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Abstract.

We present a joint theoretical/experimental study of a van der Waals heterobilayer
with type-I band alignment formed by monolayers of WSes; and MoTe,;. Our
first-principles computation suggests that both the valence band maximum and the
conduction band minimum of the WSe, /MoTes heterobilayer reside in the MoTes layer.
The type-I band alignment allows efficient transfer of excitons from WSes to MoTes.
Since monolayer MoTes is a direct semiconductor with a bandgap in the infrared range,
this heterobilayer is attractive for infrared light emission applications. Time-resolved
measurements of photocarrier dynamics were conducted to provide experimental
evidence of the type-I nature of this heterobilayer. In these measurements, we found
that excitation energy can transfer from WSes to MoTe, efficiently, but not along
the opposite direction. The efficient energy transfer can serve as an optical gain or
wavelength conversion mechanism for efficient emission from MoTes, which can be
utilized in ultrathin and efficient infrared light sources.
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1. Introduction

The emergence of semiconductor heterostructures has resulted in remarkable progress
in modern semiconductor technology. A large family of semiconductor heterostructure



A Type-1 van der Waals Heterobilayer of WSey/MoTey 2

devices have been industrialized and widely used in many areas, such as efficient double-
heterostructure light-emitting diodes and laser-based telecommunication systems,
bipolar transistors, solar cells, as well as high-electron-mobility transistors [1, 2]. From
a fundamental point of view, the behavior of a semiconductor heterostructure crucially
depends on the band alignment at the interface. According to the band offset at
the interface, three types of band alignments can be formed: straddling gap (type-I),
staggered gap (type-II) or broken gap (type-I11) (see Figure S1, supplementary material).

For straddling (type-I) offset heterojunctions, the conduction band minimum
(CBM) and the valence band maximum (VBM) are located at the same side of the
heterointerface. As an ideal lattice-matched type-I heterostructure, GaAlAs/GaAs
was proposed in 1967 by Alferov [1, 2]. Since then, this heterostructure has been
widely used for applications of rooted in wavelength conversion or optical pumping like
semiconducting lasers and quantum-well structures. Owing to the rapid development
of heterostructure growth techniques in the 1970s, such as molecular-beam epitaxy and
metal organic chemical vapor deposition technologies, many new heterostructures can
be realized now. For staggered offset (type-II) heterojunctions, electrons and holes are
spatially separated and localized in self-consistent potential wells at different sides of
the heterointerface, a feature good for the tunability of their peculiarities. Type-II
heterojunctions have drawn little attention in the past until Kroemer demonstrated its
operating principle and provided several semiconductor combinations that exhibit the
staggered lineup [3]. Since then, increasing number of new type-II heterostructures were
investigated as functional semiconductors.

Recently, much research attention has been devoted to heterostructures composed
of two-dimensional (2D) materials. In contrast to epitaxially grown traditional
heterostructures, 2D layered materials in 2D heterostructures are stacked mechanically
along the direction perpendicular to the 2D plane wia van der Waals interactions
[4].  Among 2D materials, transition metal dichalcogenides (TMDCs, MX,) are of
particular interest due to their tunable electronic and optical properties [5]. Despite
their relatively weak interlayer adhesion, heterostructures formed by TMDCs have
shown strong interlayer coupling, which facilitates fast and efficient interlayer charge
transfer [6, 7]. In addition, these materials possess other properties desirable for various
applications, such as mechanical flexibility, atomically sharp interfaces, and the ability
to stack different materials without much concern for lattice mismatching.

Most of the van der Waals heterostructures that have been realized experimentally,
consisting primarily of combinations of MoSy, MoSe;, WS, and WSe,, have exhibited
type-II band alignment. Several promising applications have been proposed based on
these type-II heterostructures, such as ultrathin solar cells with high power densities, and
vertical tunneling transistors with low power consumption [8], photocatalysis [9], and
other optoelectronic applications [10]. Although these heterostructures possess many
exciting features for applications, the ability to utilize type-1 2D layered structures is
expeced to create a new direction for bandstructure engineering in ultrathin structures
and to realize new applications for the van der Waals heterostructure family. Recently,
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band offsets of TMDCs have been studied by employing first-principles calculations
[11, 12, 13]. Nevertheless, there was a scarcity of realized type-I TMDC heterostructures.
Since in type-I heterostructures both electrons and holes reside in one material, their
radiate recombination is enhanced. Hence, type-I heterostructures are attractive for
light-emitting applications. Furthermore, introducing new type-I heterostructures can
expand the heterointerface library for future development of multilayer structures with
sophisticated landscapes of band alignment.

