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ABSTRACT: Colloidal nanorod heterostructures of I−III−VI2
semiconductors have been synthesized in a solution starting from
wurtzite-like CuGaS2 nanorods. Growth of CuInS2 or CuInSe2 on
CuGaS2 nanorods results in interesting sawtooth structures with
larger lattice strain leading to sharper, more pronounced teeth. A
final inorganic shell of ZnSe or ZnS grown on the CuGaS2/CuInSe2
nanorod heterostructures enhances photoluminescence. Unusual
brush-like structures arise with prolonged ZnSe growth. Time-
resolved photoluminescence measurements on CuGaS2/CuInSe2/
ZnS nanorod heterostructures reveal a lifetime approaching one
microsecond, suggesting charge separation within the nanorods. The
results shown here provide previously unknown nanorod hetero-
structures exhibiting interesting and potentially useful optical properties along with insights into heterostructure formation in
colloidal I−III−VI2 nanorods.

1. INTRODUCTION
The combination of size/shape-tunable properties and solution
processability of colloidal quantum dots (QDs) has generated
considerable excitement in several areas including biomedical
imaging,1 solid state lighting,2 and displays.3 Heterostructures
of nanocrystals, from well-established core/shells to emerging
anisotropic structures, can lead to new or improved capabilities
and are often necessary for most applications.4−7 A wide band
gap shell with type I straddling band offset with the core
material has been critical for essentially all applications
exploiting photoluminescence (PL) of QDs.8−11 Reduced
symmetry, e.g., as in nanorods (NRs), can provide additional
advantages. Nanorod heterostructures (NRHs) with type II
band offset have been shown to exhibit efficient photoinduced
charge separation and directionality that are useful in
photovoltaics and photocatalysis.12,13 More recently, aniso-
tropy and independent control over electron- and hole-
injection processes demonstrated in double-heterojunction
nanorods (DHNRs) have led not only to improvements in
electroluminescence but also to simultaneous photodetection
capabilities that can allow multifunctional optoelectronics and
displays with new modes of interactivity.3,14−17 Anisotropic
heterostructures of colloidal QDs can, in principle, be
developed with a wide range of sizes, shapes, and compositions
(and essentially unlimited combinations thereof) that may be
useful for advancing many technologies.18 However, the best
performance achieved thus far has been in Cd-based II−VI
materials that face severe usage restrictions in consumer
products.19 Hence, expanding the composition space for
colloidal nanocrystal heterostructures of varying shapes should
facilitate practical implementation. Furthermore, a broader

composition range should widen the achievable optical and
electronic properties that can be tailored for a given
application.
Colloidal nanocrystals of I−III−VI2 compound semi-

conductors have crystal structures similar to those of II−VI
materials and much of the chemistry developed for II−VI
nanocrystal heterostructures can and has been adapted,
especially for CuInS2 and CuInSe2.

20−24 An elegant approach
to I−III−VI2 NRHs is via cation exchange of II−VI NRHs. For
example, sequential cation exchange from CdSe/CdS dot-in-
rods to Cu2Se/Cu2S then to CuInSe2/CuInS2 allows the initial
morphology to be retained while eliminating the need to
develop an entirely new synthetic route to I−III−VI2 NRs.25
However, it may be difficult to achieve selectivity for different
cations. For example, there is no obvious means of converting
CdSe/CdS to CuInSe2/CuGaS2, since conditions that favor
exchange of Cd in CdSe would also lead to exchange of Cd in
CdS. Spatially varied cations in II−VI heterostructures may
also be lost through cation exchange (e.g., cation exchange of
CdSe/ZnS may lead to both Cd and Zn being exchanged to a
common set of cations). Furthermore, a significant amount of
impurities can be left over from cation exchange steps and can
adversely alter the desired electronic/optical properties. Hence,
direct synthesis of colloidal I−III−VI2 NRs and subsequent
epitaxial growth of heterostructures is desirable.
Although chalcopyrite is the thermodynamically favored

crystal structure, the wurtzite equivalent, which can facilitate
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directional NR growth, can also be achieved with I−III−VI2
semiconductors. Indeed, NRs of CuInS2 and even their
heterostructures have been achieved without employing cation
exchange of II−VI materials.26,27 However, there have been
only a limited number of reports, and the growth mechanisms
are quite different, usually involving a combination of catalytic
growth and cation exchange from Cu2−xS seeds.23−26,28−34

