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ABSTRACT: Core−shell nanowires are an interesting and
perspective class of radially heterostructured nanomaterials
where epitaxial growth of the shell can be realized even at
noticeable core−shell lattice mismatch. In this study epitaxial
hexagonally shaped shell consisting of WS2 nanolayers was
grown on {11 ̅00} facets of prismatic wurtzite-structured
[0001]-oriented ZnO nanowires for the first time. A synthesis
was performed by annealing in a sulfur atmosphere of ZnO/
WO3 core−shell structures, produced by reactive dc magnetron
sputtering of an amorphous a-WO3 layer on top of ZnO
nanowire array. The morphology and phase composition of synthesized ZnO/WS2 core−shell nanowires were confirmed by
scanning and transmission electron microscopy (SEM and TEM), micro-Raman, and photoluminescence spectroscopy. Epitaxial
growth of WS2(0001) layer(s) on {11 ̅00} facets of ZnO nanowire is unexpected due to incompatibility of their symmetry and
structure parameters. To relax the interfacial incoherence, we propose a model of ZnO/WS2 interface containing WS2 bridging
groups inside and use first-principles simulations to support its feasibility.

1. INTRODUCTION

Core−shell and multishell nanowires (NWs) are modern types
of axially and radially heterostructured nanomaterials inten-
sively explored during the last decades.1−3 The core−shell
approach has several important advantages as compared to
conventional two-dimensional (2D) material production
technologies: it allows one, for example, to combine materials
with lattice mismatch and even to initiate epitaxial growth of
shell material on the core template.1,3,4 As a result, it is possible
to significantly improve electrical, mechanical, and optical
properties of NWs by proper combination of core and shell
materials.2,5,6 It is worth to mention heterojunction NWs,
where p−n junction between core and shell materials turns a
core−shell NW into a functional device like a photodetector,
LED, nanolaser, etc.1,2,4,7−9 Therefore, the engineering of
core−shell heterostructures opens a new route for creation of
novel nanomaterials with advanced properties.
Zinc oxide (ZnO) is among the most thoroughly explored

NW materials due to simplicity of its synthesis and a number of
beneficial properties.10 Bulk ZnO is known to be a direct band
gap (3.3−3.4 eV) n-type semiconductor.11 It can be relatively
easily grown in a form of NWs12,13 also at atmospheric
pressure.14 ZnO is known to be a piezoelectric and
piezoresistive material; moreover, a piezoelectric nanogenerator
prototype, based on zinc oxide NW arrays, was demonstrated
several years ago.15 ZnO NWs are also frequently used as a
template for nanomaterials synthesis.10 Various ZnO/MeS
core−shell heterostructures (Me = Pb, Cd, and Zn) were

reported to be used for photovoltaic devices,16 solar cells,17

water splitting for hydrogen production,18,19 high-temperature
sensors,19 and photodetectors.20,21

Layered transition metal dichalcogenides such as WS2 and
MoS2 have attracted recently increasing attention.

22 WS2 can be
produced as thin films, 2D crystals, and nanotubes as well as a
component of heterostructures.23−28 WS2 is an n-type semi-
conductor having an indirect band gap Δεig = 1.3−1.4 eV,29−31
a direct optical band gap Δεdg = 1.7−1.9 eV, and strong optical
absorption (a = 5 × 104 cm−1 at 2 eV). Engineering of WS2
band gap is possible by controlling its thickness from bulk to
single layer.32

WS2 is an extremely chemically inert (up to 1000 °C) and
nontoxic substance33 that makes it useful for biomedical
applications.34 It is widely used as a lubricant additive35 and is
studied for applications in lithium-ion batteries36 and field-
effect transistors.37 Moreover, it can be utilized for solar cells or
water splitting due to a good correspondence of its band gap to
the solar spectrum.33,38,39 Enhanced efficiency of H2O splitting
for hydrogen production by WS2 was recently demonstrated for
heterostructures.38,40,41 Tahir et al. produced hierarchical WS2−
ZnO nanocomposites for electronic and photonic applica-
tions.40 Seo et al. synthesized WO3−WS2 heterostructures by
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partial sulfurization of WO3 NWs for hydrogen electro-
catalysis.41

