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ABSTRACT: We report the electrical and optical properties of ZnO/ZnS core/shell nanowire (NW) devices. The spatial
separation of charge carriers due to their type II band structure together with passivation effect on ZnO/ZnS core/shell NWs not
only enhanced their charge carrier transport characteristics by confining the electrons and reducing surface states in the ZnO
channel but also increased the photocurrent under ultraviolet (UV) illumination by reducing the recombination probability of the
photogenerated charge carriers. Here the efficacy of the type-II band structure and the passivation effect are demonstrated by
showing the enhanced subthreshold swing (150 mV/decade) and mobility (17.2 cm?/(V s)) of the electrical properties, as well as
the high responsivity (4.4 X 10° A/W) in the optical properties of the ZnO/ZnS core/shell NWs, compared with the
subthreshold swing (464 mV/decade), mobility (8.9 cm?/(V s)) and responsivity (2.5 X 10° A/W) of ZnO NWs.
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B INTRODUCTION

One-dimensional semiconductor nanostructures have potential
for realizing downscaled field-effect transistors (FETs), light-
emitting diodes (LEDs), and laser diodes (LDs) for next-
generation systems such as highly integrated memory chips and
high-resolution displays.'™® In addition, their structural feature
of a high surface-to-volume ratio is promising for the generation
of highly sensitive photodetectors.””® Among numerous
candidates that can be used to manipulate the one-dimensional
nanostructure system, ZnO nanowires (NWs) have been
intensively investigated because of their attractive intrinsic
properties such as their wide direct band gap (3.4 eV), large
exciton binding energy (60 meV), chemical stability and
piezoelectric properties.'’"'* The bandgap of ZnO NW can
easily be adjusted by creating an alloy with other elements, and
the simple synthesis of ZnO NWs with a novel band structure
is available using chemical reactions.'”'* The bandgap of a one-
dimensional semiconductor is a critical parameter in determin-
ing the basic performance of a device, such as the electrical
transport properties and optical responsivity. In case of ZnO/
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ZnS core/shell NWs, the valence and conduction bands of the
core material are lower than those of the shell material. Thus, it
provides a spatial separation of the electrons and holes in the
core and shell caused by its type-Il band structure.'* As the
shell layer is synthesized or deposited, the density of the surface
states in ZnO NW systems can be efficiently managed for high-
quality devices because the number of defects that cause
degradation of the electrical and optical characteristics can be
reduced.>™ " A Mgy,Zny3O shell layer was reported to
enhance the electrical properties of a ZnO-based FET and a
ZnO/ZnS core/shell NW system was introduced to improve
the performance of dye-sensitized solar cells."*'? Therefore, we
expect that the type II band structure of ZnO/ZnS core/shell
NWs, together with the passivation effect will enhance the
critical parameters, such as the charge transport and response
properties, leading to an improved performance of the FETs
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Figure 1. (a) HAADF STEM image of ZnO/ZnS core/shell NW. (b) EDX line scan for Zn, S, and O following the arrow in panel a. (c¢) EDX
composition maps for Zn (left), S (middle), and O (right) of the boxed region in panel a.
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Figure 2. (a) Low-magnification bright-field TEM image of ZnO/ZnS core/shell NW. The inset is the SAED pattern of the core/shell NW. (b)
High-resolution TEM image of the boxed region in panel a. The inset is the FFT image of the representative regions of the boxed regions in the

shell.

and photodetectors. Until now, there have not been any reports
on the electrical properties of high speed switching ZnO/ZnS
core/shell NW FET's with optical properties that have a high
sensitivity for use as a multifunctional nanodevice. Here the
electrical and optical properties of ZnO/ZnS core/shell NW
devices are studied to investigate the possibility of realizing high
performance multifunctional nanodevices. The electrical
properties of the ZnO/ZnS core/shell NWs were evaluated
by studying single NW FETs, and the optical properties were
investigated by illuminating the same FETs with ultraviolet
(UV) light. We demonstrate the efficacy of the type II band
structure and the passivation effect by measuring the enhanced
subthreshold swing, mobility in the electrical properties as well
as the fast responsivity in the optical properties and comparing
them with ZnO NWs.

