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C
omponent-modulated semiconduc-
tor heterostructures, such as super-
lattices,1,2 core/shell,3 and biaxial

nanostructures,4,5 with integrated multi-
functionality of disparate components, are
increasingly important in the assembly of
nanoscale photonic and electronic devices.1�7

Extensive investigations on the preparation of
heterostructures have been carried out for
dimension-specific applications by controlling
shapes, structures, and components.1�9 ZnO
and ZnS, as important II�VI semiconductors
withwide band-gaps of 3.37 and 3.67 eV, have
been intensively studied in awide range of UV
sensors, lasers, field emitters, nanogenerators,
solar cells, photocatalysis, and so on, owing to
their excellent optoelectronic properties.10�17

Recently, ZnO/ZnS heterostructures have at-
tracted theoretical and experimental interest
for showing superior optoelectronic properties
to their individual materials due to their type-II
band alignments.7,18�26 However, existing in-
vestigations on ZnO/ZnS heterostructures are
mainly related to polycrystalline ZnS nanopar-
ticles covered on ZnO or crystallographic in-
consistency in terms of orientation between
ZnO and ZnS crystals.4,5,27�37 Systematically
controlled assembly of single crystalline ZnO/

ZnS heterostructures with epitaxial orientation

relationship has so far not been achieved.

Especially for three-dimensional (3D) hetero-

epitaxial growth, their intrinsic large lattice

mismatch along the interfaces and high sensi-

tivity to synthetic conditions are major chal-

lenges yet to be overcome.4,5

Here, we report for the first time epitaxial
growth of ZnS single crystalline shells onto
vertically aligned ZnO nanorod arrays to

form arrays of ZnO/ZnS core/shell nanoc-
ables via a simple two-step thermal evapora-
tionmethod. Excitingly, single crystallineWZ
structured ZnS nanotube arrays are also in-
novatively synthesized by selectively etching
away the inner ZnO cores. Aligned semicon-
ductor nanostructure arrays were chosen
because of their ideal geometric shape with
respect to applications in photonic and elec-
tronic devices, which are characterized by a
well-ordered orientation, as well as high
aspect and surface-to-volume ratios.17,20,38,39
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ABSTRACT Hetero-epitaxial growth along

three-dimensional (3D) interfaces from materials

with an intrinsic large lattice mismatch is a key

challenge today. In this work we report, for the

first time, the controlled synthesis of vertically aligned ZnO/ZnS core/shell nanorod arrays

composed of single crystalline wurtzite (WZ) ZnS conformally grown on ZnO rods along 3D

interfaces through a simple two-step thermal evaporation method. Structural characterization

reveals a “(01�10)ZnO//(01�10)ZnS and [0001]ZnO//[0001]ZnS” epitaxial relationship between

the ZnO core and the ZnS shell. It is exciting that arrays of single crystalline hollow ZnS

nanotubes are also innovatively obtained by simply etching away the inner ZnO cores. On the

basis of systematic structural analysis, a rational growth mechanism for the formation of

hetero-epitaxial core/shell nanorods is proposed. Optical properties are also investigated via

cathodoluminescence and photoluminescence measurements. Remarkably, the synthesized

ZnO/ZnS core/shell heterostructures exhibit a greatly reduced ultraviolet emission and

dramatically enhanced green emission compared to the pure ZnO nanorods. The present

single-crystalline heterostructure and hollow nanotube arrays are envisaged to be highly

promising for applications in novel nanoscale optoelectronic devices, such as UV-A photo-

detectors, lasers, solar cells, and nanogenerators.
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The morphologies, compositions, and crystal struc-
tures of the hetero-epitaxial core/shell ZnO/ZnS nano-
rods and the ZnS nanotubes are systematically studied.
A growth mechanism is proposed based on the struc-
tural characterization and analysis. Optical properties
are also investigated and discussed in detail. Using the
hetero-epitaxial growth of the ZnS shell on the ZnO
core as an example, we demonstrate the possibility of a
rational and simple way for establishing 3D hetero-
epitaxial nanostructures from materials with an intrin-
sic large lattice mismatch.