Finally, the use of 2D ZnO−WS2 heterostructures in
significantly enhanced ultraviolet (UV) photodetectors was
demonstrated recently in ref 42. The heterostructure was
produced using a chemical vapor deposition grown monolayer
WS2 stacked onto the surface of ZnO 100 nm thin film
deposited by magnetron sputtering on glass substrate.42 In this
case, the electron−hole pairs are photogenerated in ZnO
nanothin film, whereas monolayer WS2 functions as a charge
transport layer.42

In this study, we report for the first time on the epitaxial
growth of WS2 nanolayers on ZnO nanowires. Direct epitaxial
growth of WS2(0001) on the {11 ̅00} facet of ZnO nanowire is
unexpected due to incompatibility of their symmetry and
structure parameters. To relax the interfacial incoherence we
propose a bridge-based model of ZnO/WS2 interface and use
first-principles simulations to estimate its feasibility.

2. METHODS AND MATERIALS

2.1. Synthesis of ZnO/WS2 Core−Shell Nanowires.
ZnO/WS2 core−shell NWs were produced in three steps: (1)
ZnO NWs growth on a SiO2/Si(100) wafer; (2) amorphous a-
WO3 layer deposition onto ZnO NWs; (3) ZnO/WO3 NWs
annealing in sulfur atmosphere.
ZnO NWs were grown by a vapor transport method [also

known as atmospheric pressure chemical vapor deposition
(APCVD) method] using Au nanoparticles (BBI international,
water suspension, 60 nm in diameter) as catalyst via VLS
(vapor−liquid−solid growth mechanism).16 NWs were synthe-
sized on thermally oxidized silicon substrates [SiO2/Si(100)
wafer, Semiconductor Wafer, Inc.] by heating a 1:4 mixture of
ZnO and graphite powder to 800−900 °C in an open-end
quartz tube for 0.5 h. After synthesis samples were studied by
scanning electron microscopy (SEM) to confirm successful
growth of ZnO NWs.
Next, ZnO NW samples were coated by a layer of

amorphous a-WO3, having a 100 nm thickness on a flat
substrate, using reactive dc magnetron sputtering of metallic
tungsten target in mixed Ar/O2 atmosphere. The thickness of
the a-WO3 layer on the surface of ZnO/WO3 NW array on a
SiO2/Si(100) substrate was found to be 10−50 nm as
estimated by SEM and transmission electron microscopy
(TEM) (see Figure S1 in Supporting Information).
Finally, ZnO/a-WO3 NW samples were annealed in a quartz

tube in a sulfur atmosphere during 0.5 h at 800 °C to convert
amorphous tungsten trioxide into tungsten sulfide, followed by
heating for 0.5 h in inert atmosphere to sublimate some
remaining amount of WO3. It is important to note that the
growth of the WS2 sublayer takes place at the interface between
ZnO core and WO3 shell.
2.2. Morphological Characterization. The morphology

of ZnO/WS2 core−shell NWs was characterized by a high-
resolution SEM focussed ion beam (FIB) electron microscope
(Lyra, Tescan). The inner structure of core−shell NWs was
revealed using a TEM (Tecnai GF20, FEI) operated at the
accelerating voltage of 180 kV.
2.3. Photoluminescence and Micro-Raman Measure-

ments. The photoluminescence (PL) measurements were
performed at 9 and 300 K using the fourth harmonic (266 nm,
or 4.66 eV) of a Nd:YAG laser FQSS266 (CryLas GmbH) as
an excitation source. The photoluminescence spectra were

recorded using the Andor Shamrock B-303i spectrograph
equipped with a CCD camera (Andor DU-401A-BV).
Micro-Raman and PL spectromicroscopy measurements

were performed using a confocal microscope with spectrometer
Nanofinder-S (SOLAR TII).43 A diode-pumped solid-state
(DPSS) Nd:YAG laser [λ = 532 nm, max continuous wave
(cw) power Pex = 150 mW] was used as the excitation source. A
Peltier-cooled back-thinned CCD camera (ProScan HS-101H)
was used for detection of Raman and PL spectra. The
Hamamatsu R928 photomultiplier tube was employed in
confocal-spectral imaging experiments. All measurements
were performed in backscattering geometry at room temper-
ature (20 °C) through a Nikon CF Plan Apo 100× (NA =
0.95) optical objective.