B MATERIALS AND METHODS

1. Synthesis of ZnO/ZnS Core/Shell Nanowires. The
ZnO NWs were grown by thermal chemical vapor deposition
(CVD) through a vapor-phase transport process using a
mixture of ZnO and graphite powder through the carbothermal
reduction process.”” We carried out the growth of ZnO NWs
on 3 nm-thick Au-deposited sapphire substrates at 950 °C for
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20 min under a constant gas flow of argon (100 sccm) and
oxygen (2 sccm). We used the Au as a catalyst for the growth
but we could not find any Zn—Au alloy or Au on top of the
ZnO NWs by transmission electron microscopy (TEM)
analysis (see Figure Sl in the Supporting Information),
meaning that the growth mechanism of our ZnO NWs does
not follow the traditional VLS mode.”® To prepare the ZnO/
ZnS core/shell NWs, the ZnO NW samples were then
immersed in sodium sulfide (Na,S) and zinc nitrate ((Zn-
(NOs;),) solutions, both with a concentration of 0.16 mol/L, to
deposit the ZnS shell layer at 60 °C for 2 h. This method for
ZnO/ZnS core/shell NWs is also known as a well-known self-
assembling method.'**" Even though the fabrications of one-
dimensional ZnO/ZnS core/shell nanostructure have been
achieved by using various methods including chemical vapor
deposition, thermal sulfidation, and ion exchange in vapor,
these methods require vacuum or high-temperature processes.
However, the low-temperature solution method in this study is
a very simple and facile method for low-cost production of
NWs with high yield."**"**

To investigate the structure of ZnO/ZnS core/shell NWs, we
carried out the energy-dispersive X-ray spectroscopy (EDX)
line scan (Figure 1b) of the region as indicated by an arrow
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mark in Figure la and compositional mapping (Figure 1c) of
the boxed area in Figure la to acquire the elemental
information on Zn, S, and O from high angle annular dark
field scanning transmission electron microscopy (HAADF
STEM) imaging (Figure la). These data indicate that the
ZnS shell layer is deposited on the ZnO core NWs. However, it
is not clear whether ZnS shell layer is oxidized so we performed
TEM analysis on the ZnO/ZnS core/shell NWs.

Figure 2a shows a low-magnification bright-field transmission
electron microscopy (BF TEM) image of a representative
7Zn0O/ZnS core/shell NW with an inset for the selected area
electron diffraction (SAED) pattern of this NW. These data
indicate that the ZnO core NW is single crystalline and it is
grown into [0001], whereas the ZnS shell is poly crystalline.
The SAED pattern shows strong diffraction spots of single
crystalline ZnO core and weak ring patterns of polycrystalline
ZnS shell as shown in inset of Figure 2a. The structural
information on the ZnO core NW is confirmed by a BF TEM
image before depositing the ZnS shell, and the corresponding
SAED pattern is shown in the Supporting Information, Figure
S1. The structural properties of the ZnO/ZnS core/shell NW
are also confirmed by the high-resolution TEM (HRTEM)
image presented in Figure 2b. The HRTEM image was taken at
[0110] from the boxed region near the interface of the core/
shell NW as shown in Figure 2a. We selected a region of the
shell as indicated by a box in Figure 2b and the corresponding
FFT pattern indicates that the region in the shell is single
crystalline with a wurtzite (hexagonal) structure. This
demonstrates that the shell is composed of ZnS rather than a
compound material composed of Zn, S, and O because a
compound material composed of Zn, S, and O elements is
ZnSO, whose crystalline structure is normally orthorhombic
(cubic) structure.”

