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Van der Waals heterostructures are the fundamental building blocks of electronic and optoelectronic
devices. Here we report that, through a single-step chemical vapour deposition (CVD) process, high-
quality vertical bilayer MoS,/WS, heterostructures with a grain size up to ~60 pm can be synthesized from
molten salt precursors, Na,MoO, and Na,WO,. Instead of normal pyramid vertical heterostructures
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grown by CVD, this method synthesizes an anti-pyramid MoS,/WS, structure, which is characterized by
Raman, photoluminescence and second harmonic generation microscopy. Our facile CVD strategy for
synthesizing anti-pyramid structures unveils a new synthesis route for the products of two-dimensional
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1. Introduction

Two-dimensional (2D) materials are a series of crystalline
materials with a thickness at atomic scale, such as graphene,
transition metal dichalcogenides (TMDs), hexagonal boron
nitride (h-BN) and other materials. Due to their unique pro-
perties, these 2D materials are expected to play important
roles in future electronics, optoelectronics and photonics.'®
By vertically stacking different 2D materials, various 2D van
der Waals heterostructures (2D heterostructures) have been
demonstrated showing improved performance or even comple-
tely novel properties, and potential for various applications.”
For example, by the stacking of graphene, h-BN and MoS, as a
heterostructure, Withers et al. have achieved light emitting
diodes with a quantum efficiency of 8.4%,'" while monolayer
MosS, based light emitting diodes typically only have that of
less than 1%.'>"® Hence, 2D heterostructures are very attrac-
tive to researchers, and how to obtain scalable and high-
quality heterostructures and their devices is an important
question urgently waiting for answers.

In the synthesis of 2D materials and their heterojunctions,
chemical vapour deposition (CVD) is a common and facile
method due to its best balance between scalable and controlla-
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heterostructures and their devices for application.

ble growth, high quality and large area production, and econ-
omic cost."”™* Lots of efforts have been made to synthesize
various TMDs, including single or multilayer (homo)structure
and heterostructure stacking with different TMD layers.
Usually, a heterostructure is fabricated by a multi-step CVD
growth method, in which two or more different precursors are
injected into the system in sequence.'®® The only single-step
process, to the best of our knowledge, is a reported growth
method of a WS,/MoS, heterostructure, in which additional
tellurium is added as a promoter to accelerate the melting of
tungsten powder.'® Nevertheless, similar to other CVD growth
methods,?® transition metals in this work are offered as a
vapour of metal oxides, leading to difficulties in controlling
the thickness and size of TMDs. Hence, finding a facile fabri-
cation method for the heterostructure which consists of mono-
layer TMDs is still challenging. Recently, Li et al. demonstrated
a novel vapour-liquid-solid (VLS) growth method of
TMDs.>"?* In sharp contrast to the vapour of transition metal
oxides in other growth methods, the non-volatile salts, e.g.,
Na,MoO, and Na,WOy,, used in the VLS growth method are in
the liquid phase during the reaction, yielding solid monolayer
TMDs after being saturated with chalcogens. This VLS growth
method has been proved as a promising method for synthesiz-
ing various monolayer TMDs with a large area and high
quality.”’>* However, to date, no heterostructures have been
demonstrated by this process.

In this work, by carefully choosing the precursors, we
demonstrated a versatile, reproducible one-step growth
method for the 2D TMD heterostructures without any
additional promoters. This is the first report of fabrication of a
vertical anti-pyramid heterostructure by the CVD growth
method. The synthesized MoS,/WS, heterostructure has a
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lateral grain size of up to 60 pm and a structure of AA'
stacking. Optical microscopy, micro-Raman and photo-
luminescence (PL) spectroscopy, atomic force microscopy
(AFM), as well as non-linear optical spectroscopy are used to
fully characterize the structural and optical qualities of the as-
synthesized heterostructures.

