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A B S T R A C T

The atomic thin, vertically-stacked 2H-MoTe2/MoS2 heterostructures are successfully synthesized using the
single step chemical vapor deposition (CVD) method and a magnet-assisted secondary precursor delivery tool.
The second material (MoTe2) was grown in a well-controlled, unique and epitaxial 2H-stacking mode atop the
first material (MoS2), starting from the edges. This led to the construction of a vertical p-n junction with a
broadband photoresponse from the ultraviolet (UV, 200 nm) to the near-infrared (IR, 1100 nm) regions. The high
crystallinity of MoTe2/MoS2 heterostructures with a modulation of sulfur and tellurium distribution is corro-
borated by multiple characterization methods, including Raman spectroscopy, photoluminescence (PL) spec-
troscopy and high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM).
Furthermore, the photoelectrical measurements exhibit a tremendous photoresponsivity with an external
quantum efficiency (EQE) as high as 4.71 A/W and 532% at 1100 nm, while as 4.67 A/W and 1935% at 300 nm,
one to two orders of magnitude higher than other exfoliated MoTe2 heterostructure devices have been reported
so far. This synthetic method is a controllable stacking mode confined synthesis approach for 2D hetero-
structures, and paves the way for the fabrication of high-performance functional telluride-based broadband
photodetectors.

1. Introduction

Transition-metal dichalcogenides (TMDs), a new series of two-di-
mensional (2D) semiconductors beyond graphene and hexagonal boron
nitride (h-BN), due to their exceptionally novel optical properties [1–3],
have great potential to be the basic building block for a wide range of
applications, such as optoelectronic devices, catalysis, energy storage
and biomedicines. More importantly, van der Waals (vdWs) hetero-
structures, which include two or more kinds of 2D materials stacked
vertically, have shed light on the physics of modern semiconductors
because of the possibility of the formation of the secondary Dirac points

[4], bandgap opening [5] and surface reconstruction by commensurate-
incommensurate transition in system [6]. To utilize the extraordinary
physical properties of TMDs, the construction of heterostructures is a
prerequisite. Stacking different 2D materials by mechanical exfoliation
and transfer techniques is a simple way to obtain vdWs heterostructures
[7]. However, imperfect stacking and interface contamination caused
by the transfer and the subsequent degradation of the quality of het-
erostructures [8] is inevitable. Several recent reports have shown that
vdWs heterostructures of the layered TMDs, such as WSe2/MoSe2 [9],
MoS2/WSe2 [10] and WS2/MoS2 [11], which were synthesized under
the chemical vapor deposition (CVD) method, realize a much better
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well-defined stacking mode and clean interface, thus circumventing the
problems encountered with the transfer method.

Recently, molybdenum ditelluride (MoTe2) has attracted great in-
terest due to its moderate optical band gap (1.1 eV for monolayer) that
can potentially extend the photoresponse from the ultraviolet to the
near-infrared range [12]. Although the monolayer 1 T′ metallic phase
MoTe2 has been successfully synthesized using the CVD method [13],
the direct growth of the 2 H semiconductor phase MoTe2-based het-
erostructures with other layered TMDs of high quality still remains a
big challenge. This has not yet been achieved, probably due to the as-
sisted role of Te in the low-temperature synthesis of TMDs [14,15] and
the instability of pure MoTe2 in the atmosphere [16]. The atom ex-
change strategy has been employed to transform monolayer MoS2 into
MoTe2 but, unluckily, with a multiphase [17]. Additionally, despite the
fact that a few layers of vertically stacked MoTe2/MoS2 vdWs hetero-
structures can be fabricated using molecular beam epitaxy (MBE), the
obtained products are of imperfect crystalline structures and extremely
low yield, and is therefore difficult to mass produce practical applica-
tions [18].

In this work, we demonstrated the preparation of highly crystallized

MoTe2/MoS2 vdWs heterostructures using a magnet-assisted precursor
delivery CVD system in which the precursor supply can be accurately
switched during growth. As a result, the MoTe2/MoS2 heterostructures
were fabricated by direct all-CVD growth without any intermediate
transfer steps. The Raman spectra revealed a clear spatial distribution of
MoTe2 and MoS2 in the heterostructures, as shown by the mapping of
the peak position. The heteroepitaxial MoTe2 preferred to in situ grow
atop and along the edges of the MoS2. High-angle annular dark field
(HAADF) STEM imaging with atomic resolution revealed that MoTe2
was perfectly grown on the top of MoS2 with 2H-stacking mode.
Photoluminescence (PL) unveiled the charge transfer between MoTe2
and MoS2 layers, which resulted in a distinct PL quenching in the
overlapped area. Furthermore, optoelectronic transport measurements
demonstrated that the heterostructures were high-performance p-n
diodes with a clear photovoltaic effect in the wide regions, ranging from
ultraviolet (200 nm) to near-infrared (1100 nm). This work achieved
and improved the expected positive performance reported by previous
works [19,20,39]. In addition, such a facile synthesis route to achieve
MoTe2/MoS2 heterostructures with remarkable optoelectronic proper-
ties makes it a promising candidate for use in diverse applications,

