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Chemically Tailored Semiconductor Moiré Superlattices of
Janus Heterobilayers

Wenjin Zhang,* Zheng Liu, Hiroshi Nakajo, Soma Aoki, Haonan Wang, Yanlin Wang,
Yanlin Gao, Mina Maruyama, Takuto Kawakami, Yasuyuki Makino, Masahiko Kaneda,

Tongmin Chen, Kohei Aso, Tomoya Ogawa, Takahiko Endo, Yusuke Nakanishi,
Kenji Watanabe, Takashi Taniguchi, Yoshifumi Oshima, Yukiko Yamada-Takamura,
Mikito Koshino, Susumu Okada, Kazunari Matsuda, Toshiaki Kato,*

and Yasumitsu Miyata*

Janus monolayers of transition metal dichalcogenides (TMDCs) are promising
building blocks for moiré superlattices because of their built-in electric field and
clean fabrication process. In particular, Janus TMDC monolayers can be
chemically converted from conventional TMDC monolayers by atomic substi-
tution, enabling the direct formation of lattice-mismatched heterobilayers from
TMDC bilayers. However, the moiré superlattices of Janus heterobilayers have
not been studied experimentally. Herein, this work reports the fabrication and

1. Introduction

Moiré superlattices, which arise from a lat-
tice mismatch or relative twist angle
between two different layers, have recently
emerged as an ideal platform for exploring
exotic quantum phenomena and future
applications of two-dimensional (2D) mate-
rials. Nanoscale periodic potential in moiré

characterization of semiconductor moiré superlattices in chemically tailored
Janus heterobilayers. The MoSSe/MoSe, (or WSSe/WSe;) Janus heterobilayers
are prepared by replacing the top layer Se atoms with S atoms in MoSe; (or WSe;)
bilayer using H, plasma treatment. Scanning transmission electron microscopy
reveals that an average moiré period of about 14 nm formed due to lattice
mismatch resulting from the chalcogen substitutions. The cryogenic photolu- and
minescence spectra show sharp, near-infrared emissions, which are attributed to
excitons trapped by moiré potentials based on comparison with theoretical
calculations. The Janus-based heterostructures provide a long-period moiré
system with built-in potential even for nontwisted heterobilayers, allowing the
functionalization of confined and correlated electron systems.

superlattices provides a new degree of free-
dom for tuning and studying the flat band
effect and correlated physics.'™® To date,
moiré superlattices have been fabricated
using a variety of 2D materials, including
graphene, hexagonal boron nitride (hBN),
transition metal dichalcogenides
(TMDCs). Among these, Janus monolayers
of TMDCs (represented as MXY (M = Mo
and W; X, Y=S, Se, and Te)) provide an
additional degree of freedom in moiré
superlattices. Janus monolayers have two
different chalcogen atoms above and below
the central metal atom, and because of this
asymmetric structure, they have a built-in
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out-of-plane electric field.”! Recent theoretical studies have pre-
dicted that this asymmetric structure leads to various properties,
such as large Rashba spin-orbit coupling,®**! piezoelectricity,!"®!
nonlinear optical response,'”'® and long-lived charge transfer
excitons.['%1119-2% Eyrthermore, the excitons in Janus heterobi-
layer moiré superlattices have been calculated to realize a high-
temperature Bose—Einstein condensation state as a result of the
built-in electric field that enhances the exciton lifetime and the
repulsive interactions between trapped excitons.**

In addition to these theoretical works, recent advances in
surface-chalcogen exchange techniques have experimentally
realized Janus monolayers, such as MoSSe and WSSe, from
the corresponding monolayer TMDCs.”*** This technique
has been applied to the direct preparation of Janus heterobi-
layers, including WSSe/WSe, from bilayer WSe,.*>=”! The
WSSe/MoSSe heterobilayer was also obtained by the transfer
process.’®*”! These advances allow us to access their excitonic
properties. Previous reports demonstrated ultrafast charge
transfer and enhanced interlayer coupling effects in Janus
heterobilayers.*>*”# However, the moiré superlattices of
Janus heterobilayers are still unknown experimentally. Notably,
the MSSe monolayers have an intermediate lattice constant
between MS, and MSe,.[”2%! This small lattice mismatch enables
the formation of long-period moiré superlattices even from non-
twisted bilayers in Janus heterobilayers. Such a long moiré
period compared to conventional nontwisted heterobilayers
could be useful for further tuning the electron correlation in
moiré superlattices. In addition, the direct preparation of
Janus heterobilayers provides a method to fabricate scalable
moiré superlattices from MX, bilayers with thermodynamically
stable configurations such as Bernal stacking.

Here, we present the fabrication and characterization of moiré
superlattices in Janus heterobilayers of MoSSe/MoSe, and
WSSe/WSe,. Janus heterobilayers were prepared from bilayer
MoSe, (or WSe;,) using plasma functionalization and were char-
acterized by Raman and photoluminescence (PL) measurements.
Nanoscale moiré structures were visualized using electron
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microscopy observations. Furthermore, their excitonic properties
were investigated using cryogenic PL spectroscopy together with
theoretical calculations.

