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ABSTRACT: Two-dimensional (2D) layered materials con-
sist of covalently bonded 2D atomic layers stacked by van der
Waals interactions. Such anisotropic bonding nature gives rise
to the orientation-dependent functionalities of the 2D layered
materials. Different from most studies of 2D materials with
their atomic layers parallel to substrate, we have recently
developed layer vertically aligned 2D material nanofilms. Built
on these developments, here, we demonstrate the synthesis of
vertical heterostructure of n-type MoS2 and p-type WSe2 with
vertically aligned atomic layers. Thin film of MoS2/WSe2 vertical structure was successfully synthesized without significant alloy
formation. The heterostructure synthesis is scalable to a large area over 1 cm2. We demonstrated the pn junction diode behavior
of the heterostructure device. This novel device geometry opens up exciting opportunities for a variety of electronic and
optoelectronic devices, complementary to the recent interesting vertical heterostructures with horizontal atomic layers.
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Two-dimensional (2D) layered materials are a unique class
of materials in which two-dimensional covalently bonded

atomic layers are stacked by van der Waals interactions.1 Such
anisotropic bonding nature enabled to manipulate materials
properties in unique ways. For example, intercalation of ions,2

atoms,3,4 and molecules between atomic layers induces
electrical, optical, and structural changes in the host layered
materials,5,6 while exfoliation provides a facile method to yield
2D materials with one or a few atomic layers.7,8 Two-
dimensional transition metal dichalcogenides such as molybde-
num disulfide (MoS2) and tungsten diselenide (WSe2) are
intriguing because their semiconducting properties can be
tailored in the engineering methods of 2D layered materi-
als.9−11 For example, the exfoliation method allows observation
of indirect to direct band gap transition, when the exfoliated
atomic layer approaches to monolayer.12,13 Furthermore, the
2D layered materials can build-up heterostructure by stacking
the van der Waals layers in direction perpendicular to the
atomic layer.14 The exploration of the 2D layered material
heterostructure is currently on the way,15−22 and the atomic
layer pn junction between n-type MoS2 and p-type WSe2 was
reported very recently.16

Different from those layer horizontally lying 2D materials, we
have recently developed layer vertically aligned 2D material
nanofilms, exposing their edge sites in a maximized manner.
These nanofilms were synthesized via kinetically controlled

growth through rapid sulfurization and selenization of the
corresponding metal films.23−26 We have demonstrated the
edge-exposed structure of MoS2 with vertically aligned 2D
atomic layers is an excellent platform for hydrogen evolution
reaction (HER) catalyst.23 The edge-exposed 2D layered
materials can be synthesized on various substrates including
silicon nanowire and carbon fiber paper.24 Their properties can
be further engineered via Li intercalation electrochemical
tuning, which controls oxidation state, doping, and phase of
the materials.25

To expand such an orientation control in functionalities of
the edge-exposed 2D materials with vertically aligned layers, it
is essential to combine the different materials into one
heterostructure in vertical direction. Especially, WSe2 and
MoS2 are semiconductors with p-type and n-type, respec-
tively.27−29 The combination of the materials is of particular
importance owing to their high band offsets among transition
metal dichalcogenide semiconductors29 and will create pn
junction diode, which is a basic component for semiconductor
electronic circuits. Here we report scalable synthesis of vertical
heterostructure of MoS2/WSe2 with vertically aligned 2D layers
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and large area pn junction diode based on the heterostructure.
Our heterostructures with vertically aligned 2D layers are
different from those recently reported heterostructures with
horizontally lying layers.
Vertical heterostructure of WSe2 and MoS2 with vertically

aligned layers was synthesized from sequential growth of WSe2
and MoS2 via kinetically controlled rapid selenization and
sulfurization, respectively (Figure 1). The synthesis begins with

rapid selenization of 30 nm thick tungsten film at 600 °C to
produce 100 nm thick edge-exposed WSe2 film (Figures 1a,b
and 2). Dark-field scanning transmission electron microscope