Fig. 1. Experimental schematic diagram and overall morphologies of the vertically stacked MoTe2/MoS2 heterostructures. (a) Setup of the magnet-assisted CVD
quartz tube. (b) The under layer MoS2 was grown in the first stage. After fast cooling and regrowth, Te gas was introduced in the second stage. The crystal forms a
vertically stacked MoTe2/MoS2 heterostructure. (c) Schematic side view of the MoTe2/MoS2 heterostructures. (Mo atoms are shown in red, S are yellow, Te are black)
(d) Optical image of the MoTe2/MoS2 heterostructure. (e) Backscattered SEM image of the MoTe2/MoS2 heterostructure. (f) AFM characterization of the same flake
in (d), showing a center region with a thickness of 0.8 nm and an outside region with a thickness of 1.6 nm.
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especially for near-infrared photodetectors and solar cells.

2. Results and discussions

Fig. 1a shows the schematic of the synthesis process for MoTe2/
MoS2 heterostructures using the magnet-assisted CVD method. We used
a scalable single-run CVD process by precisely controlling the addi-
tional time and amount of chalcogenides precursors introduced during
the growth. More details are provided in the Experimental section. A
magnet with one side attached to a quartz boat was used to deliver the
tellurium powder into the heating zone of a one-inch quartz tube fur-
nace when needed. The furnace was on the sliding rails that helped it
move horizontally. The whole growth process remained at ambient
pressure. Here, we followed an established method [53], which was
observed to obtain larger MoS2 flakes/heterostructures than if MoO3

were loaded on the upstream side. This method normally increases the
dwelling time of the MoO3-x intermediate, eventually leading to an
increased flake size. Before growth, the system was pumped and refilled
with pure Ar (500 sccm) for 5min to exclude oxygen. The furnace was
then heated to 780 °C at a heating rate of 40 °C/min. In this method, the
pure and clean SiO2/Si was chosen as the growth substrate because it
can in situ get the surface clean photovoltaic (PV) devices on chip
without any transfer processes that will result in contamination and
further promote the PV behavior. As shown in Fig. 1b, the growth
process can be divided into two stages: (1) the growth of MoS2 seeds at
780 °C for 10min using 30 sccm Ar as carrier gas; and (2) continued
epitaxial growth of MoTe2 at 680 °C for 10min using 30 sccm Ar and 3
sccm H2 after fast cooling and regrowth with tellurium powder loading.
When the first stage was finished, a high flowrate of Ar (500 sccm) was
quickly introduced into the tube to blow away the remaining sulfur
atmosphere. At the same time, the temperature was reduced and the
furnace was slid downstream to quickly cool the samples. After 2min,
the substrate was reheated to 680 °C and the second stage began. In the
first stage, a “sulfur-hungry” environment (MoO3: Sulfur = 8: 1, weight
ratio) was used to grow the MoS2 seeds to consume all the sulfur, since
extra sulfur is deleterious to the formation of MoTe2 in the second stage
of growth [14,21]. Our control experiment demonstrated that it is
difficult to synthesize MoTe2/MoS2 heterostructures in a sulfur-rich
environment. Instead only MoS2 formed while using a large amount of
sulfur (40mg), as shown in Fig. S1. Furthermore, other evidence, such
as the appearance of spiral shaped MoS2 on the surface of the hetero-
structures (Fig. S2), can be identified as the “sulfur-hungry” feature
during stage one, similar to previous results under the condition of
insufficient sulfur supply [22]. After the formation of MoS2 seeds in the
first stage, a fast cooling process with high Ar flowrate was applied to
purge the chamber before the introduction of tellurium powder. After
the loading of tellurium powder into the heating zone, MoTe2 con-
tinued to grow along the edges of existing MoS2 seeds. Fig. 1c sche-
matically illustrates the formation of these vertically stacked MoTe2/
MoS2 heterostructures during the second stage, in which MoTe2 grew
over the first single-layer (SL) MoS2 from the edge nucleation and
epitaxially grew to the center area to form a vertically stacked MoTe2/
MoS2 heterostructure with a SL MoTe2 ring as the upper layer and a SL
MoS2 as the under layer. This growth mechanism is similar to what has
been explained in other TMDs heterostructures [3,23]. Fig. 1d shows
the optical image of a typical MoTe2/MoS2 heterostructure domain
obtained by following our method, with more optical images shown in
Fig. S3. The synthesized triangular shaped heterostructures clearly ex-
hibit two concentric domains with a core-ring structure, although their
shapes can be standard triangles, truncated triangles or hexagons. The
contrast across the interface can be seen in the backscattered scanning
electron microscopy (SEM) images, as shown in Fig. 1e (more details
see Fig. S4). Principally, for backscattered SEM images, the material
with a higher molecular weight should reflect more electrons than the
lighter one, and thus MoTe2 should be brighter than MoS2. However, in
our case, MoTe2 is epitaxially grown on the MoS2 surface with an