Even less work has been carried out on CuGaS2 NRs
29,30,35−39

and reports on growth of heterostructures from them are
essentially nonexistent, with only one recent report.30 Here, we
examine and develop heterostructures starting from CuGaS2
NRs. Sawtooth-shaped CuGaS2/CuInS2 and CuGaS2/CuInSe2
NRHs are achieved with subtle variations in shape caused by
differences in lattice mismatch. Additional growth of ZnS or
ZnSe on CuGaS2/CuInSe2 NRHs leads to the appearance of
room-temperature PL from CuInSe2 with the extended growth
of ZnSe resulting in interesting branched structures.

2. EXPERIMENTAL SECTION
2.1. Materials. Trioctylphosphine oxide (TOPO) (90%),

trioctylphosphine (TOP) (90%), oleic acid (OA) (90%), oleylamine
(OAm) (70%), octadecene (ODE) (90%), CdO (99.5%), copper(I)
acetate (CuOAc) (99.99%), gallium acetylacetonate (Ga(acac)3)
(99.99%), In(III) acetate (In(OAc)3) (99.99%), zinc acetate
(Zn(ac)2) (99.99%), 1-dodecanethiol (1-DDT) (>98%), sulfur
(99.998%), and selenium (99.99%) were obtained from Sigma-
Aldrich. Sodium oleate (Na-oleate) (>97%) was obtained from Tokyo
Chemical Industry. N-Octadecylphosphonic acid (ODPA) (>99%)
was obtained from PCI Synthesis. ACS grade chloroform and
methanol were obtained from Fischer Scientific. All chemicals were
used as received.
2.2. Synthesis of CuGaS2 Seed NRs. A flask was charged with

CuOAc (24.5 mg, 0.2 mmol), Ga(acac)3 (73.4 mg, 0.2 mmol), and 5
ml 1-DDT. The solution was stirred magnetically in a 25 mL three-
neck round-bottom flask. The mixture was degassed under vacuum for
15 s, followed by an N2 or Ar purge. The solution was then heated to
240 °C at a rate of 30 °C/min. The yellow solution became clear and
then changed to a deep yellow suspension. It was found that a slight
excess of CuOAc would cause the solution to abruptly turn black once
the 1-DDT thermolysis temperature was reached. This event was
usually used as t = 0 for times when aliquots were taken out and other
references to reaction time. The reaction was quenched by cooling to
room temperature via an air jet. The final solution was suspended in a
1:2 mixture of chloroform/ethanol and centrifuged at 2000 rpm. The
precipitate was resuspended in chloroform for the next step. Aliquots
for high-resolution transmission electron microscope (HRTEM)
analysis were prepared by washing the crude reaction mixture with
the 1:2 chloroform/ethanol solution three times, resuspending in
chloroform, and drop-casting onto transmission electron microscope
(TEM) grids. The grids were then held under vacuum for 24 h at 100
°C prior to imaging.
2.3. Synthesis of CuGaS2/CuInS2 NRHs. A mixture of In(OAc)3

(58.4 mg, 0.2 mmol) and OA (0.19 mL, 0.6 mmol) in 3 mL of ODE
was added to a 25 mL three-neck round-bottom flask and degassed at
120 °C for 30 min under vacuum. The solution was then heated to
250 °C under N2 or Ar atmosphere to form In-oleate. After 1 h, the
In-oleate solution was cooled to 60 °C. A purified solution of CuGaS2
NR seeds (half of the purified reaction mixture from Section 2.2) was
injected into the solution and the chloroform was allowed to
evaporate for 30 min under vacuum. After heating to 250 °C under
inert atmosphere, 1 ml of 0.2 M ODE-S solution (0.2 mmol S) was
slowly injected at a rate of 8 mL/h (7.5 min total injection time) and
the reaction mixture was allowed to stir at 180 °C for 5 min prior to
cooling to room temperature by an air jet. The crude product was
flocculated using a mixture of acetone, toluene, and ethanol and
centrifuged at 2000 rpm until a pellet was formed. The supernatant
was removed, and the pellet was re-flocculated using the same mixture
of solvents. After centrifuging, and decanting the supernatant, the

pellet was redissolved using chloroform and prepared as a solution for
the next step.

