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ABSTRACT

We report on a controlled synthesis of two novel semiconducting heterostructures: heterocrystalline-ZnS/single-crystalline-ZnO biaxial nanobelts
and side-to-side single-crystalline ZnS/ZnO biaxial nanobelts via a simple one-step thermal evaporation method. In the first heterostructure,
a ZnS domain is composed of the heterocrystalline superlattice (3C-ZnS)N/(2H-ZnS)M[111]-[0001] with the atomically smooth interface between
wurtzite and zinc blende ZnS fragments. High-spatial resolution cathodoluminescence studies on individual heterostructures for the first time
reveal a new ultraviolet emission peak (∼355 nm), which is not observed in separate ZnS or ZnO nanostructures. The present hererostructures
are expected to become valuable not only with respect to fundamental research but also for a design of new broad-range ultraviolet nanoscale
lasers and sensors.

Since the beginning of 2002, three leading groups have been
systematically exploring how to bring out new functional
properties from a single nanowire.1-3 By alternating vapor-
ization of two materials during the vapor-liquid-solid
(VLS) growth, they have grown striped “superlattice”
nanowires or heterostructures.4 One-dimensional (1D) nano/
heterostructures consisting of two important functional
materials are of prime importance for revealing unique
properties and essential for developing potential nanoelec-
tronic and optoelectronic devices.5-16 For example, GaAs/
GaP nanowire superlattices are demonstrated to be suitable
candidates for fabricating nanophotonic devices,1 whereas
InAs/InP radial nanowire heterostructures are effective in
high electron mobility devices.17 The fabrication of these
structures are characterized by concomitant growth enabling
mutual lattice tuning of the constituents and thus reducing

the hardship of interface electron scattering and enhancing
device performances.

ZnO and ZnS, well-known direct band gap II-VI semi-
conductors, are promising materials for fabricating photonic,
optical, and electronic devices. With wide band gaps of
∼3.37 eV, 3.72 eV and ∼3.77 eV for ZnO, cubic zinc blende
(ZB), and hexagonal wurtzite (WZ) ZnS, respectively,
heterostructures of these compounds are unique candidates
for ultraviolet lasers and detectors working in the 320-400
nm wavelength range, naturally accessible at the earth
surface.18-21 Recently, Schrier and co-workers used theoreti-
cal calculations to determine the optical properties of ZnO/
ZnS heterostructures and proposed that they should be used
for potential photovoltaic devices.22 However, the synthesis
of ZnO/ZnS heterostructures or biaxial nanostructures has
been a challenge until date. This is mainly due to the high
sensitivity of such heterostructures to synthetic conditions,
such as, oxidation propensity of ZnS surfaces as well as
differential solubility of the constituents in the catalyst
particle.

Being motivated by the encouraging theoretical predictions
as well as a rare possibility to merge these two important
optical materials, we have systematically investigated the
growth and structure of 1D heterostructures composed of
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II-VI and II-VI semiconductors. Furthermore, we have also
explored the novel excitonic properties of these structures
owing to an epitaxial interface by employing high resolution
cathodoluminescence (CL) spectroscopy. Thus, here is a
report on the controlled fabrication of two novel hetero-
structures: heterocrystalline-ZnS/single-crystalline-ZnO bi-
axial nanobelts and side-to-side single-crystalline ZnS/ZnO
biaxial nanobelts through a simple thermal evaporation
method using gold as catalyst. Detailed structural analysis
was performed that gave vital clues to understand the
nanostructure growth mechanism. The CL properties were
analyzed at 293 K and ∼30 K. These were nearly identical
for both heterostructures, notably while a novel ultraviolet
emission peak centered at ∼355 nm was observed for the
first time along with normal ZnS or ZnO band-edge emis-
sions.

The synthesis of the ZnS/ZnO biaxial nanobelt hetero-
structures was carried out in a conventional horizontal

furnace. In brief, an alumina tube (outer diameter, 25 mm;
length, 80 cm) was mounted horizontally inside a single-
zone high temperature resistance furnace. A 0.3 g sample
of commercially available ZnS powder (99.99% purity) was
used as a source material. It was placed in the center of the
heating zone. A Si (100) substrate coated with a 1.5 nm thick
Au film was vertically put downstream of ZnS powders at a
distance of 11 cm (∼950 °C). Before heating, the system
was purged with 80 sccm (standard cubic centimeter per
minute) high-purity argon (Ar, 99.999%) for 1 h. Then, the
furnace was heated to 1100 °C in 10 min and kept at this
temperature for 10 min with the Ar flow keeping constant.
After the system was cooled down to room temperature, a
white-colored wool-like product was found deposited onto
the silicon substrate.