ultraclean interface that has few electron traps. Oppositely, MoS2,
which is directly grown on the SiO2/Si substrate, may contain many
electron traps at the interface that can enhance the brightness of MoS2
in backscattered SEM characterization. Therefore, the upper MoTe2
layers finally behave as the darker material, as compared with the
under MoS2 layers. In addition, during the synthesis process, the growth
of MoTe2 may also be affected by the diffusion. However, this only
exists as an atomic substitution within a small range, so will not dra-
matically influence the photovoltaic behavior of the heterostructures. If
we elongate the MoTe2 growth time, the second MoTe2 layer will also
cover the surface of the center zone of MoS2, as shown by Fig. S4d. This
is consistent with the previous report [9]. To determine the thickness of
the heterostructures, atomic force microscopy (AFM) was used to
characterize the height differences between the center and outside re-
gions. Fig. 1f displays the height image of a triangular MoTe2/MoS2
heterostructure domain on the SiO2/Si substrate, showing a center re-
gion with a thickness of 0.8 nm and an outside region with a thickness
of 1.6 nm. This result further indicates that the center area is a SL MoS2
while the outside is a vertically stacked bilayer MoTe2/MoS2 hetero-
structure.

Raman and PL spectroscopy were adopted to map the obtained
heterostructures. As shown in Fig. 2a and b, the characteristic re-
sonance peaks of monolayer MoS2, i.e. the out-of-plane A1 g mode at
400 cm−1 and the in-plane E12 g mode at 380 cm−1, are observed in the
inner core region, while the characteristic in-plane E12 g peak at around
240 cm−1 [24,25] of 2H-phase MoTe2 is detected only in the ring area.
Here, no 1 T′-phase MoTe2 was found on top of the MoS2 in any of the
tested samples and flakes. There is a slight redshift (from 380 cm−1 to
375 cm−1) of the E12 g peak for MoS2 in the ring area, probably due to
the large stretching stress from the upper layer MoTe2 [26] which has a
much large lattice parameter (a=3.519 Å [27]) than MoS2 (a=3.16 Å
[28]). It is worth noting that this large E12 g peak downshift has not been
observed in previous reports, which used artificial exfoliated MoTe2
stacked with MoS2, demonstrating a good contact between the SL
MoTe2 and MoS2 produced using our CVD-based method. Besides, for
the MoS2 in the inner core region, there is also a non-uniform redshift
for the E12 g peak. This non-uniform redshift is probably due to lattice
deformation which is caused by the outside MoTe2/MoS2 bilayers [29].
Corresponding with the downshift of the E12 g peak for MoS2 is also an
upshift of the E12 g peak for MoTe2 in the ring region. This is in com-
parison with the SL MoTe2 on the bare SiO2/Si substrate [30], due to
the compression stress from the under layer MoS2. Only 2H-phase
MoTe2, which is more thermodynamically stable than the 1 T′-phase
MoTe2 [2,23,31], was obtained. The core-ring structure of these verti-
cally stacked MoTe2/MoS2 heterostructures was further confirmed by
the results of Raman mapping of 240 cm−1 of MoTe2, 380 cm−1 and
375 cm−1 for MoS2, as can be seen in Fig. 2c–f. Fig. 2g illustrates the PL
spectra taken from the separated regions in a MoTe2/MoS2 hetero-
structure. Emission peaks of the MoS2 were observed in the core area of
the flake at 640 and 690 nm, corresponding to the B and A direct ex-
citonic transition of the near band-edge emission [32], respectively. The
A peak for MoS2 had a dramatic quenching in the ring region of the
flake, as shown by the PL intensity mapping at 690 nm in Fig. 2h. In
addition, the PL peak at 1.1 eV [33], known as the emission peak for
MoTe2, is not observed here. This PL quenching for both the SL MoS2
and SL MoTe2 in the heterojunction area can be illustrated by the
charge separation mechanism in Fig. 2i. When a SL MoS2 (with a direct
band gap of 1.8–1.9 eV) was stacked with a SL MoTe2 (with a direct
band gap of 1.05–1.1 eV), the interlayer coupling interaction between
MoTe2 and MoS2 resulted in a type II staggered band alignment [33].
Under the laser illumination, electrons will be transferred from the
conduction band of MoTe2 to the conduction band of MoS2, and op-
positely, holes will be transferred from the valence band of MoS2 to that
of MoTe2. This interlayer charge separation and energy band alignment
can conduct the PL quenching in the MoTe2/MoS2 hetero-stacking re-
gions, as has been found in other bilayer TMDs heterostructures [34].
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However, we did not detect any new PL peak of the inter-band transi-
tion for our MoTe2/MoS2 heterostructures. To further identify the ele-
mental composition and the bonding nature of MoTe2/MoS2 hetero-
structures, X-ray photoelectron spectroscopy (XPS) was also performed,
as shown in Fig. S6.

