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ABSTRACT: The structural and optical properties of ZnO and ZnO/
ZnS core−shell nanowires grown by a wet chemical method are
investigated. The near-bandgap ultraviolet (UV) emission of the ZnO
nanowires was enhanced by four times after coating with ZnS. The
enhanced emission was attributed to surface passivation of the ZnO
nanowires and localized states introduced during ZnS growth. The
emission of the ZnO and ZnO/ZnS core−shell nanowires was attributed
to neutral donor-bound excitons and localized excitons, respectively.
Localized states prevented excitons from diffusing to nonradiative
recombination centers, so therefore contributed to the enhanced
emission. Emission from the localized exciton was not sensitive to
temperature, so emission from the ZnO/ZnS core−shell nanowires was
more stable at higher temperature. UV photodetectors based on the ZnO
and ZnO/ZnS core−shell nanowires were fabricated. Under UV
excitation, the device based on the ZnO/ZnS core−shell nanowires exhibited a photocurrent approximately 40 times higher
than that of the device based on the ZnO nanowires. The differing photoresponse of the detectors was consistent with the
existence of surface passivation and localized states. This study provides a means for modifying the optical properties of ZnO
materials, and demonstrates the potential of ZnO/ZnS core−shell nanowires in UV excitonic emission and detection.
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1. INTRODUCTION

One-dimensional (1D) nanostructures have received much
attention in scientific investigation and potential application.1−3

They can be used to fabricate nanoscale electronic,
optoelectronic, and electrochemical devices.4−10 ZnO is a
semiconductor with a wide direct bandgap and large exciton
binding energy and has been much studied in optoelectronics.
ZnO 1D nanostructures exhibit favorable hardness and optical
and piezoelectric properties, so they have potential in optically
pumped nanolasers,11 biosensors,12 vertical nanowire field-
effect transistors,13 piezoelectric nanogenerators,4,5,14 memory
devices,15 spintronics devices,16 and photodetectors.17−20

The optoelectronic properties of nanomaterials are greatly
influenced by their surface state, such as surface defects and
dangling bonds.21−23 These can cause defect emission and band
bending, which lower the luminescence efficiency.24,25 Surface
states become more significant with increasing surface-to-
volume ratio. Suppressing surface states while enhancing the
ultraviolet (UV) emission of ZnO NWs will improve the
performance of ZnO-based optoelectronic devices.

Various surface modification methods have been proposed,
including plasma immersion ion implantation,26 argon ion
milling,27 surface plasmon,28 and surface passivation.21

Heterogeneous coating using organic or inorganic materials
(e.g., polymers and large-bandgap materials)19,30 to construct
core−shell structures is another surface modification ap-
proach.29 Introducing localized states can prevent carrier
migration toward nonradiative defects, which enhances optical
efficiency.31 Exploiting large-bandgap materials can enhance
carrier absorption and emission intensity.32,33 The broad
available range of such materials promotes the fabrication of
multifunctional materials, so heterogeneous coating is typically
a more attractive approach.
ZnS is often used to modify ZnO surfaces, because of their

similar physical properties.19,20,34−36 ZnO/ZnS core−shell
structures have received much recent attention for use in UV
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detection. By efficient charge separation, ZnS can inject
electrons into ZnO, which increases the photocurrent.19,20

However, the mechanism for the enhanced (or decreased) UV
emission by ZnO/ZnS remains unclear.34−36 The device
performance also requires improvement before it is suitable
for practical application. In the current study, ZnO and ZnO/
ZnS core−shell nanowires were synthesized, and their
structural and optical properties have been investigated.
Power- and temperature-dependent photoluminescence (PL)
measurements indicated that UV emission of the ZnO and
ZnO/ZnS core−shell nanowires resulted from neutral donor-
bound excitons and localized excitons, respectively. Excitons’
localization caused the enhanced photocurrent and photo-
response properties.