image (STEM, Figure 2a) and the corresponding elemental
maps of the film (Figure 2b) shows that WSe2 was successfully
synthesized from the selenization of the tungsten thin-film. It
should be noted that while the yield of MoS2 with vertically
aligned layers approaches 100% over wide range of temperature
and pressure,23 the yield of WSe2 with vertically aligned layers is
dependent on the carrier gas pressure (Supporting Information
Figure S1). At argon carrier gas pressure of 10 Torr, we
obtained WSe2 with vertically aligned layers with over 85%
yield, which was calculated from the edge-exposed area
observed from a transmission electron microscope (TEM)
(Figure 2c). The synthesized WSe2 is polycrystalline with their
average domain size of ∼20 nm. The polycrystalline nature of
WSe2 with vertically aligned layers is further supported by the
corresponding selected-area electron diffraction pattern (inset
of Figure 2c). After the successful synthesis of WSe2 with
vertically aligned layers, 15 nm thick molybdenum thin film was
coated on top of the edge-exposed WSe2 film by sputtering
(Figure 1c). Subsequently, Mo/WSe2 thin film was rapidly
sulfurized at 600 °C to produce MoS2/WSe2 140 nm thick
heterostructure (Figure 1d). TEM image shows a homoge-
neous thin film was created after the sulfurization (Figure 3a).
The elemental maps of the film show the homogeneous thin
film is composed of W, Se, Mo, and S (Figure 3b), while the
previously formed WSe2 film is composed of only W and Se
(Figure 2b and Supporting Information Figure S2). As the
TEM characterization is conducted from the top-view of the
film, the sulfurization product of Mo/WSe2 is visualized rather
than WSe2, which is now placed on the bottom side of the film.
The higher magnification TEM image shows the polycrystalline
edge-exposed structure is retained after sulfurization of Mo/
WSe2 (Figure 3c), implying the production of MoS2 with
vertically aligned 2D layers on top of the edge-terminated WSe2
(Figure 1e).
The MoS2/WSe2 heterostructure formation is further

confirmed by Raman spectroscopy (Figure 4a). The synthe-
sized heterostructure film clearly shows spectral features of both
edge-terminated MoS2 and WSe2. When edge-terminated two-
dimensional dichalcogenides (MX2) were grown in a way that
the van der Waals layers are aligned vertically to substrates, the
out-of-plane M−X vibration mode (A1g) is expected to
dominate over in-plane M−X vibration mode (E1

2g). This
spectral signature is hard to be resolved in the Raman spectrum
of WSe2 (Figure 4a, red) because of the small energy difference
between A1g mode (253 cm−1) and E1

2g (250 cm−1).30

Figure 1. Schematics of MoS2/WSe2 vertical heterostructure synthesis.
(a) Tungsten (W) is coated onto the substrate. (b) WSe2 film with
vertically aligned layer is formed via rapid selenization. (c)
Molybdenum (Mo) is coated on top of the synthesized WSe2 film.
(d) MoS2/WSe2 vertical heterostructure is formed via rapid
sulfurization. (e) The heterostructure consists of the MoS2 and
WSe2, in which their van der Waals layers are aligned perpendicular to
the substrate.

Figure 2. TEM characterization of WSe2 with vertically aligned 2D layers. (a) Low-magnification dark-field scanning transmission electron
microscope (STEM) image of WSe2 film on carbon grid. (b) Elemental maps of the WSe2 film, obtained from an EDX scan of the red rectangular
area in panel a. (c) High-magnification TEM image of the WSe2 film with vertically aligned layers. The inset shows the corresponding electron
diffraction (ED) pattern of the WSe2 film.
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Meanwhile, it is clearly indicated from the Raman spectrum of
MoS2 (Figure 4a, blue) in which Raman peak intensity of A1g

mode (408 cm−1) is stronger than that of E1
2g mode (383

cm−1).23,31 In the Raman spectrum of the synthesized
heterostructure of MoS2/WSe2 (Figure 4a, black), it is clarified
not only the existence of both MoS2 and WSe2 in a film but also
the spectral feature of the edge-terminated MoS2. If MoS2 and

WSe2 undergo alloying, the in-plane M−X vibration mode (E1g

and E1
2g) of MoS2 shifts to lower frequency, while that of WSe2

shifts to higher frequency. The frequency shift is originated
from the atomic weight difference of both constituent cations
(Mo and S) and anions (S and Se).32 However, the A1g

vibration mode of MoS2, in which only anion atoms vibrate
in out-of-plane direction, is pure indicator of anion alloying and
therefore should move to lower frequency when alloying
between sulfur and selenium atoms occurs. In our Raman
spectra, there is no difference between E1g and A1g mode of the
separately synthesized MoS2 and WSe2 and that of the MoS2/
WSe2. There is only 6 cm−1 difference in E1

2g mode of the
MoS2 and that of the MoS2/WSe2, which corresponds to 0.7
meV and is negligible. This implies that there is no significant
alloying of MoS2 and WSe2 undergone in the synthetic
condition.
We also conducted scanning Auger electron spectroscopy,

which provides the depth-resolved elemental profile of the
MoS2/WSe2 heterostructure film (Figure 4b and Supporting
Information Figure S3). The existence of four component
elements of molybdenum, sulfur, tungsten, and selenium were
quantified with continuous etching of the heterostructure by Ar
ion from top to bottom direction. In this way, the top-layer of
MoS2 was analyzed first, and then the bottom-layer of WSe2
was analyzed after complete etching of the MoS2 layer. From
the depth-resolved elemental profile, it was only 13% of the
film, in which all four component elements were detected in the
spectra (yellow zone in Figure 4b). This overlap zone is
estimated as 18 nm in thickness, where the surface roughness
(9 nm) of the bottom WSe2 layer and the depth resolution
(∼15 nm) of Auger spectroscopy profiling can contribute to
this variation. This implies that the degree of interdiffusion of
the component elements is only limited to the boundary
between MoS2 and WSe2. Both the Raman spectra and the
Auger electron spectroscopy depth-profile clearly indicate that
no significant alloying occurs in the MoS2/WSe2 hetero-
structure synthesis condition.
In the heterostructure synthesis, the scalability of the

synthesis is only limited to the area of the selenizing or
sulfurizing metal film. Therefore, the synthesis is scalable to a
large area, when large area thin-film of W and Mo are employed
in the synthesis (Figure 5a). Furthermore, the large area
heterostructure film can be transferred to various substrates by
simple polymer-based transfer method (Figure 5a and
Supporting Information). On the basis of the MoS2/WSe2
vertical heterostructure, we fabricated the sandwich structure
device in which Pd was contacted with WSe2 as a positive