In order to prove that the heterostructures were epitaxially grown in
nature, we performed a high-angle annular dark field (HAADF) STEM
and further explored the crystallinity of the MoTe2/MoS2 hetero-
structures, as shown in Fig. 3. On the Z-contrast image in Fig. 3a, the
interface of a SL MoTe2 and a SL MoS2 is clearly identified, showing
that the atomically thin SL MoTe2 was grown from the edges of the
MoS2 domains. The inset in Fig. 3a shows the morphology of the as-
transferred stacked MoTe2/MoS2 heterostructure in a low-

magnification image. The step edge between the under MoS2 SL and
upper MoTe2/MoS2 bilayer is discernable in Fig. 3a, showing that a
bilayer MoTe2/MoS2 exhibits a higher image contrast than a SL MoS2.
Notably, the selected area electron diffraction (SAED) patterns (Fig. 3b
and c) collected from the different regions in the junction area show
dramatic differences. Also, it is noted that the SAED from the SL MoS2
area shows only one set of diffraction pattern while the SAED from the
bilayer (BL) MoTe2/MoS2 area shows two different sets of diffraction
patterns. The results show that one set of the points corresponds to the
MoTe2 lattice (a=3.519 Å) and the other corresponds to the MoS2 lat-
tice (a=3.16 Å), further indicating that the bilayer regions are two
individual materials rather than uniform MoS2xTe2(1-x) alloys. Fig. 3d
shows a zoom of the Z-contrast image from the bilayer region. The

Fig. 2. Raman and photoluminescence (PL) characterization of the MoTe2/MoS2 heterostructures. (a) Optical image of the tested flake in (b–f). (b) Raman spectra
collected at the points marked in (a). (c–e) Raman intensity mapping images at different Raman shifts for MoS2 and MoTe2. (240 cm−1 for (c), 380 cm−1 for (d) and
375 cm−1 for (e), respectively) (f) Combined Raman intensity mapping at 240 cm−1 (blue) and 380 cm−1 (red). Scale bars in (a-f), 3 µm. (g) PL spectra of MoS2 in
the center, interface and outside area as marked in inset, shown a direct band (690 nm) quench for MoS2 in the outside area. Inset: optical image of the hetero-
structure used for PL characterization. Scale bar, 10 µm. (h) PL intensity mapping at 690 nm. Scale bar, 3 µm. The red dash lines outline the heterojunction and the
blue dash lines show the interface of the inner core and outside ring regions. (i) The idea energy band diagram at the vertically stacked junction area between MoS2
and MoTe2 under illumination.
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alternative bright and dark atoms arrangement in the hexagonal lattice
suggests the MoTe2/MoS2 heterostructure is in a 2H-stacking mode
(schematic shown in Fig. 3d inset). Different from the artificially
stacked heterostructures, this preserved 2H-stacking mode in our CVD-
based synthesized heterostructures exemplifies the advantage of our
growth method, where the stacking orientation can be well controlled.