3. THEORETICAL SECTION
3.1. Motivation of 2D Simulations on ZnO/WS2 Core−

Shell Nanowires. Regular hexagonal prismatic shape of
wurtzite-structured NWs, e.g., ZnO NWs synthesized in our
experiment,44 can be formed if the NW axes are oriented along
[0001] crystallographic directions being hollow-centered.
Otherwise their symmetry is reduced while stability is
lowered.45 (The symmetry of hexagonally structured [0001]-
oriented ZnO NWs can be described by P63mc rod group.)
Stability of these NWs can be achieved while they are
terminated by lateral facets possessing the smallest surface
energy among any wurtzite faces. This requirement is fulfilled
for the family of six identical (11 ̅00), (1̅100), (101 ̅0), (1 ̅010),
(011 ̅0), and (01 ̅10) ZnO facets (Figure 1).46 Alternative
{112 ̅0} faceting of [0001]-oriented ZnO NW is energetically
less favorable.

Large enough diameters (>50 nm) of ZnO NWs synthesized
using the CVD method allowed us to assume that the key role
in epitaxial WS2 layer adhesion to nanowire is played by a
family of {11 ̅00} plane facets but not by tiny areas around ZnO
nanowire ribs. This is why the 2D ZnO(11 ̅00)/WS2 interface
was initially selected for comparison with the experimental data
for ZnO/WS2 core−shell NWs. Note that core−shell NWs per
se cannot be simulated when using the first-principle theory
due to a complexity of their morphology and low symmetry.
Therefore, we considered a slab model.
A 20-layer ZnO(11 ̅00) slab model was chosen for

simulations of zinc oxide substrate (thickness of which
corresponds to [0001]-oriented NW possessing diameter of
3.5 nm) and its coverage by WS2 nanolayers from both sides.
Atomistic models used for simulation of hydrogen molecule

Figure 1. Axonometric view of ZnO [0001]-oriented nanowire and its
lateral facets (left panel), as well as ZnO/WS2 core−shell nanowire
(right panel).
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reactivity toward ZnO(11 ̅00) substrate have been constructed
by us recently.47

To simulate 2D ZnO/WS2 core−shell interface, we have
established qualitative compatibility between the structures of
adsorbent and adsorbate when comparing their bulk
morphologies (Figure 2 and Table 1). Note that unit cell of

tungsten disulfide contains fragments of two inversely oriented
WS2 layers (Figure 2b). Both structures are described by
hexagonal space symmetry groups P63mc (Figure 2a) and P63/
mmc (Figure 2b), respectively.
Comparison between the structural parameters of a0, and c0

for ZnO and WS2 bulk (Figure 2 and Table 1) obtained in
calculations and measured experimentally shows their close
proximity. This fact enhances the possibility to form a quasi-
coherent interface since each c0

WS2 > 2c0
ZnO (resulting in slight

bend of WS2 unit cell contacting to ZnO unit cell), while a0
ZnO

≈ a0
WS2. We have considered both n- and p-type terminations of

ZnO(11 ̅00) slab (Figures S2 and S3 and Table S1 in
Supporting Information) although morphology of the former
corresponds to a more smooth NW facet observed
experimentally.44 According to conditions of ZnO synthesis
described before, we have also constructed slab model of n-type
S-doped ZnO(11 ̅00) substrate where all outer O atoms are
substituted by S atoms (Figure S4 and Table S1 in Supporting
Information). Other details of models used for ZnO/WS2
interface are given below and in Supporting Information.
3.2. Computational Details. In this study, relaxed 3D

models of ZnO and WS2 lattices (Figure 2) as well as
ZnO(11̅00)/WS2 2D interfaces were calculated using the
periodic hybrid density functional theory (DFT)/Hartree−

Fock (HF) LCAO method. The method utilizes localized
Gaussian-type functions (GTFs) in the form of basis set (BS)
centered on atomic nuclei for expansion of crystalline orbitals
as linear combinations of atomic orbitals, implemented in
CRYSTAL14 computer code51 using the hybrid exchange-
correlation functional PBE0.52,53 For oxygen atoms we used the
all-valence BSs of atomic GTFs (constructed using pure s- and
hybrid sp-AOs) in the form of 8s-411sp, while for zinc atoms
we used the all-valence BS in the form 8s-64111sp-41d as
suggested previously.54 BS for sulfur atoms was adopted in the
form of ECP-1111s-1111p-11d,55 while for tungsten atoms the
ECP-11sp-31d56 BS was used, where ECP is the effective core
pseudopotentials employed for acceleration of calculations.
To provide a balanced summation in both direct and

