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ABSTRACT We demonstrate a one-step, facile chemical synthe-
sis of heterostructures based on two-dimensional (2D) transition
metal dichalcogenides (TMDCs) with vertically aligned 2D layers.
Specifically, by using a chemical vapor transport method, we
synthesize molybdenum (Mo)/tungsten (W)-based disulfide and
diselenide heterostructures, such as MoS,/WS, and MoSe,/WSe,.

Detailed structural characterizations reveal that the 2D layers of two

different TMDCs are vertically standing/aligned exposing the edge sites of the layers. The TMDC heterostructure materials exhibit a high uniformity of

structural/chemical heterogeneity over a large area (>1 em?®) and show anisotropic carrier transport properties. These materials with unique

heterostructures have great implications for both technological applications and fundamental sciences.
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consist of two-dimensional (2D) molec-

ular layers bonded together by weak
van der Waals (vdW) attraction owing to their
anisotropic bonding nature.' Exfoliated 2D
layers of TMDCs often present unusual ma-
terials properties distinct from their bulk
counterparts, thus offering opportunities for
technological applications. For example, mo-
lybdenum (Mo) and tungsten (W)-based de-
rivatives present tunable bandgap energies
matching the solar spectrum and indirect-to-
direct bandgap transition,' > making them
promising for optoelectronic applications.
Recently, substantial efforts have been made
in the heterogeneous integration of multiple
2D TMDC layers with distinct materials prop-
erties to realize unprecedented function-
alities.” First principle calculations of hetero-
structure Mo/W—disulfides (also, diselenides)
(MoS,/WS, and MoSe,/WSe;) suggest tun-
able/direct bandgap energies distinct from

Transition metal dichalcogenides (TMDCs)

JUNG ET AL.

their individual counterparts,>® and energy
band alignment suitable for water splitting
and photovoltaics.” Experimentally, strong
light-matter interactions and rectifying elec-
tronic junctions have been demonstrated
in MoS,/graphene, MoS,/carbon nanotube,
and WS,/graphene,® ' as well as MoS,/WSe,
systems."' '3 The realization of such hetero-
structures has so far relied on the mechanical
assembly of exfoliated individual 2D layers
utilizing their intermolecular vdW attraction.
This manual integration method is, however,
inefficient and potentially not suitable for the
high-yield/scaled-up production of materials
for practical applications. More reliable inte-
gration methods should be pursued in the
context of chemical synthesis approaches,
such as chemical vapor deposition tech-
niques. A few works have been demonstrated
for the chemical synthesis of graphene-based
heterostructure systems.'*'® Yet, large-area/
controlled synthesis of heterostructures solely
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Figure 1. Synthesis of TMDC heterostructure films with vertically aligned 2D layers. (a) Schematic to depict the synthesis
process of TMDC heterostructure films with vertically aligned 2D layers. (b) Photography image of a MoS,/WS, hetero-
structure film grown on a SiO,/Si substrate. (c) Zoomed-in optical microscopy images of MoS,/WS, (left) and MoSe,/WSe,

(right) heterostructure films.

based on multiple 2D TMDCs has remained unex-
plored. Besides potential technological applications,
2D TMDC heterostructure systems are also important
from a fundamental science point of view. As the
individual building blocks of vdW heterostructures
approach a molecular level, carrier transport is likely
dominated by the interfacial properties of adjacent 2D
layers with lattice mismatch. Therefore, precise con-
trol/characterizations of 2D vdW interfaces and the
study of their effect on transport properties are essen-
tial. Despite the scientific significance, such studies
have been largely unexplored so far. This is mainly
due to the lack of appropriate TMDC heterostructure
systems where the structural orientation of individual
2D layers is highly controlled to allow the direct
characterizations of 2D vdW interfaces.