Moiré pattern, which is commonly seen in the vertical stacking of
two different 2D materials due to a large lattice mismatch [36], is also
observed in our MoTe2/MoS2 heterostructures shown in Figs. 4a and
4b. The lattice mismatch between MoTe2 and MoS2 is 10.2%, according
to the formula,

=

−

×

a a
a

ε 100%MoTe MoS

MoTe

2 2

2

where aMoTe2 and aMoS2 are the lattice constant of MoTe2 and MoS2,
respectively. Fig. 4b presents the atomic resolution Z-contrast STEM
image of one junction area of MoTe2/MoS2 heterostructure, from which
the periodicity of one Moiré pattern was estimated to be 2.3 nm, in-
dicating the formation of a periodic superlattice. By measuring the
atomic intensity along the red arrow in Fig. 4b of the heterojunction
area (Fig. 4c), the layered heterostructure, which is one layer of MoTe2
on top of one layer of MoS2 was verified. This is consistent with the
observation in Fig. 3. In order to simulate the Moiré pattern in Fig. 4b, a
schematic top view of the layered MoTe2/MoS2 heterostructure was
built, as shown in Fig. 4d. By mimicking the atomic structure of the
heterojunction in proportion to the lattice constant (0.316 Å/unit), we
found that every seven units can form a periodicity Moiré pattern. That
is, the periodical length is around 2.21 nm, which is consistent with the
measurement noted in Fig. 4b.

The above discussion clearly demonstrates the successful growth of
vertically stacked MoTe2/MoS2 heterostructures. Based on these struc-
tural characterizations, it can be proposed that the atomically thin p-n
diode based on this vertical heterojunction between synthetic p-type
MoTe2 and n-type MoS2 will be formed. To evaluate the electron
transport and optical properties, the photovoltaic devices of MoTe2/
MoS2 heterostructures on pure, clean SiO2/Si substrate were fabricated
using standard electron beam lithography (EBL). Here, the growth
temperature was maintained at< 800 °C, which only slightly degraded
the SiO2, as it was observed that such effect became significant
at> 900 °C [55]. To further minimize the SiO2 degradation, after
transfer, we annealed the sample at a relatively low temperature

(< 200 °C). The optical image of a single MoTe2/MoS2 heterostructure
device is depicted in the inset of Fig. 5a. To electrically access the inner
MoS2 triangles without shorting to the outside MoTe2 peripheral layers,
a partial etching of the MoTe2/MoS2 heterostructures was prepared in
advance before writing the electrodes. A thin film of PMMA was firstly
spin-coated onto the as-received sample. After this first exposure, only
half of the wanted flakes was protected by PMMA while the rest was
lifted off by lithography. By this method, one electrode can be con-
tacted to the p-type MoTe2 while the other can be contacted to the
MoTe2/MoS2 bilayer in the electrodes writing step. The electrodes were
made by depositing 10 nm Cr/50 nm Au thin films as the contacts
(details are in the Characterization section and Fig. S8). We employed
Cr/Au as the electrode for both materials for two reasons. Firstly, the
Femi level of MoTe2 and MoS2 are ~ − 4.3 eV and ~ − 5.1 eV [48],
while the work function of Cr is ~ − 4.6 eV, which just met the re-
quirement of Ohmic contact. Secondly, Cr/Au electrode is the most
adopted electrode in reported literature due to its ability to contact well
to many kinds of materials. Fig. 5a plots the calculated spectral re-
sponsivities of heterostructures with an incident light from 300 nm to
1100 nm, as a function of wavelength. The calculations followed the
equation:

=

×

R
I

P A
Responsivity ( ) ,ph

where Iph is the generated photocurrent Iph = Ilight – Idark; P is the
incident light power density; and A is the active illuminated area of the
device. According to the plot, the laser with 1100 nm shows the highest
responsivity value of about 4.71 A/W with light power density of 4.209
mw/cm2 (details in Table S1). The external quantum efficiency (EQE,
%) plots of the 2D MoTe2/MoS2 p-n diodes shows the same tendency as
their responsivity behavior (Table S1), with the highest EQE as 1.935
× 103% at 300 nm illumination. These values were compared with
other heterostructures used as photovoltaic materials, as shown in
Table 1. Compared with the previouse vertical heterostructures pro-
vided by exfoliation [19,20,41–45] or two-steps CVD [46,47,54,56],
our heterostructures show a photoresponsivity of one or two orders of
magnitude higher, suggesting that the single step used in this work
eliminates contaminations. Also, it is worth noting that even though we
defined our MoTe2/MoS2 heterostructure as a photodiode, the re-
sponsivity (R) can still be larger than 1 A/W [49]. We attribute such
good behavior to the almost seamless contact of the upper layer MoTe2

