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Nearly lattice matched all wurtzite CdSe/ZnTe type
II core–shell nanowires with epitaxial interfaces for
photovoltaics†

Kai Wang,‡a Satish C. Rai,‡a Jason Marmon,b Jiajun Chen,a Kun Yao,a Sarah Wozny,a

Baobao Cao,a Yanfa Yan,c Yong Zhang*d and Weilie Zhou*a

Achieving a high-quality interface is of great importance in core–shell nanowire solar cells, as it significantly

inhibits interfacial recombination and thus improves the photovoltaic performance. Combining thermal

evaporation of CdSe and pulsed laser deposition of ZnTe, we successfully synthesized nearly lattice

matched all wurtzite CdSe/ZnTe core–shell nanowires on silicon substrates. Comprehensive

morphological and structural characterizations revealed that a wurtzite ZnTe shell layer epitaxially grows

over a wurtzite CdSe core nanowire with an abrupt interface. Further optical studies confirmed a high-

quality interface and demonstrated efficient charge separation induced by the type-II band alignment. A

representative photovoltaic device has been demonstrated and yielded an energy-conversion efficiency

of 1.7% which can be further improved by surface passivation. The all-wurtzite core–shell nanowire with

an epitaxial interface offers an attractive platform to explore the piezo-phototronic effect and promises

an efficient hybrid nano-sized, energy harvesting system.
1. Introduction

Nanowire solar cells, which consist of either an individual
nanowire or a nanowire array, have demonstrated great poten-
tial to power nanodevices and deliver high energy-conversion
efficiency in an affordable manner.1,2 Nanowires are benecial
for a number of reasons. In terms of light management, nano-
wires exhibit strong geometry-dependent absorption through a
wave-guiding effect or optical interference when their diameter
is smaller than or comparable to the excitation wavelength.3–5 By
imposing novel, device-physics concepts to manipulate light in
nanowires, an impressive efficiency of 13.8% has been achieved
in an InP nanowire array based solar cell.6 In terms of carrier
separation and collection, the single-crystalline nature and
small diameter of nanowires enable efficient carrier transports
along and across a nanowire's axis. The radial transport, also
known as lateral charge separation, principally allows for
greater tolerance of material defects. In practice, most nanowire
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solar cells exhibit inferior energy-conversion efficiency in
comparison to their planar counterparts. This likely results
from severe interfacial recombination originating from the
materials' imperfection present along the interface between the
core and shell, as well as the surface recombination.7–10 Core/
shell nanowires, however, are recognized as an optimal nano-
architecture for light harvesting.9,10 Recent progress on surface
passivation of nanowires has shown noticeable enhancement in
photovoltaic (PV) device performance.11 Further performance
improvements to core–shell nanowire solar cells require a high-
quality interface between the core and the shell, in order to
reduce the formation of interfacial structural defects that might
act as trapping centers for the carriers. For instance, a good
efficiency of 5.4% has been demonstrated in a single nanowire
solar cell based on the CdS/Cu2S core–shell nanowire, where a
high-quality interface was created through a cation-exchange
approach.12

One may expect a high-quality interface between the core
and shell, if the shell can grow epitaxially over the core using the
core as a growth template. In order to initialize a heteroepitaxial
growth, several factors must be taken into account, such as
lattice mismatch, difference in thermal expansion coefficient,
and atomic inter-diffusion. CdSe and ZnTe stand out as an
optimal combination in the II–VI semiconductor materials for
constructing a high quality heteroepitaxial junction because of
their small lattice mismatch, similar thermal expansion coeffi-
cients, type-II band offset and well-established doping capa-
bility.13 Notably, the type-II CdSe/ZnTe core–shell structure has
an effective bandgap around 1.1 eV, which is similar to Si and
Nanoscale, 2014, 6, 3679–3685 | 3679
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CuInGaSe2, despite the fact that CdSe and ZnTe are wide
bandgap semiconductors.10