2.4. Synthesis of CuGaS2/CuInSe2 NRHs. A mixture of
In(OAc)3 (58.4 mg, 0.2 mmol) and OA (0.19 mL, 0.6 mmol) in 5
mL of ODE was added to a 25 mL 3-neck round-bottom flask and
degassed at 100 °C for 30 min under vacuum. The reaction mixture
was then heated to 250 °C and held there for 1 h to form In-oleate.
Following this, the reaction mixture was cooled to 60 °C and a
solution of purified CuGaS2 NRs in chloroform (half of the reaction
product from Section 2.2) was injected. The chloroform was then
removed by vacuum and the solution was reheated to 260 °C under
inert atmosphere. While at 260 °C, 0.8 mL of 0.25 M TOPSe solution
was slowly added at a rate of 8 mL/h (6 min total injection time).
Once the injection was finished, the reaction mixture was cooled to
room temperature by an air jet. The crude product was flocculated
using a mixture of acetone, toluene, and ethanol and centrifuged at
2000 rpm until a pellet was formed. The supernatant was removed,
and the pellet was re-flocculated using the same mixture of solvents.
After centrifuging and decanting the supernatant, the pellet was
redissolved using chloroform and prepared as a solution for the next
step.

2.5. Synthesis of CuGaS2/CuInSe2/ZnS DHNRs. A mixture of
Zn(OAc)2 (91.7 mg, 0.5 mmol) and oleic acid (0.32 mL, 1.0 mmol)
in 3 mL of ODE was added to a 25 mL three-neck round-bottom flask
and degassed at 120 °C for 30 min under vacuum. The solution was
then heated to 250 °C under N2 or Ar atmosphere to form Zn-oleate.
After 1 h, the Zn-oleate solution was cooled to 60 °C. A purified
solution of CuGaS2/CuInSe2 NRH seeds (the entire purified reaction
mixture from Section 2.4) was injected into the solution and the
chloroform was evaporated for 30 min under vacuum. Then, a
solution of 3 mL of 1-DDT, 1 mL of TOP, and 0.5 mL of OAm was
injected into the reaction flask under inert atmosphere. After heating
to 250 °C, the reaction mixture was stirred for 10 h prior to cooling to
room temperature. The crude product was flocculated using a mixture
of acetone, toluene, and ethanol and centrifuged at 2000 rpm until a
pellet was formed. The supernatant was removed and the pellet was
re-flocculated using the same mixture of solvents. The pellet was then
resuspended using chloroform for TEM or optical measurement.

2.6. Synthesis of CuGaS2/CuInSe2/ZnSe DHNRs. A mixture of
Zn(OAc)2 (91.7 mg, 0.5 mmol) and OA (0.32 mL, 1.0 mmol) in 3
mL of ODE was added to a 25 mL three-neck round-bottom flask and
degassed at 120 °C for 30 min under vacuum. The solution was then
heated to 250 °C under N2 or Ar atmosphere to form Zn-oleate. After
1 h, the Zn-oleate solution was cooled to 60 °C. A purified solution of
CuGaS2/CuInSe2 NRH seeds (the entire purified reaction mixture
from Section 2.4) was injected into the solution and the chloroform
was allowed to evaporate for 30 min under vacuum. After heating to
250 °C under inert atmosphere, 1 mL of 0.25 M TOPSe solution (20
mg Se, 0.25 mmol in 1 mL TOP) was slowly injected at 250 °C at a
rate of 4 mL/h (15 min total injection time). At the conclusion of the
injection, the reaction mixture was allowed to stir at 250 °C for 5 min
prior to cooling to room temperature by an air jet. The crude product
was flocculated using a mixture of acetone, toluene, and ethanol and
centrifuged at 2000 rpm until a pellet was formed. The supernatant
was removed and the pellet was re-flocculated using the same mixture
of solvents. The pellet was then resuspended using chloroform for
TEM or optical measurement.

