophasic CISu over the synthesis time. We studied this
complex phase behavior using a variety of characterization
techniques including selected area electron diffraction (SAED),
transmission electron microscopy (TEM), X-ray diffraction
(XRD), UV-vis spectroscopy, and energy-dispersive X-ray
spectroscopy (EDS).

Results and Discussion

Proposed Nanocrystal Growth Pathway. We studied the
evolution of nanocrystal shape and composition during the
reaction of copper oleate, indium oleate, dodecanethiol, and
oleylamine, at 260 °C, by taking aliquots over the course of
the reaction. Figure 1 shows a schematic representation sum-
marizing growth steps along with corresponding TEM micro-
graphs. Nanocrystals are proposed to first nucleate as Cu2S
nanodisks (diameters of 22 ( 5 nm and thicknesses of 9 ( 2
nm) (Figure 1a), followed by anisotropic overgrowth of wurtzite
CuInS2 onto only one side of the Cu2S nanodisks. This forms
biphasic Cu2S-CuInS2 heterostructured NRs (Figure 1b). As
growth continues, the Cu2S segment is chemically transformed

into wurtzite CuInS2, with an intermediate state seen in Figure
1c. At times after 20 min, the final monophasic CuInS2 NRs
are formed (Figure 1d). The NRs are tapered in shape, and the
maximum diameter is found to be constant throughout the
growth. The maximum diameter is found at the interface
between the Cu2S and CISu phases in the biphasic NRs and at
the least tapered region in the monophasic NRs. All following
analyses were performed on an aliquot taken at 5 min and the
final product, which were chosen as representative samples of
biphasic and monophasic nanoparticles, respectively.

Elemental Mapping. EDS was performed with a JEOL 2100-
F, in STEM (scanning transmission electron microscopy) mode,
to determine the local composition of both the monophasic and
biphasic nanocrystals. EDS mapping in Figure 2a-d shows that
the monophasic CISu NRs grown for 20 min are elementally
homogeneous along the whole NR within instrumental resolu-
tion. Parts e-h of Figure 2 are EDS mapping data of
Cu2S-CuInS2 biphasic NRs grown for 5 min. Figure 2f shows
that Cu is present throughout the NRs, but is in much higher
concentrations in the caps of the NRs. However, the In signal
in Figure 2g is located solely in the main body of the NRs, not
at the cap, while the S signal is constant throughout the whole
NR (Figure 2h). Large-area EDS on an FEI CM20 gives the
Cu:In:S ratio in the monophasic CISu NRs as 23:27:50, which
is close to the 1:1:2 ratio of CISu. The elemental ratio in the
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Figure 1. Schematic of the proposed growth mechanism with corresponding TEM images: (a) formation of Cu2S nanodisks at the earliest times, (b) epitaxial
growth of CISu on Cu2S nanodisks leads to biphasic NRs, (c) continued growth of CISu occurs simultaneously with conversion of Cu2S into CISu, (d) solely
monophasic CISu present upon completion.

Figure 2. Electron images of (a) monophasic CISu and (e) biphasic
CISu-Cu2S nanoparticles. EDS mapping of (b-d) monophasic CISu and
(f-h) biphasic CISu-Cu2S. A cap of a representative biphasic nanoparticle
is highlighted with a white box for clarity. The intensity gradient in all
biphasic nanoparticles is due to a corresponding thickness gradient of the
cone-shaped bodies.
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whole biphasic Cu2S-CISu NPs is typically Cu-rich and In-
poor by an amount corresponding to the cap volume, with a
usual Cu:In:S ratio between 32:18:50 and 42:12:46. Elemental
ratios of Cu:S in isolated copper sulfide nanodisks were found
to be approximately 64:36, indicating that Cu2S is present
instead of CuS. It can be inferred from EDS mapping results
that the chemical transformation involves the anisotropic
interdiffusion of Cu and In between the Cu2S and CISu phases,
coupled with In absorption from solution and diffusion through
the NR.