2. Results and discussion

To grow the MoS,/WS, heterostructure, 5 mg mL™" Na,MoO,
and Na,WO, are firstly spin-coated on two sapphire or SiO,/Si
substrates, respectively. Then, the two substrates with the pre-
cursors are placed in a dual-zone tube furnace side by side, as
illustrated in Fig. 1a. Meanwhile, ~100 mg sulphur is loaded
at the centre of Zone 1 in upstream. 70 scem Ar is chosen as
the carrier gas. The temperature ramping rate of Zone 2 is
10 °C min~". When Zone 2 reaches the growth temperature
(825 °C for sapphire and 775 °C for SiO,/Si), the temperature
of Zone 1 reaches 200 °C for sulphur evaporation. Both zones
are stabilized for 10 min and cooled to room temperature natu-
rally. The MoS,/WS, heterostructure is only grown on the sub-
strate with Na,WO,, while the substrate with Na,MoO, has
only triangular flakes of MoS, (Fig. S27). Some typical optical
images of Mo0S,/WS, heterostructures are shown in Fig. 1b.
The dark triangular centre of the flakes is considered as the
MoS,/WS, heterostructure region, exhibiting a typical 3-fold
symmetry with straight edges. The lateral size of the hetero-
structure is up to 60 pm.

Raman and PL spectroscopy are usually used for determin-
ing the thickness and composition of TMDs and their hetero-
structures. Here, we measure the Raman and PL spectra of two
different heterostructures, as shown in Fig. 2a and d, respect-
ively. It is noticeable that the flake in Fig. 2a has two different
parts, a dark triangular bilayer and a surrounding monolayer.

[ Na,Wo,
Lt I Na:MoO,

010 20 30 40 50
Grain Size (um)

Fig. 1 Schematic illustration of the growth setup and optical images of
the MoS,/WS, heterostructures. (a) Schematic illustration of the growth
system. (b and c) Typical optical microscopy images of the synthesized
MoS,/WS; heterostructures on SiO,/Si (b) and sapphire (c) substrates,
respectively (scale bar, 20 pm). (d) A histogram of grain sizes from
124 heterostructures from randomly selected areas of the sample.
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Fig. 2 Optical characterization of the MoS,/WS, heterostructure. (a)
Optical microscopy images of the heterostructures (scale bar, 10 um).
(b) Raman and (c) PL spectra at the marked dots with the same colours,
respectively (black PL spectrum with 50 times magnification). (d) Optical
microscopy images of a partial stacking heterostructure (scale bar,
25 pm). (e) Raman and (f) PL spectra at the marked dots with the same
colours, respectively (black PL spectrum with 50 times magnification).

The Raman and PL spectra of the bilayer (black dot in Fig. 2a)
show 4 typical peaks (black curve in Fig. 2b). The two peaks at
385 cm ™' and 404 cm™! are assigned to the E,, and A,y mode
phonons of monolayer MoS,, while the other two peaks,
351 em™! and 417 em™, are indicated to be the 2LA(M) + E,,
and A, phonon modes of WS,.>**> With the Raman spectrum
(black curve in Fig. 2b), it is concluded that the dark triangular
centre is a composite of MoS, and WS, monolayers.
Meanwhile, the Raman spectrum (blue curve in Fig. 2b)
measured at the blue dot of Fig. 2a only shows peaks at
351 cm™"' and 417 cm™', indicating that the light outside part
is the WS, monolayer. For the PL measurements, two PL peaks
with centres at 670 nm and 620 nm are observed with a magni-
fication of 50 times from the black dot, indicating that the
peaks are the A and B excitons of the monolayer MoS,, respect-
ively. In addition, the extremely weak peaks also indicate that
the transfer of electrons and holes happens during the PL
measurements,” which agrees with the MoS,/WS, hetero-
structures. At the blue dot, the high-intensity PL peak with a
centre at 630 nm is assigned to the A exciton of the monolayer
WS, and indicates that the light outside part is the monolayer
WS,. Therefore, the flake in Fig. 2a is confirmed as a hetero-
structure with the monolayer MoS, (area in red dashed lines)
and the monolayer WS, (area in blue dashed lines).

