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ABSTRACT

CuInSe2 related materials-based heterojunction diodes have received much attention, owing to their highest power conversion efficiency
(19.5%) among all the thin-film solar cell technologies. Important issues on the microstructure and formation mechanism of CuInSe 2−CdS p-n
heterojunction persist due to the complexity of polycrystalline films and invasive sample preparation for characterization. Here, we investigate d
the microstructure, chemical composition, and formation mechanism of the junction with CuInSe 2−CdS core −shell nanowires, where nanowire
geometry affords single-crystalline nanograins for direct characterization. A coherent CdS shell can be epitaxially deposited onto the CuInSe 2

nanowire with chemical bath deposition even at 60 °C. For the first time, ordered vacancy compound nanodomains induced by fast outward
diffusion of Cu ions were directly observed near the interface of epitaxial CIS −CdS heterostructure. The core −shell nanowires can be transformed
into nanotubes with chemical bath deposition progression through a nanoscale Kirkendall effect. Our results provide important understanding
of CuInSe 2−CdS heterojunctions for developing better CuInSe 2 solar cells.

CuInSe2 (CIS) related materials have the highest power
conversion efficiency (19.5%) among all the thin-film solar
cell technologies.1,2 CIS is a direct-band gap chalcopyrite
semiconductor with high optical absorption coefficients
(>105 cm-1) and is used as a photon absorber in thin-film
solar cells.3 CIS is commonly paired with CdS to form the
p-n heterojunction that separates the photogenerated electron-
hole pairs.4 The interface between CIS and CdS is of key
importance to the performance of the solar cell device.3 It
has been speculated that a distinct Cu-deficient n-type layer,
an ordered vacancy compound (OVC), is formed at the
surface layer of the p-type CIS film next to the weakly n-type
CdS buffer layer and causes large band bending that
contributes to device performance.5,6 However, so far there
is no conclusive evidence concerning the actual structure and
formation mechanism of OVC because OVC has not been
observed directly at the CIS-CdS interface.7,8 Previous
transmission electron microscopy (TEM) studies have specif-
ically looked at the interfacial region of cross-section thin-
film sample,7-9 which are often prepared by high-energy Ar
ion-beam milling. However, it was pointed out that artifacts
and changes in microstructure and composition of the

interface produced by Ar ion-beam milling are unavoidable,
even when the milling is carefully operated at low-sputtering
ion energy (0.5 keV) and small inclination angle (7°).10 It is
extremely difficult to accurately determine the structure and
formation mechanism of the heterojunctions of polycrystal-
line film samples.

Recently, we developed CIS nanowires (NWs) as novel
photovoltaic materials.11 NWs afford single-crystalline nan-
ograins for direct characterization. In contrast to thin film
studies, the CIS-CdS core-shell heterojunction NW ge-
ometry can provide identifiable microstructure and composi-
tion for directly investigating the heterojunction formation
by high-resolution TEM and energy dispersive X-ray spec-
trometry (EDX) analysis without invasive TEM sample
preparation. Here, we studied the junction with CIS-CdS
core-shell NWs. A coherent CdS shell can be epitaxially
deposited onto the CIS NW with chemical bath deposition
(CBD) even at 60°C. For the first time, an OVC was directly
observed at the CIS-CdS junction and was shown to exist
in nanoscale domains. Remarkably, the core-shell NWs can
be transformed into nanotubes with CBD progression through
a nanoscale Kirkendall effect.12,13 Our results provide
important guidelines for better CIS solar cells.