Here we report a theoretical and experimental study of a van der Waals
heterobilayer with type-I band alignment formed by monolayers of WSe, and MoTes.
Our first-principles computation suggests that both the CBM and the VBM of the
WSe, /MoTes heterobilayer reside in MoTey. Time-resolved pump-probe measurements
of photocarrier dynamics provide evidence of the type-I nature of this heterobilayer.
We found that excitation energy can transfer from WSey to MoTes, but not along
the opposite direction. The efficient energy transfer can serve as an optical gain or
wavelength conversion mechanism for efficient emission from MoTey. Since monolayer
MoTe; is a direct semiconductor with a bandgap in the infrared range, this heterobilayer
is attractive for infrared light emission applications.

2. Computational Methods

All computations were carried out within the density functional theory (DFT)
framework by using the Vienna ab initio simulation package, VASP 5.3 [14]. The
generalized gradient approximation (GGA) in the form of Becke86 was adopted for
exchange-correlation functional [15]. Furthermore, the optB86b-vdW functional was
used for structure optimization to account for the weak interlayer van der Waals
interactions [16]. The interaction between the core electrons and valence electrons was
modeled by the projector augmented wave method [17]. Tt is known that GGA functional
tends to underestimate the bandgap of semiconductors. So the electronic structures were
computed using the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional in company
with the optB86b-vdW functional for structure relaxation [18]. Energy cutoff for the
plane-wave expansion was set to 500 eV. Brillouin zone sampling was performed with
Monkhorst-Pack (MP) special k-point meshes. The 2D Brillouin zone integration using
the I'-center scheme was sampled with a 9 x 9 x 1 grid for MXs5. A vacuum layer
greater than 20 Awas taken so that the interaction between adjacent images can be
neglected. All atoms were allowed to relax during the geometry optimization until the
computed Hellmann-Feynman force on each atom was smaller than 0.01 eV/A. The
convergence threshold was set as 107 eV in energy for optB86-vdW functional based
structure optimization. For the bandstructure computations, the Brillouin zone of I'-
K-M-T" is selected for monolayer MX, [12, 19]. Spin-orbit coupling (SOC) was included
in optB86-vdW as well as HSE06 functional based calculations. Moreover, the band
structures computed without SOC were also presented for comparison. For computing
the partial density of states (PDOS) of the MoTey/WSey heterobilayer (54 units of
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MoTe, and 62 units of WSey), the 2D Brillouin zone integration using the I'-center
scheme was sampled with a 5 x 5 x 1 grid.

3. Experimental Methods

The WSey/MoTe, heterobilayer sample was fabricated by mechanically exfoliating
monolayers of WSey; and MoTe; onto polydimethylsiloxane (PDMS) substrates and
sequentially transferring the layers to a Si/SiOy (90 nm) substrate. The monolayer
thickness of the flakes were determined by their reflective contrast on transparent PDMS
substrates [20, 21]. Due to the relative instability of MoTe; monolayer in ambient
conditions, this layer was completely covered by the WSes monolayer, in order to increase
the longevity of the heterobilayer sample. Isolated monolayer regions of both materials
were also present on the same substrate, which facilitates their direct comparison with
the heterobilayer. The uncovered MoTe, monolayers typically degrade in a few days
under ambient conditions. The sample was annealed for 2 hours at 200°C in a Hy/Ar
(5 scem/100 scem) environment at a base pressure of about 3 torr.

To study photocarrier dynamics in the heterobilayer, we employed a transient
absorption technique in reflection geometry [22]. In these measurements, a tightly
focused pump pulse of about 100 fs duration was used to excite certain regions of the
sample, which could be the heterobilayer, WSes; monolayer, or MoTe,; monolayer. Then,
a probe pulse, which arrives at the sample after the pump and overlaps in space with
the pump spot, was used to monitor the dynamics of the photocarriers. The differential
reflection of the probe, AR/Ry = (R — Ry)/ Ry, is measured as a function of the relative
time delay between two pulses, defined as the probe delay. Here, R and R, represent
the reflection of the probe pulse by the sample with and without the presence of the
pump pulse, respectively. By choosing the pump photon energies, we can preferentially
inject photocarriers in different layers of the heterobilayer sample. Similarly, by tuning
the probe photon energy to resonate with a certain layer, we can selectively probe
population of carriers in that layer, based on the fact that the differential reflection
signal is proportional to the carrier density [22]. All the measurements were performed
with the sample under ambient conditions.