To exclude other possibilities (e.g., MoS,/WS, alloy), a
special heterostructure shown in Fig. 2d is found on the sub-
strate and is measured to clarify the structure. The flake shows
a partial stacking by two layers marked with red and blue
dashed lines, respectively. In the PL and Raman spectra at the
left part of the monolayer (red dot), two phonon modes at
385 cm™" and 404 cm™" and a luminescence peak at 670 nm
are observed, as shown in Fig. 2e and f, indicating that the left
part (i.e., the red dotted area of Fig. 2d) is monolayer MoS,.
Similarly, the luminescence at 630 nm and the phonon modes
at 351 ecm™" and 417 cm™" at the right part of the monolayer
(blue dotted area in Fig. 2d) indicate that it is monolayer WS,.

This journal is © The Royal Society of Chemistry 2021
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Note that the PL and phonon modes measured at the black
dot in Fig. 2d are very similar to the results measured at the
black dot in Fig. 2a. Considering the left and right parts are
MoS, and WS, monolayers, respectively, the middle part is
believed to be a vertical stacking part of the MoS, and WS,
monolayers. Hence, we firmly conclude that our product is a
MoS,/WS, heterostructure composed of monolayer MoS, and
monolayer WS,.

The vertical stacking order of our MoS,/WS, heterostructure
is important for understanding the formation mechanism and
finding future applications. To clarify the vertical stacking
order, Raman spectroscopy is employed to study a typical
MoS,/WS, heterostructure (Fig. 3a). Our heterostructure shows
an abnormal enhancement in the Raman intensity mapping
using a 532 nm laser. Fig. 3b and c¢ show the intensity
mapping of the E,, mode of MoS, (385 cm™") and E,, and 2LA
(M) modes of WS, (351 ecm™"), respectively. A clear enhanced
intensity of 2LA(M) + E,, modes is observed at the edges of the
MoS,/WS, heterostructure, which is not observed when using
a 488 nm laser (Fig. 3e). The enhancement is related to the
lattice deformation of the top WS, layer, as shown by the top-
view and cross-section schematic illustration in Fig. 3f and g,
respectively. According to the theoretical calculations and
experimental reports,”®>® the lattice deformation of the mono-
layer WS, leads to an obvious and coincident adjustment of
the electronic band structure. As a result, both the direct tran-
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Fig. 3 The enhanced Raman intensity mapping and AFM phase images.
(a) Optical image of the MoS,/WS, heterostructure (scale bar: 10 um).
(b—e) Raman intensity mapping at 385 cm™ (b) and 351 cm™ (c) using a
532 nm laser as well as at 385 cm™ (d) and 351 cm™ (e) using a 488 nm
laser (scale bar: 10 um). (f) Atomic schematic illustration of the flake
shown in (a). (g) Cross-section at the dashed line in (f). (h) Normalized
PL spectra (light blue and red) and their Lorentzian fitting curves (blue
and red) at the marked positions in (c). () Normalized Raman spectra at
2LA(M) + E»g modes (light blue and red) and their Lorentzian fitting
curves (blue and red) at the marked positions in (c). (j) AFM phase image
of a typical heterostructure (scale bar: 10 pym). (k) High resolution AFM
phase image of the dashed line area in (j) (scale bar: 1 um).
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sition energy gap at the K point and the indirect transition
energy gap at the M point of the Brillouin zone are narrowed
and this leads to a reduction of the photon energy as well as a
redshift of the peak positions of the A and B excitons.
Meanwhile, as the 2LA(M) mode intensity is related to the reso-
nance coupling between the B exciton and the 532 nm exciton
laser, the shift of the B exciton leads to the enhancement of
the 2LA(M) intensity.>® Fig. 3h and i show the normalized PL
and Raman spectra and their Lorentzian fitting curves,
respectively, at the marked positions in Fig. 3c. Both PL and
Raman spectra clearly show a red shift confirming our discus-
sion of the lattice deformation. Besides, from the AFM phase
analysis shown in Fig. 3i and j, no different phase angle is
observed between the central triangular part and the outside
hexagonal part, indicating that the two parts have the same
surface. Otherwise, a clear contrast between the two different
TMDs should occur.?® Since the outside part has already been
confirmed to be the WS, monolayer by Raman microscopy, the
top layer of the heterostructure is the monolayer of WS,. We
also have compared these results with an artificial anti-
pyramid heterostructure made from a monolayer WS, flake
overlapping on a triangular MoS, flake (Fig. S51). In compari-
son, we notice that both enhanced Raman intensity and AFM
phase coherence exist in both the artificial heterostructure and
our as-grown heterostructure, which indicates that our syn-
thesized heterostructure has the same anti-pyramid structure
as that of the artificial heterostructure. Hence, it is fully con-
firmed that the top layer of the MoS,/WS, heterostructures is
monolayer WS, and the bottom layer is MoS,, implying that
the heterostructure is an anti-pyramid structure. In the pre-
vious studies of multilayer homo- or heterostructures, the
most common stacking order is the pyramid order, in which a
smaller layer lies on a bigger layer forming a pyramid struc-
ture. Meanwhile, the opposite order, anti-pyramid order, is
rarely reported. However, the anti-pyramid order is more
important, in which part of the top layer ignores the borders
of the bottom layer. Therefore, this method has the possibility
to make the flake free-standing, contributing to the study of
physical properties without the influence of the substrates.
Besides, due to the existence of MoS, underneath, the central
part of WS, will have a different dielectric environment from
the outside part, which contacts with the SiO,/Si substrate.
This difference in the environment could lead to a dielectric
induced band-gap renormalization effect, which could be used
to form a lateral electronic junction with atomic scales in the
WS, layer.”® Such a diode-like junction has a strong asym-
metric behaviour, which can provide a new approach for engin-
eering 2D nanoelectronic devices.**