UV-Vis Spectroscopy. Spectroscopy was used to track the
progression of Cu2S-CISu NR growth via the optical band gap.
We note that the nanocrystal size is much larger than the Bohr
radius of these materials so that quantum confinement is not
considered.22 Figure 3a, the spectrum of a sample taken from a
reaction at the first sign of color change, shows particles having
a band gap of ∼1.38 eV (∼900 nm) (Figure S1a, Supporting
Information), consistent with the band gap of Cu2S in the
chalcocite phases.23 The spectrum of an aliquot at an intermedi-
ate stage of the reaction, in Figure 3b, shows the emergence of
a shoulder at ∼1.63 eV (∼760 nm) (Figure S1b), indicating
CISu nanocrystal formation. This shoulder is possibly from
defect-based absorption,18 and vacancies likely form during the
low-temperature conversion process. Here, the shoulder is used
as an indication of the progress of the growth of CISu and the
biphasic to monophasic transition. The final product’s spectrum
in Figure 3c gives the band gap of CISu as ∼1.5 eV (∼830
nm) (Figure S1c). The stronger shoulder suggests the completion
of the conversion to monophasic CISu nanoparticles.

High-Resolution Transmission Electron Microscopy
(HRTEM) of Single Nanoparticles. HRTEM and SAED on
monophasic CISu (Figure 4a,c) and biphasic Cu2S-CISu
(Figure 4b,d) nanocrystals give crystallographic information
about the growth direction and relative orientation of the two
phases. HRTEM and SAED of monophasic NRs are consistent
with hexagonal wurtzite CISu with the NR long axis along the

〈001〉 direction. The SAED patterns of the biphasic nanoparticles
in Figure 4d can be indexed as a hexagonal chalcocite Cu2S
phase (JCPDS no. 26-1116) and a hexagonal CISu phase.
HRTEM shows the epitaxial interface between Cu2S and CISu.
Both Cu2S and CISu have the same 〈001〉 crystallographic
direction pointing along the long axis of the NRs. We note that
there are only 4% and 1.5% differences in the c and a lattice
parameters, respectively, between Cu2S and CISu, so the
epitaxial interface is expected. In a fashion similar to that of
other ternary chalcogenide nanostructures,14 both monophasic
and biphasic nanoparticles show evidence of 2- or 4-fold
superlattice formation in the 〈100〉 direction, as seen in Figure
4c,d. Superlattice formation can be indicative of extensive defect
formation in ternary chalcogenides.13,24 Defect formation would
allow anisotropic vacancy-based diffusion,25 which can con-
tribute to the generation of one-dimensional structures, along
with parallel mechanisms such as differential surfactant absorp-
tion between crystal faces, as seen in CdSe nanocrystal growth.26

X-Ray Diffraction. Our TEM and SAED analysis is supported
by XRD in Figure 5a, which also shows that the CISu NRs can
be indexed as the wurtzite phase. Figure 5b shows a simulated
powder diffraction pattern generated from the proposed CISu
structure of Lu,16 which agrees in intensity and position with
the experimental pattern. While a combination of the tetragonal
In2S3 and hexagonal Cu2S reference patterns in Figure 5c,d can
approximate some of the peaks, the match is weak and has
several extraneous reflections.

Epitaxial Growth and Phase Conversion. The most interesting
elements of our growth process are the nucleation of Cu2S
nanodisks, epitaxial overgrowth of CISu, and phase conversion
of Cu2S into CISu so that biphasic Cu2S-CISu NRs can turn
into monophasic CISu NRs. There are several interesting points
about the conversion mechanism. First, CISu and Cu2S both
have a hexagonal structure and share nearly identical packing
of the S sublattices. Parts a and b of Figure 6 show the crystal
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Figure 3. UV-vis spectra of (a) Cu2S with a small CISu body, (b) CISu
with a small Cu2S cap, and (c) pure CISu nanoparticles in dilute toluene
dispersions. Bulk band gap energies are 1.38 eV for Cu2S and 1.5 eV for
CISu.

Figure 4. HRTEM images of (a) monophasic CISu and (b) Cu2S-CISu
nanoparticles with a phase boundary in the inset of (b). SAED of (c)
monophasic CISu and (d) Cu2S-CISu nanoparticles.
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structures of Cu2S and CISu, respectively, projected along the
〈001〉 direction. Parts c and d of Figure 6 show the crystal
structure from an isometric point of view roughly along the 〈110〉
direction for Cu2S and CISu. For Cu2S, the Cu(I) ions are color-
coded to indicate different S coordinations: tetrahedral (blue),
trigonal (red), and linear (green). Second, at the growth
temperature of 250 °C, the chalcocite Cu2S phase is in the
superionic conducting state.27 Cu(I) ions are randomly distrib-
uted in the interstitial sites formed by the S sublattice. Cu(I)
ions have very high mobility, as if they are in a fluidic state,
which speeds up exchange with In(III) ions and chemical
transformation. Third, the conversion from Cu2S to CISu
requires little lattice distortion and thus can be done with a low-