2. EXPERIMENTAL SECTION
ZnO nanowires were fabricated on quartz substrates using a ZnO seed
film, which was deposited by atomic layer deposition (ALD) using a
LabNano 9100 ALD system (Ensure Nanotech, Beijing, People’s
Republic of China). Growth conditions are available elsewhere.37−39

To prepare ZnO/ZnS core−shell nanowires, the as-grown ZnO
nanowires were immersed in 0.16 mol/L sodium sulfide (Na2S) and
zinc nitrate (Zn(NO3)2) solution for 2 h at 60 °C. The sample was
then dried in air at 60 °C for 1 h.
Scanning electron microscopy (SEM) images and energy-dispersive

X-ray (EDS) spectra were collected using a field-emission scanning
electron microscope (Hitachi-4800, Tokyo, Japan) and attached EDS
probe (GENE SIS 2000 XMS 60S, EDAX, Inc.), respectively, and were
used to characterize sample morphologies and chemical compositions.
X-ray diffraction (XRD) was used to characterize crystal structures. PL
measurements were performed in conventional backscattering
geometry, at 10−300 K in a closed-cycle He cryostat. The 325 nm

line of a He−Cd laser was used as the excitation source. The laser
power and beam size were 10 mW and 1 mm, respectively. For
photoresponse measurements, 1 mm diamter In contacts were
thermally welded on samples, at separation distances of 1 mm. The
device was illuminated with the same laser beam under bias conditions,
and a Keithley source meter (model 2400) was used to measure the
photocurrent.

3. RESULTS AND DISCUSSION
Parts a and b of Figure 1 show SEM images of the ZnO and
ZnO/ZnS core−shell nanowires, respectively. Figure 1a shows
that the ZnO nanowires were vertically aligned on the
substrate, with a well-defined hexagonal shape. The ZnO
nanowire diameter was ∼100 nm. Figure 1b shows that the
diameter of the ZnO/ZnS core−shell nanowires was larger
because of the ZnS coating and that the nanowire surface
became more roughened. Figure 1c shows the EDS spectrum of
the ZnO/ZnS core−shell nanowires, in which Zn, O, and S
were detected. The inset of Figure 1d shows the ZnS (111)
diffraction peak of the XRD pattern of the ZnO/ZnS core−
shell nanowires. Diffraction peaks characteristic of ZnO, such as
ZnO (100), (002), and (101), were still observed after coating
with ZnS. Sharp (002) diffraction peaks dominated the XRD
patterns of both samples, indicating very high crystallinity and
ZnO orientation along the crystallographic c-axis. These results
confirmed that ZnO/ZnS core−shell nanowires were synthe-
sized by the wet chemical method.
Figure 2 shows the room-temperature PL spectra of the

samples. That of the ZnO nanowires exhibited two emission
bands: a deep-level emission (DLE) at ∼2.10 eV, and a near-
band-edge emission (NBE) at 3.271 eV. The orange DLE was

Figure 1. SEM images of (a) ZnO and (b) ZnO/ZnS core−shell nanowires, with insets showing higher magnification images; (c) EDS spectrum of
ZnO/ZnS core−shell nanowires; (d) XRD patterns of ZnO and ZnO/ZnS core−shell nanowires.
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ascribed to oxygen or water molecules on the nanowire
surface.19 The DLE emission of the ZnO/ZnS nanowires was
broader, and the PL spectrum contained an additional peak at
2.51 eV, which may have been caused by ZnS defect emission.19

The optical properties of the ZnO nanowires changed
significantly after coating with ZnS. Holes in the ZnO core
should theoretically by depleted because of type-II band
alignment in the ZnO/ZnS core−shell nanowires, so charge
separation should quench UV emission.34 However, Figure 2
shows that the UV emission of the ZnO/ZnS core−shell
nanowires was ∼4 times more intense than that of the ZnO
nanowires. The UV emission peak of the ZnO/ZnS core−shell
nanowires should also theoretically red-shift, compared with
that of the ZnO nanowires,34 but a blue-shift of ∼12 meV was
observed, as shown in the inset of Figure 2. Similar reported
observations were ascribed to the Burstein−Moss effect,40 but
this could not account for the current observations (will be
discussed later).
Low-temperature and temperature-dependent PL measure-

ments were carried out, to investigate the mechanism of the
enhanced and blue-shifted UV emission. Figure 3a shows the
PL emission of the ZnO and ZnO/ZnS core−shell nanowires
at 10 K. For the ZnO nanowires, the emission peak at 3.352 eV

was attributed to radiative recombination from neutral donor-
bound excitons (D0X) according to previous reports.31,41 For
the ZnO/ZnS core−shell nanowires, the emission peak at
∼3.354 eV showed no obvious shift, but an enhancement in
intensity, and was also attributed to exciton transition. Peaks at
3.3 and 3.23 eV for the two samples were assigned to FX-1LO
and FX-2LO, respectively.27,42 The peak at 2.98 eV was
assigned to Zni.