4. Results and Discussion

4.1. Computational results

The most stable phase of TMDC monolayers was considered in this study. It has
been demonstrated that ReSs and ReSe; have a distorted CdCly-type structure (the
1T phase) [21, 23]. For other TMDCs (MXy, M = Cr, Mo, W; X = S, Se, Te), the
most stable structure is the 2H phase. As shown in Table S1 (see supplementary
material), the optimized lattice constants based on the optB86b-vdW functional
agree well with previous calculations [11, 12, 24, 25, 26]. The computed bandgaps
of MXs monolayers based on the optB86b-vdW and HSE06 functionals with SOC
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Figure 1. Computed band alignment of MX5 monolayers: (a) MoSz, (b) ReSa, (c)
CrSez, (d) WSaq, (e) MoSes, (f) ReSes, (g) WSes, and (h) MoTey. The black solid lines
show the optB86b-vdW results. The red dashed lines denote the HSE06+SOC results.
The blue dotted lines indicate the water reduction (H*/Hs) and oxidation (H2O/O2)
potentials. The vacuum level is set to zero

are in reasonable agreement with the experimental values and previous theoretical
results[27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40].

Figure 1 shows the band alignments of monolayer MXs (M = Cr, Mo, W, Re; X
=S, Se, Te) obtained based on optB86b-vdW and HSE06+SOC computations. Several
general trends can be identified. The optB86b-vdW results are discussed as follows: For
MoXs,, WX,, and ReXy (X =S, Se), the VBM and CBM of MX; increase monotonously
with the atomic number of element X. Thus, MoSs/MoSe,, WSs/WSe,, and ReS, /ReSey
heterobilayers are more likely to exhibit type-II band alignments. Moreover, the VBM
and CBM of MoX, (X = S, Se) are lower than those of WXs. Hence, MoSy /WS, and
MoSes/WSes heterobilayers also exhibit type-II band alignments. These results are in
agreement with previous findings [11, 12]. With regard to ReX;/WX, (X = S, Se),
for which W and Re lie in the same row in the periodic table, the CBM of WX, is
much higher than that of ReX,, while the VBM of WX, is close to that of ReX,. More
interestingly, we find that the VBM of ReS, is higher than that of MoS,, while the
CBM of ReS; is lower than that of MoS,. Hence, MoS,/ReS, heterobilayer is predicted
to exhibit the type-I band alignment. This have been confirmed by our previous
experiments [41]. Moreover, according to the computed band alignments, WSey/MoTe,
and ReSe;/MoSes heterobilayers are likely to exhibit type-I band alignments.

In this work, we focus on WSey/MoTes. Our calculations show that the lattice
constant of the unit cell is 3.297 Aand 3.522 Afor WSe, and MoTe,, respectively. To
minimize the relatively large lattice mismatch of (> 6 %), a large supercell of MossTejgg
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Figure 2. (a) A top view of the WSey/MoTes heterobilayer. The orange, blue, red and
green balls represent the W, Se, Mo and Te atoms, respectively. (b) Computed partial
density of states (PDOS) of WSey/MoTey heterobilayer based on the optB86b-vdW
functional. The blue curves denote the DOS contributed by the WSes layer while the
red curves represent the DOS contributed by the MoTes layer. The black curves show
the total DOS. (c¢) Optical image of the WSey/MoTes heterobilayer sample on a 90 nm
Si/Si04 substrate. (d) A schematic plot of the type-I band alignment between WSes
and MoTey. The orange and blue circles represent electrons and holes, respectively.
The schematic depicts transfer of energy from WSes to MoTe, where the electrons and
holes recombine, emitting near infrared photons. (e) Photoluminescence spectra of the
heterobilayer and individual monolayers in the visible range. The strong quenching of
the WSey peak in the heterobilayer stems from energy transfer to MoTes.

is constructed from bulk MoTe, (001) with the dimension of 18.356 x 31.794 x c A.
Similarly, a large WgoSejo4 supercell from bulk WSe; (001) with the dimension of 18.298
x 31.694 x ¢ Awas used. With both supercells, the lattice mismatch between WSe,
and MoTe, is now < 0.32 %. Figure 2(a) shows a top view of the relaxed WSes/MoTe;
heterobilayer. A side view of the relaxed WSey/MoTes heterobilayer is shown in Figure
S2 (see supplementary material).