We also carried out X-ray diffraction (XRD) analysis to
further confirm the coating of ZnS layer on ZnO NWs. As
shown in Figure 3, XRD spectrum of the ZnO/ZnS core/shell
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Figure 3. XRD patterns of (a) ZnO and (b) ZnO/ZnS core/shell
NWs on sapphire substrates.

NWs was taken and compared to that of ZnO NWs. The both
XRD patterns of the ZnO and ZnO/ZnS core/shell NWs show
a predominant diffraction peak of ZnO at 34.5°, indicating the
(002) diffraction peak of wurtzite ZnO. A new peak appears at
28.75°, which corresponds to (002) planes of wurtize structure
of ZnS$ in the core/shell NWs.*' The Au (111) peak has been
also detected at 38.1° in both samples because we used Au
catalyst.”* Even though Au is not found on top of the ZnO
NWs, the Au peak could be observed on XRD spectrum
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because Au films still remain between the NWs on the sapphire
substrate.

After synthesis of the ZnO/ZnS core/shell NWs, a rapid
thermal annealing (RTA) process was carried out under various
conditions to make smooth surfaces on the ZnS shells because
the morphology of the ZnO/ZnS core/shell NWs was rough, as
shown in Figure la. The surface morphology was improved by
using the optimized annealing temperature of 700 °C for 5 min
(see Figure S2 in the Supporting Information).

2. Fabrication Process of Devices Based on ZnO/ZnS
Core/Shell and ZnO Nanowires. The ZnO/ZnS core/shell
NWs were released by sonication in isopropyl alcohol (IPA),
and then dispersed on a highly doped p-type silicon wafer with
a 100 nm-thick SiO, layer. Standard photolithography was used
to pattern the source and drain electrode.”>*® The silver layer
was used as an ohmic contact to ZnS shell layer in the ZnO/
ZnS core/shell NWs,27 and then Ti/Au was deposited. The
thickness of Ag, Ti, and Au film was S, 30, and 50 nm,
respectively. The Ti/Au was deposited as an ohmic contact of
ZnO NWs. Panels a and b in Figure 4 show a schematic
diagram and a scanning electron microscope (SEM) image of a
device. ZnO NW FETs were also prepared using the same
fabrication and annealing method for the ZnO/ZnS core/shell
NW FETs and were used as the reference sample.

3. Measurements of the Electrical and Optical
Properties. The electrical properties of the ZnO/ZnS core/
shell and ZnO NW FETs were systematically characterized
using a semiconductor parameter analyzer (Agilent BISO0A) at
room temperature. The photoresponse of both types of NWs
were examined using a portable UV lamp with an emission
wavelength of 365 nm under an optical power density of 0.5
mW/cm? A Karl Suss 1000 UV intensity meter was used to
calibrate the optical power density.

B RESULTS AND DISCUSSION

Figure Sa shows representative output (Ips—Vpg, source—drain
current versus source-drain voltage) curves of the ZnO/ZnS
core/shell and ZnO NW FETs with a gate voltage from —2 to 8
V, increasing in 2 V increments. The cumulatively increasing
Ipg with an increasing gate voltage (V) indicates that both
NWs are typically n-type semiconductors.