energy barrier. As visualized in Figure 6, the S sublattices do
not need to move while half of the Cu(I) ions (trigonally and
linearly bonded Cu(I) ions) are required to move out of the Cu2S
phase.28 Half of the remaining Cu(I) ions (tetrahedrally bonded)
are replaced by In(III) ions. Finally, both Cu(I) and In(III) ions
randomly distribute among tetrahedral sites, resulting in the CISu
phase.

Growth Mechanism. Understanding the growth mechanism
can allow precise control over the size and shape of resultant
nanoparticles. This reaction can be modeled as three separate
steps: the nucleation of Cu2S nanodisks, the growth of the CISu
phase on only one side of the Cu2S nanodisks through absorption
of reactants, and the conversion from biphasic to monophasic
nanocrystals by interdiffusion of Cu and In between the CISu
and Cu2S phases. The progressions of growth in the CISu NR
length and Cu2S nanodisk thickness and phase transformation
with respect to time are shown in Figure 7. The seemingly linear
increase in the CISu NR length, seen in the blue curve of Figure
7a, can be described as diffusive growth in one dimension with
a constant concentration of precursors.29 However, the detailed
time trace also shows a slight exponential at times between 0
and 9 min (red curve of Figure 7a), caused by the limiting step
of forming Cu2S seeds at early times. The depletion of Cu and
In reactants also causes the length to reach a saturation limit at
later times between 22 and 30 min (green curve of Figure 7a).
This shape is commonly seen for fast nucleation steps followed
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Figure 5. (a) Experimental XRD pattern of CISu nanoparticles. (b)
Simulated powder diffraction of proposed hexagonal CISu structure.
Reference patterns of (c) tetragonal In2S3 and (d) hexagonal Cu2S. Guidelines
overlaid to demonstrate matching of (a) with (b) and mismatching of (a)
with (c) and (d).

Figure 6. Crystal structure of (a) hexagonal chalcocite Cu2S and (b)
hexagonal CISu with a zone axis of 〈001〉. Crystal structure of (c) hexagonal
chalcocite Cu2S and (d) hexagonal CISu viewed from another angle.

Figure 7. Time traces of (a) CISu length La (nm), (b) Cu2S thickness Lb

(nm), and (c) conversion progress (monophasic nanoparticles/total nano-
particles, %). Fittings are (a) exponential, linear, and logistic, (b) a power
law, and (c) sigmoidal (ln(100 - conversion/%) ) ktn with n ) 4).
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by diffusive growth,30 but the middle linear growth stage is
prolonged due to the high stability of the metal oleate precursors.
Their stability at high temperatures leads to a low and constant
concentration of active metal species in solution, which in turn
leads to a constant rate of NR elongation as seen in the middle
linear region of Figure 7a.

The disappearance of the Cu2S phase also occurs at later times
and is modeled here as a solid-state phase change. Progress is
tracked, in Figure 7c, as the fraction of the number of
monophasic to total nanocrystals versus the same reaction time
as in Figure 7a,b. This transformation occurs concurrently with
the saturation of CISu growth at around 20 min, likely due to
a reduction in the concentration of copper oleate in solution.
The only source of Cu at subsequent times is the Cu2S phase,
though it does not seem that Cu is gradually leeched, but is
instead suddenly removed. The surprising abruptness of this
transition is reflected in the constant Cu2S nanodisk thickness
prior to transformation, as seen in Figure 7b, which coincided
with the absence of partially transformed Cu2S nanodisks. We
think that the abruptness of the transition is due to the thinness
(9 nm) of the Cu2S phase and the high Cu ion mobility in the
superionic state. The curve in Figure 7c can then be fit well to
the Avrami-Erofe’ev growth model,31,32 which simulates a
solid-solid seed-based phase transformation with an estimated
order of ∼4 by least-squares fitting. This indicates that the
transition is likely three-dimensional despite the linearity of the
NRs and involves a high rate of nucleus generation at the
CISu-Cu2S interface, which would corroborate the sudden
disappearance of the Cu2S phase.