The computed band alignment for separated monolayer WSe, and monolayer MoTe,
is depicted in Figure 1. It can be seen that the VBM of MoTe;, is 0.14-eV higher than that
of WSe,, while the CBM of MoTe, is 0.16-eV lower than that of WSes. Consequently,
the WSey/MoTe, heterobilayer exhibits the type-I band alignment. Computed partial
density of states (PDOS) of the WSes/MoTe, heterobilayer is shown in Figure 2(b). The
blue lines denote the DOS contributed by the WSes layer while the red lines represent
the DOS contributed by the MoTe, layer. The calculation suggests that both the VBM
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and CBM are contributed by the MoTe, layer, consistent with the band alignment of
WSe, /MoTes shown in Figure 1.

4.2. Experimental results

To confirm the theoretical prediction on the type-I band alignment of the
WSe,; /MoTes heterobilayer, we fabricated a sample and performed corresponding
optical measurements. Figure 2(d) provides a schematic of the expected movement of
photocarriers in this heterobilayer, due to its type-I band alignment. Excitons injected
in WSe, transfer to MoTe, where they recombine, emitting photons (red arrows) with
an energy determined by the optical bandgap of MoTe,; monolayer. In the following, we
present multiple pieces of experimental evidence that such transfer indeed occurs, and
is highly efficient.

First, photoluminescence spectra were taken on the heterobilayer as well as both
monolayer regions. As shown in Figure 2(e), the spectra of the WSe, monolayer and the
heterobilayer both have a peak located around 1.65 eV, consistent with the A-exciton
resonance in WSey [42]. There is significant quenching (about 83 %) of the peak in the
heterobilayer. This shows a good interface between the two layers and the existence of
efficient transfer of electrons, holes, or both, from WSe; to MoTe;. We note that the
photoluminescence from MoTe,; was not measured in this study since it falls out of the
range of our spectroscopic system. However, several groups have reported efficient PL
from monolayer MoTe; at about at 1.1 eV at room temperature and showed evidence
that it is a direct semiconductor [43, 44, 45, 46, 47, 48, 49, 50].

Next, we studied the photocarrier dynamics in MoTey; monolayer. A 1.65-eV pump
pulse with peak energy fluence of 8.4 ;1J cm™2 was used to excite the MoTe,; monolayer.
Based on the absorption coefficient of 1 x 10%cm™! [43], this pump fluence corresponds

to an injected photocarrier density of about 2 x 102cm™2.

The differential reflection
of a 1.31-eV probe pulse was then measured for different delay times. The results are
shown as the solid grey squares in Figure 3. The left and right panels of Figure 3 show
the signal in short and long time ranges, respectively. Note that both the pump and
the probe photon energies are significantly larger than the optical bandgap of MoTe,.
The rising part of the signal can be modelled by the integral of a Gaussian function
with a full-width at half-maximum of 0.63 ps, as indicated by the black curve. This
rising time is slightly slower than the instrument response time of about 0.4 ps, which
can be attributed to the time it takes for the photocarriers to relax their energy from
the injected states to the states coupled to the probe pulse. The decay of the signal
after the first 1 ps can be fit by a bi-exponential function with two time constants of
2.8 and 28 ps, respectively, as shown by the red curve. The short time constant could
be attributed to the energy relaxation of photocarriers from the probed state to the
band edges. Previously, carrier energy relaxation times of about 0.7 and 1.8 ps at room
temperature in MoSy have been reported [51, 52]. Considering different experimental
conditions and materials, this assumption is reasonable. The long-time constant gives
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Figure 3. Differential reflection measurements using a 1.31-eV probe pulse and a 1.65-
eV pump pulse. The blue squares were measured from the WSes /MoTes heterobilayer
and show a significantly higher signal than that measured from the isolated MoTes
monolayer (grey squares). The purple and red lines represent double-exponential fits
to the data. The yellow squares represent measurements on the heterobilayer with
the pump and probe switched, 1.65-eV probe and 1.31-eV pump. This is intended to
probe carriers excited in MoTe, that might transfer to WSe,, if the band alignment
were type-II.

the photocarrier lifetime, which is limited by nonradiative recombination.