Recently, a new class of TMDCs has been developed
where the 2D molecular layers are vertically assembled
to preferably expose the edge-sites of the layers rather
than basal planes.'®”'® These TMDCs with vertically
aligned 2D layers present unique materials platforms
for both technological applications and fundamental
scientific studies. Owing to the enhanced chemical
reactivity of the preferably exposed dangling bonds
on the edge sites, they are useful for catalytic-reaction
based electrochemical applications such as hydrogen-
evolution-reaction (HER).'®"” These TMDCs also make
an ideal model system which offers unique advantages
for the aforementioned interfacial studies. Benefiting
from the vertical orientation of 2D layers, an atomic-
level, top-to-down characterization of the vdW inter-
faces is possible with transmission electron microscopy
(TEM). Simultaneously, tuning the 2D vdW interfaces
can be carried out by physical/chemical methods
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(e.g., heating, intercalations), and their correlation with
transport properties can be investigated in an in situ
manner in TEM. In this regard, chemically synthesized
TMDC heterostructures based on vertically aligned 2D
layers combine the technological potential of hetero-
structures and the scientific opportunities for the study
of 2D vdW interface properties.

Herein, we demonstrate one-step, facile chemical
synthesis of 2D TMDC heterostructure films with well-
defined structures and compositions over a large area.
Specifically, by using a chemical vapor-deposition
method, we synthesize two classes of 2D TMDC hetero-
structures: MoS,/WS, and MoSe,/WSe, with vertically
aligned 2D layers covering over an area of >1 cm?.

RESULTS AND DISCUSSION

Figure 1a illustrates the growth scheme for MoS,/
WS, (MoSe,/WSe,) heterostructure films with vertically
aligned 2D layers. Mo/W thin films with periodic line
patterns (thickness 10—20 nm, line width 1—2 um) are
prepared on SiO,/Si substrates, which function as
growth substrates. The patterned substrates are then
rapidly sulfurized (selenized) by evaporating elemental
sulfur (selenium) inside a growth furnace, which lead to
the growth of MoS,/WS, (MoSe,/WSe;) heterostruc-
ture films with vertically aligned 2D layers. Refer to the
Methods section for growth details and substrates
preparation. Figure 1b shows a representative optical
microscopy image of a large-area heterostructure film
grown on a SiO,/Si substrate (MoS,/WS, in this case).
The color dispersion indicates the high periodicity
(1 um line-width) of the grown materials over the
entire growth substrate (1 cm x 1 cm). Figure 1c
shows close-up view images of MoS,/WS, (left) and
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Figure 2. TEM characterizations of TMDC films with vertically aligned 2D layers. (a) TEM image of a large-area MoSe, film with
its corresponding SAED pattern (inset). (b—e) HRTEM images of (b) MoS,, (c) WS, (d) MoSe,, and (e) WSe;, films with vertically

aligned 2D layers.

MoSe,/WSe, (right) heterostructure films. After the
growth, the thickness of the initial metal layers
changes dramatically. For example, initially ~10 nm
thick Mo and W seed layers turned to ~35 nm thick
MoS, and WS, films.

MoS,/WS, (MoSe,/WSe,) heterostructure films are
further characterized in detail. For comparison, we first
grew reference samples of individual MoS, WS,
MoSe, and WSe, with vertically aligned 2D layers and
characterized their morphology. Growths for these
individual TMDCs were performed under the identical
growth conditions used for the heterogrowth (see
Methods section for growth details). Figure 2a shows
a representative TEM image of a large-area TMDC film
with vertically aligned 2D layers (MoSe; in this case).
The inset shows a selective area electron diffraction
(SAED) pattern of the corresponding film, revealing its
polycrystalline structure. Figure 2b—e shows the high-
resolution TEM (HRTEM) images of MoS,, WS,, MoSe;,
and WSe; films with vertically aligned 2D layers, re-
spectively. The images clearly reveal highly dense, all
vertically aligned 2D layers with exposed edge sites in
all these films. Such morphology has been consistently
observed in all TEM samples collected from arbitrary
areas of the growth substrates (>1 cm x 1 ¢cm), con-
firming the large-scale/high-yield of the vertical
growth. The spacing between adjacent 2D layers is
determined from HRTEM images as well as high angle
annular dark field (HAADF) scanning TEM (STEM). The
interlayer spacing is measured to be ~0.63 nm for both
MoS, and WS, (Supporting Information, Figure S1),
which corresponds to the hexagonal (002) crystalline
plane and is consistent with previous studies.'®~2°