reciprocal lattices, the reciprocal space integration was
performed by sampling the NW Brillouin zone (BZ) with the
12 × 12 × 1 Monkhorst−Pack mesh57 that gives in total 16 k-
points evenly distributed at the BZ. Calculations are considered
as converged only when the total energy differs by less than
10−10 au in two successive cycles of the self-consistent field
(SCF) procedure. All the calculations were performed with the
total geometry optimization keeping initial symmetry fixed. The
optimized geometries of both species were found in a
qualitative agreement with those experimentally observed
(Table 1). Analogous correlation was observed for electronic
properties: the band gap value calculated for bulk ZnO was
estimated to be overestimated 3.52 eV versus 3.3−3.4 eV in the
experiment,11,49,50 while for bulk WS2 the band gap value was
found to be 2.31 eV versus 1.3−1.4 eV in the experiment.29−31

The difference between calculated and experimental values of
the band gap for WS2 is attributed to the incompleteness of the
basis set for tungsten used in our hybrid LCAO calculations of
its disulfide.

4. RESULTS AND DISCUSSION
4.1. Experimental Data. TEM images of ZnO/WS2 core−

shell NWs are shown in Figure 3. A gold nanoparticle, located
at the end of ZnO NW (Figure 3a), is typical for the most of
NWs due to gold-catalyzed VLS growth mechanism. A few
layers of WS2 grown at the ZnO NW surface are well visible as
parallel black lines. Their thickness varies in the range of 1−5
monolayers (each of them contains three S−W−S atomic
planes). Measured interlayer distance is about 6.0−6.7 Å, which
is close to the 6.2−6.4 Å interlayer distance in WS2
nanostructures.41,58 It also corresponds to the interlayer
distance in WS2 bulk along the [0001] axis (Figure 2b and
Table 1). At high magnification the single-crystalline structure
of ZnO NWs is well visible (Figure 3b−d). Measured
interplanar distance in core ZnO NWs is equal to 2.8 Å that
corresponds to the interval between (11 ̅00) planes of hexagonal
ZnO wurtzite.59 Selected area electron diffraction (SAED)
pattern of ZnO/WS2 NW is shown in the inset in Figure 3c: its
analysis by CrysTBox software60 gives an evidence of the
epitaxial growth WS2 on top of ZnO core (see Figure S5 in
Supporting Information). No other phases (as, for example,
ZnS) are observed.
Raman spectroscopy was used to support the formation of

WS2 layers on ZnO NWs. Raman spectra of thin WS2
nanoplates and ZnO/WS2 individual NWs, recorded at room
temperature, are shown in Figure 4, parts a and b. The Raman
spectra of bulk WS2 and their thickness dependence were
interpreted in earlier works.61−64 Two strongest optical phonon
modes26,65,66 E2g

1 (Γ) and A1g(Γ) were, respectively, detected at

Figure 2. Structural parameters of ZnO (a) and WS2 (b) lattices
(small red, medium yellow, medium blue, and large green balls
correspond to O, S, Zn, and W atoms, respectively). Light four-faceted
prisms correspond to unit cells of ZnO (a) and WS2 (b) crystals,
respectively.

Table 1. Comparison of Lattice Parameters and Band Gaps
for Bulk WS2 and ZnOa

WS2 ZnO

exptl theory exptl theory

a0 (Å) 3.15 3.13 3.25 3.26
c0 (Å) 12.32 12.31 5.21 5.21
Δεgap (eV) 1.3−1.4 2.51 3.3−3.4 3.52

aExperimental values are taken from refs 29−31 and 48 for WS2 and
from refs 11, 49, and 50. for ZnO, respectively.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b06139
J. Phys. Chem. C 2016, 120, 21451−21459

21453

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b06139/suppl_file/jp6b06139_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b06139/suppl_file/jp6b06139_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b06139/suppl_file/jp6b06139_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b06139/suppl_file/jp6b06139_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b06139/suppl_file/jp6b06139_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b06139


347 and 416 cm−1 in WS2 nanoplates on silicon wafer and at
354 and 419 cm−1 in ZnO/WS2 core−shell NW. These values
are close to those of bulk WS2 (355.5 and 420.5 cm−1,
respectively).26 Several weak Raman bands of WS2 phase were
also observed and are indicated by arrows in Figure 4.26,65,66

The large peak at 521 cm−1 and its satellite at 959 cm−1 are the
first and second orders of optical mode at k = 0 of the
underlying silicon substrate.67