Using this procedure, we then measured the differential reflection signal from the
heterobilayer under the same conditions. Since the optical bandgap of WSey; monolayer
is about 1.65 eV, the pump is expected to inject photocarriers in both layers, while the
1.3-eV probe should only sense photocarriers in MoTe,. The result is shown by the blue
squares in Figure 3. The magnitude of the signal is about 7.5 times larger than that of
MoTe,. To better compare the two signals, the data from MoTe, is scaled by a factor
of 7.5, as shown by the open squares. It is obvious that the two signals are very similar,
except for a slightly slower initial decay. Furthermore, by bi-exponential fit (purple
curve), the two time constants from the heterostructure measurement are 4.3 and 28 ps,
with the long-time constant matching the MoTey; monolayer very well. The increased
energy relaxation time could be attributed to the reduced electron-phonon interaction
in the heterostructure due to the dielectric screening effect by the WSe, layer.

These features are strong evidence that both electrons and holes injected in WSes
transfer to MoTe,, as a result of the type-I band alignment shown in Figure 2(d).
First, without carrier transfer, the two measurements should yield identical results since
carriers injected in WSey of the heterostructure would not be sensed by the probe. The
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probe only measures the carriers in MoTe, that are injected by the pump, which have
the same density as the monolayer MoTey measurement. The stronger signal observed in
the heterobilayer sample is induced by photocarriers transferred from WSes to MoTes,.
The existence of carrier transfer is also consistent with the PL quenching of WSe, shown
in Figure 2(e). Although PL quenching of WSe; could also be induced by transfer of
carriers to interfacial defects, the gain of carriers in MoTe, is unambiguous evidence of
interlayer carrier transfer. Second, the carrier transfer occurs on a time scale shorter
than the response time of the measurement. If the transfer were a slower process, the
signal from the heterobilayer should have a slow rising part that matches the carrier
transfer process. Third, the same decay time observed in the two samples indicate that
both electrons and holes excited in WSe, transfer to MoTe,, as dictated by the type-
I alignment. If the alignment were type-II, only one type of carrier would transfer.
Once the electrons and holes are separated in different layers, their recombination
would be significantly suppressed, resulting in a longer lifetime of photocarriers in the
heterobilayer. The extension of the carrier lifetime in type-II heterostructures has been
generally observed [6, 7, 53]. The lack of the extension is a strong evidence that the
alignment is not type-II.

Another key difference between the two band alignments is that, in type-
IT heterostructures, one type of carriers can transfer from the smaller bandgap
material (MoTe, in the case) to the larger bandgap material (WSe,), while in type-I
heterostructure, neither carrier can transfer along this direction. To confirm that neither
electrons nor holes transfer from MoTes to WSe,, we used the 1.31-eV pulse as the pump
and the 1.65-eV pulse as the probe. In this configuration, photocarriers are injected in
the MoTes layer only. The 1.65-eV probe matches the A-exciton resonance of WSes,
and hence primarily senses carriers in the WSes layer. As shown by the yellow squares
in Figure 3, there is no noticeable signal from the heterobilayer. In this measurement,
we used a pump fluence of 16.9 puJ cm™2, which is twice of what was used in the other
2 curves. If the band alignment were type-11, there would be charge separation and we
would expect to observe a differential reflection signal due to either electrons or holes
transferring to WSes under these conditions. The absence of a signal from MoTe, can
be attributed to the fact that the probe photon energy is about 0.5 eV higher than its
bandgap, which is expected to have very low efficiency in probing carriers that mostly
populate states below the probed states. When the same measurement was repeated on
the MoTey; ML region, no signal was observed neither.

To further confirm that the increased signal observed in the heterobilayer is from
photocarriers injected in WSe, that subsequently transferred to MoTey, we studied the
dependence of this signal on the pump photon energy. Using a 1.31-eV probe, we varied
the pump photon energy from 1.65 eV, the A-exciton resonance of WSes, to 1.55 eV.
Figure 4(a) shows the differential reflection of the heterobilayer for the different pump
energies. The inset shows the peak signal as a function of the pump energy. The signal
increases as the pump energy moves towards the exciton resonance of WSe,. This
indicates that as more photocarriers are injected in WSe,, subsequently the observed
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Figure 4. (a) Pump-photon-energy dependence of the differential reflection of the
WSes /MoTes heterobilayer measured with the 1.31-eV probe. The inset shows
the peak differential reflection signal for the different pump photon energies. (b,c)
Short and long scale differential reflection signal on WSes monolayer (blue) and the
heterostructure (red) using a 2.1-eV pump and 1 1.65-eV probe.

carrier density in MoTe, also increases. If there is no carrier transfer, the signal is
expected to be independent of the pump photon energy in this range.