43 Power-dependent PL spectra are shown in
Figure 3b. Increasing the excitation power from 0.1 to 10 mW
resulted in an approximately linear increase in PL intensity. For
the ZnO/ZnS core−shell nanowires, the emission peak red-
shifted at higher laser power, which could have been caused by
laser heating effect.44 The integrated PL emission intensity at
different excitation powers is shown in the inset of Figure 3b,
and their relationship was of the form IPL ∝ IEX

α ; IEX is the
power of the excitation laser radiation, and α represents the
radiative recombination mechanism. For excitonic recombina-
tion, we have 1 < α < 2; for bandgap emission, α ≈ 2; if α is less
than 1, it means a transition is related to impurity.31,44,45 The
inset of Figure 3b shows that the integrated PL intensity of the
two samples exhibited a power-law dependence with excitation
density. Fitting the experimental data yielded a α of 0.88 for the
ZnO nanowires, which indicated their UV emission was of
bond-exciton-related emission (D0X),44 similarly to previous
results.31 A α of 0.91 was obtained for the ZnO/ZnS core−shell
nanowires; the differing α values of the two samples indicated
that the bond exciton of the ZnO/ZnS nanowires was not D0X,
but this emission can be ascribed to the excitonic
recombination. Here we deduced that this emission was caused
by localized states introduced by the ZnS coating.44,45

Figure 4 shows the temperature-dependent PL spectra of the
ZnO and ZnO/ZnS core−shell nanowires. No free exciton
emission was observed for either sample. At room temperature,
the emission of ZnO was dominated by D0X and the emission
of ZnO/ZnS by localized excitons. Parts a and b of Figure 5
show the emission peak position and intensity of the samples,
respectively, with increasing temperature. The photon energy of
D0X of the ZnO nanowires decreased with increasing
temperature. This indicated that this emission was more
sensitive to temperature and could be fitted using the empirical
Varshni equation.46,47 The emission intensity also decreased
with increasing temperature, but the emission position of the
ZnO/ZnS core−shell nanowires remained higher than that of
the ZnO nanowires, even at room temperature. In addition, the

Figure 2. Room-temperature PL spectra of ZnO and ZnO/ZnS core−
shell nanowires. Inset shows normalized UV emission.

Figure 3. (a) Low-temperature (10 K) PL spectra of ZnO and ZnO/ZnS core−shell nanowires; (b) power-dependent PL spectra of ZnO/ZnS
core−shell nanowires. Inset shows relationship between integrated PL intensity and laser excitation power.
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photon energy of the emission from ZnO/ZnS with temper-
ature cannot be fitted by the empirical Varshni equation,46,47

which implied that it is not from D0X again. The relationship
between emission intensity and temperature in Figure 5b shows
that the ZnO emission decreased by 16 times with increasing
temperature from 10 to 300 K, whereas the ZnO/ZnS emission
decreased by only 9 times. Thus, the emission of the ZnO/ZnS
core−shell nanowires was more stable than that of the ZnO
nanowires. At higher temperature, the excitons of ZnO/ZnS
would be free and enhance the UV emission, which means
these excitons were bounded by a much deeper energy level.
And localized excitons are reportedly insensitive to temper-
ature, so the emission at ∼3.354 eV can be assigned to exciton
localization. These localized states in ZnO/ZnS prevented
excitons (generated from ZnO nanowires) from being trapped
by defect states, so they were responsible for the UV emission
enhancement and blue-shift at room temperature.
The core−shell structure greatly improved the luminescent

properties of the ZnO. ZnO/ZnS core−shell nanowires were
then exploited in nano-optoelectronic devices. A photodetector

was fabricated using the ZnO/ZnS core−shell nanowires, as
shown by the schematic in Figure 6. The photocurrent was

measured by switching the UV illumination at 325 nm on and
off, for 100 s each cycle. The time-dependent photocurrents of
the ZnO- and ZnO/ZnS-based devices are shown in Figure 7a.