We, then, characterized the morphology of the
TMDC heterostructure films with TEM. Figure 3 shows
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Figure 3. TEM characterizations of 2D TMDC heterostruc-
ture films with vertically aligned 2D layers. (a) Low-magni-
fication bright-field TEM image of a MoS,/WS, hetero-
structure film with vertically aligned 2D layers. (b) STEM-EDS
elemental mapping images to show the spatial distribution of
Mo and W. (c) HRTEM image of a MoS,/WS, interface with
vertically aligned 2D layers.

detailed TEM characterizations of a MoS,/WS, film. A
bright-field low-magnification TEM image (Figure 3a)
shows a MoS,/WS, film lifted off from a growth sub-
strate and transferred to a carbon-coated TEM grid. The
periodic imaging contrast difference over a large-area
suggests the heterogeneity of the film. STEM energy
dispersive X-ray spectroscopy (EDS) elemental map-
ping images (Figure 3b) show the spatial distribution of
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Figure 4. Raman characterizations of individual and heterostructure TMDC films with vertically aligned 2D layers. (a)
Comparison of the Raman spectra from MoS,, WS,, and MoS,/WS, heterostructure films with vertically aligned 2D layers. (b)
Site-specific Raman spectra from a MoS,/WS, heterostructure film with vertically aligned 2D layers; WS,-dominat, and MoS,-
dominant Raman spectra are collected from the region of (1) and (2) in the top image, respectively. (c) Comparison of the
Raman spectra from MoSe,, WSe,, and MoSe,/WSe, heterostructure films with vertically aligned 2D layers.

Mo and W in the film, revealing their periodic distribu-
tion. Remarkably, the HRTEM image (Figure 3c) across
the interface of a MoS,/WS, pattern shows the con-
tinuation of vertically aligned 2D layers. Identifying the
exact physical interface is difficult as some vertically
aligned 2D layers are grown to overlap with each other
at the interface.

The morphologies of the individual TMDC films and
heterostructure films with vertically aligned 2D layers
were further characterized and compared by Raman
spectroscopy (532 nm wavelength, beam diameter
~20 um). Figure 4a compares the Raman spectra of
individual MoS; and WS; films with vertically aligned
2D layers, and a MoS,/WS, heterostructure film.
The Raman peak positions of the MoS,/WS, film
are the summation of those of individual films (MoS,,
~383 cm™ for E'5q and ~408 cm™' for A;g; WS,
~352 cm™ ! for E',g and ~418 cm ™" for A;4'®*") with-
out any indication for the formation of Mo, W, _,S alloy.
In alloyed Mo, W, _,S in the literature,”?* Raman peaks
are shifted toward each characteristic peaks of MoS,
and WS,, which we do not observe. The spatial dis-
tribution of each MoS, and WS, was further confirmed
by focusing the Raman laser beam (Figure 4b). When a
confined Raman laser beam (diameter ~1.5 um with a
filter) is focused on the separate regions of the MoS,/
WS, film ((1) and (2) in Figure 4b top), distinct WS- and
MoS,-dominant Raman spectra appear from each re-
gion. The presence of the weak MoS, (WS;) Raman
signals from the WS, (MoS,)-dominant regions is
due to the laser beam spot being slightly larger than
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the line-width (1 um) of the pattern. This Raman
characterization confirms the chemical and structural
heterogeneity of the grown materials, which is pre-
determined by the spatial location of the initial Mo/W
patterns. MoSe,/WSe, heterostructure films also pre-
sent distinct Raman characteristics of each MoSe,
and WSe; with vertically aligned 2D layers (Figure 4c)
(MoSe,, ~289 cm ™' for E',g and ~242 cm ™ for A,y
WS,, ~252 cm ™ for both E',g and A;4'%%"). One typical
Raman characteristics of these 2D TMDCs films with
vertically aligned 2D layers is that the intensity of A;4
(out-of-plane vibration mode) is much higher than E129
(in-plane vibration mode). This is a clear indication of
the dominant vertical orientation of individual layers
(dominant out-of-plane vibration exposing edge sites),
consistent with previous studies.'®?'?* For example,
mono-to-a-few-layer horizontally grown 2D WS, pre-
sent much smaller intensity of A;q peak over other
peaks under the same 532 nm laser excitation,?
different from the characteristics observed in the films
with vertically aligned 2D layers. These Raman and TEM
characterizations confirm that two different TMDC
materials with vertically aligned 2D layers are grown
maintaining their structural/chemical heterogeneity
over a large area.