2.7. Characterization. TEM samples were prepared on Au or Cu
grids with a thin carbon film from a dilute solution of nanocrystals in
chloroform. TEM analysis was carried out with a JEOL 2100 TEM or
JEOL 2011 TEM, both operating at 200 kV. Energy-dispersive X-ray
spectroscopy (EDX) and scanning transmission electron microscope
(STEM) analyses were carried out with a JEOL JEM-2200FS
aberration-corrected STEM/TEM operating at 200 kV. UV−vis
absorption spectra were obtained with an Agilent 8453 photodiode
array spectrometer. Powder X-ray diffraction (PXRD) samples were
prepared by drop-casting purified NRs in chloroform onto a glass
microscope slide. PXRD spectra were obtained using a Rigaku
MiniFlex 600. PL spectra were collected with a Horiba Jobin Yvon
FluoroMax-3 spectrofluorometer. PL lifetime measurements were
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collected with a Horiba Jobin Yvon Nanolog with a 400 nm pulsed
laser excitation source.

3. RESULTS AND DISCUSSION
3.1. CuGaS2 Nanorods. CuGaS2 NRs were synthesized by

a heat-up method with CuOAc and Ga(acac)3 in 1-DDT,
which was modified from a previously reported method.35 The
main difference from the prior method was that 1-DDT was
used as both ligand and solvent instead of a mixture of ODE
and 1-DDT. Figure 1a shows the UV−vis spectrum of the
CuGaS2 NRs. The absorption shoulder observed near 460 nm
is at a higher energy than the expected band gap for bulk
CuGaS2, suggesting quantum confinement. High- and low-
resolution TEM images of the NRs are shown in Figure 1b,c.
Nanorods taper toward one end and have an average diameter
of ∼5 nm, with an average length of ∼53 nm. The fast Fourier
transform (FFT) in the inset of Figure 1b reveals that the NR
has a wurtzite-like crystal structure. Larger area electron
diffraction and PXRD shown in Figure 1d,e indicate that the
wurtzite-like structure is predominant for these CuGaS2 NRs.
The wurtzite structure is either energetically more favorable

than the zinc blende structure or more easily accessible at
nanometer dimensions for Cd-based II−VI nanocrystals, which
can facilitate anisotropic growth given proper ligands that can
differentiate growth rates along different crystallographic
directions.40−42 The zinc blende-based chalcopyrite structure,
on the other hand, is significantly favored energetically over the
wurtzite equivalent phase for Cu-based I−III−VI2, sulfides. A
previous study of CuGaS2 nanocrystals determined that the
energy difference between chalcopyrite and wurtzite-like

phases was approximately 0.38 eV/formula unit.35 However,
I−III−VI2 sulfide nanocrystals, especially NRs and other
anisotropic shapes, often grow from copper sulfide (Cu2−xS)
seeds with hexagonal chalcocite and/or monoclinic djurleite
phases.43 The anions in Cu2−xS maintain a wurtzite-like
scaffold, and NRs of I−III−VI2 semiconductors can be
achieved through a combination of cation exchange and
catalytic growth. This mechanism is now well-established for
CuInS2 NR growth.23 In our synthesis of CuGaS2 NRs, Cu2−xS
nanocrystals first form at or around 240 °C, followed by the
nucleation of CuGaS2 on one side of Cu2−xS nanocrystals,
which subsequently leads to CuGaS2 NR growth, presumably
through a combination of catalytic growth and cation exchange
similar to CuInS2 NR growth.29,30,32 We suspect that the
tapering seen in essentially all NRs arises from this
combination of catalytic growth and cation exchange, where
the catalytic Cu2−xS particles continuously become smaller due
to cation exchange until they are completely converted to
CuGaS2. A similar tapering observed in Cu2−xS/ZnS NRHs has
been attributed to this mechanism.43 Tapering is also
sometimes seen in CuInS2 NRs, and the same mechanism
may be involved.26,32