Previous work with CdSe/ZnTe core–shell nanocrystals has
demonstrated the promise of this material combination, such
as an ultrafast hole transfer, an extended absorption prole and
interfacial band emission.14–16 However, efforts to synthesize a
CdSe/ZnTe core–shell nanowire by a solution-phase approach
resulted in a discontinuous shell layer or nanoislands of ZnTe
on CdSe quantum wires.17 Despite a few reports with special
emphasis on the materials synthesis, to date, there have been
no studies on CdSe/ZnTe or ZnTe/CdSe core–shell nanowire
optoelectronics. This is primarily due to inferior interface and
shell layer quality.17

In this work, we report the synthesis of CdSe/ZnTe core–shell
nanowires using a two-step technique combining thermal
evaporation and pulsed laser deposition (PLD) that has achieved
epitaxial interfaces with a homogeneous wurtzite (WZ) ZnTe
coating and abrupt interface, and a PV device processed from a
single CdSe/ZnTe core–shell nanowire. The CdSe/ZnTe core–
shell nanowire PV device demonstrated an energy-conversion
efficiency of �1.7%. The high-quality interfaces observed in the
core–shell nanowire, along with their piezoelectric wurtzite
phases render them ideal for achieving high-performance
optoelectronics and harvesting multiple forms of energies.
2. Experimental
Synthesis of CdSe nanowires on a silicon substrate by thermal
evaporation

The thermal evaporation of CdSe was conducted in a horizontal
tube furnace under a mixed atmosphere of Ar/H2 (4:1). Briey,
0.1 g of CdSe powder (Alfa Aesar, 99.95% purity, metal basis)
was loaded into an alumina crucible and positioned in the
center of the furnace's quartz reactor. A silicon substrate was
sputtered with 10 nm of gold and loaded into the downstream
portion of the quartz reactor. The reactor was pumped down to
30 mTorr in order to eliminate residual oxygen and backlled
with inert gases (Ar/H2), and then brought to atmospheric
pressure with Ar/H2 gases. The reactor temperature was ramped
to 770 �C at a rate of 25 �C min�1, and held there for 45 min
under 150 sccm ow of Ar/H2 gases. The silicon substrate was
allowed to cool naturally to room temperature and the CdSe
nanowires were collected on the silicon substrate.
ZnTe shell deposition by PLD

In order to synthesize CdSe/ZnTe core–shell nanowires, the
silicon substrate with as-grown CdSe nanowires was transferred
into a pulsed laser deposition system. ZnTe powder (99.95%,
Alfa Aesar) was cold-pressed into a pellet and used as the
deposition source. The distance between the target and silicon
substrate was 40 mm. The system was pumped down to 30
mTorr and the temperature was increased to 350 �C before the
laser beam was directed to the target. A Nd:YAG laser (LOTIS-
TII, LS2147) was used to ablate the target. The laser-beam
energy was set to 360 mJ cm�2 and had a wavelength of 1064 nm
when the frequency was 5 Hz. The deposition was performed for
3680 | Nanoscale, 2014, 6, 3679–3685
15 min, and the nal product was collected for structural and
optical characterizations and device fabrication.

Structural and optical characterizations

Structural and morphological characterizations were carried
out with a Philips X'Pert-MPD X-ray diffractometer (XRD), a Carl
Zeiss 1530 VP eld-emission scanning electron microscope
(SEM), and an FEI Tecnai F20-UT high-resolution transmission
electron microscope (FETEM) equipped with a nanoprobe
energy-dispersive X-ray spectroscope (EDS). Room temperature
Raman spectroscopy and photoluminescence (PL) measure-
ments were carried out using a Horiba LabRAM HR800
m-Raman system. The data were collected with a 100� MPLAN
objective lens (N.A. z 0.9) in the backscatter conguration
using a Horiba Synapse charge-coupled detector (CCD), and a
Torus CW 532 nm laser.

