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A vertically aligned ZnO/ZnS core/shell nanowire array with type II band alignment was directly
synthesized on an indium-tin-oxide glass substrate and the photovoltaic effect of the nanowire
array was investigated. The epitaxial relationship, wurtzite (0001) matching zinc-blende (111),
was observed in the ZnO/ZnS nano-heterostructure. ZnS coating is found to quench the
photoluminescence of ZnO nanowires but enhance the photocurrent with faster response in the
photovoltaic device, indicating improvement in charge separation and collection in the type II
core/shell nanowire. © 2010 American Institute of Physics. [doi:10.1063/1.3367706]

The use of quasi-one-dimensional, vertically aligned
nanostructures to construct three-dimensional architectures
as building blocks for photovoltaic (PV) devices, boosting
charge transport and collection and/or enhancing light ab-
sorption, has demonstrated advantages over conventional
planar devices.'"™ To facilitate efficient charge separation,
great efforts have been made to adopt the lateral p-n junc-
tions for the device geometry based on the core/shell
nanowires.>” Recently, an alternative strategy relying on
type II band alignment has been proposed to achieve the
lateral charge separation in the core/shell nanowire solar
cells.”'” This approach uses the “quasielectric force” of the
heterostructure,11 in contrast to the real electric field of the
p-n junction, and it should remain functional even when the
size is reduced to the quantum region.12 For mesoscopic
scale devices,3 > combining two operational mechanisms, p-n
junction and type II junction, will allow a greater flexibility
in optimizing the cell performance. In the true nano scale,
the band gap tunability of the type II junction could extend
the selection of active layer materials to the wide-band gap
semiconductors.” Furthermore ZnO and ZnS core/shell
structure are expected to be useful for photo-detector appli-
cations.

Efficient charge separation facilitated by type II
heterojunction has been reported in several nanocrystal
systems.13’14 In our previous work, we also demonstrated the
synthesis of a highly lattice-mismatched ZnO/ZnSe core/
shell nanowire array with type II band alignment for explor-
ing the potential of building all-inorganic stable nanostruc-
tured solar cells.” However, there are few reports of
nanowire based devices realizing the proposed core/shell
type II heterojunction concept. In this paper, we report the
synthesis of a vertically aligned ZnO/ZnS nanowire array on
indium tin oxide (ITO)-coated glass substrates and the obser-
vation of the photovoltaic effect based on the heterostruc-
tured nanowire array.
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The ZnO/ZnS core/shell nanowire array was fabricated
by a two-step synthesis, and the detailed procedures were
similar to our previous work."? Briefly, vertically aligned
ZnO nanowire arrays were first synthesized by chemical va-
por deposition (CVD) on an ITO substrate at 600 °C. The
nanowire array then served as a template for further ZnS
coating by pulsed-laser deposition (PLD) at 500 °C. The de-
vices were fabricated using a technique of fabricating three-
dimensional nanodevices based on vertically aligned nano-
wire arrays.16

Figure 1(a) shows a typical scanning electron micro-
scope (SEM) image of an as-synthesized ZnO nanowire ar-
ray, revealing perpendicular growth of ZnO nanowires on the
ITO glass with an average length of ~7 um and diameters
in the range of 50-120 nm. SEM image of the nanowire
array after the PLD of ZnS is presented in Fig. 1(b). Com-
pared to the bare ZnO nanowire, we found a noticeable in-
crease in the diameter and rough surface for the ZnO/ZnS
nanowires, which implies that ZnS is deposited over the ZnO
nanowire. X-ray diffraction (XRD) patterns of the bare and
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FIG. 1. (Color online) [(a) and (b)] SEM images of bare ZnO and ZnO/ZnS
core/shell nanowire arrays, respectively. (¢) XRD patterns of ZnO and ZnO/
7ZnS nanowire arrays.