Interestingly, and unlike most CuInS2 NRs reported,
approximately 10% of the CuGaS2 NRs grown exhibit a bent
morphology, where the growth direction appears to change
during the course of the reaction. Preliminary studies indicate
that it is unlikely that the bend arises from a change in crystal
structure. Supporting Information Figure S1 shows a high-
resolution TEM (HRTEM) of a bent nanorod, which is
wurtzite throughout the bent region. PXRD in Figure 1e shows

Figure 1. (a) UV−vis spectrum of CuGaS2 NRs suspended in toluene, which shows an absorption shoulder around 460 nm (∼2.7 eV). (b)
HRTEM of a CuGaS2 NR along with inset FFT. The FFT indicates that the rod is composed of a wurtzite-like phase, though we note the presence
of several stacking faults near the tip of the rod. (c) Low-magnification TEM of CuGaS2 NRs showing consistent rod growth. Red ovals indicate
rods that exhibit the characteristic “bent” morphology. (d) Selected area electron diffraction (SAED) of CuGaS2 NRs, which indicates the presence
of a wurtzite-like phase. (e) PXRD of CuGaS2 NRs, along with a simulated pattern for bulk wurtzite-like CuGaS2. The simulated and experimental
patterns are in excellent agreement excluding the peak at ∼43°.
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the dominance of a wurtzite-like phase, which matches the
simulated diffraction pattern for bulk wurtzite CuGaS2. The
high-resolution TEM studies, as exemplified by Figure 1b,
indicate that nearly all rods are completely wurtzite, with only
occasional stacking faults, which are mostly near the tips rather
than at the bends. Further studies exploring this interesting
observation are underway.
3.2. CuGaS2/CuInSe2 and CuGaS2/CuInS2 NRHs. As the

next step toward I−III−VI2-based NR heterostructures, we
have attempted to grow CuInS2 or CuInSe2 on CuGaS2 NRs.
In ternary I−III−VI2 compound nanocrystals, it is well-known
that the cation precursors for the secondary component can
alter the composition by interdiffusion/substitution of cations
in the lattice of the pre-existing seed nanocrystals.25,43,44 A key
challenge here is the inhibition of this undesirable cation
diffusion by the selection of proper precursors or other
reaction conditions. Our efforts to address this issue include
selecting ligands with poor Cu affinity to inhibit/minimize loss
of Cu from CuGaS2 seed nanorods and ensuring careful
purification to remove unreacted Cu2−x nanoparticles. Pre-
synthesized CuGaS2 NRs were purified and transferred to the
In-oleate/ODE solution. Slow addition of TOPSe at an
elevated temperature led to the color of reaction mixture
changing from yellow to reddish brown. Figure 2a shows the
corresponding change in the absorption spectrum. The
increase of the absorption tail in the 500−700 nm region
indicates that a secondary component having a smaller band
gap grows with increasing amount of Se precursor.
Surprisingly, the introduction of In-oleate and TOPSe at 260
°C leads to the growth of sawtooth-like structures on the sides
of CuGaS2 NRs, as shown in Figure 2b,c. The FFT and
HRTEM images in Figure 2c reveal that the lattice constant of
the secondary component is larger than that of CuGaS2. Based
on the combination of elements used, the possible
compositions of the secondary component are CuGaS2