RESULTS AND DISCUSSION

Strategies for the synthesis of the arrays of hetero-
epitaxial ZnO/ZnS core/shell nanorods and single crys-
talline hollow ZnS nanotubes are illustrated in Scheme
S1. First, arrays of ZnO nanorods were synthesized on a
piece of Si wafer by thermal vaporization of Zn powder
in the presence of air in a high-temperature furnace.
Scanning electron microscopy (SEM) analysis shows
that the synthesized ZnO nanorod has a hexagonal
cross section (Supporting Information, Figure S1). X-ray
diffraction (XRD) and transmission electron microscopy
(TEM) (Figures S1 andS2) reveal that theseZnOnanorods
are well-crystallized in the WZ structure with a preferen-
tial growth direction of [0001]. Next, ZnS shells were
deposited onto the ZnO nanorods by thermal evapora-
tion with a ZnS powder source. Detailed synthetic pro-
cedures can be found in the Experimental Section.
The morphology and composition of the product

synthesized in the second deposition process were
characterized using SEM with energy-dispersive X-ray
spectroscopy (EDX). Figure 1a�d, shows low- and high-
magnification SEM images of the nano-arrays. It can be
clearly seen that the nanorods grew vertically aligned
on the Si substrate and had a high density. The
individual nanorods possess a perfect hexagonal crys-
tal shape with typical diameters ranging from 250 to
350 nm. The morphology is quite similar to that of the
ZnO nanorod prepared in the first step (Figure S1)
except for a noticeable increase in diameter. EDX anal-
ysis (Figure 1e) of the sample shows that an S peak can
be clearly observed in addition to the Zn andOpeaks. To
further confirm formation of ZnS, an XRD spectrum of
the sample was taken, as shown in Figure 1f. Compared
with the XRD data recorded from ZnO nanorods (Figure
S1), a new peak at around 28.5� is detected, which
corresponds to (0002) planes of WZ structured ZnS
(JPCDS, 36�1450). These preliminary results demon-
strate that the nanorod is composed of ZnO and ZnS.
To further analyze the composition of the product,

EDX analysis in a scanning TEM (STEM) was carried out.
Figure 2a shows a typical plan-view TEM image of a
bundle of the nanorods. Their diameters are signifi-
cantly larger in comparison to those of the ZnOnanorods
(Figure S2), which is consistent with the SEM observa-
tions. The dark/bright contrast of the nanocable and its

corresponding STEM�EDX elemental mapping shown in
Figure 2c reveal that the ZnO nanorod is fully covered
with a ZnS layer. To analyze the interfacial relationship

Figure 1. Low- and high-magnification (a, b) top-view and
(c, d) tilt-view SEM images of the ZnO/ZnS core/shell nano-
rod arrays; (e, f) EDX and XRD data collected from the core/
shell nanorod arrays.

Figure 2. (a) Plan-view and (b) cross-section-view TEM
images of the ZnO/ZnS core/shell nanorod; (c) STEM image
and EDX elemental mapping from a plan view of core/shell
nanorod; (d) HAADF-STEM image and corresponding EDX
elemental mapping; (e) EDX line scan data form the core/
shell nanorod collected in cross section.
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between the two materials, the cross section samples
were prepared. Figure 2b gives a cross-sectional TEM
imageof theproduct. It canbe seen that ahexagonal shell
with a thickness of 30 nm is uniformly wrapped around
the core region. EDX elemental analysis shows that the
core contains only Zn and O, while the shell consists of
only Zn and S (Supporting Information, Figure S3). This
result is confirmed by combined High Angle Annular
Dark Field STEM imaging and EDX elemental mapping
(Figure 2d) as well as the line profile analysis (Figure 2e)
of the cross section. Clearly, the O element signal is
confined to the core region, while S is detected in the
hexagonal shell region. In the case of Zn, a homogeneous
signal was observed throughout the entire cross section.
To investigate the intrinsic crystal structure of the

core/shell nanorods, high-resolution TEM (HRTEM) and
selected-area electron diffraction (SAED) were per-
formed. Figure 3a shows an HRTEM image of the
interface between the inner ZnO core and ZnS shell
along the [2�1�10] direction, as evidenced by its
SAED pattern (inset of Figure 3a). Due to the thickness,
the contrast of the lattice fringes in the core region of
the rod is weak. However, the interface between the
core and shell, marked with a white dashed line, can be
clearly identified. The corresponding SAED pattern
shows two aligned sets of diffraction spots, which
can be indexed, respectively, to the WZ structured
ZnO and ZnS with an epitaxial orientation relationship:
(0002)ZnO//(0002)ZnS, [01�10]ZnO//[01�10]ZnS. This is
schematically illustrated with a relaxed atomic model
in Figure 3c. As can be seen in the HRTEM image, the
lattice mismatch between the core and shell structure
leads to numerous stacking faults along the ZnS [0001]
direction. This is also evidenced by the streaks along the
diffraction spots of the ZnS shell. Nevertheless, despite
the stacking faults, the lattice spacing of 0.31 nm in the
shell can be distinguished. It corresponds to (0002)
planes of WZ structured ZnS, as shown in Figure 3a.
It is known that the lattice parameters for WZ