Second harmonic generation microscopy (SHG) is also used
to demonstrate the symmetric stacking of the heterostructure.
For monolayer TMDs such as MoS, and WS,, transition metal
atoms and sulphur atoms form an asymmetric “hexatomic”
ring without any symmetry centre and lead to a six-petal polar-
ization pattern, as shown in Fig. 4a (left). When monolayer
MoS, and monolayer WS, stack with an angle of 60° (known as
AA' stacking), the Mo atoms of MoS, are stacked on the S
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Fig. 4 Second harmonic generation of the MoS,/WS, heterostructure.
(@) Schematic illustration of second harmonic generation on MoS,, WS,
and MoS,/WS,. (b) Measured second harmonic generation intensity of
the WS, part (blue) and MoS,/WS, part (black).

atoms of WS, and the S atoms of MoS, are stacked on the W
atoms of WS,, leading to a slight increase of centrosymmetry
and a decrease of SHG intensity, as shown in Fig. 4a (right).
The measured SHG intensity of the heterostructure is shown
in Fig. 4b, and it is clear that the SHG of the MoS,/WS, hetero-
structure has the same orientation as that of WS, outside with
a lower intensity, indicating that the MoS,/WS, heterostructure
has AA’ stacking. Besides, the total SHG intensity in the hetero-
structure with an angle between the two layers, I(6), can be
expressed as:**3*

In(0) o (™) + () + 201 P eos 36, (1)

where I,(6) stands for the SHG intensity in the stacking hetero-
structure; € is the stacking angle, which is defined as the
different angle between the two stacking layers and is 60° in
AA’ stacking; and »? is the second-order susceptibility.
According to ref. 33 and 34, ypes.> & 5.5 pm V' and yws,? &
17 pm V™! and the ratio of Iws,/Ivosws, can be calculated to
be ~2.19, theoretically. The experimental SHG intensity
is shown in Fig. 4b as a typical WS, SHG pattern with an Iy /
Ivios jws, Tatio of ~2.11. The agreement between theoretical
and experimental results indicates that the symmetric stacking
is AA’ stacking.