(wurtzite-like lattice parameter c = 6.188 Å),45 CuGaSe2
(6.434 Å),46 CuInS2 (6.425 Å),45 CuInSe2 (6.727 Å),47 or
their alloys. The lattice spacing shown in Figure 2c and the
PXRD (Figure S2) best correspond to CuInSe2, which has the
largest lattice constant among the candidates. Some of the
smaller lattice constants observed may arise from strain due to
lattice mismatch with CuGaS2 and/or alloying near the
interface. We note that the second largest lattice constant
material, CuInS2, is still smaller than the smallest measured
lattice spacing. It is also interesting to note that as the size of
the side-growth decreases, the observed lattice spacing also
decreases, which is consistent with the lattice mismatch due to
distortion being more pronounced for smaller particles.
Measurement of the lattice parameter of the sawtooth
structures as a function of distance from the body of the NR
indicates that the sawtooth structures have a continuously
increasing lattice constant until the lattice parameter of
CuInSe2 is reached. This may explain the variation in measured
lattice parameter for the smaller sawtooth structures. A fixed
amount of alloying near the heterointerface leading to a larger
volume fraction being alloyed for smaller particles could also
explain this apparent trend.
High-resolution aberration-corrected STEM analysis was

also carried out to verify the composition of the sawtooth
NRHS (Figure 3). A full-length image of an individual NRH in
Figure 3a indicates that each protruding tooth from the
CuGaS2 NR has a higher Z-contrast, and therefore consists of
one or more heavier elements than the main rod. Atomic
column intensity analysis from STEM images similar to Figure
3b,c reveals that the intensities of the cation columns in the
side protrusions are slightly brighter than those of the cation
columns in the seed NR. Although the nature of mixed
elements in the cation sites of I−III−VI2 compound
semiconductors makes composition analysis somewhat diffi-
cult, the higher intensity in the side protrusions is consistent
with the inclusion of In. More clearly, the intensity of anion
columns diminishes from the side protrusion to the center of
the rod, confirming that the anions in the teeth are heavier
than those of the main body of the rod, i.e., Se in the teeth and
S in the main body of the rod. Energy-dispersive X-ray

Figure 2. Absorption spectra and TEM images of CuGaS2/CuInSe2
NRHs. (a) Absorption spectra during the growth of the secondary
component. As more TOPSe is injected, the absorption tails become
more pronounced in the region from 500 to 700 nm, indicating
CuInSe2 growth. (b) Low-magnification TEM image after TOPSe
addition, showing pronounced sawtooth-like structures. (c) HRTEM
of a NRH. Inset is the FFT of the rod showing multiple (002)
reflections. Measured lattice fringes indicate a composition difference
between the body of the rod and the “teeth”.

Figure 3. Z-contrast STEM of a CuGaS2/CuInSe2 NRH. (a) False-
color STEM image of a NRH showing higher Z-contrast in the grown
protrusions than the main body of the rod. (b) High-resolution of
NRH in (a). (c) Detail of the boxed region in (b). The anion columns
in the side protrusion show higher Z-contrast, which is highlighted by
the red circles. Tracking the Z-contrast of the anion columns moving
toward the center of the rod, there is a reduction in Z-contrast
intensity, consistent with a transition from CuInSe2 to CuGaS2.
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spectroscopy (EDX) elemental maps shown in Supporting
Information Figure S3 further support this composition
distribution with Ga and S evenly spread throughout the
center part of the NRs and In and Se concentrated in the side
protrusions. Therefore, we conclude that CuInSe2 grows on
the side of CuGaS2 NRs.
We have also grown heterostructures using CuInS2, where In

is the only new element added to the existing CuGaS2 NRs.
The introduction of In-oleate and ODE-S to CuGaS2 NR
solution at 250 °C led to similar sawtooth-like structures on
the surface of CuGaS2 NRs as shown in the absorption spectra
and TEM images in Figure 4. The UV−vis spectral evolution
during growth shown in Figure 4a is similar to that of CuInSe2
growth (Figure 2a), with the exception of the absorption tail
not extending as far into the near-IR. The TEM image in
Figure 4b reveals similar but less pronounced sawtooth-like
growth on the sides of the CuGaS2 NRs. The high-resolution
TEM image and the FFT in Figure 4c,d reveal that the lattice
constant of the secondary component is slightly larger than
that of CuGaS2 but much smaller than that of CuInSe2. The
lattice parameter of the second phase is 6.40 Å, which is close
to CuInS2. The lattice mismatch of CuGaS2 with CuInS2 is
smaller than that with CuInSe2, allowing larger interfacial area
due to reduced strain. This reduced strain effect is evident in
the morphology of the heterostructures, with wider, and less
peaked structures growing compared to the prominent
sawtooth structures of CuInSe2 on CuGaS2.
The growth of CuInSe2 and CuInS2 side protrusions