Under a 4 V bias, both devices exhibited reproducible
photoresponse behavior. The photocurrent of the ZnO-based
device increased quickly upon illumination and then gradually
decreased, a few seconds later reaching a stable value of ∼0.021
mA. This was explained by the heating effect or surface-related
absorption (O2), as previously discussed in detail.19,48 For the
ZnO/ZnS-based device, UV illumination did not result in a
time decay in the photocurrent. The ZnO/ZnS-based device
exhibited a photocurrent of ∼0.796 mA, which was ∼40 times

Figure 4. Temperature-dependent PL spectra of (a) ZnO and (b)
ZnO/ZnS core−shell nanowires.

Figure 5. Emission (a) photon energy and (b) peak intensity of ZnO
and ZnO/ZnS core−shell nanowires with increasing temperature.

Figure 6. Schematic of the device containing ZnO/ZnS core−shell
nanowires.

Figure 7. (a) Photocurrents of ZnO and ZnO/ZnS core−shell
nanowires at 4 V; (b) photocurrents of ZnO and ZnO/ZnS core−shell
nanowires at different biases.
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that of the ZnO-based device.34 The photocurrent contained
two components, one of which was attributed to the ZnO
photoresponse. The ZnO surface was covered by a ZnS layer
which suppressed surface absorption processes, so the device
exhibited a stable photocurrent in the first few seconds.
Another higher photocurrent was then observed. The
conduction and valence bands in the ZnO/ZnS type-II
heterostructure are at higher energies than in ZnO, so
photogenerated carriers can potentially transfer from ZnS to
ZnO, thus decreasing the PL intensity.34,49 However, the room-
temperature PL results in Figure 2 showed an enhanced PL
intensity for the ZnO/ZnS core−shell nanowires. This
enhanced photocurrent was thought to be related to exciton
localization from ZnS, but not to electrons transferred from
ZnS to ZnO. To investigate this hypothesis, Figure 7b shows
photocurrents recorded at different biases. At a bias of <3 V,
only photocurrent from ZnO was detected. At sufficiently large
bias, a change in current (ΔI) of 0.13 mA was apparent, and the
response time increased. It is interesting to note that the
photocurrent difference, ΔI, remained the same, which implied
that the energy barrier (from ZnO/ZnS type-II heterostructure
interface) that confines the exciton was the same. Thus, when
the bias was high enough to shift the band and activate the
localized exciton in ZnO/ZnS nanowires, we can observe it. So
ΔI was the photocurrent from localized states. This showed
that localized excitons required a certain amount of energy to
become free, which increased the response time. This was also
consistent with the magnified photocurrent being related to
exciton localization from ZnS. At a bias of >4 V, the
photocurrent of the ZnO-based device gradually saturated.
The Figure 7b inset shows that the ZnO/ZnS-based device
exhibited a linear relationship between photocurrent and bias.
Coating with ZnS greatly improved the photoresponse of the
ZnO-based device.

4. CONCLUSIONS

ZnO/ZnS core−shell nanowires of high crystallinity and
orientation along the crystallographic c-axis were prepared.
The ZnO/ZnS core−shell nanowires exhibited enhanced UV
emission, compared with the ZnO core−shell nanowires.
Power- and temperature-dependent PL spectra were analyzed,
which indicated that the origin of this was localized excitons
introduced by the ZnS coating. The ZnS shell also resulted in
green emission by the ZnO/ZnS core−shell nanowires. The
ZnS shell suppressed surface states in the ZnO nanowires and
prevented exciton diffusion to nonradiative recombination
centers of ZnO, which enhanced the UV emission. The
photoresponse of devices based on the core−shell nanowires
was improved by the ZnS passivation effect and localized
excitons. The device based on the ZnO/ZnS core−shell
nanowires exhibited a much higher photocurrent than that
based on the ZnO core−shell nanowires. Thus, localized
excitons are important for the optical properties and perform-
ance of such devices.
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