© 2010 American Institute of Physics
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FIG. 2. Structural characterization of ZnO/ZnS core/shell nanowire array.
(a) Low-magnification TEM micrograph of a ZnO/ZnS core/shell nanowire.
(b) High-resolution TEM image of the interface of the core/shell hetero-
structure, enlarged from the rectangular area in (a), showing the epitaxial
growth relationship of ZnO wurtzite core and ZnS zinc-blende shell. [(c)
and (d)] Atomic resolution images of the core and shell areas taken from the
rectangular areas in (a), respectively. The insets in (c) and (d) represent the
corresponding FFT patterns.

shelled ZnO nanowire array are shown in Fig. 1(c). Only the
strong hexagonal ZnO (0002) diffraction peak was observed
in XRD patterns for the bare ZnO nanowire array, indicating
strong preferred orientation along the ¢ axis of wurtzite (WZ)
ZnO. For the XRD pattern of the ZnO/ZnS nanowire array,
the intensity of the (0002) peak from ZnO increased signifi-
cantly because the PLD was performed at the relatively high
temperature of 500 °C; thus, the crystalline quality of the
ZnO core was improved as a result of an annealing effect. No
additional diffraction peak was observed in the pattern of
ZnO/ZnS nanowires, perhaps because the ZnS layer is fairly
thin. However, a slight position shift of the ZnO peak to a
lower angle was observed for the ZnO/ZnS core/shell struc-
ture, which indicates the presence of lattice expansion caused
by the strain.

Figure 2(a) shows a typical low-magnification transmis-
sion electron microscope (TEM) image of a ZnO/ZnS core/
shell nanowire. The sharp interface between the core and
shell clearly shows that the ZnO nanowire is fully sheathed
by a ZnS layer along the entire length. The ZnS layer is
~12 nm thick and has a rough surface. Figure 2(b) is a
high-resolution TEM image of the rectangular area b in Fig.
2(a) that shows the detailed interface structure between the
ZnO core and ZnS shell. Although lattice distortion (in ZnO)
and stacking faults (in ZnS) can be observed along the inter-
face, both the core and shell exhibit lattice fringes and can be
further identified as WZ and zinc-blende (ZB) structures, re-
spectively, thus indicating that the ZnS shell layer was grown
over the ZnO core. To achieve more precise information
about the growth relationship, the magnified TEM image of
the core and shell taken from rectangles ¢ and d in Fig. 2(a)
and their corresponding fast Fourier transform (FFT) patterns
are shown in Figs. 2(c) and 2(d). The marked interplanar d
spacings of 0.31 and 0.52 nm correspond, respectively, to the

(111) lattice plane of ZB ZnS with the [011] zone axis and
the (0001) lattice plane of WZ ZnO with the [2110] zone
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FIG. 3. (Color online) Room-temperature photoluminescence spectra of
ZnO and ZnO/ZnS core/shell nanowire arrays.

axis. Thus, the core and shell are determined as epitaxial
growth with the growth relationship of [0001],,0ll[111],s

and [0110],,0/[211],,s, in contrast to that for the previously
studied ZnO/ZnSe system, where [0001],,0ll[001],,s. Was
observed."

