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response based on ZnO/ZnSe core/shell nanowires
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Well-aligned ZnO/ZnSe core/shell nanowire arrays with type-II energy alignment are synthesized via
a two-step chemical vapor deposition method. Morphology and structure studies reveal a transition
layer of wurtzite ZnSe between the wurtzite ZnO core and the cubic ZnSe shell. Type-II interfacial
transitions are observed in the spectral region from visible to near infrared in transmission and
photoluminescence. More significantly, for the first time, the interfacial transition is shown to extend
the photoresponse of the prototype photovoltaic device based on the coaxial nanowire array to

a threshold much below the bandgap of either component (3.3 and 2.7 eV, respectively) at 1.6 eV, with
an external quantum efficiency of ~4% at 1.9 eV and 9.5% at 3 eV. These results represent a major

advance towards the realization of all-inorganic type-II heterojunction photovoltaic devices in an

optimal device architecture.

1. Introduction

Solar cells have been a subject of great interest due to the growing
awareness of energy shortage and environmental protection.'™
Various photovoltaic devices have been developed based on
inorganic or organic materials, such as silicon-based thin film
solar cells,> multi-junction solar cells,® and dye-sensitized solar
cells (DSSCs).* Nevertheless, most of them suffer from either
high cost or relatively low energy conversion efficiency. The use
of nanostructured materials, especially nanowire arrays
(NWAs), is deemed as one of the promising approaches to
overcome these issues.>® Nanowires have been suggested to be
superior to the bulk or film materials in both surface-to-volume
ratio and crystalline quality, leading to an increase of junction
areas and a reduction of defect recombination of photogenerated
carriers. In addition, NWAs can effectively reduce light loss
through the increase of light coupling and decrease of reflec-
tance.''? Furthermore, recent theoretical studies reveal that
coaxial nanowires can further enhance carrier collection because
of the novel mechanism of radial charge separation.’**¢ In light
of these advantages, various types of coaxial NWAs based on
either homostructure or heterostructure materials have been
proposed or developed for the applications in photovoltaic
devices.'"?*

“Fujian Key Laboratory of Semiconductor Materials and Applications,
Department of Physics, Xiamen University, Xiamen, 361005, P. R.
China. E-mail: zmwu@xmu.edu.cn; jykang@xmu.edu.cn

"Department of Electrical and Computer Engineering and Center for
Optoelectronics, University of North Carolina at Charlotte, Charlotte,
NC, 28223, USA

ZnO NWAs have been widely synthesized and used in the
photovoltaic devices due to their stability and non-toxicity as
well as relatively mature growth techniques,?**” such as chemical
vapor deposition method, Sol-Gel method, and electrochemical
deposition method. It was typically used as a transparent
conductive electrode or carrier transporter in “sensitized” solar
cells utilizing its large bandgap. Recently, ZnO has been
proposed to form type-II heterojunctions with other wide
bandgap II-VI semiconductors, such as ZnSe, ZnS, and
ZnTe,1%222428 49 an alternative structure for photovoltaic
applications.'*® These wide bandgap materials alone can not
absorb the sun light efficiently. Nevertheless, it has been pre-
dicted that if two large bandgap materials with type-II band
alignment form coaxial nanowires, the effective indirect bandgap
could be substantially smaller than either of the individual
materials.’*'® As a result, the absorption threshold could be
extended to a significantly longer wavelength by interfacial
transitions. However, the predicted extension to the longer
wavelength well beyond that set by the lower-bandgap has not
yet been convincingly realized.?*** Particularly, ZnO/ZnSe core/
shell nanowire arrays have been predicted to exhibit large band
offsets to confine carriers and thus explored experimentally for
this purpose.?* It is a great challenge to obtain good crystalline
quality of the core-shell structure. Therefore, it is crucially
important to control the nanowire size and the growth conditions
in order to further explore this unconventional approach.

The idea of constructing a photovoltaic device using the type-
II heterostructure instead of the p—n junction has been developed
with great success in organic PV-bulk heterojunction solar
cells and dye-sensitized solar cells. The development of an
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all-inorganic version has two major advantages: (1) it provides
an improved chemical stability of the material and the device,
and (2) it allows the realization of an interfacial absorption that
is typically very weak for the organic materials. Furthermore,
even within the inorganic options, the large bandgap materials
like ZnO and ZnSe are known to be much more stable than
others such as CdTe.