We note that the growth of TMDC heterostructure
films was realized on SiO,/Si substrates which are
compatible with various microelectronic processes
adopted for the patterning of initial Mo and W (e.g.,
optical lithography and reactive ion etching (RIE)).
These complicated processes coupled with high
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Figure 5. Transfer of large-area TMDC heterostructure films. (a) Demonstration of the transfer of a large-area MoS,/WS,
heterostructure film with vertically aligned 2D layers. (b) Raman characterizations of a MoS,/WS, heterostructure film

transferred onto a glass slide.

growth temperature make the direct patterning/
growth of the heterostructure films on various sub-
strates difficult, thus potentially limit their versatilities
and functionalities. By using a simple, polymer-based
transfer method, we demonstrate that large-area
TMDC heterostructure films with vertically aligned 2D
layers can be transferred onto arbitrary substrates
maintaining their structural integrity. The transfer
method is similar to those previously reported.*® Fig-
ure 5a illustrates the steps for the transfer of TMDC
heterostructure films. As-grown TMDC MoS,/WS, het-
erostructure films on SiO,/Si substrates were first
deposited with poly(methyl methacrylate) (PMMA)
followed by curing. The substrates were subsequently
immersed in potassium hydroxide (KOH) solution at
80 °C for a selective etching of SiO,. A photography image
of a large-area PMMA/MoS,/WS, heterostructure film
shows that it is lifted off the growth substrate floating
on the KOH solution (Figure 5a top). Unlike the mono-
to-a-few-layer TMDCs which are difficult to handle with
a tweezer, these PMMA/TMDC heterostructure films
can be easily picked up by a tweezer (Figure 5a mid).
This is because the film has a large thickness (>50 nm
for initial 20 nm seed metals) due to the vertically
preferred growth orientation of 2D layers. The lifted
PMMA/heterostructure film presents a clear color dis-
persion reflecting the high periodicity of the grown
materials. The PMMA/TMDC film can be transferred
onto arbitrary substrates followed by the dissolution of
PMMA with acetone. A photography image of the
same film transferred onto a glass slide is presented
(Figure 5a bottom). A slight loss of the film occurred at
its edge during the complete removal of the PMMA
with acetone. Nevertheless, a majority of the film
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remains intact as reflected by the highly periodic
pattern of MoS, and WS, (Figure 5a, bottom inset).
The morphology of the heterostructure film after
transfer was characterized by Raman spectroscopy.
Figure 5b shows the Raman spectrum from the same
MoS,/WS, heterostructure film transferred on the glass
slide, revealing characteristics similar to those of as-
grown films on SiO,/Si substrates in Figure 4a. The
results confirm that large-area TMDC heterostructure
films with vertically aligned 2D layers can be trans-
ferred to arbitrary substrates maintaining their struc-
tural integrity during the lift-off/transfer process.

The structural/chemical heterogeneity of TMDC het-
erostructure films with vertically aligned 2D layers is
reflected on their physical properties. We investigated
the carrier transport properties of these films by mea-
suring their two-terminal current (/)—voltage (V) char-
acteristics. Electrical characterizations were performed
with two different metal electrodes configurations:
perpendicular and parallel to the orientation of the
TMDC line patterns. Figure 6a,b compares the -V
characteristics of a MoSe,/WSe, heterostructure film
with perpendicular (Figure 6a, inset) and parallel
(Figure 6b) contacts. The length between electrodes
is 16 um, covering 4 MoSe; and 4 WSe, line patterns
(line width 2 um). Highly linear |-V is observed with the
perpendicular contact (Figure 6a), while rectifying I—V
is observed with the parallel contact (Figure 6b). This
anisotropy reflects that the spatially controlled chemi-
cal heterogeneity of the heterostructure film presents
distinct carrier transport properties. To better under-
stand this, we characterized the carrier transport prop-
erties of individual MoSe, and WSe, films. Field-effect-
transistors (FETs) were fabricated by transferring each
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Figure 6. Electrical characterizations of TMDC heterostructure films. (a and b) Two-terminal /—V characterizations of a MoSe,/
WSe, heterostructure film with (a) perpendicular electrodes,and (b) parallel electrodes. (c and d) FET characterizations of (c)
MoSe; and (d) WSe, FETs, showing n-type and p-type gate responses, respectively. (f) Ideal band diagram for p-WSe,/n-MoSe,