The as-synthesized products were characterized using a
field-emission scanning electron microscope (FESEM, Sirion
200 and JSM-6700F) and a high-resolution transmission
electron microscope (HRTEM, JEOL 2010 and JEM-3000F)
equipped with an X-ray energy dispersive spectrometer
(EDS).

Figure 1a is a low-magnification SEM image of the
product. The product is composed of nanostructures with
diameters varying from several tens of nanometers to 100
nm and lengths up to tens of micrometers. A high-
magnification SEM image of the product is depicted in Figure
1b. Each nanostructure has a nanoparticle on its tip end.
Further investigations by TEM and EDS suggest that most
of the products are composed of either of two heterostruc-
tures: heterocrystalline ZnS/single-crystalline-ZnO biaxial
nanobelts or side-to-side single-crystalline ZnS/ZnO biaxial
nanobelts. Besides those, a few pure single-crystalline ZnS
nanobelts have also been observed. The TEM images of two
types of biaxial nanobelts are displayed in Figure 1c-e. The
clear and uniform interfaces are visible along the nanostruc-
tures. The left side layers of the nanobelts in Figure 1c,d
display sequential dark/light contrast strips, indicating that
they have a periodically modulated structure. A distinct
interface between the two parallel layers can be seen. The
structure is somewhat similar to the recently reported side-
to-side biaxial nanostructures.23-25

A detailed chemical analysis was carried out using
elemental mappings and EDS. Figure 2a shows a typical
TEM image of a side-to-side single-crystalline ZnS/ZnO
biaxial nanobelt, which reveals the clear and uniform
interface between the upper ZnS fragment and the lower ZnO
fragment. The individual diameters are ∼40 nm and ∼30
nm for ZnS and ZnO domains, respectively. The elemental
maps displayed in Figure 2b-d shed light on the distribution
of the constituting elements, that is, Zn, S, and O. These
clearly demonstrate a well-defined compositional profile of
the ZnS/ZnO biaxial nanobelt. On the basis of TEM images,
it should be noted that the interface region (both in Figure
1e and in Figure 2a) appears to have a thin region with a
brighter contrast. We investigated this region for a possible
detection of a third phase, such as metallic Zn. It was found
that, even though it might be fuzzy at some places (see
Supporting Information Figure S1), the interface is normally

Figure 1. (a,b) Low- and high-magnification SEM micrographs of
the as-grown products. (c,d) Typical TEM images of heterocrys-
talline ZnS/ single-crystalline-ZnO biaxial nanobelts. (e) A TEM
image of a side-to-side single-crystalline ZnS/ZnO biaxial nanobelts.
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distinct and the presence of a third phase is outside the
detection limits of the instrument.

Figure 3a shows a typical TEM image of heterocrystalline
ZnS/ single-crystalline-ZnO biaxial nanobelt, revealing ZnO
and ZnS subnanobelts of uniform diameters along their axes.
The EDS spectra in Figure 3b-d were taken from the marked
parts of the biaxial nanobelt, as shown in Figure 3a. These
supported the results of the elemental mappings. The highly
crystalline nature of these two novel heterostructures was
further verified by selected area electron diffraction (SAED)
and HRTEM. Figure 3e is a corresponding SAED pattern
of the heterocrystalline ZnS/single-crystalline-ZnO biaxial
nanobelt, previously shown in Figure 3a. It is composed of
three sets of diffraction spots. One of them can be indexed
to WZ ZnO, as indicated by a small rectangle; the others
can be indexed to ZB and WZ ZnS, as marked by a dashed
hexagon and a large rectangle, respectively. The regarded
structures are illustrated in the HRTEM images (Figure 3f,g)
taken from the ZnO and ZnS fragments, respectively. In
Figure 3f, the marked interplanar d spacings are ∼0.52 nm
and ∼0.28 nm. These correspond to the (0001) and (011j0)
lattice planes of WZ ZnO, respectively. In Figure 3g, it can
be seen that the ZnS portion is composed of two kinds of
lattices. The marked interplanar d spacing (∼0.31 nm)
corresponds to that of the {111} lattice planes of ZB ZnS,
and the distances of ∼0.63 nm and ∼0.33 nm correspond to
the (0001) and (011j0) lattice planes of WZ ZnS, respectively.
Thus, the ZnS portion has the heterocrystalline superlattice
structure (3C-ZnS)N/(2H-ZnS)M[111]-[0001], where N and
M are the numbers of the atomic layers in the ZB and WZ
ZnS sections. These usually vary from 9 to 11 and from 24
to 28, respectively. The interface between the WZ ZnS and
the ZB ZnS sections is atomically smooth.