In this work, we have successfully synthesized type-II ZnO/
ZnSe core/shell NWAs with wurtzite ZnSe transition layer on
a large-area transparent quartz glass using a two-step chemical
vapor deposition (CVD) method. The morphologies, structural
properties and the chemical compositions of ZnO/ZnSe core/
shell nanowires were characterized by scanning electron
microscopy (SEM), X-ray diffraction (XRD), and energy-
dispersive X-ray spectroscopy (EDS), respectively. The hetero-
junction interface was investigated by high-resolution trans-
mission electron microscopy (HR-TEM). The type-II interfacial
transitions in coaxial nanowires were analyzed by optical trans-
mission and photoluminescence (PL). A prototype photovoltaic
device based on the ZnO/ZnSe core/shell NWAs was fabricated.
The photoresponse was measured by using a broadband spec-
troscopy system.

2. Experiment

The growth of well-aligned ZnO NWAs was carried out in
a horizontal quartz tube furnace with three heating zones. High
purity metallic zinc powder (5N, 3.0 g) was used as the source
material and placed at the central heating zone. Prior to ZnO
nanowire growth, a 1 pm thick ZnO film was deposited on the
quartz glass substrate by molecular beam epitaxy (MBE) at room
temperature. The substrate with the dimension of 1.5 cm x
1.5 cm was placed at the central zone downstream of the Zn
powder at a distance of 7 cm. Before heating, the system was
evacuated to 1.0 x 1072 Pa, and a mixed gas consisting of
200 sccm N, flow and 10 sccm O, flow was introduced into the
tube (sccm: standard cubic centimetre per minute). Then, the
tube was heated to 600 °C at a rate of 20 °C/min and kept at this
temperature for 30 min. To grow the ZnSe shell outside the ZnO
nanowires, high purity Se powder (5N, 0.2g) was placed at the
first zone upstream of the Zn power after the tube furnace was
cooled down to room temperature. Subsequently, the system was
evacuated again and only 200 sccm N, flow passed through the
tube as the carrier gas. The heating zones were heated at a rate of
10 °C/min. During the ZnSe shell growth, the temperature of the
central zone was kept at 620 °C while the first zone was
controlled at 420 °C. After 120 min growth, the system was
naturally cooled down to room temperature.

Morphologies of the as-grown ZnO and ZnO/ZnSe NWAs
were characterized by a field emission SEM (FE-SEM, LEO
1530). The structures and compositions were analyzed by XRD
(Oxford Gemini SUItra) using the grazing angle (5°) mode, as
well as TEM (Tecnai F30), and EDS. An ultraviolet visible
spectrophotometer (Varian Cary 100) was used to measure the
transmission spectra for different samples. Additionally, PL
spectra were measured at room temperature using a KrF excimer
laser (248 nm) as an excitation source and a fiber optic spec-
trometer (AvaSpec-ULS2048), which consists of a CCD detector
with 2048 pixels.

To investigate the photoresponse of the ZnO/ZnSe core/shell
NWA, the nanowire wafer was bonded with a 200 nm thick
indium tin oxide (ITO) film deposited on the quartz glass, and the
ZnO thin film was contacted with an indium probe. The device
structure is shown schematically in Fig. 1. The effective device
area is about 1.0 cm®. The external quantum efficiency (EQE)
was measured on a broadband spectroscopy system consisting of
a grating monochromator (Acton Research Corporation, Spec-
traPro-7501), a 200 W bromine-tungsten lamp, and a locked-in
amplifier (Stanford Research Systems, SR830 DSP), by
comparing with a reference Si cell (calibrated by Newport,
66902-QE). To further study the photoresponse of photovoltaic
device, the open-circuit voltage of the device was measured under
the radiation source of a red LED light or indoor sunlight. The
power density of the radiation sources were both measured to be
50 uW/cm? by using a spectroradiometer (Spectro 320 optical
scanning spectrometer). In addition, a defocused 10 mW He-Ne
laser was used to measure the dependence of the photovoltage on
the power density for the prototype photovoltaic device and the
reference Si cell (with an energy conversion efficiency of 12.5%
under one-sun). The red LED light had a main emission peak at
1.97 eV and a full width at half maximum of 0.05 eV, the sun light
had a broad spectrum ranging from 0.6 to 4.0 eV, while the He—
Ne laser had a sharp emission peak at 1.96 eV.