structured ZnO (JPCDS, 36�1451) and ZnS (JPCDS,
36�1450) are a = 0.3249 nm and c = 0.5206 nm, and
a= 0.3820 nmand c= 0.6257 nm, respectively. The lattice
mismatch between (0001)ZnO and (0001)ZnS is as high as
20.19%. This would lead to tensile and compressive stress
in the ZnO core and the ZnS shell, respectively. This
mismatch stress field would increase as the shell
thickness increases. Because the ZnO nanorods are
synthesized before the establishment of the stress
field, we do not expect the mismatch stress field
would cause significant change in its crystallinity
and defect density (Supporting Information, Figure
S4). On the other hand, the ZnS shell reaches a certain
critical thickness; the built-up stress can cause struc-
tural changes for releasing the stress. As a result, a
high density of stacking faults is generated during the
radial growth of the ZnS shell, thereby gradually
releasing the mismatch strain energy.5,19

Figure 3b presents a cross section HRTEM image of a
core/shell nanorod viewed along the [0001] direction.
The labeled interplanar distances of 0.28 and 0.33 nm
in the core and the shell regions correspond to the
lattice fringes of {01�10} planes of WZ structured ZnO
and ZnS, respectively. The inset of Figure 3b shows a
selected-area Fast Fourier Transform of the HRTEM
image. It consists of two well-aligned sets of hexagonal
spots, corresponding to the ZnO and the ZnS WZ
lattices, respectively. An epitaxial relationship between
WZ ZnO and ZnS is identified: (01�10)ZnO//(01�10)ZnS
and [0001]ZnO//[0001]ZnS, as schematically illustrated in
Figure 3d. This result agrees well with the previous
analysis in Figure 3a. It is noteworthy that the ZnS shell
is single crystalline and preserves the crystal structure
characteristic and crystallographic orientation of the
initial ZnO core. This is quite different from the previous
studies on the ZnO/ZnS heterostructure system,4,5,27�37

which are either characterized by the polycrystalline
nature of ZnS nanoparticles sheathed on the ZnO or
inconsistent in crystallographic orientation between
ZnO and ZnS crystals.
Based on the above observations and analyses, a

combination of three different processes, namely a

Figure 3. (a) Plan-viewHRTEM image, showing the interface
of ZnO and ZnS, inset shows the corresponding SAED
pattern; (b) Cross-section-view HRTEM image of core/shell
nanorod, inset shows the corresponding selected-area Fast
Fourier Transform pattern; (c, d) Relaxed atom models
illustrated from [2�1�10] (plan-view) and [0001] (cross-
section-view) directions, respectively.

A
RTIC

LE



HUANG ET AL. VOL. 6 ’ NO. 8 ’ 7333–7339 ’ 2012

www.acsnano.org

7336

hydrogen-assisted thermal evaporation process, a sub-
stitution reaction and a homoepitaxial growth process
can be used to explain the obtained heterostructures
(Figure 4). In the beginning, ZnS powder was evapo-
rated with the assistance of H2 in the high temperature
zone (700 �C) to form Zn and H2S vapors by a thermal
evaporationprocess40 (eq1). The produced vaporswere
then transferred downstream by the carrier gas and
reacted with the previously prepared ZnO nanorods in
the low temperature zone (600 �C) to form a thin ZnS
layer on the surface of ZnO nanorods (eq 2) by a
substitution reaction, that is, O2� was exchanged for
S2� on the surface of ZnO nanorods,35,36 thus, the newly
formed ZnS layer can preserve the WZ structure char-
acteristic and crystallographic orientation of ZnO
cores.41 With prolonged time, the prefabricated ZnS
layer would limit the accessibility of oxygen and, hence,
disable further proceeding of the substitution reaction.
Instead, the newly formed layer would serve as sub-
strate for the homo-epitaxial growth of ZnS via the
vapor�solid mechanism40,42 (eq 3). As a result, single-
crystalline WZ structured ZnS nanostructures would be
epitaxially grown on the ZnOnanorods to form arrays of
ZnO/ZnS core/shell nanorods.