The original causes of one-dimensional growth are likely the
inhibition of radial diffusion by the surfactant oleylamine and
enhancement of growth rates at the high-energy (001) faces of
wurtzite chalcogenides.33 The fact that CISu only nucleates onto
one side of the Cu2S nanodisks suggests that the (001) face
terminated with S anions has a binding affinity different from
that of the face terminated with Cu and In cations. In this study,
it is not yet determined which face favors the CISu overgrowth.
Our observation of preferential growth of one side of a
nanocrystal has previously been seen in the case of wurtzite
CdSe NRs,29,34 which showed preferential growth on the
cationic (001) face, leading to a “tadpole” shape. Our system’s
novel combination of stable precursors, well-separated nucle-
ation and growth steps, and asymmetric crystal structure
provides an easily analyzed and controlled growth of one-
dimensional CISu nanoparticles.

Conclusions

We have synthesized a range of Cu-In-S structures, with
fine control over both phase and size, by a low-temperature
solution-phase synthesis. We found that the growth process starts
with Cu2S nanodisks followed by epitaxial overgrowth of CuInS2

on only one side of the nanodisks, resulting in biphasic
Cu2S-CuInS2 heterostructures consisting of hexagonal chal-
cocite Cu2S and wurtzite CuInS2. We showed that the biphasic
NRs can be easily converted to monophasic NRs at temperatures

above 250 °C due to their similar crystal structures and fast
diffusion of Cu(I) ions in the superionic state. These compo-
sitional, structural, and mechanistic findings provide valuable
insight into the controlled solution growth of ternary chalco-
genide nanoparticles and will aid in the development of solar
cells using ternary I-III-VI2 semiconductors.

Experimental Section

All chemicals were used as purchased from Sigma-Aldrich, and
rigorous air exclusion techniques were employed by means of a
Schlenk line with argon gas.

Preparation of Oleate Precursors. Indium and copper oleates
were synthesized by the ion exchange of 20 mmol of sodium oleate
with 10 mmol of copper chloride or 30 mmol of sodium oleate
and 10 mmol of indium chloride in 35 mL of hexane, 15 mL of
water, and 20 mL of ethanol. The reaction mixture was heated at
60 °C and stirred vigorously for 4 h, followed by repeated cleanings
with water and evaporation of residual hexane.

Synthesis of Cu-In-S Nanoparticles. In a typical synthesis,
0.16 mmol of copper oleate and 0.2 mmol of indium oleate were
mixed with 5 mL of dodecanethiol and 5 mL of oleylamine in a
three-neck flask, and the solution was vacuumed at room temper-
ature for 20 min and at 100 °C for 20 min. The reaction mixture
was then put under an argon atmosphere and heated to a temperature
between 215 and 300 °C for 20 min; cooling to room temperature
was allowed to occur gradually under an argon atmosphere. Biphasic
nanoparticles were obtained at temperatures below 250 °C or at
early times (<5 min) at higher temperatures. The product was
dispersed into ethanol and centrifuged four times to wash out
unreacted precursors and contaminants. The nanoparticles were then
dispersed in toluene, where they remained suspended for several
days, and were easily redispersed by sonication. Small amounts of
bulk Cu2S were found to be present in samples with excesses of
copper oleate, but they could be filtered out with PTFE filters with
450 nm pores.

Transmission Electron Microscopy. TEM was primarily per-
formed on an FEI CM20 at the Stanford Nanocharacterization
Laboratory (SNL) at Stanford University. Additional imaging and
elemental mapping by EDS were performed on a JEOL 2100-F at
the Molecular Foundry’s Imaging Facility at Lawrence Berkeley
National Laboratory. TEM samples were prepared by drop-casting
dispersion onto nickel grids, followed by repeated washings in
acetone, methanol, and ethanol.

X-Ray Diffraction. XRD was performed at the SNL on a
PANalytical X’Pert with Cu KR radiation at 45 kV and 40 mA,
and crystal modeling and XRD simulation were done with Materials
Studio at the SNL. XRD samples were drop-cast out of toluene,
and all films showed no changes due to oxidation over several weeks
in the atmosphere.

UV-vis Spectroscopy. UV-vis spectra were collected on a
Shimadzu UV-1700. The band gap determination methodology can
be found in the Supporting Information. Samples were diluted into
toluene, and spectra were taken in a two-beam transmission mode
with pure toluene as the reference.
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