3. Results and discussion

The morphologies of the as-grown ZnO NWA and ZnO/ZnSe
core/shell NWA were characterized by SEM. As shown in Fig. 2
(a), well-aligned ZnO nanowires with a length of about 1.4 pm
were grown vertically from the ZnO film substrate. The nano-
wires have a hexagonal end plane, as shown in the inset of Fig. 2
(a), demonstrating the [0001] growth direction. In addition,
benefiting from the self-catalyzed growth mechanism, nanowires
have a smooth lateral surface and uniform diameter along their
entire length. These structural properties qualitatively favor the
formation of heterojunction with an abrupt interface. Moreover,
the appropriate density and diameter of ZnO nanowires are very
crucial to deposit high quality ZnSe shell. If the density is too
high and/or the diameter is too large, it would be difficult to
deposit the ZnSe shell layer surrounding the entire ZnO nano-
wire.?® For low density and/or small diameter of ZnO nanowires,
the deposition of ZnSe shell layer becomes easier, but such
a structure reduces light absorption areas and thus degrades the
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Fig. 1 Sketch of a ZnO/ZnSe NWA prototype photovoltaic device.
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Fig. 2 SEM images of (a) well-aligned ZnO NWA and (b) well-aligned
ZnO/ZnSe core/shell NWA. The insets in (a) and (b) are high-magnifi-
cation SEM images of a single ZnO and a ZnO/ZnSe core/shell nanowire,
respectively.

photoelectric conversion efficiency despite of the easiness of
coating ZnSe shell. In our work, ZnO film with tapered grains of
about 250 nm was grown via modifying the growth temperature.
The ZnO nanowires prefer to grow on the top of ZnO (0001)
grains due to their lowest surface energy, and their diameters are
determined by the top surface size of grains, varying from 40 to
80 nm. Fig. 2(b) shows an image of ZnO/ZnSe core/shell NWA.
The ZnO/ZnSe nanowires exhibit a larger diameter and rougher
surface, compared to those ZnO nanowires, indicating the
formation of core/shell structure. The ZnSe shells have roughly
the same thickness, and almost all the nanowires are coated. This
ensures a large surface-to-volume ratio of the core/shell hetero-
structures for a high absorption and conversion efficiency.
Additionally, the ZnO/ZnSe core/shell nanowires are almost of
the same height, which makes it possible to fabricate the contact
of most of core/shell nanowires to the ITO electrode in the
bonding process, and therefore ensures its feasibility in the
photovoltaic device.

The structures of ZnO and ZnO/ZnSe NWAs were determined
by XRD. For the ZnO NWA, only a strong peak is exhibited at
34.48°, indexed as (002) of wurtzite (WZ) ZnO, as shown in Fig. 3
(a). The sharp (002) peak confirms that ZnO nanowires have
grown along their c-axis perpendicular to the substrate with good
crystalline quality. Besides this ZnO peak, as shown in Fig. 3(b),
three additional peaks at 27.18°, 45.20°, and 53.53° appear in the
XRD patterns of the ZnO/ZnSe coaxial nanowires, which can be
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Fig. 3 XRD patterns of (a) ZnO NWA and (b) ZnO/ZnSe core/shell
NWA.

assigned to zinc blende (ZB) phase ZnSe (111), (220), and (311)
peaks, respectively. Interestingly, the ZnO (002) peak slightly
shifts to the smaller angle of 34.40°, suggesting that the lattice of
the core may suffer a tensile strain.*® This behavior can be
attributed to the fact that the ZnO core has a much smaller lattice
constant than the ZnSe shell.