Figure Sb shows the representative transfer (Ipg—Vig,
source—drain current versus gate voltage) curves for the
ZnO/ZnS core/shell and ZnO NW FETs at a drain voltage of §
V. The threshold voltage (V) of the ZnO/ZnS core/shell NW
FETs is relatively shifted in the negative direction compared
with that of the ZnO NW FETs. This result can be explained by
the surface passivation because the reduced surface trap density
in the ZnO and ZnS interface layer decreases the depletion
region in the ZnO channel®® Confined electrons, resulting
from the carrier separation of the type II band structure, could
also contribute to the Vy, shift toward the negative direction in
the ZnO/ZnS core/shell NW FETs. As shown in Figure Sb, the
Vi, of the ZnO NW FETs distinctively exhibits enhancement-
mode behavior, which indicates that a large number of surface
states and deep traps exist in the channel or at the interface of
the ZnO NWs.*® The subthreshold swing (SS) is a critical
parameter for the fast switching of FETs, and the SS of the
ZnO/ZnS core/shell NW FETs is steeper than the ZnO NW
FETs, as shown in the inset of Figure Sb. The SS for the ZnO/
7ZnS core/shell NW FETs is estimated to be 150 mV/decade
and this value is significantly improved from the SS of 464 mV/
decade for a ZnO NW FET. A faster transition between the off-
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Figure 4. (a) Schematic illustration of a NW FET and (b) SEM image of the area selected in panel a.
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Figure S. (a) Ipg—Vps characteristics of ZnO/ZnS core/shell
(triangular dot) and ZnO (solid line) NW FETs. V; was swept
from —2 V to +8 V in 2 V steps. (b) Ins—V( characteristics of ZnO/
ZnS core/shell (circular dot) and ZnO (solid line) NW FETs. The
inset indicates the log scaled Ing—V curves of a ZnO/ZnS core/shell
(circular dot) and ZnO (solid line) NW FETs.

to-on current of ZnO/ZnS core/shell NW FET, as shown in
the inset of Figure Sb, is attributed to the reduced surface and
interface states since the SS is proportional to the sum of the
depletion capacitance (Cy) in the channel and the capacitance
(C,) of the surface and interface states.'® To investigate the
electron transport properties for both types of NW FETs, we
estimated the electron mobility (#) and concentration (n)

using the cylinder on a conducting plate model as follows**°
G 27e, €
L cosil(14 ¢
cosh (1 + ,) 1)
Y= dl,g L*
todlg VbsCy (2)
¢ enr’L (©)

where C, is a gate capacitance, L is the channel length (~3
um), r is the radius of the NWs, d is the thickness of the gate
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oxide layer (100 nm), ¢ is the dielectric constant (3.9 for SiO,),
dlpg/dVy; is the transconductance (g,), and Vi is the source-
drain voltage (5 V). The calculated electron mobility and
charge carrier concentration of the ZnO/ZnS core/shell NW
FETs are 17.2 cm?/(V s) and 2.1 X 10 cm™, whereas those
for the ZnO NW FETs are 8.9 cm®/(V s) and 6.1 X 10'7 cm™,
respectively. These results indicate that the enhanced mobility
originates from the reduced density of surface trap states by
passivating the ZnS shell layer, as well as the distribution of
charge carriers, resulting from the transport mechanism for the
type II band structure. In addition, the separation and
confinement of the charge carriers are verified by the high
concentration of electrons in the ZnO/ZnS core/shell NW
FETs. Other ZnO/ZnS core/shell NW FETs have also
exhibited similar behavior in their electrical characteristics
(see Figure S3 in the Supporting Information).