Figure 3. TEM characterizations of MoS2/WSe2 vertical heterostructure. (a) Low-magnification dark-field scanning transmission electron
microscope (STEM) image of the MoS2/WSe2 thin-film. (b) Elemental maps of the MoS2/WSe2 thin film. The images were obtained from an EDX
scan of the red rectangular region in panel a. (c) High-magnification TEM image of MoS2/WSe2 thin-film, which clearly shows vertically aligned van
der Waals layers of the MoS2/WSe2 heterostructure. The inset shows the corresponding electron diffraction (ED) pattern of the MoS2/WSe2
heterostructure.

Figure 4. Characterization of MoS2/WSe2 heterostructure. (a) Raman
spectra of WSe2 (red), MoS2 (blue), and MoS2/WSe2 heterostructure
(black). (b) Depth-resolved elemental profile of molybdenum (black),
sulfur (red), tungsten (blue), and selenium (green), obtained from
scanning Auger electron spectroscopy. The profile was obtained in
every 2 min interval, with continuous etching of the MoS2/WSe2 film
by 1 kV Ar plasma. The yellow mark indicates the intermixing region
in which Mo, S, W, and Se are simultaneously detected from the
spectra.
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electrode and Ti/Au was contacted with MoS2 as a negative
electrode (Figure 5b). Current−voltage characteristic curve of
the device shows typical diode characteristic with ON/OFF
current ratio of ∼150 and ideality factor of 1.5 at lower voltage
range below 1 V (Figure 5c,d). To elucidate the origin of the
diode characteristic, we separately made the two-terminal
devices of Pd−WSe2−Pd and Ti/Au−MoS2−Ti/Au (Figure
5e,f). The current−voltage characteristic curves of both two-
terminal devices show nearly an ohmic characteristic. It has
been known that MoS2 is an intrinsic n-type semiconductor,27

while WSe2 is an intrinsic p-type semiconductor.28 Therefore, it
is concluded that the rectification behavior of the device is
originated from the pn junction between n-type MoS2 and p-
type WSe2. In the vertical pn junction diode of MoS2/WSe2
with vertically aligned van der Waals layers, the ON/OFF
current ratio is high enough. However, the absolute value of the
ON current density is small, compared to previously reported
high-purity polycrystalline heterostructure synthesized over

1000 °C.33 It is speculated that charge carrier hopping across
polycrystalline domain within edge-terminated MoS2 and WSe2
layers is still a dominant carrier transport mechanism, although
the average current flow of the heterostructure diode is toward
the in-plane direction of the 2D atomic layer.
In conclusion, we have demonstrated scalable synthesis of

vertical heterostructure of MoS2/WSe2 with vertically aligned
2D layers. Homogeneous thin film of MoS2/WSe2 vertical
structure was successfully synthesized without significant alloy
formation. Furthermore, the heterostructure synthesis is
scalable to a large area over 1 cm2. We also demonstrated a
pn junction diode based on the heterostructure. The
heterostructure described here is an excellent platform to
exploit both science and engineering aspects of the two-
dimensional dichalcogenide materials. For example, it is known
that WSe2 is a decent light-absorber,34 while the edge-site of
MoS2 can be used for catalysts for various chemical reactions
including hydrogen-evolution reaction (HER). We expect that

Figure 5. Heterostructure film transfer and transport measurement of the MoS2/WSe2 heterostructure. (a) Transferred MoS2/WSe2 heterostructure
film on a Pd electrode pad. The dimension of the pad is 2 cm × 2 cm. Scale bar, 1 cm. (b) Schematic of the MoS2/WSe2 heterostructure diode. The
heterostructure was sandwiched between Pd and Ti/Au, which were defined as positive and negative electrodes, respectively. (c) Current−voltage
characteristic of the MoS2/WSe2 heterostructure diode. (d) Logarithmic plot of the current−voltage curve in panel c. (e) Schematic and current−
voltage characteristic of WSe2 thin film two-terminal device on which Pd electrodes were placed. (f) Schematic and current−voltage characteristics of
MoS2 thin film two-terminal device on which Ti/Au electrodes were placed.
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adopting those functionalities to the MoS2/WSe2 vertical
heterostructure will provide an excellent model of novel
photocathode for water splitting.
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