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Abstract: Controlled stacking of different two-dimensional
(2D) atomic layers will greatly expand the family of 2D
materials and broaden their applications. A novel approach for
synthesizing MoSyWS, heterostructures by chemical vapor
deposition has been developed. The successful synthesis of
pristine MoSy'WS, heterostructures is attributed to using core—
shell WO;_/MoOj;._, nanowires as a precursor, which naturally
ensures the sequential growth of MoS, and WS,. The obtained
heterostructures exhibited high crystallinity, strong interlayer
interaction, and high mobility, suggesting their promising
applications in nanoelectronics. The stacking orientations of
the two layers were also explored from both experimental and
theoretical aspects. It is elucidated that the rational design of
precursors can accurately control the growth of high-quality
2D heterostructures. Moreover, this simple approach opens up
a new way for creating various novel 2D heterostructures by
using a large variety of heteronanomaterials as precursors.

Two-dimensional (2D) atomic crystals have emerged as
promising building blocks for functional architectures and
devices owing to their unique planar structure and distinct
electrical and optical properties."! The vertical stacking of
graphene and hexagonal boron nitride (h-BN) provides
a unique platform for exploring new phenomenon in con-
densed matter physics and has been successfully demon-
strated in fabricating field-effect tunneling transistors."*”
Compared with graphene and h-BN, the 2D transition-metal
dichalcogenides (TMDCs) are more promising for building
layered heterostructures owing to their diverse compositions
and electronic structures.”! Recently, the 2D MoS,/WS,
semiconducting heterostructures have been achieved by

sequentially transferring MoS, and WS, single layers and
ultrafast charge transfer has been observed in the hetero-
structure, suggesting its potential application in optoelectron-
ics. However, the stacking of 2D materials by transfer may
introduce impurities and/or strain to the interface between
the two layers and thus degrade the layer—layer interactions.
Therefore, achieving the stacking of different TMDCs layers
in a controllable manner by direct CVD growth is highly
desirable. Experimentally, it is a great challenge to synthesize
the MoS,/WS, bilayers owing to the preferred formation of
Mo, W, _,S, alloys, which is driven by the high configuration
entropy.”! Very recently the direct growth of MoS,/WS,
heterostructures has been attempted by two individual
groups. Cao et al. utilized the mixture of MoO; and WO; as
precursors and obtained alloyed WS,/MoS, bilayers with
about 5-10% of the other component in each layer,” further
indicating the difficulties in producing pristine MoS,/WS,
heterostructure. Ajayan and co-workers reported the suc-
cessful growth of vertical and in-plane heterostructures of
MoS,/WS, through tellurium-mediated sulfurization of MoO;
and W.' However, the Te mediator introduced several
intermediate products and thus made the chemical reactions
very complicated. Thus far, a simple and well-controlled
chemical approach that allows the sequential growth of high
quality MoS, and WS, to form the MoS,/WS, heterostructures
is still lacking.

The major challenge in the growth of MoS,/WS, hetero-
structures is the sequential feeding of Mo and W to avoid the
formation of the alloys. To address this challenge, we designed
a synthesis strategy for growing pure MoS,/WS, 2D hetero-
structures by the gas phase sulfurization of core—shell nano-
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Figure 1. Synthesis of MoS,/WS, heterostructures using WO, _,/
MoO;_, core=shell nanowires as precursor. a) Representation of the
synthesis of the MoS,/WS, bilayer. b) Typical TEM image of a WO,_,/
MoO;_, core—shell nanowire with a core diameter of about 100 nm and
shell thickness of about 20 nm. c) High-resolution TEM image of the
interface of WO,_, and MoO;_,, showing high crystallinity of the
WO, _,. d) Optical image of the typical MoS,/WS, bilayer flakes after
the CVD growth.

wires with WO;_, as the core and MoO;_, as the shell. The
core—shell structure together with the significantly higher
sublimation temperature of WOQO;_, than that of MoO;_,
naturally ensures the sequential sublimation of MoO;_, and
WO;_, at a suitable temperature and thus results in the
sequent growth of MoS, and WS, (Figure 1a).