Fig. 3. HAADF-STEM characterization of lateral interface of the vertically stacked MoTe2/MoS2 heterostructure. (a) atomic-resolution Z-contrast STEM image of the
junction area marked with a red rectangle in the inset image. Inset: low-magnitude STEM image of the MoTe2/MoS2 vertically stacked heterostructure. Scale bar of
the inset, 1 µm. (b) & (c) SAED patterns collected from two different regions, MoS2 SL and MoTe2/MoS2 BL, respectively, in (a). (d) Zoom in Z-contrast image of the
vertically stacked junction area. Inset: schematic of the 2H-stacking in the vertically stacked MoTe2/MoS2 heterostructure. The atoms in the red rectangles of (d) and
its inset correspond to each other. (e) Image intensity profile acquired along the red rectangle in (d).
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and the under layer MoS2 created by the one-step CVD method. In
addition, a very recent theoretic report shows that [35] the stacking
modes rather than the interlayer distance plays the most important role
in the interlayer charge transfer for bilayer heterostructures. Therefore,
the performance of our heterostructures can prove the above calcula-
tion results that this stacking-mode, confined-growth approach can
result in a high photovoltaic performance for the heterostructures due
to the 2H-stacks between the upper and under layers. This ultrafast
transfer of the electrons and holes enables the high responsivity and
external quantum efficiency in the MoTe2/MoS2 heterostructures [37].
Besides, compared with the pure silicon p-n diode [19] which has a
bandgap of 1.12 eV, our MoTe2/MoS2 p-n diodes have a much higher
responsivity than in the ultraviolet region, which means it holds pro-
mise for future photovoltaic applications. Fig. 5b illustrates the photo-
induced current-voltage (I-V) curves of the bilayer layer MoTe2/MoS2
heterostructures device that was illuminated under 300, 600, 800,
1100 nm lasers and in a dark environment. Other wavelengths lasers
from 200 nm to 1100 nm, at 100 nm intervals were also used to illu-
minate our device (details in Fig. S9). Generally, compared with the
dark environment, the device showed a clear photovoltaic p-n junction
effect under a forward and reverse bias voltage for all kinds of in-
cidental lights. The photocurrent at the forward bias shows larger
changes at different illumination wavelengths, compared with that for
the reverse bias. This is similar to the previous report [23,50]. Here, as
we used a light splitter to separate the whole wavelength white light
into different wavelength lasers, the light power density for different
wavelengths cannot exactly be the same experimentally. Nonetheless,
they are still in the similar order of magnitude (Table S1). The rectifi-
cation of the p-n diode under various light wavelength is shown in Fig.
S13, from which it can be observed that the open-circuit voltage (VOC)

of ~ − 0.4 V was obtained under 300 nm illumination and ~ − 0.2 V
under 1100 nm. The short circuit current (Isc) was ~ 2 pA under
300 nm illumination and ~ 0.7 pA under 1100 nm. As we discussed
above in Fig. 2i, the p-type MoTe2 and n-type MoS2 can form a stag-
gered gap (type II) due to the energy band alignment. Such a type II
heterostructure would form a barrier at the interface due to the dif-
ference in the Femi levels of the materials. Under illumination, photo-
generated electron-hole pairs could be quickly separated at the inter-
face with the help of a barrier. Compared with lateral epitaxial grown
heterostructures or transfer-fabricated vertical heterostructures, our
CVD-grown p-MoTe2/n-MoS2 heterostructures have larger contact areas
and a much cleaner interface. Therefore, a better excitons separation
efficiency can be expected. In other words, a high level of responsivity
can be acquired.

Based on the above photo-induced I-V characteristics, illuminations
with a 300 nm laser were further performed to study the photovoltaic
characterizations under various power intensities. Here, for testing we
chose 300 nm as the illumination level as it is the highest photo-induced
current among all the wavelengths. The dynamic photovoltaic
switching tests with a time interval of around 100 s under 2 V were
conducted to test the cyclability of the photodetector. As shown in
Fig. 5c, the photo-induced current increases as the light power density
increases. The dependent curves of photocurrent (Iph) versus light
power intensity (P) with a power law [38] ( ∝I Pph

α; where α is in
the range of 0 ~ 1) are plotted in Fig. 5c. Here, the values of α were
fitted to be ~ 0.89, indicating the high quality of the heterostructures
with very few defects or traps [38]. For the switching test, the en-
hancement of photocurrent under 300 nm illumination shows an on/off
ratio of 5. The rise (tr) and decay times (td) were also calculated, as
shown in Fig. S10 and S11. Compared with the exfoliated