ZnS(s,g)þH2(g) f
700�C

Zn(g)þH2S(g) (1)

ZnO(s)þH2S(g) f
600�C

ZnS(s)þH2O(g) (2)

Zn(g)þH2S(g) f
600�C

ZnS(s)þH2(g) (3)

To evaluate optoelectronic properties of the pro-
ducts, cathodoluminescence (CL) was investigated at
room temperature (RT; Figure 5). Inset of Figure 5
is the UV region of the spectra. For pure ZnO, a
relatively sharp UV emission (378 nm), ascribed to
excitonic recombinations at the near-band edge (NBE),
together with a broad deep-level (DL) emission cen-
tered at around 514 nm, which is commonly believed
to originate from the radiative recombinations of the
holes with electrons belonging to the oxygen vacan-
cies of the surface,43 were clearly identified. Compared
with the bare ZnO nanorods, ZnS-coated core/shell
nanorods exhibit a strongly reduced UV emission and a
dramatically enhanced DL emission. Obviously, the UV
and DL emission peaks are attributed to the emissions
of ZnO nanorods within ZnO/ZnS core/shell nanorods.
The reduction of UV emission after ZnS coating seems
to agree with the charge separation mechanism of
type-II band alignment that holes transfer from the
core to shell, whichwould quench the UV emission to a
certain extent.29 However, if thismechanism holds true
for the reduction of UV emission in the ZnO/ZnS core/
shell nanorods, one would expected a similarly de-
creased DL emission rather than a strongly enhanced
one.20 Nevertheless, previous studies suggest that the

DL emission is surface-related due to the surface
dominance of the defects in the case of nanowires.43,44

Furthermore, the intensity of DL emission increases at
the expense of the NBE emission and is expected to
quench NBE emission in the extreme cases.44,45 Hence,
we infer that an increased number of oxygen vacancies
at the ZnO surface introduced during the coating
process combinedwith defects resulting from the lattice
mismatch along the interface are responsible for the
reduction of the UV emission and simultaneous en-
hancement of the DL emission.24,46 Same phenomenon
was also observed in RT photoluminescence measure-
ments (Figure S5). Althoughmore studies are needed to
understand the luminescence mechanisms of such
core/shell heterostructures, the present results indeed
demonstrate successful tuning of the optical properties.
A simple etching process in an acetic acid solution

can be used to dissolve the inner ZnO core and obtain
arrays of single crystalline hollow ZnS nanotubes. Low-
magnification SEM images (Figure S6) show that
ZnS tubes are aligned perpendicularly to the silicon

Figure 4. Schematic illustration of the growth mechanism
for epitaxial growth of a single crystalline WZ structured
ZnS shell on ZnO nanorods.

Figure 5. CL spectra obtained at RT from pure ZnO nano-
rods and ZnO/ZnS core/shell nanorods. The 1 and 2 h stand
for the deposition time of ZnS on ZnO nanorods at the
temperature of 600 �C.
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substrate's surface with a good uniformity. The density
of nanotubes is high, and the nanotubes are geome-
trically well�defined. A top-view SEM image in Figure
6a clearly shows that the synthesized ZnS nanotubes
have hexagonal cross sections. The inner diameters of
tubes measured from the recorded images are about
200�300 nm, in good accordance with the diameters
of the ZnO template. It is interesting to note that these
tube ends are closed at the top (Figure 6b), which
demonstrates that the ZnO rods were fully coated by
ZnS during the epitaxial growth process, that is, not
only were the side surfaces covered, but also the tops
of the ZnO rods. The inner and outer surfaces of the
ZnS nanotube are smooth and the thickness of thewall
and the cap is estimated to be in the range of 25 to
35 nm. Elemental composition of the tube was further

determined by STEM-EDX (Figure 6c). It was found that
the tube contained only Zn and S (Figure 6d), both
homogenously distributed throughout the whole re-
gion of the tube. Figure 6e shows an HRTEM image and
its corresponding SAED pattern (inset of Figure 6e)
recorded from the indicated area in Figure 6b. The
SAED pattern with an incident electron beam parallel
to [2�1�10] reveals a single-crystalline nature of WZ
structured ZnS, which grows along the [0001] direc-
tion. Although stacking faults are found in the tube, the
enlarged image (Figure 6f) exposes the dominant
(0002) planes of WZ-structured ZnSwith an interplanar
distance of 0.31 nm. To the best of our knowledge, it is
the first time that uniformly structured hollow ZnS
nanotubearrays havebeenobtained in single crystalline
form. The ideal geometric shape, well ordered-orienta-
tion and high surface�volume ratio of the obtained
hollow ZnS nanotube arrays combined with the single-
crystalline nature will benefit its possible applications in
various photonic and electronic nanodevices.17,47