The optical properties of the ZnO/ZnS core/shell nano-
wire were investigated by photoluminescence (PL) spectros-
copy. Figure 3 shows the PL spectra of ZnO and ZnO/ZnS
nanowire arrays measured at room temperature. The PL spec-
trum of the bare ZnO nanowire array consists of two emis-
sion peaks at 3.228 and 2.450 eV. Although close to the band
gap, the higher energy peak is still likely defect- or impurity-
related, because for high-quality bulk ZnO, the room-
temperature emission peak has been found at somewhat
higher energy, for instance, 3.265 eV."> The lower energy
peak is obviously non-intrinsic and is often believed to be
associated with oxygen—vacamcy17 or surface-related states,'®
although the exact origin of this transition remains unclear.
Compared with the bare ZnO nanowire array, the peak posi-
tion of the UV emission in ZnO/ZnS sample shows a small
blue shift, and the intensity is reduced by a factor of 63. The
intensity of the visible peak is also reduced, but to a much
lesser extent (by ~30%). Qualitatively, the effect of a ZnS
coating is similar to that of a ZnSe coating reported
previously.15 It was recently reported that a ZnS coating over
7ZnO nanotubes or nanorods enhanced UV emission,lg’zo
which appears to agree with conventional wisdom that (1)
the coating of a large-band gap material diminishes the loss
through surface recombination and (2) the UV emission is
from the bulk part of the ZnO. However, this understanding
is not expected to hold true for type II combinations such as
ZnO/ZnS, even though ZnS has a larger band gap. In prin-
ciple, one should expect that the charge-separation effect
quenches, instead of enhances, the PL signal, because the
type II core/shell structure should result in depleting the
holes in the ZnO core. However, if this mechanism were
indeed responsible for the observed quenching of the UV
emission in our core/shell structure, we should have seen the
quenching of both UV and visible emission to a similar de-
gree. This result should also hold true if the coating intro-
duces nonradiative defect centers at the heterojunction inter-
face. That the reduction is relatively small for the visible
peak and much more significant for the UV peak may sug-
gest that the visible emission could be from the bulk part of
the ZnO nanowire, whereas the UV emission could be sur-
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FIG. 4. (Color) (a) Schematic structure of the PV device based on a type 1I
core/shell nanowire array utilized for photoresponse measurement; (b)
Time-dependent photocurrent of bare ZnO and ZnO/ZnS core/shell nano-
wire arrays without external bias.

face related and thus more sensitive to the coating that has
modified the electronic structure of the bare ZnO nanowire
surface, either by introducing nonradiative centers or induc-
ing the transfer of holes to the ZnS shell from the surface
bound excitons.

We fabricated a prototype PV device, as shown sche-
matically in Fig. 4(a), using the ZnO/ZnS core/shell nano-
wire array as the active layer and carrier transport medium,
and ITO and gold as the anode and cathode, respectively.
The time-dependent photocurrent was measured without ex-
ternal bias, as shown in Fig. 4(b). The photocurrent re-
sponded (rose/decayed) instantly as the incident light was
turned on/off. Although the photocurrent increase was also
observed in the device composed of a bare ZnO nanowire
array, the signal was about 30 times weaker for the same
device size that was roughly determined by the contacted
area. Moreover, the photoresponse observed in the ZnO de-
vice was slower than that in the ZnO/ZnS device, which may
be attributed mainly to a heating effect or surface-related
adsorbates (O;).21 The enhanced photocurrent and faster re-
sponse observed in ZnO/ZnS, together with the quenching of
the UV emission, could indicate the realization of the key
feature of the type II heterostructure-charge separation, al-
though we cannot exclude other possibilities (such as the
7ZnS/Au contact is different from ZnO/Au). However, be-

Appl. Phys. Lett. 96, 123105 (2010)

cause of the large thickness of the nanowire layer, light ab-
sorption occurs mostly in the bulk part of the ZnO nanowire
core, the core/shell interface has to serve the function of
separating the electrons and holes.

In conclusion, we demonstrated the epitaxial growth of a
highly mismatched semiconductor nanoheterostructure, ZnO/
ZnS, in the geometry of a core/shell nanowire. The structural
study revealed the epitaxial relationship of the heterostruc-
ture of two crystalline phases, ZnO-(0001)/ZnS-(111), add-
ing to our recent report of ZnO-(0001)/ZnSe-(001), which
shows very intriguing growth phenomena important for the
future study in nano-heterostructure growth. The charge
separation in the ZnO/ZnS core/shell nanowire array was in-
vestigated by PL spectroscopy and photoresponse. The type
II heterojunction-based device could expand the opportuni-
ties for designing and optimizing nanoscale PV and other
optoelectronic devices beyond the conventional p-n junction
approach.
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