The photoconductance and photoresponse properties of the
ZnO/ZnS core/shell and ZnO NWs were measured under UV
illumination, which was switched on-and-off in 40 and 60 s
intervals. Note that a Vpg of S V was applied to the devices
without a Vg for these measurements. Panels a and b in Figure
6 show the time dependent photocurrents for the ZnO/ZnS
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Figure 6. Time-dependent photoresponse currents of (a) ZnO/ZnS
core/shell and (b) ZnO NW devices upon repeated UV illumination
(365 nm) at a Vpg of S V. The extracted time dependent
photoresponse current (circular dot) and their fitting curves (solid
line) for (c) ZnO/ZnS core/shell and (d) ZnO NWs.
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core/shell and ZnO NW devices. After turning on the UV light,
both photocurrents immediately increased from the off state to
the on state and their responses from the periodical UV
switching were consistently reproduced. The ZnO/ZnS core/
shell NWs showed a higher photocurrent by 176% compared
with that of the ZnO NWs, indicating that a high photo-
responsivity can be obtained from the ZnO/ZnS core/shell
NWs. In general, the responsivity and external quantum
efficiency are key parameters in determining the sensitivity of
optoelectronic devices.*' The responsivity (R) is defined as R =
AI/PS, which is the generated photocurrent per unit power of
the incident light on the effective area of a photoconductor. Al
is the difference between the photocurrent and the dark
current, P is the density of light power irradiated on the NW
and S is the irradiated area of an individual NW.** The
calculated responsivity of the ZnO/ZnS core/shell NW (4.4 X
10° A/W) was much higher than that of the ZnO NW (2.5 x
10° A/W) due to the large difference between the photocurrent
and dark current in the ZnO/ZnS core/shell NW by the type II
band structure. This result can be ascribed that the
recombination probability of the photogenerated electron and
hole pairs decreases in ZnO/ZnS core/shell NW because of the
spatial separation of charge carriers, resulting from the type II
band structure. In addition, rough surface of ZnO/ZnS core/
shell NWs may also contribute partly to the high photocurrent
because ZnS shell shows a rough surface which may enhance
light absorption of core NWs. The external quantum efficiency
(EQE) can be expressed as EQE = (hc/ed)R, where R is
responsivity, h is Planck’s constant, ¢ is the velocity of the light,
e is the charge of an electron and A is the wavelength of the
irradiated light, which is related to the number of electron—hole
pairs excited by one absorbed photon.*” The EQEs calculated
for the ZnO/ZnS core/shell and ZnO NWs are 1.5 X 10°% and
8.5 X 10°%, respectively. It is believed that the remarkably high
responsivity and external quantum efficiency of the ZnO/ZnS
core/shell NWs originate from the spatial separation and
confinement of the photogenerated electrons and holes upon
illumination, resulting from the type II band alignment. We
fabricated 14 devices of ZnO/ZnS core/shell and ZnO NWs
and obtained consistent results showing that responsivity and
external quantum efficiency are much improved in ZnO/ZnS
core/shell NWs devices (see Figure S4 in the Supporting
Information).

Panels ¢ and d in Figure 6 show an expanded view of the
time-dependent photocurrents shown in panels a and b in
Figure 6 (gray region) and their fitting curves, respectively. The
decay of photocurrents were fitted with a biexponential decay
equation: I = I; + Aexp(—(t/7;)) + Bexp(—(t/7,)), where 7,
and 7, are fast and slow decay times.>>** Here, the fast decay
time of 2.3 s for the ZnO/ZnS core/shell NW is much shorter
than that of 8.1 s for the ZnO NW. We also compared the rise
times of ZnO/ZnS core/shell NWs by fitting the data as shown
in Figure SS in the Supporting Information. The initial rise
times are 2.5 and 3.1 s for ZnO/ZnS core/shell and ZnO NWs,
respectively. Even though the rise times of ZnO/ZnS core/shell
is slightly faster than ZnO NWs, the photoresponse current of
ZnO/ZnS core/shell NWs is about two times higher than ZnO
NWs when the UV light is turned on. These results indicate
that ZnO/ZnS core/shell NWs have a potential with
outstanding performance for high speed switching of photo
sensing devices compared to ZnO NWs.

We also calculated the photocurrent to dark current ratio of
ZnO and ZnO/ZnS core/shell NWs. Figure 7 presents current
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Figure 7. Current to voltage (I-V) plot of the ZnO/ZnS core/shell

and ZnO NWs showing the dark current and photocurrent under UV
light of 365 nm.
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to voltage (I-V) characteristics of ZnO/ZnS core/shell and
ZnO NWs in the dark and photocurrent under illumination of
UV light with a 365 nm wavelength.35 The dark current and
photocurrent of the ZnO/ZnS core/shell NWs are at 3.81 X
107% A and 4.32 X 107° A at a bias voltage of 5 V, respectively,
whereas ZnO NWs show a dark current of 3.00 X 10™° A and a
photocurrent of 1.47 X 107 A. Therefore, the photocurrent to
dark current ratio of ZnO/ZnS core/shell and ZnO NWs are
113 and 49, respectively. Even though dark current of ZnO/
ZnS core/shell NWs are higher than ZnO NWs presumable
due to the lattice mismatch and defect, the photocurrent to
dark current ratio is much higher than ZnO NWs due to its
high photocurrent.36 Therefore, ZnO/ZnS core/shell NWs
have a high photo to dark current ratio with high responsivity,
which is a significant advantage for the high-performance
photodetectors with type II band structure.