The microscopic structures of the ZnO/ZnSe core/shell nano-
wire were further characterized by TEM. Fig. 4(a) shows a low-
magnification TEM image of a ZnO/ZnSe core/shell nanowire. A
clear interface appears between the homogeneous ZnO core and
rough ZnSe shell, confirming the formation of the core/shell
structure. Meanwhile, it can be seen that the ZnSe shell is
deposited over the entire ZnO nanowire, suggesting that the
whole nanowire surface can be functionalized in the process of
charge separation. There is a brighter contrast layer with thick-
ness varying from 2 to 12 nm in the interface region. This typi-
cally arises from different materials or different phases in TEM
imaging. To determine the concrete compositions, EDS line-scan
of the elements were performed across the nanowire. As shown in
the profiles of Fig. 4(b), the EDS spectra contain only three
characteristic peaks of Zn, Se, and O elements. The Zn element
appears in both the core and shell region, and the shoulder shape
reveals the difference between the element in the core and that in
the shell, supporting the contrast in the TEM image. And as
expected, there are two Se peaks displaying in the shell regions,
confirming the formation of ZnSe compounds, and the O
element only appears in the core region. Interestingly, as shown
in Fig. 4(b), the transition layer shows a low contrast in the dark
field image, corresponding to the dip of the Zn curve at the
interface, which indicates the existence of a new structure. To
clarify this structure, the transition layer between WZ ZnO core
and ZB ZnSe shell was further characterized by HR-TEM. As
shown in Fig. 4(c), the top right corner exhibits a lattice fringe
spacing of 0.260 nm, corresponding to WZ ZnO core with [0001]
growth direction, whereas the lower left corner shows a spacing
of 0.327 nm, corresponding to ZB ZnSe shell along the [111]
direction. The middle region with brighter contrast is allocated to
the transition layer. An abrupt interface appears between the
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Fig. 4 (a) Low-magnification TEM image of a ZnO/ZnSe core/shell
nanowire. (b) EDS line-scan profiles of the elements Zn, Se, and O across
a ZnO/ZnSe core/shell nanowire. (c) High-resolution TEM image of the
interface between the ZnO core and the ZnSe shell.

ZnO core and transition layer due to the smooth ZnO lateral
surface, as marked by a dotted line. There is an irregular
boundary between the transition layer and ZB ZnSe shell,

resulting in the inhomogeneous thickness of the transition layer.
Notably, the ZnSe transition layer grew coherently and laterally
on the WZ ZnO and showed the same lattice constants of a =
0.325 and ¢ = 0.520 nm as those of ZnO core. However, these
values are smaller than those of bulk WZ ZnSe reported in the
literature (¢ = 0.3996 nm and ¢ = 0.6550 nm, JCPDS Card No.
15-0105). Hence, this WZ ZnSe transition layer is subjected to
a compressive strain, whereas, the ZnO core is under a tensile
strain, resulting in the XRD peak shift towards the smaller angle
as demonstrated in Fig. 3. The coherent growth of WZ ZnSe
could be attributed to the low-temperature growth stage during
the ramping process.*® The lack of an apparent XRD peak for
this WZ ZnSe material is due to the overshadow of the strong
WZ ZnO peak at almost the same position. The observed core/
shell structure here is very different from what reported previ-
ously in which the ZnSe shell was found in the ZB phase with the
[001] axis matching the ¢ axis of ZnO.? The appearance of the
transition layer represents the formation of a new ZnO/ZnSe
core/shell structure, and might result in novel optical properties.