Fig. 4. Moiré patterns in MoTe2/MoS2 heterostructures. (a) atomic-resolution Z-contrast STEM image of the junction area. The two left light patterns are due to the
charge aggregation during STEM characterization. (b) zoom in Z-contrast image of the red dash rectangle in (a). The yellow dash rhombus indicates the periodical
Moiré pattern. The periodical length is around 2.3 nm. (c) Image intensity profile acquired along the red arrow in (b). (d) schematic top view of the MoTe2/MoS2
atomic heterostructures. The gray dash lines represent one periodical Moiré pattern.
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heterostructures, the rise and decay times are longer, which is probably
the result of unavoidable extrinsic charge traps from the SiO2 surface
states or from atmospheric contamination [39]. In addition, more
trapping centers induced by the partial etching operation during the
device fabrication steps can also result in longer rise and decay times
[51]. Moreover, in our case, the relatively slow response rate could be
attributed to the configuration of our vertical heterostructure-based
device: one electrode has to deposit directly on the surface of the het-
erojunction area, which would inevitably influence the formation of the
transport barrier at the interface and further compress the effective p-n

junction area. That is, the electrodes that are on the junction area can
interfere with the formation of the built-in electronic field at the in-
terface [52]. As a result, to some degree, the role of heterostructures in
the whole device is suppressed. However, the responsivity (4.71 mA/W)
and the EQE (532%) of our photodetector under the 1100 nm (IR) laser
was considerably larger than the previous exfoliated MoTe2/MoS2
heterostructures (responsivity was 38mA/W and EQE was 6% for the
highest, under 800 nm). Therefore, this indicates that, compared with
the existing reports, our method is an improved approach in obtaining
the MoTe2/MoS2 photodetectors at a much higher gain.

Fig. 5. Optoelectronic properties of the MoTe2/MoS2 heterostructures. (a) Spectral responsivity curve of the MoTe2/MoS2 heterostructures from 300 nm to 1100 nm
illuminations calculated according to data in Table S1, with an interval of 100 nm. Inset: Optical image of the MoTe2/MoS2 heterostructures phototransistor on SiO2,
scale bar, 10 µm. (b) I-V curves of the device illuminated with incident light of 300, 600, 900, 1100 nm and in the dark. All the laser size is a round shape of 2mm in
diameter. (c) Photocurrent as a function of light intensity and corresponding fitting curve according to the power law. (d) On-off switching tests under 300
illumination for the MoTe2/MoS2 heterostructures phototransistor.

Table 1
Comparison of the photovoltaic properties for this work and other current 2D vdWs p-n diodes.

Ref.a Materials Method Max.b Responsivity [A/W]/Wavelength [nm] Bias voltage (V) EQE[%]

This Work SL n-MoS2/SL p-MoTe2 One-step CVD 4.71/1100 2 1935
Ref [19]. Multilayer(ML) n-MoS2/ML p-MoTe2 Exfoliated 0.32/470 5 85
Ref [20]. ML n-MoS2/ML p-MoTe2 Exfoliated 0.064/473 2 –
Ref [41]. ML MoTe2 Exfoliated 0.05/637 2 –
Ref [42]. ML p-MoTe2/Graphene Exfoliated 0.02/532 2 –
Ref [43]. ML n-MoS2/ML p-MoTe2 Exfoliated 0.15/633 1 39.4
Ref [44]. Single-layer (SL) n-MoS2/SL p-WSe2 Exfoliated 0.12/532 20 34
Ref [45]. ML n-MoS2/ML P-WSe2 Exfoliated 0.24/470 20 –
Ref [46]. SL n-MoS2/ML p-Black phosphorus (BP) CVD (MoS2) and Exfoliated (BP) 3.54/633 2 0.3
Ref [47]. SL Graphene/ML n-MoS2/SL Graphene CVD (Graphene) and Exfoliated 0.22/488 1 55
Ref [54]. SL n-SnS2/SL p-WSe2 Two-step CVD 0.109/520 5 –
Ref [56]. SL n-MoS2/SL Graphene CVD (MoS2) and CVD (Graphene) 0.014/405 1 4.3

a Ref.: Reference.
b Max.: Maximum.
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3. Conclusion

In summary, we fabricated highly crystalline ultrathin p-MoTe2/n-
MoS2 vertically stacked heterostructures using a single-run CVD
method. The successful formation of the MoTe2/MoS2 heterostructures
was confirmed with the use of Raman, PL, and HAADF-STEM char-
acterizations. Epitaxial MoTe2 was revealed in situ growing on the top
and along the edges of MoS2 with a 2H-stacking mode, which sig-
nificantly improved the contact and cleanness of the interface of the
MoTe2/MoS2 heterostructures. As a result, photodetectors constructed
from such heterostructures demonstrated a wide response range from
UV to infrared. In particular, a high responsivity of 4.71 A/W
(1100 nm) and a remarkable EQE of 1.935 × 103% (300 nm) have
been recorded, which are superior to most other TMDs heterostructures
reported so far. In principle, this method has the potential to enable the
seamless integration of other TMDs (MoS2, MoSe2, WS2, etc.). Thus, the
facile synthetic strategy along with the high quality and performance of
TMDs heterostructures lend themselves to the development of the next
generation of photodetectors and other optoelectronic devices.