After understanding the stacking of heterostructures, it is
worth discussing how the formation of AA’-stacking anti-
pyramid MoS,/WS, heterostructures occurs. Control experi-
ments, in which blank substrates are used instead of a sub-
strate with Na,MoO, or Na,WQ,, respectively, are carried out
at the same temperature of the heterostructure growth.
Triangular MoS, flakes are formed on the blank substrate side-
by-side with Na,MoO,, while no WS, flakes are observed in
another blank substrate with Na,WO,, as shown in Fig. S6 and
S7,t indicating the diffusion of Na,MoO, and no diffusion of
Na,WO, at the growth temperature. Based on this and the
different temperatures between MoS, and WS, growth, the
heterostructure formation process is shown in the schematic
illustration in Fig. 5 using the as-grown sample on a SiO,/Si
substrate as an example. At 700-800 °C, the melting Na,MoO,
transforms into a gas phase, diffuses to the substrate with
Na,WOy,, then dissolves in melting Na,WO, and finally forms
a liquid mixture. Later, with the dissolving of sulphur gas in
the mixture droplets, MoS, starts to nucleate because it can
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Fig. 5 Schematic illustration of the heterostructure epitaxy. (a) MoS,
nucleation. (b) MoS; epitaxy. (c) MoS, triangular flake formation. (d) WS,
nucleation on the MoS; layer. (e) WS, epitaxy on the MoS, layer. (f) WS,
epitaxy outside the MoS; layer. (g) MoS,/WS, heterostructure formation.

grow at a lower temperature, 700 °C and forms triangular MoS,
flakes with S-terminal zig-zag edges. Then, the increasing
temperature, 775 °C, leads to the nucleation and growth of
WS,. The selective growth of WS, on MoS, is caused by the
larger energy barrier, which makes the absorbed WS, more
immobile, facilitating nucleation and growth on MoS,.*> Based
on the results of different theoretical calculations,**™® it is
seen that the most stable stacking of 2-layer TMDs is AA’ stack-
ing, which is the same in our heterostructures as demon-
strated. In this structure, the top layer WS, stacks on the
bottom layer MoS, with an orientation of difference 60°, which
makes the Klein edges of WS, have the same epitaxial direc-
tion as that of the zig-zag edges of MoS,. According to the pre-
vious research,” the growth kinetics of zig-zag edges and
Klein edges are different and the Klein edges grow epitaxially
much more faster. Because of the fast epitaxy, the Klein edges
of WS, are able to extend without the limitation of MoS,
boundaries and the anti-pyramid heterostructures are
obtained finally. However, due to the lack of the tungsten pre-
cursor, WS, grows to a hexagonal structure with incomplete
and uneven edges instead of the triangular structure.
Nevertheless, here, the WS,/MoS, heterostructure growth can
be fully understood.

3. Conclusion

In conclusion, we report a facile and reproducible single-step
CVD method for growing vertical bilayer MoS,/WS, hetero-
structures with a lateral size up to ~60 pm. In this method, no
additional chemical is required, and a relatively low growth
temperature is needed, compared with other single-step MoS,/
WS, growth processes. In addition, the AA’-stacking with an
anti-pyramid order is demonstrated by different techniques,
including Raman, PL, AFM and SHG microscopy. The novel
anti-pyramid order indicates that the VLS process has the
potential for ignoring the borders of the substrate and
forming free-standing TMDs. This method offers an opportu-

This journal is © The Royal Society of Chemistry 2021
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nity to synthesize heterostructures in a simple but efficient
way. It could also possibly provide a potential strategy for
devices based on free-standing 2D materials and a new
approach for engineering 2D nanoelectronic devices.

4. Experimental

Na,MoO, (99.9%, Sigma-Aldrich) and Na,WO, (99.995%,
Sigma-Aldrich) are used as purchased. Si substrates with
280 nm thick SiO, are purchased from University Wafer and
cleaned with acetone and isopropanol, followed by O, plasma
treatment before use. The growth occurs in a dual-zone tube
furnace (MTI Corp.). Ar (99.995%, Agar) is chosen as the
carrier gas.

Raman spectra are recorded using a WITec alpha300 RA+
system with a 532 nm or 488 nm continuous wave laser. SHG
spectra are recorded using a femtosecond laser (Spectra-
Physics, TOPAS) at a wavelength of 800 nm (repetition rate: 2
kHz). The pulse duration of the laser pulse is ~230 fs. AFM
topographic and phase images are obtained using an AFM
Dimension Icon (Bruker) with a tapping mode.
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