PV device fabrication and electrical measurement

To fabricate photovoltaic devices, the CdSe/ZnTe core–shell
nanowires were rst removed from the collecting substrates and
then dispersed in alcohol. The nanowire suspension was then
dropped on the silicon substrate, which had a thermal oxide
layer. The electrodes were fabricated by photolithography.
Electron beam lithography was carried out three times during
the whole process to achieve the nal devices. The devices were
ready for testing the photovoltaic properties aer being stabi-
lized in air for at least 12 hours. A standard solar simulator
(Newport, Oriel) with calibrated 1-sun intensity was used in
conjunction with a semiconductor characterization system
(Keithley, 4200SCS) to obtain all device transport characteristics.

3. Results and discussion

Fig. 1(a) and (b) show representative SEM images of CdSe
nanowires collected on silicon substrates. The nanowires were
straight and several micrometers in length. The nanowires were
randomly orientated on the substrate, and were well separated
with a low density. As shown in the cross-sectional SEM images
(Fig. 1(b)), the nanowires were grown directly on the microm-
eter-size CdSe grains, which had a thickness of �2 mm. Fig. 1(c)
and (d) represent the top- and cross-sectional views of a CdSe
nanowire coated with ZnTe. A few small ZnTe particles, with a
ower-bud-like morphology, covered the gold catalyst on the
nanowire tips. ZnTe nanoparticles were also observed on
nanowire surfaces, and are attributed to the emission of
microscopic particulates from ZnTe solid targets when irradi-
ated by a laser beam.18

More structural and compositional characterization was
performed on both CdSe nanowires and CdSe/ZnTe nanowires
by TEM equipped with a nanoprobe EDS. Fig. 2(a) displays a low-
magnication TEM image of a CdSe nanowire and the corre-
sponding selected area electron diffraction (SAED) pattern. The
nanowire exhibited a diameter around 80 nm. The gold catalyst
was observed on the tip, suggesting the vapor–liquid–solid (VLS)
growth mode.19 The interplanar spacing, as measured with high
resolution transmission electron microscopy (HRTEM), was
This journal is © The Royal Society of Chemistry 2014



Fig. 1 CdSe and CdSe/ZnTe core–shell nanowire morphologies
observed in SEM. CdSe nanowires grown on a silicon substrate by
thermal evaporation observed from (a) top- and (b) cross-sectional
views. CdSe/ZnTe nanowires imaged from the (c) top- and (d) cross-
sectional views. Note the increased diameter from the shell and the
nanoparticles on the tip and shell surface.
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found to be 0.69 nm, as shown in Fig. 2(b). This, in combination
with the sharp diffraction spots in Fig. 2(a), reveals that the CdSe
nanowire is single crystalline in the wurtzite (WZ) structure with
a preferential growth direction along the [0001] axis. Unlike
Fig. 2 Structural characterization of a CdSe nanowire and CdS/ZnTe co
CdSe nanowire. Inset: the corresponding SAED pattern. (b) HRTEM of a
representative TEM image of an individual CdSe/ZnTe core–shell nanow
core–shell interface that display the interplanar spacing and epitaxial gro
Inset: core–shell interface processed from the white, dashed rectangle in
data obtained with a nanoprobe scan along the black line that extends a