Photoluminescence (PL) spectra of pure WS2, ZnO, and
ZnO/WS2 NW samples measured at room temperature are
shown in Figure 5. WS2 is expected to transfer from an indirect

band gap semiconductor in a multilayer form to a direct band
gap semiconductor in a few-layer form (ref 26). The broad PL
band at 640 nm (Figure 5a) recorded from WS2 plates by
confocal optical microscope corresponds to direct optical band
gap of 1.9 eV.26,68 The PL spectrum of intact ZnO NWs is
shown in Figure 5b and has a defect-related band at ∼520
nm.11 The PL spectrum of the ZnO/WS2 NW array is more
complicated and contains emission bands due to ZnO and WS2
phases (Figure 5b). The emission band at ∼540 nm can be
attributed to a ZnO core, while PL emission at 680 nm is
associated with the WS2 shell. It is important to note that the
ZnO-related band is shifted to longer wavelength compared to
intact ZnO NWs. The origin of such shift can be due to
electron density redistribution, influence of additional defects,
or a formation of ZnS submonolayer. Red shift of the WS2-
related PL may be caused by influence of the underlying ZnO
substrate.68

4.2. Atomistic Prototypes of ZnO/WS2 Interface to
Model Core−Shell Nanowire. As mentioned in previous
section, the interlayer distance in external nanolayers attributed

Figure 3. TEM images of ZnO/WS2 core−shell nanowires at small (a)
and high magnifications (b−d). The gold nanoparticle at the end of
the nanowire is well visible in panel a. Layers of WS2 are visible as
black lines at the ZnO NW surface. The inset in panel c shows the
SAED pattern. Scale bars are 20 nm in panel a, 5 nm in panels b−d,
and 5 nm−1 in panel c, inset.

Figure 4. (a) Micro-Raman spectrum of WS2 nanoplate on silicon
substrate. Atomic force microscopy (AFM) image of WS2 nanoplate is
shown in the inset (scale bar is 1 μm, and color bar is 52 nm). (b)
Micro-Raman spectrum of single ZnO/WS2 NW on silicon substrate.
SEM image of the NW is shown in the inset (scale bar is 500 nm).
Raman bands of WS2 phase are indicated by arrows in both images.

Figure 5. Room-temperature photoluminescence spectra of (a) WS2
islands on a SiO2/Si(100) wafer and (b) intact ZnO NWs (dashed
curve) and ZnO/WS2 core−shell NWs (solid curve).
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to the WS2(0001) shell structure is about 6.0−6.7 Å (Figures 3,
parts c and d, and 7a−c) which is qualitatively close to the
interlayer distances of 6.2−6.4 Å in 2D WS2 nanostructures
(Figure 2b).41,58 According to TEM observations, the outer
WS2 nanolayers are found to be [0001]-oriented. On the other
hand, since ZnO(11 ̅00) slab and WS2(0001) nanolayer are not
spatially and symmetrically compatible (Figure 6a−c), we can
insert between them additional 0.5WS2 striped (Figure 6d),
0.5WS2 net (Figure 6e), or 0.25WS2 net (Figure 6f) (11 ̅00)-
submonolayer, which provides structural relaxation in the two
pairs of interfaces, S-doped ZnO(11 ̅00)/sWS2(11 ̅00) (Figure 6
and Figures S6−S8 in Supporting Information) and
sWS2(11 ̅00)/WS2(0001) (Figure 7), which are considered
separately. Here s denotes the type of inserted submonolayer.
This allowed us to preserve periodicity along the ZnO substrate
during the structural relaxation of initial geometry. In principle,
the intermediate sWS2(11 ̅00) layer may have a different
structure. For example, three possible arrangements of WS2
groups are shown in Figure 6d−f: these bridging WS2 groups
can form infinite stripes as in Figure 6d, each second WS2
group in the stripe can be absent as in Figure 6f, which
corresponds to regular (net) 0.25 ML, or displaced along the
NW direction as in Figure 6e describing regular (net) 0.5 ML.
Configurations of WS2(11 ̅00) submonolayers denoted in
Figure 6d−f as adsorbate on ZnO substrate were also
recalculated on WS2(0001) monolayer as shown in Figure
7a−c. The last two models are likely more favorable for a
compensation of structural relaxation in the interface, whereas
the model shown in Figure 6d remains strained enough along
the [11̅00]-oriented WS2 stripes (Table 2).