We have shown that single-crystal CIS NWs could be
synthesized by Au nanoparticle-catalyzed vapor-liquid-
solid growth (See Supporting Information).11 CIS NWs with
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a stoichiometry of nearly 1:1:2 have a regular chalcopyrite
structure with a growth direction along the [1-10] direction
while Cu-deficient CIS NWs with a stoichiometry of 1:2.3:
3.4 have the same growth direction but with a superlattice
structure presumably formed by vacancy ordering.11 Here,
we use only regular 1:1:2 CIS NWs for the studies, which
is close to the composition of CIS films in solar cells. CIS-
CdS core-shell heterostructured NWs were prepared by
growing a thin CdS layer at the surfaces of CIS NWs via
CBD at 60°C, which are the conditions typically used in
thin film solar cell fabrication (See Supporting Information).2

A bright-field TEM image shows that the core-shell NW
has a 19-23 nm thick coherent shell after 5 min CBD
(Figure 1a). The selected area electron diffraction (SAED)
pattern (Figure 1b) can be indexed as taken along the [221]
zone axis of CIS. The regular spots in SAED suggest the
epitaxial orientation relationship between the CIS core and
the CdS shell. That is, the CIS-CdS core-shell NWs are
single-crystalline. This is consistent with the well-established
epitaxial relationship on planar structures.14 It was found that
thin CdS films can be epitaxially grown on both [112]- and
[100]-orientated CIS substrates with predominantly the cubic
CdS structure using suitable solution composition at 60°C.14

CIS has a tetragonal structure witha ) 0.578 nm andc )
11.62 nm, which can be effectively considered as stacking
two cubic cells along thec-axis. The lattice parameters have

an excellent match with cubic CdS (a ) 0.582 nm,∆a/a )
0.7%). The six bright diffraction spots arranged in a
hexagonal symmetry correspond to the (220) family of lattice
planes in CIS and the (220) family in cubic CdS. As shown
in Figure 1b, extra weak diffraction spots indicated by
arrowheads are indexed as the (424)/3 family of CIS lattice
planes, which are forbidden in regular 1:1:2 CIS compound
and NW.11 Their appearance results from the planar
defects.15-17

One important question is whether the ions can diffuse
around during the 5 min CBD process, which can cause
defect formation. Spatially resolved EDX measurements have
been carried out to map the chemical composition of core-
shell NWs with 1.2 nm resolution. Figure 1c shows the
scanning TEM (STEM) image of a CIS-CdS core-shell
NW and the false color images of its elemental distribution.
The dashed lines indicate the interface position of CIS-CdS
determined with STEM image. The EDX mapping in Figure
1c indicates a significant outward diffusion of Cu while little
diffusion of In and Se. Cd and S are mostly distributed in
the shell although it not possible to determine whether Cd
and S go into the CIS core in the horizontal NW geometry
because the shell surrounds the whole NW. A clear presenta-
tion of the elemental distribution is given by a plot of the
EDX line-scanning signal versus the distance across the NW
diameter. The red line on the TEM image shown in Figure

Figure 1. Microstructure and composition of the CIS-CdS core-shell NW after 5 min CBD. (a,b) TEM image and corresponding SAED
pattern. (c) STEM image and corresponding EDX elemental mapping of Cu, In, Se, Cd, and S. (d) EDX line-scanning across the NW
diameter indicated by a red line in panel c. The black dashed lines show the CdS/CIS interface. (e) TEM image showing the superstructure
domain in the interface region of CdS/CIS. (f) HRTEM image showing the lattice spacing of 0.206 nm and the corresponding FFT image
(inset). The spots in the yellow cycles are indexes as the (220) family of lattice planes in CuIn5Se8 taken along the [221] zone axis.
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1c indicates the path of electron beam scanning. It is evident
from Figure 1d that Cu signals (purple) are present in the
CdS layer. On the basis of these data, we think that Cu ions
are the main species diffusing during the 5 min CIS-CdS
interface formation. This is reasonable because Cu ions have
a relatively high chemical diffusion rate and ionic conductiv-
ity in the chalcopyrite materials18-20 and is also consistent
with previous OVC studies.8