4. Experimental section

4.1. CVD synthesis of MoTe2/MoS2 heterostructures

Molybdenum Trioxide (MoO3, 99.75%, Sigma Aldrich, 20mg) was
used as the molybdenum precursor and placed in a homemade quartz
boat with one side open and the other side closed, and loaded at the hot
center zone but in the downstream. A SiO2/Si wafer was used as the
growth substrate and placed in front of the quartz boat. The silica
substrate (300 nm SiO2/Si, 1 cm × cm) was spin-coated with the sodium
cholate hydrate (SC) solution (0.1–1wt%) as the promotor for 2D ma-
terial growth. Two separate quartz boats with 3mg sulfur and 70mg
tellurium powder (99.997%, Sigma Aldrich) were respectively located
at the upstream and at a distance of 12 cm from the substrate. Both the
sulfur and tellurium powder were taken out of the heating area of the
furnace before growth. Sulfur will melt when the temperature of the
center hot zone reaches 780 °C. Argon gas was used as the carrier gas,
and hydrogen gas was only charged in during the growth of MoTe2 to
protect the system from oxidation. A magnet was attached to the tell-
urium boat with a quartz rod to move the boat in and out of the heating
zone.

4.2. Sample characterization

The Raman/PL spectra are studied using a Confocal Raman
Spectrometer (WITec Alpha 300 R), which is equipped with the UHTS
300 spectrograph (600 lines per mm grating) and a CCD detector
(Andor, DU401A-BV-352). The excitation source used in this study is an
air-cooled solid state laser with an excitation wavelength of 532 nm and
a power of 50mW. Mapping conditions are as follows: 100 × objectives
lens with a 0.3 µm step in both the x and y axes; AFM images taken
under a tapping mode with 512 resolution by Bruker Dimension Icon
scanning probe microscope (Bruker Co., Germany); and the SEM images
collected by a JSM-7100F (JEOL) system with a Schottky field-emission
gun, 1.1 nm at 15 kV.

4.3. Sample preparation for HAADF-STEM characterization

To prepare the STEM specimen, we transferred the synthesized
MoTe2/MoS2 heterostructures onto Cu grids using a conventional poly
(methyl methacrylate) (PMMA)-based wet transfer method [40]. The
substrate with the sample was spin-coated with PMMA and baked at
60 °C for 3min. Then it was immersed in 1M potassium hydroxide
(KOH) solution at 90 °C to etch the underlying SiO2/Si substrate. The
floating PMMA/sample films in the KOH solution were transferred into
deionized (DI) water and e scooped with a TEM grid (a lacey carbon

film coated on 300-meshed Cu grid). The grids were then immersed into
acetone for 10–15min to remove the PMMA films and annealed in the
tube furnace for 2 h at 200 °C with 100 sccm N2 and 5 sccm H2 as an-
nealing gases. The crystal structures are characterized by high-resolu-
tion transmission electron microscopy (HRTEM, JEM-2100). HAADF-
STEM analysis is characterized using a JEM Titan G2 60–300 TEM
(JEOL) with 60–300 kV.

4.4. Photovoltaic device fabrication and characterization

For the MoTe2/MoS2 heterostructures device, electrodes were fab-
ricated by electron beam lithography (Nexdep, Angstrom Engineering).
To electrically access the inner MoS2 triangles without shorting to the
outer MoTe2 peripheral layers, the partial etching of the MoTe2/MoS2
heterostructures was prepared in advance before writing the electrodes.
A thin film of PMMA was firstly spin-coated onto the as-received
sample. After this initial exposure, only half of the wanted flakes was
protected by PMMA while the rest was lifted off by lithography. After
this, electrodes were made by EBL and followed by depositing 10 nm
Cr/50 nm Au thin films using thermal evaporation (Nexdep, Angstrom
Engineering). Then the devices were annealed at 200 °C inside a va-
cuum furnace to enhance the contact between the materials and the
metal electrode. For photodetection, laser-driven light sources (EQ-
1500, Energetiq) were used, which were calibrated by a silicon pho-
todiode to provide incidental light. A time-resolved photocurrent was
collected using a current meter. The quick response was recorded with a
semiconductor characterization system measured on (B1500A, Agilent)
under illumination of 300 nm and 800 nm light pulses chopped at a
frequency of 1 Hz. All the measurements were performed in air and
under room temperature.
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