Detailed description of n-type S-doped ZnO(11̅00)/
sWS2(11 ̅00) interfaces is given in the next section (Table 2)
and in Supporting Information (Figures S6−S8). For
comparison, overstrained ZnO(11 ̅00)/WS2(11 ̅00) interfaces,
both n- and p-types, are considered in Supporting Information
(Figures S9 and S10).
Configurations of sWS2(11 ̅00) submonolayers denoted in

Figure 6d−f as adsorbate on ZnO substrate have been also
recalculated upon WS2(0001) monolayer as shown in Figure
7a−c. The former can be considered as models of a pad
between WS2(0001) layer and ZnO(11 ̅00) core nanowire,
which are not spatially and symmetrically compatible. The x,y
coordinates of W atoms in submonolayers have been frozen
when optimizing sWS2(11 ̅00)/WS2(0001) interfaces.

4.3. Results of First-Principles Simulations. To estimate
the interfacial binding energy for 0.25−1 ML WS2 adsorbate on
pure and S-doped ZnO(11 ̅00) substrates (see Figures S6−S10,
Table 2 and Tables S1 and S2) we have applied the following
expression

= − +E E E E0.5[ (2 )]bind ZnO/2WS WS ZnO2 2 (1)

where EZnO/2WS2, EWS2, and EZnO are the calculated total energies
(per unit cell) of the optimized structures for pure or S-doped
ZnO slab covered from both sides by WS2 nanolayers as well as
WS2 nanolayer and pure or S-doped ZnO slab, respectively.
Binding energies per supercell in sWS2(11 ̅00)/WS2(0001)

interfaces (Figure 7 and Table 3) are estimated according to

= − +̅ ̅E E E E( )s sbind WS (1 1 00)/WS (0001) WS (1 1 00) WS (0001)2 2 2 2

(2)

Figure 6. (a) Imposition of optimized atomistic model of ZnO(11 ̅00)/striped 0.5 ML WS2(11̅00)/WS2(0001) interface on top of the TEM image of
ZnO/WS2 core−shell NW (scale bar is 1 nm) and sections of the same interface across (b) (112 ̅0) and (c) (0001) planes. Three different atomistic
models and pictograms of the WS2 bridging groups atop of the ZnO(11 ̅00) surface: (d) striped 0.5 ML, (e) net 0.5 ML, and (f) net 0.25 ML. Gray
circles show schematic views of the positions for the WS2 bridging groups. Atom size and color are the same as in Figure 2. The indexing of axes
corresponds to ZnO NW.
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where EsWS2(11 ̅00)/WS2(0001), EsWS2(11 ̅00), and EWS2(0001) are the

calculated total energies (per unit cell) of the optimized
structures of interface and both its constituents, respectively.
As compared to the initial interface configurations

determined by the morphology of ZnO substrate, the
optimized structures of ZnO(11 ̅00)/sWS2 do not changed
drastically (Tables 2 and S2), except for noticeable increase of
hinterlayer(outer) compared to the corresponding distance in the

outer and internal layers of zinc oxide slabs (Table S1). On the
other hand, this interlayer (11 ̅00) distance is well-correlated
with the experimental value (2.8 Å) found by TEM (Figure 3).
Comparison of results obtained for three ZnO(11 ̅00)/sWS2

interface configurations (Table 2 and Figures S6−S8) clearly
shows lower stability of their striped configuration shown in
Figure 6d as compared to both net configurations (Figure 6,
parts e and f). Thus, the former is hardly to be realized. When

Figure 7. Three different arrangements of the sWS2(11 ̅00) submonolayer atop WS2(0001) layer: (a) striped s = 0.5 ML, (b) net s = 0.5 ML, and (c)
net s = 0.25 ML. They correspond to the images of the same submonolayers atop ZnO(11 ̅00) substrate in Figure 6d−f. Aside (I) and atop (II) views
of 3 × 3 supercells for the sWS2(11̅00)/WS2(0001) interface correspond to n-type morphology of the sWS2/ZnO interface (Figures S6 and S7).
Bright green and bright yellow balls correspond to W and S atoms of the (11̅00) submonolayer, while light green and light yellow balls correspond to
tungsten and sulfur atoms of the (0001) monolayer.