with bulk properties showing type Il heterojunction.

MoSe, and WSe, film onto heavily doped SiO,/Si
substrates following the transfer method in Figure 5.
Characteristics of source-drain current (Iys) vs back gate
voltage (V) are characterized for MoSe, (Figure 6c)
and WSe, (Figure 6d) FETs. The MoSe, and WSe, FETs
present n-type and p-type characteristics under back-
gate biasing (constant bias, V45 = 15 V), respectively.
The results are consistent with the carrier types of
chemically synthesized polycrystalline MoSe,*”2°
and WSe,?”2%31 in the literature. This suggests that
the observed rectifying /—V is attributed to the p—n
junctions at the interfaces of p-WSe,/n-MoSe,. Control
experiments of two-terminal /—V characterizations on
WSe, and MoSe; films show Ohmic transport for both,
consistent with Figure 6a. Therefore, we rule out the
possibility that the observed rectification might be
originating from a Schottky junction at one end of
the electrodes. Indeed, highly rectifying /I—V with a diode
ideality factor ~2 was previously reported in bulk p-WSe,/
n-MoSe,,>” which is consistent with our observation. On
the basis of the bulk materials parameters for WSe, and
MoSe; (e.g., bandgap energy (E,) of ~1.06 eV for MoSe,
and ~1.16 eV for WSe,, electron affinity (y) of ~4.5 eV for
MoSe, and ~4.0 eV for WS,) known in the literature,?”3?
an ideal band diagram is constructed for a p-WSe,/
n-MoSe, interface (Figure 6e). The diagram reveals a
type Il heterojunction of p-WSe,/n-MoSe, indicating a
formation of a built-in potential which leads to rectifying
|-V, as also previously suggested.?” Similar anisotropic
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carrier transport is also observed for MoS,/WS, hetero-
structure films (Supporting Information, Figure S2). The
current rectification ratio (<50 at £1 V) of our TMDC
heterostructure films is smaller than those of other
mechanically exfoliated/stacked 2D heterostructure sys-
tems (e.g., WSe,/graphene, MoS,/graphene (or, carbon
nanotube),”'® and MoS,/WSe,'"""?). This is possibly due
to that the mechanically exfoliated/stacked 2D hetero-
structures possess atomically sharp, abrupt junctions,'?
while the interfaces of our chemically synthesized TMDC
heterostructure films are diffusive as shown in Figure 3c.
In addition, the carrier transport in the TMDC films with
vertically aligned 2D layers is dominated by a cross-
plane hopping mechanism**3** (opposed to the in-plane
transport in horizontal 2D films), as indicated by their
small FET mobilities (typically, <0.01 cm®/V s); the FET
mobility u« is extracted from the linear regime of
the transport plots (Figure 6¢,d) using the equation
= [dlgs/dVigl x [L/(WCouVys)l, where L, W, and Co, are
the channel length, width, and the gate capacitance per
unit area.®® This analysis suggests that the transport
properties of our TMDC heterostructure films are limited
at present, thus, much work is needed to improve them.
For example, the synthesis of heterostructure films with
vertically and laterally aligned layers would present well-
defined hetero-vdW interfaces, which is currently under
investigation.