The enhanced electrical and optical properties of the ZnO/
ZnS core/shell NWs can be explained by energy-band
diagrams. Panels a and b in Figure 8 show energy-band
diagrams of the cross-sectional regions in the ZnO and ZnO/
ZnS core/shell NW devices, respectively. For the ZnO NWs,
the electrons trapped in the surface states or defects can

ZnO
; Si0O2 '\

/ p++ Silicon ‘.\
/

Depletion regions

Wd

ZnO

Figure 8. Schematic illustration of the cross-sectional views and their
corresponding energy band diagrams of (a) a ZnO and (b) a ZnO/
7ZnS core/shell NW device.
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generate a depletion region in the ZnO channel by band
bending (Figure 8a), resulting in the disturbance of the charge
carrier transport.”® However, the ZnS shell layer reduces the
surface states in ZnO NWs by the passivation effect,
diminishing the depletion region and enhancing the charge
carrier transport. Even though there are many interfacial traps
at the grain boundaries resulting from polycrystalline structure
and surface states in the ZnS shell, the charge transport through
the ZnO core would be enhanced by reduced surface state of
ZnO. In addition, the potential energy gradient at the interface
between ZnO and ZnS separates and confines the electrons and
holes in the conduction band (E_) of the ZnO and in the
valence band (E,) of the ZnS, respectively (Figure 8b). We
believe that this ideal distribution of charge carriers, where the
electrons are in the ZnO channel and the holes are in the ZnS
shell of the ZnO/ZnS core/shell NW FETs, contributes to the
improvement of the charge transport properties. Therefore,
these two synergetic effects increase the conductivity (o) of the
ZnO/ZnS core/shell NW FETs on the basis of the Drude
model where ¢ = ney. Furthermore, the spatial separation of the
carriers also reduces the recombination probability of the
photogenerated electron and hole pairs. Therefore, the
photocurrent of the ZnO/ZnS core/shell NWs is significantly
increased compared with that of the ZnO NWs, under
illumination of UV light. This is mainly responsible for high
responsivity and external quantum efficiency of the ZnO/ZnS
core/shell NW nanodevices. It is expected that the type II band
structure, along with the passivation effect has the potential to
achieve a high performance in multifunctional nanodevices.

B CONCLUSIONS

Coating a ZnS shell on ZnO NWs reduced the surface states
and induced charge carrier confinement by the type-II band
structure. The FETs based on ZnO/ZnS core/shell NWs
showed a small SS of 150 mV/decade and a high mobility of
17.2 em?/(V's), as well as a high responsivity of 4.4 X 10° A/W
and a fast switching time upon UV illumination switching. The
enhancement of the electrical and optical properties of the
ZnO/ZnS core/shell nanodevices compared with ZnO NWs is
attributed to the spatial separation and confinement of the
charge carriers because of the type-II band structure, together
with the passivation effect. It is expected that the ZnO/ZnS
core/shell NWs provide versatility to realize multifunctional
nanoscaled electronic and optoelectronic devices with fast
switching speeds and high photosensitivity for the next-
generation electronic devices.

B ASSOCIATED CONTENT

© Supporting Information

TEM images of ZnO and ZnO/ZnS core/shell NW, and
electronic and photoresponse properties of ZnO/ZnS core/
shell NWs and ZnO NWs. This material is available free of
charge via the Internet at http://pubs.acs.org.
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