described above is somewhat surprising in that only In and
Se or S precursors were added to purified CuGaS2 NRs.
However, as previously shown,48 metal oleates can etch II−VI
NRs/nanocrystals, and a similar effect may be taking place
here, i.e., In-oleate partially etches CuGaS2 NRs, providing the
required Cu precursor to grow CuInSe2 or CuInS2 upon Se or
S precursor addition, respectively. Control experiments (Figure
S4) do verify that CuGaS2 NRs get etched and eventually
begin to dissolve away upon extended heating in In-oleate
solution.

3.3. ZnS and ZnSe Shell Growth on CuGaS2/CuInSe2
NRHs. Although CuGaS2/CuInSe2 and CuGaS2/CuInS2
NRHs have interesting morphologies with subtle variations
due to a different degree of lattice mismatch, they do not
exhibit measurable room-temperature PL as synthesized. As a
possible route to improved PL, we have attempted to grow an
inorganic shell on CuGaS2/CuInSe2 NRHs using Zn-oleate
and S or Se precursors. First, ZnS shell growth was carried out
with Zn-oleate and 1-DDT to determine if PL could be
enhanced/observed. The TEM images and SAED shown in
Figure 5a−d exhibit no obvious change to the overall shape
and lattice spacings of the NRHs upon growing a ZnS shell.
There is also no obvious change to the UV−vis absorption
spectrum (Figure 5e). Nevertheless, there is a significant
enhancement in PL intensity after introducing Zn and S
precursors, indicating successful ZnS shell growth (Figure 5e).
The absorption shoulder at ∼450 nm corresponding to the
band gap of the CuGaS2 NRs is accompanied by an absorption
tail extending out into the red. The PL at ∼700 nm arising
from CuInSe2 exhibits a large pseudo-Stokes shift relative to
the prominent absorption shoulder at ∼450 nm corresponding
to the band gap of the CuGaS2 NRs. The PL peak also blue-
shifts with reaction time. The direct growth of a ZnS shell can
cause spectral shifts due to compressive strain and extension of
the wave function out into the shell, but these effects are
expected to lead to a red shift.49 The blue shift and the
enhancement of PL may then be arising from two possible
scenarios: (1) Zn ions are incorporated into the NRHs,
causing partial alloying44 or partial cation exchange near the
surface, and (2) Zn-oleate partially etches the CuInSe2 before
ZnS growth.50 In both cases, the band gap increases due to

Figure 4. CuInS2 growth on CuGaS2 NRs using ODE-S and In-oleate.
(a) Absorption spectrum during ODE injection in In-oleate solution.
(b) Low-magnification image of CuGaS2/CuInS2 NRHs showing the
growth of smaller sawtooth-like structures. (c) HRTEM of NRHs,
with the measured difference in lattice parameters highlighted. (d)
FFT of (c) showing the presence of two lattice parameters.

Figure 5. ZnS Shell growth on CuGaS2/CuInSe2 NRHs with Zn-
oleate and 1-DDT at 250 °C. (a) Low-magnification TEM image of
CuGaS2/CuInS2/ZnS NRHs. (b) SAED pattern of the NRHs after
growing a ZnS shell. (c, d) Low- and high-magnification images of
CuGaS2/CuInSe2/ZnS NRHs. The average lattice parameter of the
pyramid-shaped structure is 6.69 Å, and the center of the rod is 6.21
Å, which corresponds to CuInSe2 and CuGaS2 respectively. (e)
Absorption and emission spectra before and after ZnS growth on the
NRHs. The bottom spectrum is the seed CuGaS2/CuInSe2 NRHs. PL
excitation (PLE) spectrum is also shown for the final product. As the
growth time increases from 1 to 10 h in the presence of Zn-oleate and
ODE-S, the PL peak is blue-shifted and increases in intensity. (f)
Time-resolved PL measurement along with three-exponential curve
fitting. Time constants obtained from the curve fitting are τ1 = 16.2 ns
(10.25%), τ2 = 126 ns (49.26%), and τ3 = 604 ns (40.48%).
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effectively smaller size CuInSe2. In reality, the PL enhancement
and blue shift are likely due to some combination of both
mechanisms, with alloying likely being dominant. If etching
prior to ZnS shell growth was dominant, one would anticipate
a blue shift, followed by a red shift.
To better understand their optical characteristics, PL