The abrupt interfaces of WZ-ZnS/ZnO and ZB-ZnS/ZnO
are depicted in Figure 3h, and marked with I1 and I2,
respectively. The I1 interface is ∼8.2 nm long and parallel

to the (011j0) plane of WZ ZnS. The structure model of the
I1 interface is shown in Figure 3i. Along the I1 interface,
the lattice constant of the ZnS side is ∼0.31 nm and that of
the ZnO side is ∼0.424 nm. The length of 26 layers (Ls) on

Figure 2. (a) Typical TEM image of a side-to-side single-crystalline
ZnS/ZnO biaxial nanobelt revealing a clear and uniform interface
between two structures. (b-d) The Zn, S, and O elemental maps
demonstrating well-defined compositional profiles within the nano-
belt.

Figure 3. (a) High-magnification TEM image of the ZnS/ZnO
biaxial nanobelts. (b-d) The EDS spectra taken from the labeled
regions. (e) The corresponding SAED pattern of the ZnS/ZnO
biaxial nanobelt shown in (a) (the incident electron beam is parallel
to [21j1j0]/ZnO, [21j1j0]/WZ-ZnS, and [011j]/ZB-ZnS). (f) HRTEM
image recorded from a single-crystalline ZnO fragment. (g) HRTEM
image taken from a ZnS fragment displaying the heterocrystalline
superlattices. (h) HRTEM image of the ZnS/ZnO interface. (i) A
structural model of the WZ-ZnS/ZnO interface marked with “I1”
in (h). (j) A structural model of the ZB-ZnS/ZnO interface marked
with “I2” in (h).
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the ZnS side (26 × 0.31 ) 8.06 nm) is approximately equal
to the distance of 19 Ls on the ZnO side (19 × 0.424 )
8.056 nm). This value is coincident with the measured
distance of the I1 interface. The lattice mismatch between
the WZ ZnS and the ZnO is ∼36.7%. This causes the
asymmetric stresses in various domains: tension in the ZnS
side and compression in the ZnO side. The length limitation
of the I1 interface may be due to these residual stresses.
Similar to the I1 interface, a structural model of the I2
interface was constructed, as shown in Figure 3j. The I2
interface is parallel to the (11j1j) face of the ZB ZnS and is
∼3.3 nm in length. Along the I2 interface, the lattice constant
of the ZnO side is ∼0.307 nm and that of the ZnS side is
∼0.33 nm. This means that the asymmetric residual stresses
caused by the I2 interface, that is, tension in the ZnO side
and compression in the ZnS side, are opposite in sign to
those of the I1 interface. The alternating growth of I1 and
I2 interfaces might reduce the stresses and system energy.
This leads to the formation of heterocrystalline-ZnS/single-
crystalline-ZnO biaxial nanobelts, and they remain stable.

It is important to point out that the belt axes are not parallel
to the c axis of the WZ ZnS section, the [111] direction of
ZB ZnS section, or the c axis of the ZnO subnanobelt (Figure
3f). An angle between the belt axis and the [0001] direction
of WZ ZnS section is ∼6°. Meanwhile, an angle between
the belt axis and the [0001] direction of a ZnO subnanobelt
is close to 45.7°. It means that the growth of the ZnS and
ZnO subnanobelts takes place not along the low-indexed
planes. This is an obvious difference from the conventional
1D ZnS and ZnO nanostructures26-29 and the standard
subnanobelts within biaxial nanobelts.23-25

The above-mentioned structural characterizations and
discussions have mainly been related to the heterocrystalline-
ZnS/single-crystalline-ZnO biaxial nanobelts. The TEM
images and HRTEM analyses of the relevant side-to-side
single-crystalline ZnS/ZnO biaxial nanobelts are demon-
strated in Supporting Information (Figures S2 and S3).