The chemical reactions involved in this growth are simply
the gas-phase sulfurization of MoO;_, and WO,_,, both of
which are well-known.® The core-shell WO, _,/MoO;_, nano-
wires were prepared by using the CVD-grown single crystal-
line WO;_, nanowires as the template for the electrochemical
deposition of amorphous MoO;_, (see experimental details in
Supporting Information).”! The different crystalline quality
enlarges the difference of sublimation temperature between
the two oxides, further avoiding the mixing of the two oxides.
A transmission electron microscope (TEM) image clearly
demonstrates the core-shell structure of a WO;_,/MoO;_,
nanowire with a diameter of about 140 nm (Figure 1b). A
higher-resolution TEM image taken at the interface of
WO;_,/MoO;_, reveals the highly crystalline WO;_, and
amorphous MoO;_, in the nanowire (Figure 1¢). The CVD
growth of MoS,/WS, bilayers was carried out in a CVD
furnace by gas-phase sulfurization of WO;_,/MoO;_, nano-
wires in sulfur vapor carried by Ar flow at about 780-850°C
(Supporting Information, Figures S1 and S2). After the
growth, triangular bilayered flakes with edge length of
about 2040 um were resolved under optical microscope
(Figure 1d). In-plane MoS,/WS, monolayers and Mo, W,_.S,
alloys were obtained at temperatures higher than 850°C
(Supporting Information, Figures S3 and S4).

Micro-Raman spectroscopy was utilized to characterize
the composition of the MoS,/WS, heterostructures. Raman
intensity mapping image of the MoS,/WS, bilayer shown in
Figure 2a with 404cm™ (A,, mode of MoS,, blue) and
417 cm™" (A, mode of WS,, red) clearly displays the vertical
stacking of the two layers (Figure 2b). The Raman spectra
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Figure 2. Raman and PL characterizations of the MoS,/WS, hetero-
structures. a) Optical image of a MoS,/WS, bilayer flake with a lateral
size of about 25 um. b) Raman mapping image of the flake shown in
(a) with 404 cm™ (A, mode of MoS,, blue) and 417 cm™' (A;, mode
of WS,, red) peak intensities using 514 nm laser excitation. c) and

f) Typical Raman and PL spectra of single-layer MoS,, WS,, and MoS,/
WS, bilayers, respectively. d) and e) PL mapping image of the same
flake with 1.84 eV (A-exciton peak of MoS,) and 1.97 eV (A-exciton
peak of WS,), respectively.

taken on the bilayer region show 4 discrete peaks, which
precisely correspond to the Elzg and A, modes of single layer
MoS, and WS, (Figure 2¢; Supporting Information, Fig-
ure S5b). This is distinctly different from the Raman spectra
of Mo, W,_,S, alloy, which shows only two prominent peaks!'"!
(Supporting Information, Figure S7). Therefore, we can
distinguish the MoS,/WS, vertical stacking layers from the
alloy easily using Raman spectroscopy. AFM image taken on
the same MoS,/WS, bilayer flake shows that the thickness of
each layer is about 0.7 nm (Supporting Information, Fig-
ure S5e,f), which reveals the single-layer nature of both
layers.

Photoluminescence (PL) spectroscopy is used to study the
interlayer interaction in the MoS,/WS, heterostructure. PL
mapping images of the MoS,/WS, bilayer were taken with the
A-exciton resonances of MoS, (ca. 1.84 eV, Figure 2d) and
WS, (ca. 1.97 eV, Figure 2¢), respectively. The PL intensity
map shown in Figure 2d clearly demonstrates that the PL
signals from the bilayered region are significantly lower than
those from the single layer MoS,. The drastic quenching of PL
signals from the heterostructures was further confirmed by
comparing the typical PL spectra of MoS,/WS, bilayers with
those of single layer MoS, and WS, (Figure2f). The
intensities of the A-exciton peaks of MoS, and WS, in the
bilayer region are about 20 and about 80 times lower than that
of the single layer MoS, and WS,, respectively. The dramatic
quenching of PL in the heterostructures is in consistent with
previous optical studies on transferred and CVD-grown
MoS,/WS, bilayers and was attributed to the strong interlayer
interaction and efficient charge transfer in the type Il
heterostructures.*® In contrast to the great change in peak
intensity, the positions of PL peaks of MoS, and WS, did not
shift much in the heterostructure region, which is in accord-
ance with the theoretical prediction that the K-point of the
band structures of the heterostructure may not change
obviously."! Similar to recent reports on PL of MoS,/WS,