Table 2. Energy and Geometry Parameters of Optimized ZnO(11 ̅00)/sWS2 Interface Models (Figures S6−S8)a

interlayer distances in substrate (Å)

models of interface Ebind (eV) hinterlayer(outer) hinterlayer(internal) interfacial distance (Å) band gap Δεg (eV)

striped 0.5 ML 1.59 2.81 2.81 2.16 b
net 0.5 ML 2.21 2.78 2.79 2.15 1.16
net 0.25 ML 2.42 2.73 2.81 2.08 1.61

aThe total and partial densities of electronic states are shown in Figure S11. bConducting states.

Table 3. Energy and Geometry Parameters of Optimized WS2 Interface Models WS2(0001)/WS2(0001) (Figure 2b) and
sWS2(11 ̅00)/WS2(0001)

a

interlayer distances in WS2 (Å)

models of interface Ebind (eV) hW−S external hW−S internal interfacial distance (Å) band gap Δεg (eV)

WS2(0001)/WS2(0001) 0.04 1.56 3.11 6.15 2.70
striped 0.5WS2(11 ̅00)/WS2(0001) 0.08 1.54 3.09 5.95 1.61
net 0.5WS2(11 ̅00)/WS2(0001) 0.41 1.47 3.09 5.91 2.47
net 0.25WS2(11 ̅00)/WS2(0001) 0.58 1.44 3.10 5.82 2.51

aThe total and partial densities of electronic states are shown in Figure S12.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.6b06139
J. Phys. Chem. C 2016, 120, 21451−21459

21456

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b06139/suppl_file/jp6b06139_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b06139/suppl_file/jp6b06139_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b06139/suppl_file/jp6b06139_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b06139/suppl_file/jp6b06139_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b06139/suppl_file/jp6b06139_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b06139/suppl_file/jp6b06139_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b06139/suppl_file/jp6b06139_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b06139


decreasing the concentration of WS2 bridging groups their
strain as well as interfacial distance to substrate also decrease.
Analogously with energy parameters for ZnO(11 ̅00)/sWS2

interface configurations, the results were also obtained for
sWS2(11 ̅00)/WS2(0001) interfaces. Table 3 provides informa-
tion on the binding energy Ebind between the two layers [for
WS2(0001)/WS2(0001) and three types of sWS2(11̅00)/
WS2(0001) interfaces], the band gap Δεg, and geometry
parameters (interlayer and interfacial distances). Note that the
low value of the binding energy for WS2(0001)/WS2(0001)
interface agrees well with that obtained by plane wave
calculations.69 The results reported in Table 3 indicate lower
stability of the striped configuration shown in Figure 7a as
compared to both net configurations (Figure 7, parts b and c).
When decreasing the concentration of WS2 bridging groups
their strain as well as interfacial distance to (0001) substrate
also decrease. Thus, considering models for both constituents
of ZnO(11 ̅00)/sWS2(11 ̅00)/WS2(0001) interface observed
experimentally we can suppose that they are more stable and
less strained for net 0.25 and 0.5 ML configurations.

5. CONCLUSIONS

An epitaxial shell consisting of a WS2 nanolayer was grown on
ZnO NW core for the first time using the specific procedure.
An amorphous layer of WO3 was deposited on ZnO NW array
and converted into WS2 in a sulfur atmosphere at 800 °C.
Typical thickness of the WS2 shell was found to be 1−5
monolayers. The formation of the WS2 phase was confirmed by
TEM studies as well as by Raman scattering and optical
spectroscopy. Atomic arrangement of WS2 layer on the
ZnO(11̅00) facets in different possible configurations as well
as various structural and electronic properties of ZnO/WS2
interface were clarified using large-scale first-principles
calculations. We have constructed models of ZnO(11 ̅00)/
sWS2(11 ̅00) interfaces, both pure and S-doped, as well as a
justified model of WS2(0001)/sWS2(11 ̅00) interface where
sWS2(11 ̅00) submonolayer bridging structures serve as pads
between experimentally observed WS2(0001) shell nanolayers
and ZnO(11 ̅00) substrate. Intermediate interfacial WS2-
containing and {11 ̅00}-oriented submonolayers are more stable
when their quasimolecular groups are separated by at least next-
neighboring distances which reduce essentially the strain of
WS2(0001) shells. We have found qualitative agreement in
estimate of interplanar interface distance when comparing
experimental and theoretical results and provided an explan-
ation for strong adhesion of WS2 nanolayer to ZnO substrate.
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