The second important question is whether the OVC forms
at the CIS-CdS NW interface and what structure it has.
TEM images show the existence of a 1250 nm2 trapeziform
OVC nanodomain of CIS structures at the CIS-CdS
interface although other shapes of OVC domains also exist
(Figure 1e). An HRTEM micrograph recorded near the
interfacial region clearly reveals the (3× 3) periodicity
superlattice structure within the nanodomains, characteristic
of the proposed OVC structure (Figure 1f).21 The OVC
nanodomains have an epitaxial relationship with the CIS core
and CdS shell. Superlattice structure exists along three
directions, consisting of high-density Cu vacancies laying
on [1-10], [10-2], and [01-2] planes. The fast Fourier
transform (FFT) of the real-space image can be identified
as the diffraction pattern from the [221] zone of a CuIn5Se8

OVC structure (a ) 4.040( 0.005 Å andc ) 32.75( 0.02
Å).21 The number density of OVC domain is about 10 per
micrometer length. We emphasize that this is the first time
OVC is observed directly at the CIS-CdS interface, and we
experimentally prove its structure.

Another important question is whether the Cu ions keep
diffusing out of the CIS NW core and whether there is a
structure change after a longer CBD. To investigate that, we
have extended the CBD time to 12 and 16 min, which is
typical for thin film CIS solar cell fabrication.2 After 12
min CBD, random-sized nanoscale voids were observed at
the CIS/CdS interface (Figure 2a). Both isolated grains and
continuous core imbedded in the shell are observed. Energy
dispersive spectrometry mapping data confirm the existence
of the elements Cu, In, Se in the remaining core materials
(Figure 2b). Compared to the sample with only 5 min CBD,
in which only the Cu diffusion is significant, NWs with
12 min CBD show that not only Cu but also In and Se diffuse
into the CdS shell and even onto the carbon-supporting film.
The elemental EDX signal strengths of Cd and S at 12 min
CBD show no contrast between the core and shell, suggesting
inward diffusion of Cd and S. We think that super-
saturated vacancies can condense to form small holes in the
shell (see Supporting Information, Figure S1). Detailed TEM
and SAED analysis reveal that the shell now becomes
polycrystalline, but the remaining core grains remain textured
(Figure 2c,d). The SAED pattern (Figure 2d) shows the
hexagonal spots pattern for CIS crystalline core with chal-
copyrite structure, but weak spotty rings from the polycrys-
talline shell can also be observed. Three diffraction
rings can be indexed as (200), (311), (400) planes of cubic
phase CuInCdSe2S (CICS, F-43 m,a ) 5.803 Å, JCPDS
no. 00-056-1195), respectively.22 The HRTEM image

Figure 2. Formation of voids after 12 min CBD. (a) TEM image of nanotubes with remaining core CIS, showing the random-sized
Kirkendall voids distributed at the interface. (b) EDX elemental mapping of Cu, In, Se, Cd, and S. (c) Close-up view of the voids in panel
a. (d) Corresponding SAED pattern. (e) Atomic-resolution TEM image recorded from the yellow boxed area in panel c showing the lattice
spacing of 0.206 nm in CIS core and 0.290 nm in CICS shell. The Kirkendall diffusion leads to voids formed at the interface of remaining
CIS and CICS shell.
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shows single-crystalline CIS grains imbedded in the poly-
crystalline CICS shell (Figure 2e).

As the CBD reaction proceeds to 16 min, the CIS cores
completely disappear, leading to the formation of nanotubes.
A TEM image (Figure 3a) shows that two nanotubes can be
clearly identified. The coating of the CdS layer is conformal
during the CBD process so that a zigzag CIS wire results in
a kinked tube and the Au nanoparticle catalyst is encapsulated
in the tube. EDX analysis indicates that the nanotubes are
composed of Cu, In, Se, Cd and S and there is also some
amount of oxygen incoporation (see Supporting Information,
Figure S2). The elemental distribution is quite uniform along
the tube. A high magnification image of a nanotube shows
the presence of small voids and cracks in the nanotube wall
(Figure 3b). The thickness of the wall is about 40 nm. The
SAED pattern of the nanotube shows spotty rings representa-
tive of a polycrystalline sample. As shown in Figure 3c, these
features can be assigned to the (200), (311), (400) planes of
cubic phase CICS.22 An HRTEM image near a tube-wall
region (Figure 3d) reveals the random arrangement of
crystalline nanograins. Lattice fringes with a spacing of 0.290
nm are visible in these nanograins, which is in good
agreement with the spacing of (200) planes of cubic
CICS.