This journal is © The Royal Society of Chemistry 2014
ZnTe nanowires, which have an amorphous surface layer (see
ESI Fig. S2†), the CdSe nanowires present smooth surfaces that
favor epitaxial growth. A low magnication TEM image of a
CdSe/ZnTe core–shell nanowire, shown in Fig. 2(c), conrms
that occasional ZnTe nanoparticles are attached to the surface of
the shell. Otherwise, CdSe/ZnTe core–shell nanowires exhibit a
rather smooth external surface, which contrasts the highly
mismatched ZnO/ZnSe and ZnO/ZnS core–shell nanowires
reported previously by us.20,21 Notably, no phase contrast was
observed despite a rather thick shell, which is unusual in coaxial
nanoscale heterostructures, and may result from the core and
shell having nearly identical crystalline structures.11,22,23 This
assumption was conrmed by a convergent beam electron
diffraction (CBED) pattern (Fig. 2(c), inset) of the core–shell
nanowire – only one pattern was obtained. The CBED of a core–
shell nanowire, which was identical to the SAED pattern of CdSe,
was indexed as hexagonal WZ when the incident electron beam
was along the [2�1�10] direction. The deposited ZnTe shell crys-
tallizes into the same WZ structure as the WZ CdSe nanowire
core. The core–shell interface, as examined by high-resolution
imaging and presented as a dashed, yellow line in Fig. 2(d), can
only be distinguished with the assistance of slightly distorted
lattice fringes due to a small lattice mismatch of �0.08%
between WZ CdSe and WZ ZnTe. The core literally acts as a
structural template for the shell. The shell thickness was
measured to be 20 nm and it is tunable by adjusting the depo-
sition time, laser power density and the distance between the
re–shell nanowire. (a) Low magnification TEM image of an individual
CdSe nanowire demonstrating a single-crystalline, WZ structure. (c) A
ire. Inset: the corresponding CBED pattern. (d) HRTEM images of the
wth of the WZ ZnTe shell on the WZ CdSe core. (e) Inverse FFT image.
(d). (f) A STEM image of a CdSe/ZnTe core–shell nanowire. Inset: EDS
xially across the interface.

Nanoscale, 2014, 6, 3679–3685 | 3681



Fig. 3 Optical characterization of CdSe nanowires and CdSe/ZnTe
core–shell nanowires. (a) Photoluminescence spectrum of a
representative CdSe nanowire and CdSe/ZnTe core–shell nano-
wire. Inset: type-II heterojunction diagram of a CdSe/ZnTe core/
shell structure. (b) Raman spectra of a representative CdSe nano-
wire and CdSe/ZnTe nanowires with spectra of bulk ZnTe and a
CdSe thin film for reference.
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target and CdSe nanowire template. An epitaxial growth rela-
tionship between the core and shell was determined to be
(0001)CdSe//(0001)ZnTe and (0�110)CdSe//(0�110)ZnTe respectively
using fast Fourier transform (FFT) of the interface area – refer to
the area enclosed by a white rectangle in the inset of Fig. 2(e).
The two-step technique used to fabricate the core–shell nano-
wires at elevated temperatures made interfacial diffusion
between the core and shell a concern.24–26 However, the FFT
image in Fig. 2(e) highlights the high quality of the well-matched
and continuous core and shell lattice fringes along the nanowire
interface. Also, a nanoprobe EDS line scanning was employed to
detect the compositional distribution across the radial junction
of the core–shell nanowire. Fig. 2(f) shows a representative
bright-eld TEM image of a core–shell nanowire in the scanning
transmission electron microscopy (STEM) mode, where the scan
position is labeled with a black line. Within the spatial resolu-
tion and detection limit of the nanoprobe EDS, the elemental
distribution data (Fig. 2(f), inset) imply no obvious diffusion of
CdSe into the ZnTe shell. FFT and EDS line scan results are
consistent in proving the growth of a high-quality and abrupt
core–shell interface. The line-scan also conrmed a highly
uniform ZnTe coating over CdSe nanowires. In comparison, an
attempt to fabricate a ZnTe/CdSe core–shell nanowire via the
same technique produced a discontinuous and rough CdSe shell
layer (ESI Fig. S3†). This asymmetry in the growth sequence is
rather interesting, deserving further study in the future.

CdSe/ZnTe core–shell nanowires were analyzed optically
using photoluminescence and Raman spectroscopy. Isolated
single CdSe nanowires and CdSe/ZnTe core–shell nanowires
were excited by a 532 nm continuous wave laser. The corre-
sponding PL and Raman emissions were measured at 300 K, as
shown in Fig. 3(a). The CdSe nanowire PL spectrum consists of a
single emission band centered at 1.734 eV, which closely
matched the free-exciton emission energy in bulk CdSe.27