excitation (PLE) spectra and time-resolved PL of CuGaS2/
CuInSe2/ZnS NRHs were collected. The PLE spectrum (top
spectrum of Figure 5e) is essentially identical to the absorption
spectrum, which supports the formation of epitaxial CuGaS2/
CuInSe2/ZnS NRHs, i.e., radiative recombination occurs in
CuInSe2 even when photons are absorbed in the CuGaS2
component. Time-resolved PL measurements show multi-
exponential decay (Figure 5f). Three-exponential fit leads to
around 10% of the 16 ns component, 50% of the 126 ns
component, and 41% of the 600 ns component. The highest
fractional intensity component shows a ∼100−200 ns time
constant, similar to values reported for “spherical” I−III−VI2
nanocrystals.51,52 It is notable that these NRHs exhibit an
extremely long PL lifetime of 600 ns, with nearly equivalent
fractional intensity. Although we cannot completely rule out
surface-trap-mediated emission as a possible origin of this long
lifetime, given that the typical full width at half-maximum of
such emissions are >∼200 nm for many semiconductor
nanocrystals, the observed linewidth of ∼100 nm may be
more consistent with radiative recombination from a charge
separated state within the NRH.53 We expect the band
alignment to be quasi-type-II, with CuGaS2 and CuInSe2
sharing a similar valence band edge position. Given this band
alignment, it is likely that the hole may be delocalized upon
photoexcitation, with significant density in the CuGaS2 NR.
Consequently, the hole can then fall into a Cu-ion-based
intragap state in the CuGaS2, whereas the electron is localized
in one of the CuInSe2 particles.54 This would result in a
charge-separated state within the nanoparticle. Charge
separation within a particles is known to cause long PL
lifetime.55

Finally, we have attempted to grow ZnSe on CuGaS2/
CuInSe2 NRHs as an alternate means of enhancing PL while
achieving a band alignment similar to a double heterojunction.
Purified CuGaS2/CuInSe2 NRHs were injected into Zn-oleate
solution followed by slow addition of TOPSe (see Exper-
imental Section details). Figure 6a shows the appearance of a
PL peak around 720 nm following the growth of a ZnSe shell
(TEM image in Figure 6b). This peak position is slightly more
red-shifted from the ZnS shell, presumably due to the smaller
band offset of ZnSe with CuInSe2. This could cause more
spreading of the electron wave function from the core to the
shell, resulting in a red-shifted PL. When the growth of a thick
ZnSe shell was attempted, the growth of long side protrusions
on the CuInSe2 structures was observed (Figure 6c,d).
Compared to Figure 6b, there is an obvious elongation of
the secondary component with increasing reaction time. The
lattice mismatch between CuInSe2 and ZnSe is only 2%, which
may favor selective heteroepitaxy compared to the body of the
CuGaS2 NR.

4. CONCLUSIONS
We have successfully synthesized CuGaS2-based colloidal
NRHs with some unusual morphologies. The starting
CuGaS2 seed NRs taper at one end and have a wurtzite-like
phase throughout. Epitaxial growth of CuInS2 or CuInSe2 leads
to sawtooth-shaped NRHs, with larger lattice mismatch

causing sharper, more pronounced teeth that have smaller
interfacial area. Growth of ZnS shell on CuGaS2/CuInSe2
NRHs leads to enhanced PL and other interesting/useful
optical properties, including large pseudo-Stokes shift and
charge separation within the NRH. Changing the final shell
composition to ZnSe leads to similar features as those of ZnS
shell initially, but continued growth results in unusual brush-
like structures.
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