Angew. Chem. 2015, 127, 9085-9088


http://www.angewandte.de

Figure 3. TEM characterizations of the MoS,/WS, heterostructures.

a) TEM image of a MoS,/WS, bilayer flake supported on a holey
carbon TEM grid. To increase the contrast between the supporting film
and the bilayers, the color of MoS, and WS, was rendered to light red
and green, respectively. b) and c) SAED patterns taken at locations
marked with 1 and 4 on the MoS,/WS, bilayer flake in (a). The SAED
patterns of 2, 3, 5, and 6 are shown in the Supporting Information,
Figure S6. d) Atomic-resolution STEM image of a MoS,/WS, step edge
with a roughness of a few atoms (Note: this image was not taken on
the flake shown in (a)). Inset: fast Fourier transform (FFT) filtered
image of the area marked with the white box, showing the substitution
of W atoms with Mo atoms.

heterostructures,**® the PL peak at 1.4eV which was
detected in the MoS,/WS, bilayers synthesized with the aid
of Te!”! was also not observed in our samples.

We then conducted TEM and selected-area electron
diffraction (SAED) studies to evaluate the crystallinity of
the MoS,/WS, heterostructures by transferring the as-grown
samples to holey carbon TEM grids.'” Figure 3a displays the
TEM image of a MoS,/WS, bilayer with a lateral size of about
12 and about 20 um, respectively. The collected SAED
patterns at multiple locations of the MoS,/WS, bilayer were
shown in Figure 3b,c and the Supporting Information, Fig-
ure S6. All the patterns we acquired display a hexagonal
symmetry of 2H-MoS, or WS, with the same spatial arrange-
ment and orientation, indicating the single crystalline nature
of the CVD-grown MoS,/WS, heterostructure over a very
large area. Here, only one set of SAED pattern was observed
on the MoS,/WS, bilayer owing to the same lattice orientation
in the two layers (twisted angle 6=0°) and the almost
identical lattice constants of MoS, (3.160 A) and WS,
(3.153 A).®! We also characterized the step edges of the
MoS,/WS, heterostructures with scanning transmission elec-
tron microscopy (STEM). The distribution of Mo and W
atoms can be easily identified by their obviously different
annular dark-field (ADF) contrast owing to their different Z
values in the atomic resolution STEM image (Figure 3d).""
Very few W atoms were resolved in the bottom MoS, layer
(<0.5%) and less than 3% W atoms were substituted by Mo
atoms in the top WS, layer, indicating a higher purity of the
heterostructures than those made by previous methods.[*”!

Although the bilayer MoS,/WS, heterostructures with the
same orientation were found to dominate the heterostructure
products with a relatively large top layer (the length ratio
between the two layers a/b>0.3), those with opposite
orientation (60=60°) were also frequently observed for
products with smaller top layer (a/b < 0.3), and, occasionally,
those with twist angles of about 20+2° were also found
(Figure 4a; Supporting Information, Figure S8). We per-
formed van der Waals corrected density functional theory
(VDW-DFT) calculations to explore the relative stability of
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Figure 4. Stacking orientations in the MoS,/WS, heterostructures.

a) Distribution of twist angles in about 200 MoS,/WS, bilayers. Insets:
optical images of the CVD-grown MoS,/WS, bilayer flakes with twist
angles of 0°, 20°, and 60°. Scale bar: 10 um. b) Relative formation
energies of MoS,/WS, as a function of the twist angles by VDW-DFT
calculations. Insets: representations of MoS,/WS, bilayers with twist
angles of 0° and 60°. c) and d) Typical Raman and PL spectra of
MoS,/WS, bilayers with twist angles of 0°, 20°, and 60°, respectively.