The electronic structures of the ZnO and ZnO/ZnSe core/shell
NWA were investigated by transmission and PL. measurements.
Fig. 5(a) and (b) show the transmission spectra of ZnO and ZnO/
ZnSe core/shell NWA and their derivative curves, respectively.
For the ZnO NWA, only one distinct peak is observed at about
3.2 eV, which arises from the ZnO near-band-edge (NBE)
absorption. For the ZnO/ZnSe core/shell NWA, three distinct
absorption peaks are observed in Fig. 5(b). Besides the absorp-
tion in region II attributing to ZB ZnSe NBE absorption, the
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Fig. 5 (a) Transmission spectra of ZnO NWA (solid circle) and ZnO/
ZnSe core/shell NWA (open circle) together with the substrate. (b)
Derivative curves of the transmission spectra (a). Energy band diagrams
for (c) WZ ZnO and ZB ZnSe heterojunction and (d) WZ ZnO and WZ
ZnSe heterojunction.
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absorption in regions III and IV are found to extend from visible
to near infrared light. To clarify the origins of the absorption in
region III and IV, we calculated the energy band structures at the
interface of coaxial nanowires using Vienna Ab initio Simulation
Package (VASP) based on the first-principles density functional
theory (DFT).3** The interface models between WZ ZnO and
ZB ZnSe and that between WZ ZnO and WZ ZnSe were con-
structed, respectively. The calculations show that both WZ ZnO/
ZB ZnSe and WZ ZnO/WZ ZnSe interfaces form type-11 energy
alignments with a band offset of 1.3 and 1.7 eV, respectively, as
shown in Fig. 5(c) and (d). The absorption in region III may arise
from the interfacial transition between WZ ZnO and ZB ZnSe
(Fig. 5(c)). In addition, the absorption in the region IV from red
to infrared spectral range is attributed to the interfacial transition
between WZ ZnO and WZ ZnSe (Fig. 5(d)). Therefore, the
transition at the type-II interface between the ZnO core and WZ
ZnSe layer is responsible for the extension of the absorption
energy to near infrared, which is important for photovoltaic
applications.

Fig. 6 shows the normalized PL spectra for ZnO NWA and
ZnO/ZnSe core/shell NWA. There is only one strong NBE
emission of ZnO nanowires observed at 3.17 eV for ZnO NWA,
indicating low defect density. This emission becomes very weak
in the ZnO/ZnSe core/shell NWA. Instead, a distinct peak
emerges in the region from 1.7 to 2.0 eV, corresponding to the
near infrared absorption in Fig. 5. There could be several
possible origins for this emission, such as interfacial transitions
and defect-related recombination in nanowires. The defect-
related emission in ZnO nanowires typically exhibits a broad
band in the green or yellow spectral range,***¢ which is very
different from our PL spectrum that shows a sharp peak at 1.9 eV
with a full width at half maximum of 0.14 eV. Additionally, as
seen in Fig. 4(a) and (c), a thin coherent WZ ZnSe transition
layer appears between the WZ ZnO core and ZB ZnSe shell,
indicating a relatively good crystalline quality at the interface.
Hence, the emission is more likely due to the interfacial transition
rather than the defect recombination. The weakening of the ZnO
NBE emission can be caused by the following three possible
reasons: (1) charge separation between the core and shell by type-
II energy alignment, resulting in a low hole concentration and
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Fig. 6 Normalized PL spectra for ZnO NWA and ZnO/ZnSe core/shell
NWA.

recombination rate in ZnO core; (2) absorption of ZnSe shell and
the emission of lower energy photons below the bandgap of ZnO
or ZnSe, and (3) non-radiative recombination due to the inter-
facial defects. Since the emission related to ZnSe shell is weak as
well and the interfacial emission is relative strong, the charge
separation is expected to be quite efficient. It can thus be
concluded that the type-II band alignment for the ZnO/ZnSe
core/shell nanowires can efficiently separate photogenerated
carriers, which will be further unambiguously supported by the
photoresponse measurement described below.

Fig. 7 shows the EQE of the coaxial nanowire cell as a function
of the light wavelength. A strong photoresponse band emerges in
the energy range well below the bandgap of ZnSe, with the peak
energy at ~1.9 eV and a threshold at as low as 1.6 eV. The EQE
in the red spectral range reaches about 4% at 1.9 eV, which is
comparable to the maximum of about 9.5% at 3 eV. The long
wavelength response can be explained as the result of the type-11
interfacial transition, although the detailed underlying physics
required further investigation. The strong near-infrared response
indicates rather efficient interfacial absorption in the core/shell
NWA, due to two mechanisms (1) the light trapping effect and
(2) the wave function overlap between the conduction band of
ZnO core and valence band of ZnSe layer as a result of quantum
confinement effect.?” The low threshold can be attributed to the
interfacial transition between the ZnO core and WZ ZnSe layer.
When the photovoltaic device was irradiated by the red LED
light with a power density of 50 uyW/cm?, the open-circuit voltage
was determined to be 120 mV; whereas the open-circuit voltage
increased to 320 mV when the indoor sunlight with the same
power density was used. These results not only further confirm
the strong photoresponse by interfacial transitions for the
prototype device, but also indicate its potential as a high-effi-
ciency cell with nearly full solar spectral response.