CONCLUSIONS

Morphology and structure controlled synthesis
of vertically aligned and orientation ordered hetero-
epitaxial ZnO/ZnS core/shell nanorod arrays has been
achieved via a simple two-step thermal evaporation
method. The ZnS shell is single crystalline and pre-
serves the crystal structure and orientation of the
ZnO core. The epitaxial relationship between the WZ-
structured ZnO core and the ZnS shell is identified to
be (01�10)ZnO//(01�10)ZnS and [0001]ZnO//[0001]ZnS.
Amechanism for the conformal and epitaxial growth of
ZnS on the ZnO nanorods has been proposed. The
growth involves a hydrogen-assisted thermal evapora-
tion process, a substitution reaction and a homo-
epitaxial growth process. Single-crystalline hollow
ZnS nanotube arrays with WZ structure have also been
innovatively obtained by selectively etching away the
inner ZnO cores using an acetic acid solution. The CL
and PL properties demonstrate successful tuning of
the optical properties of ZnO nanostructures by form-
ing ZnO/ZnS heterostructures. The as-synthesized
ZnO/ZnS heterostructures and hollow ZnS nanotubes
may provide ideal systems for fundamental research
and are highly promising building blocks for nanoscale
device applications. Due to its simplicity and efficiency,
one can expect that this approach could be similarly
used to fabricate varieties of heterostructures made of
materials with an intrinsic large lattice mismatch and
single-crystalline hollow nanostructures.

EXPERIMENTAL SECTION
Synthesis of arrays of ZnO and ZnO/ZnS core/shell nanorods

was performed in a vacuum tube mounted inside a two-zone,
high-temperature furnace.

Synthesis of ZnO Nanorod Arrays. First, Zn powder (analytical
grade) was placed in a ceramic boat covered with a piece of

silicon wafer. The boat was then put at the high-temperature

zone of a quartz tube. After pumping down the pressure in the

Figure 6. (a) Top-view SEM image, showing a hexagonal
shape of cross section of ZnS tubes; (b) Plan-view TEM
image of ZnS tubes; (c, d) Elemental mapping and EDX
analysis; (e) HRTEM image recorded from the rectangle
region in (b); (f) Enlarged HRTEM image of (e).
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tube to 0.1 Pa, air with a constant rate of 30 sccm (standard
cubic centimeters per minute) was flowing into the tube. The
pressure of the tubewasmaintained at 100 Pa, and the boatwas
heated to 600 �C and maintained for 90 min. After that, the
furnace was naturally cooled down to room temperature and
ZnO nanorod arrays were synthesized on the silicon wafer.

Synthesis of Hetero-Epitaxial ZnO/ZnS Core/Shell Nanorod Arrays. Sec-
ond, we put ZnS powder (analytical grade) at the high-tem-
perature zone of the quartz tube and the silicon wafer with ZnO
nanorods at a lower temperature zone of the quartz tube. High-
purity argonmixedwith 5% hydrogenwith a constant rate of 45
sccm was flowing into the tube. Deposition was carried out by
heating the ZnS to about 700 �C and keeping the silicon wafer
with ZnO nanorods at 600 �C. Pressure in the tube was main-
tained at 480 Pa during the whole experiment. After the
deposition process, the furnacewas then naturally cooled down
to room temperature and ZnO/ZnS core/shell nanorod arrays
were then obtained on the silicon wafer.

Preparation of Hollow ZnS Nanotube Arrays. Finally, hollow ZnS
nanotube arrays were obtained by immersing ZnO/ZnS core/
shell nanorod arrays in an acetic acid solution (20wt%) for 6 h at
room temperature to completely remove the inner ZnO cores,
and then they were dried in air.

Preparation of Cross Section of ZnO/ZnS Core/Shell Nanorods. The
core/shell nanorodswere embedded in epoxy and glued between
two silicon dummies. This sandwich was thinned from both sides
with SiC grinding paper and diamond lapping film up to 10 μm
thickness. After gluing on an aperture hole, the TEM cross section
sample was prepared by ion beam etching in a PIPS 619 system
(Precision Ion Polishing System, Gatan) with 4 kV and Ar fromboth
sides up to the electron transparency.

Characterization and Measurements. SEM images of the samples
were taken on a Hitachi S�4300 scanning electron microscope
operated at 10 kV. X-ray diffraction patterns of the samples were
recorded on a Bruker D8 Focus powder X-ray diffractometer
using Cu KR radiation (λ = 1.5418 Å). TEM and HRTEM images
were recorded on a JEM-2100F operated at 200 kV and a FEI Cs-
corrected Titan 80�300 microscope operated at 300 kV with a
Gatan energy filter. Cathodoluminescence and photolumines-
cence spectra were collected on Quanta 200F SEM operated at
15 kV and pulsed Nd:YAG laser (Quanta�Ray INDI Series) with
an excitation wavelength of 266 nm, respectively.
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