The structure evolution of CIS-CdS core-shell NWs has
characteristics reminiscent of the nanoscale Kirkendall effect.
The Kirkendall effect describes void formation due to the
difference of species diffusivity during alloying or solid
chemical reaction.23-25 The nanoscale Kirkendall effect
was discovered recently during the formation of hollow
cobalt sulfides and oxides by cobalt nanocrystal sulfidation

and oxidation, respectively.12,26 The effect has been further
explored in the synthesis of other hollow nanocrystals27 and
ZnAl2O4 nanotubes.13,28 Now let us look at the key charac-
teristics during the CBD of CdS onto CIS NWs (Figure 4).
(1) Ion diffusion: Cu ions have a large diffusion coefficient
in CIS and CdS. In the initial stage of CBD, Cu ions are the
main diffusing species and activate the CIS and CdS lattice
by forming a large concentration of vacancies. In the later
stage of CBD, In, Se, Cd, and S ions can also diffuse due to
the activation effect. (2) Vacancy dynamics: The increased
concentrations of vacancies in CIS first self-organize to form
the OVC superlattice structure at the CIS-CdS interface.
The superlattice structure is unique for CIS materials and
has not been observed in previous hollow nanostructures
formed by Kirkendall effect12,26The OVC exists in the form
of multiple nanodomains instead of only one domain because
the size of CIS NW is still large compared to the size of
single domains. The further increase of vacancy concentration
results in supersaturation, and vacancies condense to form
voids and eventually nanotubes, analagous to ZnAl2O4

nanotube formation.13 (3) The shell changes from initial
epitaxial single-crystalline CdS to polycrystalline and porous
CICS due to dramatic ion diffusion and vacancy dynamics
in the shell. And the low temperature (60°C) of CBD process
is not high enough to anneal the nanotube to form single
crystal.

In summary, we have investigated the microstructure,
chemical composition, and formation mechanism of CIS-
CdS core-shell heterojunction NWs. Fast outward diffusion
of Cu favors the formation of OVC nanodomains near the
interface of epitaxial CIS-CdS heterostructure. OVC has
the CuIn5Se8 structure. Diffusion processes lead to the
formation of voids and CICS nanotubes through the nanos-
cale Kirkendall effect. Our results provide important under-
standing of CIS-CdS heterojunctions for developing better
CIS solar cells.

Figure 3. Formation of nanotubes after 16 min CBD. (a) TEM
image of nanotubes. (b) Close-up view of the wall of nanotube in
panel a. (c) Corresponding SAED pattern of the nanotube, showing
the polycrystalline structures and voids in the wall. (d) HRTEM of
a wall of the tube (recorded from boxed area in panel b) showing
the lattice spacing of 0.290 nm.

Figure 4. Schematic diagram of the formation process of CIS-
CdS core-shell nanowires and nanotubes. (a) Single-crystal CIS
nanowires are grown by the vapor-liquid-solid mechanism using
Au nanoparticles as a catalyst. (b) The nanowires are coated with
a thin CdS layer via 5 min CBD at 60°C, forming core-shell
CIS-CdS epitaxial nanowires. OVC nanodomains (green) form at
the CIS-CdS interface mainly due to Cu fast outward diffusion.
(c) The 12 min CBD leads to the formation of nanoscale voids by
the nanoscale Kirkendall effect. The shell composition becomes
CICS (orange). (d) Polycrystalline CICS nanotube forms after 16
min CBD.
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