Despite the presently limited carrier transport pro-
perties, we believe that these novel 2D TMDC
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heterostructures with vertically aligned 2D layers are
intriguing building blocks for a variety of potential
applications and fundamental science. For example,
the chemically active edge sites inherent to the verti-
cally exposed layers are promising for catalytic applica-
tions as previously demonstrated,'”'®?' while the
spatial control of chemical compositions may provide
additional functionalities such as site-specific catalytic
activities. In addition, the dominant out-of-plane car-
rier transport properties combined with periodically
tunable chemical compositions can be useful for ther-
moelectric applications. Indeed, WSe, thin films with
horizontally stacked basal planes present the lowest
room-temperature thermal conductivity ever observed
in fully dense solids, owing to the suppressed in-plane
thermal transport.3® The combined features of chemical
composition control and vertically aligned basal planes
of 2D TMDC heterostructure films may present an
opportunity to design novel superlattice thermoelectric

METHODS

Materials Growth and Substrates Preparation. TMDC heterostruc-
ture films with vertically aligned 2D layers are grown inside a
single-zone horizontal tube furnace (Lindberg/Blue M). Mo/W
thin film-deposited SiO,/Si substrates are used as growth sub-
strates, which are lithographically patterned in the following
procedure. W thin film is first sputtered on a SiO,/Si substrate
followed by the spin-coating of bilayer photoresists (AZ1505
and LOR3A). The substrate is exposed under a patterned
photomask with a 405 nm laser writer (Heidelberg DWL66)
and developed (AZ300MIF). The patterned W film is, then,
selectively etched in a reactive-ion-etcher (Plasma-Therm
790). Mo is subsequently sputtered onto the W-etched areas
followed by a lift-off (Microposit remover 1165), which results in
the final pattern of Mo/W lines. The patterned Mo/W substrates
are placed in the central zone of the growth furnace, and
elemental sulfur (selenium) powders (Sigma-Aldrich) are placed
at the upstream side of the furnace for the growth of hetero-
structure films. The tube furnace is pumped down to a base
pressure of ~5 mTorr and flushed with Ar gas to remove
residual oxygen inside the tube. Subsequently, the furnace is
heated to the growth temperature (~700—800 °C) with a total
ramping time of ~20 min and is maintained for 15 min followed
by a natural cooling. During the reaction (including the cooling
stage), the furnace is saturated with vaporized sulfur (selenium)
under Ar atmosphere (flow rate; 150 standard cubic centimeters
per minute (SCCM)). The vapor pressure throughout the entire
reaction is maintained to be ~350 mTorr.

Morphological/Electrical Characterizations. The morphology of
TMDC films with vertically aligned 2D layers is characterized
using TEM/STEM (FEI Tecnai Osiris 200 kV) and Raman spectros-
copy (Horiba-Jobin Yvon HR-800 equipped with a green laser
tuned to 532 nm). For TEM sample preparation, droplets of
buffered oxide etchant (BOE: 1:10 volume ratio of 40%NH,4F in
water to 49% HF in water) are applied to as-grown TMDC films
on SiO,/Si substrates, which etches the SiO, layer. The TMDC
films dispersed in the BOE are subsequently transferred to
carbon-coated copper TEM grids. For the FET and two-terminal
electrical characterizations of individual TMDC and heterostruc-
ture films, as-grown films were transferred to back-side metal-
lized heavily doped SiO,/Si substrates using the method in
Figure 5. Gold (Au) electrodes are patterned on top of the films
using a shadow mask, which defines FET channel and electro-
des dimensions. All the electrical characterizations are carried
out with HP 4545 device parameter analyzer.
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materials.3” We emphasize that our synthesis method
can be generalized to other TMDCs beyond the Mo- and
W-based ones owing to the chemical-composition con-
trollability of seed metals.

CONCLUSION

In summary, we demonstrate a one-step, facile synthe-
sis of MoS,/WS, and MoSe,/WSe, heterostructure films
with vertically aligned 2D layers. Detailed structural char-
acterizations reveal that these heterostructure TMDCs
possess vertically aligned 2D layers of two different
TMDCs over a large area (>1 cm?). This structural/chemical
heterogeneity is also manifested by highly anisotropic
carrier transport properties. We further demonstrate a
facile transfer of these heterostructure TMDCs onto arbi-
trary substrates, which broaden the utility of these materi-
als. These uniquely structured TMDC heterostructures
possess a great potential for a variety of technological
applications as well as fundamental scientific studies.
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