Interestingly, the CdSe emission efficiency of the core–shell
nanowire was observed to be over an order of magnitude lower
than that of a representative, bare CdSe nanowire. This could
indicate efficient charge separation of photogenerated electron–
hole pairs across the CdSe/ZnTe interface as illustrated in the
inset of Fig. 3(a). As the ZnTe layer increases, the charge sepa-
ration induced by the staggered, type-II band alignment of this
heterostructure gives rise to a further decrease in or even
quenched emission (see ESI Fig. S4†). Similar ndings were also
reported for ZnO/ZnSe and ZnO/ZnS nanowire arrays and a
single axial CdTe–CdSe heteronanowire.20,21,28–30 However, the
sharper interface and fewer dislocations of a lattice-matched
CdSe/ZnTe system would enable further enhancement of charge
separation. Furthermore, we also observed a slight (6 meV)
emission red shi for the core–shell nanowires. This red shi
could be ascribed to the strain present in a radial nanowire
heterostructure,31 although the strain across the interface in our
core–shell nanowires is considerably lower due to the similarity
of core and shell lattice constants.

Fig. 3(b) presents the Raman spectra of a representative
individual CdSe nanowire, and CdSe/ZnTe core–shell nanowire,
along with a CdSe thin lm and bulk ZnTe measurements as
references. The rst- and second-order longitudinal optical
3682 | Nanoscale, 2014, 6, 3679–3685
(1- and 2-LO) phonon modes for a bare CdSe nanowire were
identied at 204.1 cm�1 and 411.0 cm�1. The 1-, 2-, 3-, and 4-LO
phonon modes of the CdSe/ZnTe core–shell nanowire
appeared at 204.9 cm�1, 410.2 cm�1, 615.2 cm�1, and 812.2
cm�1 respectively, and are in very good agreement with the
phonon modes measured in bulk ZnTe. Up to four orders of LO
phonon modes were observed with 532 nm excitation in both
bulk ZnTe and the CdSe/ZnTe core–shell nanowire.32 This was
possible due to the resonant condition where the excitation
wavelength (2.33 eV) is above the bandgap of ZnTe (�2.3 eV),
and also explains the absence of emission peaks from the ZnTe
shell. Band gap emission from the shell, if any, is quenched due
to charge separation induced by the type-II band alignment. The
relatively high resonant-Raman intensity of the thin ZnTe shell
further indicated ZnTe's crystalline quality, and also partially
masked the CdSe signal. In addition, trigonal tellurium (Te)
peaks, which were induced through a laser ablation, appeared
at 124.3 cm�1 and 141.8 cm�1 and were assigned to the A1 and
ETO modes respectively.33,34

Bulk ZnTe is thermodynamically stable in a cubic zinc
blende (ZB) structure, although it has been reported in the
This journal is © The Royal Society of Chemistry 2014



Fig. 4 Electrical characterization of a single core–shell nanowire PV
device. (a) Schematics of a PV device based on an individual CdSe/
ZnTe core–shell nanowire. The electrode materials for the core and
shell are indium and nickel respectively. (b) A representative SEM image
of a PV device. The ZnTe shell was partially etched by a saturated,
aqueous FeCl3 solution. (c) Current–voltage (I–V) characteristics for
the best CdSe/ZnTe core–shell nanowire solar cell measured under
AM 1.5G illumination and dark current. These are figures of merit for a
PV device.
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hexagonal phase as nanocrystalline materials.35–37 To the best
of our knowledge, this is the rst time the growth of single-
crystalline WZ ZnTe on WZ CdSe was achieved. From a
structural perspective, this intriguing observation opens
avenues of exploration into more unique structures, such as
WZ ZnTe nanotubes and 1D WZ CdSe–ZnTe superlattices or
axial nanoheterostructures.25,38–40 By deliberately controlling
the growth conditions, the heterojunction's crystal structure
and band gap can be engineered.41 Also, when stress is
applied, an additional piezoelectric potential is expected to
be created in the WZ p-ZnTe layer on the WZ n-CdSe nanowire
system, which will offer more freedom to manipulate the
piezotronic effect.42,43 In regards to the piezotronic effect, a
vertically aligned CdSe nanowire array was proven as an ideal
candidate for harvesting mechanical energy (also see ESI
Fig. S5†).44 More importantly, having both the core and shell
crystallize in a wurtzite structure creates a heterojunction
that is well matched to the solar spectrum; it also provides an
ideal platform to probe the piezo-phototronic effect, as well
as the harvesting of multiple forms of energy.43,45