During the experiments, we found that Au nanoparticles
play an important role in the formation of both heterostruc-
ture types. No such products were found in the absence of
Au nanoparticles, as verified in Figure 1a. From Figure 1c-e,
it can be seen that both ZnS and ZnO portions are attached
to the same Au nanoparticle indicating that both fragments
grew simultaneously during the experiment. Such growth
model is different from the ones previously proposed to
explain the formation of biaxial nanostructures in two
subsequent processes: the initial growth of one component
followed by the epitaxial growth of the secondary component
on the template thus formed.23

It is well-known that a lattice mismatch strain is widely
used to control the nanoscale pattern formation. For example,
Wang et al. reported that the asymmetric residual stresses
caused by the boundaries in a bicrystal AlN nanowire can
lead to the formation of a zigzag morphology.30 Alivisatos
et al. reported the formation of CdS-Ag2S superlattice
nanorods induced by the mismatch strain.31 Careful experi-
ments employing grazing incidence X-ray techniques have
shown that the strain release by the creation of heterostruc-

tures can be well-explained with atomistic simulations.32 In
our case, we propose that the formation of ZnS/ZnO biaxial
nanobelt heterostructures during a vapor-liquid-solid (VLS)
process is a direct result of the asymmetric residual stresses.
The ZnS and ZnO vapors (since no oxygen source was
utilized during the synthesis process, the formation of ZnO
vapor should be due to the presence of residual oxygen in
the reaction system) were transported and absorbed by an
Au nanoparticle. When the alloy droplet became supersatu-
rated, ZnS and ZnO were phase-separated and nucleated to
form heterostructures. Because of a large lattice mismatch
between ZnS and ZnO, the effect of mismatch strain is
considerably important. Taking the ZnS/ZnO biaxial nanobelt
as an example, we note that the mismatch strain at the ZnS
and ZnO interface can increase the system energy. Accord-
ingly, the morphology and/or crystal structure of a ZnS/ZnO
biaxial nanobelt need to be adopted to reduce the mismatch
strain energy. Experimentally, we observed two kinds of
changes. One is curving of a ZnS/ZnO biaxial nanobelt that
preserves the single-crystalline appearance of ZnS and ZnO
parts. The other one is periodic crystal structure alternating
(WZ T ZB) within a ZnS subnanobelt, while the whole
structure remains straight (the phase transformation and
stacking fault energies are both low in ZnS presuming a
relative ease of such process).27

In order to investigate the optical properties of novel
heterostructures, cathodoluminescence (CL) from individual
objects was performed at a high-spatial resolution at room
(RT) and low temperature (LT, ∼30 K). The RT CL spectra
from individual structures were collected with a high-
resolution CL system using an accelerating voltage of 5 kV
and a current of 1000 pA. An ultra-high vacuum scanning
electron microscope (UHV-SEM) with a Gemini electron gun
(Omicron, Germany) equipped with a CL system was
utilized.33 The RT and LT CL measurements implied that
two heterostructure types had almost the same CL properties.
Figure 4b depicts typical CL spectra obtained at RT from
an individual heterocrystalline-ZnS/single-crystalline-ZnO
biaxial nanobelt. The corresponding SEM image is shown
in Figure 4a. The RT CL spectra (Figure 4b) were taken in
different spots marked as 1 and 2 in Figure 4a. The EDS
spectra and TEM observations confirmed that the present
structure consists of two parts: (1) pure ZnS and (2) pure
ZnO. The CL spectra reveal a broad visible emission band
centered at ∼535 nm and a weak sharp ultraviolet emission
band centered at ∼345 or ∼385 nm. Figure 4c is an enlarged
portion of the sharp ultraviolet emission bands between
310-430 nm. In the ultraviolet region, it is easy to see that
curve 1 is composed of a very weak sharp ultraviolet
emission band centered at ∼345 nm, while a little stronger
and sharp ultraviolet emission band centered at ∼385 nm is
apparent for curve 2. These observations are consistent with
an expected half-ZnS and half-ZnO morphology (see Sup-
porting Information, Figure S4, for CL images of the
individual components).