We have further investigated the dependence of open-circuit
voltage V,. on power density for the photovoltaic device as well
as a reference Si cell using a He—Ne laser that outputs 10 mW at
632.8 nm (1.96 eV), with the results shown in Fig. 8. To ensure
the uniform irradiation on the device, we defocused the laser spot
to an area of approximately 1 cm? As expected, the open-circuit
voltage increases with power density for both cells. However, the
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Fig. 7 EQE of a photovoltaic device based on the ZnO/ZnSe core/shell
NWA.
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V. for the NWA cell becomes larger than that of Si cell when the
radiation density exceeds 100 pW/cm?, and reaches 0.70 V under
the highest available radiation density of 660 pW/cm? much
higher than the value of 0.37 V from the Si cell, which further
confirms the strong response in the red region due to the presence
of interfacial transitions. The observed 0.70 V V. is among the
highest reported values for the nanowire based solar cells.*® The
behavior of the Si cell is typical for a p—n junction solar cell where
Vo depends weakly on the radiation density. Also for the
nanopillar-array cell, the V,. was found to increase from 0.55 V
at ~20 mW/cm? to 0.62 V at ~ 100 mW/cm?* The much steep
slope for the nanowire cell suggests a very different mechanism at
work and with potential advantages.

It is generally agreed that a material with a bandgap of about
1.4 eV is the optimal choice for a single-junction solar cell. Based
on our theoretical prediction, as revealed in Fig. 5(d), the tran-
sition energy between the ZnO core and WZ ZnSe could be as
low as 1.5 eV. On this regard, the core/shell nanowires with WZ
ZnSe transition layer can very closely match the solar spectrum
and in the mean time be chemically more stable than those using
a smaller bandgap material as a “sensitizer”. Even with an
effective bandgap of 1.6 eV, the detailed balance efficiency
(Shockley-Queisser) limit of solar cell based on this material
would be as high as 29%. This work demonstrates the feasibility
of fabricating a high-efficiency solar cell using type-II core/shell
nanowires with wide bandgap semiconductors, first suggested in
ref. 14. However, there are a number of obstacles to be overcome
in order for this approach to realize its full potential. For
instance, it is known that making good contacts between coaxial
nanowires and electrodes is a big challenge,*® and in our device,
the device resistance is relatively large resulting in a relatively
small short-circuit current. Further effort, such as improvement
in the Ohmic contact, structural optimization, and device inte-
gration, is needed for this new technology to be competitive with
the other more mature ones.

4. Conclusions

In this work, we have presented a two-step chemical vapor
deposition method for achieving the growth of type-1I well-
aligned ZnO/ZnSe core/shell nanowire array on a large-area
quartz glass substrate. Morphology studies by SEM show that

ZnO nanowires with moderate density were grown vertically on
the ZnO film substrate and a ZnSe layer was deposited over the
entire ZnO nanowire. XRD patterns show strong WZ ZnO (002)
and ZB ZnSe (111) peaks, demonstrating the good crystal quality
for both the core and shell. TEM images and EDS profiles reveal
that the ZnSe transition layer grew coherently on ZnO lateral
plane. In the transmission and PL spectra, interfacial transitions
between the ZnO core and WZ or ZB ZnSe layer were observed,
extending the absorption spectrum well below the ZnSe bandgap
into near infrared. For the photovoltaic device based on such
a ZnO/ZnSe core/shell NWA, the strong photoresponse associ-
ated with the type-II interfacial transition exhibits a threshold of
1.6 eV, which corresponds to an efficiency limit of 29% under
one-sun. This work demonstrates the feasibility and great
potential for exploring all-inorganic versions of type-II hetero-
junction solar cells using wide bandgap semiconductors.
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