Finally, probing carrier dynamics in WSey layer of the heterobilayer can provide
further evidence of the type-I band alignment. In such a measurement, photocarriers
were injected by a 2.1-eV pump in the WSe,; monolayer and the heterobilayer with a
peak fluence of 4.22 pJ cm™~2. From Figure 4(b), it can be seen that there is an initial fast
decay in the heterobilayer that is noticeably faster than the decay in WSey; monolayer.
Fitting each data set with a biexponential function, the initial fast decay is about 0.84
+ 0.3 ps in WSey monolayer compared to 0.66 4 0.1 ps in the heterobilayer, about a 20
% decrease. This faster decay could be attributed to carriers transferring from WSe, to
MoTe,, another indication of type-I band alignment. Figure 4(c) shows the dynamics
on a longer time scale. The longer decay times are nearly identical at 33 and 29 ps in
the two samples, respectively. The slow decay component account for about 30 % of the
signal. This can be attributed to the carriers reside in WSey because they are excited in
the regions of the sample with poor interface contact. Such regions are inevitable due
to foreign particles trapped between the two monolayers during the sample fabrication
process. It is also important to note that the signal from the heterobilayer is smaller in
magnitude than that of the isolated WSey; monolayer. This is evidence that a significant
portion of the photocarriers transfer on an ultrafast time scale, faster than the time
resolution of our system of about 300 fs.

We note that the observed transfer of electrons and holes from WSe, to MoTe, can
be achieved via different physics mechanisms. Since both electrons and holes transfer,
there is no net charge transfer. The energy transfer can be achieved by a Froster
process, where an exciton in WSey recombines nonradiatively, transferring the energy
for the excitation of an electron-hole pair (or exciton) in MoTes. Alternatively, the
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energy transfer can be accomplished by movement of electrons and holes from WSe, to
MoTe, in a Dexters process. It would be interesting to study the relative contributions
of these processes to the observed effect; however, the results of the two processes, that
is, the appearance of photocarriers in MoTe, accompanied by the annihilation of them
in WSe,, are indistinguishable in our measurements.

5. Conclusion

We have performed a joint theoretical/experimental study of a van der Waals
heterobilayer with type-I band alignment. The heterobilayer is formed by monolayers of
WSe, and MoTe,y. Our first-principles computation showed that both the valence band
maximum and the conduction band minimum of the WSes/MoTe, heterobilayer reside
in the MoTey layer. Subsequent experimental study provided compiling evidence of
type-I band alignment from transient absorption measurements, in consistent with our
first-principles calculations. Specifically, the type-I band alignment is experimentally
established by the following observations: First, when photocarriers are injected in
WSe,, we observed an instantaneous increase in carrier population in MoTey, which
can only result from efficient and ultrafast carrier transfer. Second, the photocarriers
lifetime in the heterobilayer is not increased from MoTe, monolayer, which rules out
the layer separation of electrons and holes, and thus rules out the type-II alignment.
Third, when carriers are injected in MoTey, no population of excitons is observed in
WSe,. If the alignment were type II, either electrons or holes would have transferred
to WSey. Fourth, the population of excitons in MoTe; shows a strong dependence on
the pump photon energy near the exciton resonance of WSey. Without carrier transfer,
such dependence would not have been observed. Finally, exciton population injected in
the WSe, layer of the heterobilayer decays rapidly, which can only be attributed to the
addition population loss channel provided by the interlayer transfer. The established
type-I band alignment of WSe,;/MoTe, heterobilayer facilitate its application in light
emission devices. Previously, some of us have demonstrated MoSs/ReS, as the first
TMDC type-I heterostructure [41]. Despite of that, the introduction of WSes/MoTesq
as another type-I heterostructure is significant. ReS,; has a bandgap of about 1.55 eV
and with low photoluminescence yield. MoTe,y, on the other hand, have shown strong
photoluminescence in the near infrared range about 1.1 eV. Its emission performance can
be enhanced by the carrier transfer from WSe; to MoTey. Hence, the ultrafast transfer
of carriers across an atomically thin junction provides a mechanism for important optical
applications in the near infrared range.
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