The CL spectra measured at low temperature (LT) show
distinct near band-edge emissions. Such measurements were
carried out using a high spatial resolution (∼50 nm) and a
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low-energy CL (HRLE-CL) system and a thermal field-
emission scanning electron microscope (TFE-SEM, Hitachi
S4200).23 Figure 5 displays two representative CL spectra
obtained at ∼30 K from an individual heterocrystalline-ZnS/
single-crystalline-ZnO biaxial nanobelt and a pure ZnS
nanobelt, and the corresponding enlarged portions of the near
band-edge emissions between 310 to 430 nm. The typical
CL spectrum of an individual ZnS/ZnO biaxial nanobelt at
∼30 K exhibits a broad and strong visible emission band
centered at ∼501 nm and 4 weak ultraviolet emission bands
centered at ∼330, 355, 376, and 386 nm. In comparing with
pure ZnS or ZnO nanostructures, a new ultraviolet emission
peak (∼355 nm) is found, which has not been observed at
RT for the same nanobelt.

The research on optical properties of 1D ZnO and ZnS
nanostructures has rapidly expanded in recent years and
visible emissions centered mainly at 400-650 nm and the
band-edge emission (ultraviolet region, ∼368-390 nm for
ZnO, ∼330-345 nm for ZnS) at RT or LT have been
documented.21,34-36 The possible reason behind the variations

in the position of band-edge emissions in ZnO nanostructures
(of different sizes) is the concentration of native defects. The
visible emissions in the present experiments mainly originate
from some self-activated centers, for example, vacancy states,
singly ionized vacancies, interstitial and/or surface states, and
so forth37-39 (e.g., such as excessive elemental S and O
detected in the EDS spectra, Figure 3b,d).

In the ultraviolet region, along with normal ultraviolet
emissions originated from band-edge luminescence of ZnS
or ZnO,21,34-36,40,41 a new ultraviolet emission peak centered
at ∼355 nm was observed. Such a peak has never been seen
before for any standard 1D ZnS and/or ZnO nanostructure
(Figure 5b). On the basis of the EDS data in Figure 3b, in
which O is excessive and the atomic ratio between O and S
is close to ∼2:1, the structural characterizations, and LT CL
spectra, this new ultraviolet emission peak (∼355 nm) could
be assigned to the presence of an interface ZnS/ZnO
structure. A Zn-O-S ternary phase or an oxygen-doped ZnS
nanostructure presumably exists in this region. The effect
of oxygen on ZnS or ZnSe band structures and optical
properties has recently been experimentally and theoretically
investigated.42,43 Such effect may shed light on the new peak
origin. An extensive work, such as fabrication and optical
analysis of larger diameter ZnS/ZnO biaxial nanobelts, that
make the high-spatial resolution LT CL measurements along
the structure axis possible, is underway in order to unam-
biguously determine the new emission peak nature.

Figure 4. (a) SEM image of ZnS/ZnO biaxial nanobelts. (b) CL
spectra recorded at RT from the marked regions in (a). (c) The
enlarged portion of the sharp ultraviolet emission bands in (b)
between 310 and 430 nm.

Figure 5. (a) Representative CL spectra obtained at ∼30 K from
individual ZnS/ZnO biaxial nanobelts and pure ZnS nanobelts. (b)
Corresponding enlarged view of the near band-edge emissions
between 310 to 430 nm. A new ultraviolet emission peak (∼355
nm) is observed for individual ZnS/ZnO biaxial nanobelts which
is absent either in the pure 1D ZnS or in the ZnO nanostructures.
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To conclude, two novel ZnS/ZnO biaxial nanobelt het-
erostructures, namely, heterocrystalline-ZnS/single-crystal-
line-ZnO biaxial nanobelts and side-to-side single-crystalline
ZnS/ZnO biaxial nanobelts, were created via a simple one-
step thermal evaporation method. Then their detailed struc-
tural analysis was carried out. These interesting geometries
resulted in unique cathodoluminescence properties including
a new ultraviolet emission peak at ∼355 nm observed for
the first time in any ZnS and/or ZnO 1D nanostructure. The
simple designed method might be useful for the synthesis
of diverse heterostructures, such as II-VI or III-V semi-
conducting composite nanostructures, and the fabricated
novel nanomaterials are envisaged to be of high promise for
novel optoelectronic nanoscale devices.
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