Our PV device was fabricated from a single CdSe/ZnTe
core–shell nanowire, as sketched in Fig. 4(a). The nanowire
was placed on a SiO2/Si substrate, with one end partially
etched to expose the CdSe core, and two asymmetric elec-
trodes deposited on each end. Indium and nickel were
selected as the electrode materials for the CdSe core and
ZnTe shell respectively.46,47 Fig. 4(b) depicts a representative
SEM image of this core–shell nanowire PV device. The
current–voltage (I–V) characteristics under AM 1.5G illumi-
nation and the dark current were measured at 25 �C. As
shown in Fig. 4(c), the device's dark I–V curve exhibits clear
rectifying behavior. Under illumination, the rectifying curve
shis downwards due to the generation of photocurrent. The
energy conversion efficiency, h, was evaluated using the
geometric cross-section of the core–shell region as the active
area of the device, because only the coaxial junction
contributes to photocurrent generation.12,48 It was calculated
by dividing the maximum generated power, Pout, by the total
incident power over the illuminated core–shell nanowire
area, Pin. The best core–shell nanowire solar cell exhibited an
open circuit voltage, Voc, of 0.18 V, a short-circuit current, Isc,
of 38 pA, and a ll factor (FF) of 0.38, which yielded an h of
1.7%. Note that because the nanowire is relatively thin, the
absorption is far from complete, the efficiency could be
signicantly underestimated. Although the obtained h was
comparable to that in ZnTe/CdSe thin lm solar cells, the Voc
was considerably lower than 1.1 V, which was the estimated
effective bandgap energy of this type-II heterojunction, and
suggested the existence of nonradiative recombination.49

Because of the abrupt interface, as visualized with TEM, we
associate nonradiative recombination mostly with surface
states arising from the large surface-to-volume ratio in the
nanostructured system, and the possible residue/defects
induced by the wet-chemistry etching process. Future effort
on surface passivation with a window layer, for example,
ZnTe:Cu, to suppress the carrier recombination of these
surface states is underway.11
This journal is © The Royal Society of Chemistry 2014
4. Conclusion

In conclusion, we have synthesized high-quality CdSe/ZnTe
core–shell nanowires on a silicon substrate by combining the
techniques of thermal evaporation and pulsed laser deposition.
The CdSe/ZnTe core–shell nanowire exhibited a sharp, core–
shell interface with a WZ structure throughout. An epitaxial
relationship, (0001)CdSe//(0001)ZnTe and (0�110)CdSe//(0�110)ZnTe,
was determined for the CdSe/ZnTe core–shell structure. The
photovoltaic device based on a single CdSe/ZnTe core–shell
nanowire was fabricated, yielding an energy-conversion effi-
ciency of �1.7%. Considering the fact that the current device is
apparently not optimized in many aspects, such as incomplete
light absorption, lacking any surface passivation, there is much
room to improve the efficiency by optimizing device congura-
tion, material composition, and/or morphologies. For instance,
Nanoscale, 2014, 6, 3679–3685 | 3683
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a vertically aligned array structure of the core/shell nanowires
can signicantly boost light collection, as explored in various
other types of core/shell nanowire devices. The intriguing growth
relationship observed in the coaxial heterostructure offers the
opportunity to manipulate the shell's crystalline structure by
controlling that of the core, regardless of the equilibrium crystal
structure of the shell material. These ndings also provide the
possibility to understand the coupling effects of photovoltaic
and piezoelectric devices in low dimensionality and how to
harvest hybrid energy with either a single core–shell nanowire or
a core–shell nanowire array.
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