MoS,/WS, bilayers with different stacking orientations (see
calculation details in Supporting Information and Figure S9).
The theoretical results shown in Figure 4 b indicate that 6 =0°
is the global minimum of the energy surface and 0 =60° is
a local minimum with about 10 meV/unit cell higher energy
than 0 =0°. All other heterostructures are less stable, which is
due to the even higher and almost constant formation energy.
This theoretical result is in good agreement with the uneven
distribution of twist angles in the heterostructures. As the
calculated energy differences among various heterostructures
are small (ca. 10-20 meV/unit cell), the appearance of
heterostructures with medium orientation angle (ca. 20 4+2°)
should not be totally forbidden. And the dominating hetero-
structures that with 6=0° and larger top layer may be
attributed to kinetics of heterostructures growth that the top
layer with 6 =0° grows faster than the top layers with other
orientations.

Stacking configurations can dramatically tune the band
structures of bilayer graphene and MoS,." However, the
stacking orientations of the two layers may not significantly
affect the bandgap of the MoS,/WS, heterostructures as
suggested by recent theoretical calculations.* To verify this
prediction, we studied the stacking-orientation-dependent
Raman and PL spectroscopy. There are no observable shifts
(<1cm™) in the Raman spectra of MoS,/WS, heterostruc-
tures with 8 =0°, 20°, and 60°, respectively (Figure 4c). The
peak positions of A-exciton for both MoS, and WS, are
almost the same for bilayers with 8 =0° and 60°, respectively,
but both peaks are upshifted by about 0 meV in 6=20°
heterostructures (Figure 4d). These results reveal that stack-
ing orientations of the two layers does modify the bandstruc-
ture of heterostructures, but the amplitude is negligible.

To investigate the electrical performance of the MoS,/WS,
heterostructures, we fabricated back-gated field effect tran-
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Figure 5. Electrical properties of the MoS,/WS, bilayers and MoS,
single layers. a) and c) I3~V curves of a MoS,/WS, bilayer flake (inset
of b) and a single-layer MoS, flake (inset of d) measured at various
bias voltages, respectively. The bias voltage for each curve is 1V,

100 mV, 10 mV, and 1 mV from top to bottom. Insets of (a) and (c):
representations of the back-gated FETs with MoS,/WS, and single layer
MoS, as channels, respectively. b) and d) 14—V, curves for the device
in (a) and (c) at varied V,, from —40V to 40 V at a step of 10V from
bottom to top, respectively. Insets: optical images of the measured
devices.

sistors (FETs) by electron beam lithography (EBL) and
electron beam deposition. The transfer characteristics of
a MoS,/WS, bilayer measured at room temperature in
vacuum (ca. 10~° mbar) behaves as an n-type semiconductor
with an on/off current ratio of about 107 (Figure 5a and b) and
the estimated mobility of this device is about 30 cm*V~'s™".
The mobility is about five times higher than the FET made on
single-layer MoS, (Figure 5c¢ and d), comparable to the MoS,/
WS, bilayers grown with Te,l’! and much higher than bilayer
MoS, made by mechanical exfoliation or CVD growth (ca.
0.1-17 em*V~1sHl and MoS,/WS, bilayers made by
sequential transfer (<1cm?V~'s™")"! with a similar device
configuration. The high on/off current ratio and mobility of
the MoS,/WS, bilayers further demonstrated the high crys-
tallinity of each layer in the heterostructures and clean
interface between the layers.

In summary, we demonstrated the successful growth of
high quality 2D MoS,/WS, heterostructures by using core—
shell WO;_,/MoO;_, nanowires as a precursor in a CVD
process. The core-shell structure of the oxide precursors
allowed for the sequential feeding of MoO;_, and WO;_, to
ensure the growth of MoS, and WS, layer by layer. We also
explored the selectivity and effects of the stacking orientation
in the heterostructures and concluded that the difference in
the bandgap of MoS,/WS, bilayers introduced by varied
stacking configurations was very small. This synthesis strategy
can be extended to create versatile 2D TMDCs heterostruc-
tures by using various core-shell nanomaterials!'®! as precur-
sors, and therefore will open up a new way to expand the
family of 2D atomic crystals.

Keywords: chemical vapor deposition - core—shell nanowires -
heterostructures - molybdenum sulfide - tungsten sulfide
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