2. Results and Discussion

2.1. Preparation and Structure Analysis of Janus Heterobilayer

We first synthesized bilayer MSe, (M = Mo and W) on SiO,/Si
substrates using chemical vapor deposition (CVD). Then, the top
surface Se atoms were substituted by S atoms using H, plasma
treatment (Figure 1a). We note that the S substitution was also
confirmed by high-resolution elemental mapping in our previous
study.’” As a result, the transition metal atoms (M) were cova-
lently bonded to the top S and underlying Se atoms within the top
layer, resulting in the formation of MSSe/MSe, heterobilayers.
Owing to the smaller lattice constant of the upper Janus mono-
layers, the present process leads to the formation of moiré super-
lattices from nontwisted bilayer MSe, as shown in Figure 1b.

Figure 1c shows an optical microscopy image of a grain com-
posed of monolayer and bilayer regions after the plasma treat-
ment. The optical image shows stacked triangular grains of
different sizes. The same orientation of the triangles suggests
the formation of 3R-like stacking."*®*! Notably, 2H- and 3R-like
stacking were randomly observed in the present CVD-grown
samples (Figure S1, Supporting Information). Following the
plasma treatment, the conversion from MoSe, to MoSSe was
confirmed from room-temperature PL/Raman intensity maps
and spectra (Figure 1d-h and S2, Supporting Information).
Figure 1d,e shows the A;’ mode Raman intensity maps of
MoSSe at 290 cm ™! and MoSe, at 240 cm™~'. The A;’ mode at
290 cm ™' in Figure 1g is consistent with that of MoSSe in the
previous study.*” The Raman signal of MoSSe can be seen
throughout the region of the triangular grain, while that of
MoSe, is only observed in the bilayer region. This indicates that
the surface Se atoms were uniformly substituted by S atoms, and
in the bilayer region, the bottom MoSe, was protected from the
substitution reaction. As shown in Figure 1g, in the bilayer
region, the A’; mode of MoSSe at 290 cm ' had comparable
intensity to the A’; mode of MoSe, at 240 cm ™!, whereas only
the A’; mode at 240 cm™' was observed in the pristine bilayer
MoSe,. For the PL intensity map (Figure 1f), the bilayer region
shows weak PL intensity at 1.69 eV compared to the monolayer
region. The PL spectra of the MoSSe/MoSe, showed two typical
peaks corresponding to MoSSe (1.65eV) and MoSe, (1.47 eV),
which differed from that of the bilayer MoSe, before the plasma
treatment (Figure 1h). The PL peak at 1.65 eV was also consistent
with the reported spectra of monolayer MoSSe.*® Similar
changes in Raman and PL spectra were observed in the mono-
layer region (Figure S2, Supporting Information). We note that
these Raman and PL peaks of MoSSe differ from those of the
intermediate partially substituted Janus structure and metallic
state of MoSH!?***** and random alloyed MoS;,Se; (1 mono-
layer, which shows multiple peaks including both MoS, and
MoSe, derived Raman modes.>*®) The present plasma treat-
ment was also applied to fabricate the WSSe/WSe, samples
(Figure S3,and S4, Supporting Information).
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Figure 1. Fabrication and optical characterization of MoSSe/MoSe, heterobilayer. a) Schematic of the experimental setup and the conversion process
from bilayer (2 L) MoSe, to heterobilayer MoSSe/MoSe, using H, plasma treatment. b) Side and top views of bilayer MoSe, and Janus heterobilayer
MoSSe/MoSe,. The periodic moiré superlattice is visualized by changing the lattice constant of the top layer. The blue-dashed shape indicates a moiré
unit cell. ) Typical optical microscope image of the heterobilayer MoSSe/MoSe, prepared on a SiO,/Si substrate. Raman intensity map of A;" mode of
d) MoSSe at 290 cm ™" and e) MoSe, at 240 cm ™. f) PL intensity map of MoSSe (1.69eV). g) Raman and h) PL spectra of the bilayer MoSe, and

heterobilayer MoSSe/MoSe,.

2.2. Atomic Structure of Janus MoSSe/MoSe, Heterobilayer

The atomic arrangement of Janus heterobilayers was investigated
using scanning transmission electron microscopy (STEM).
Figure 2a shows the high-angle annular dark-field (HAADF)
STEM image of MoSSe/MoSe,. Figure 2b shows the enlarged
images of the four regions labeled i-iv in Figure 2a. Images i
and iv can be assigned to R} stacking, whereas the images ii
and iii correspond to RY and RM stacking, respectively
(Figure 2d). The R! stacking shows simple honeycomb lattices,
which are displayed in Figure 2a as lighter contrasts. In this
region, the distance of the moiré pattern, gy, is about 16 nm.

(@)

Figure 2e shows the fast Fourier transform (FFT) pattern
obtained from Figure 2a, and presents the sixfold symmetry
of the spots. Notably, when each spot was magnified, two distinct
peaks were observed (Figure 2e). The inner and outer spots were
assigned to the FFT patterns of the honeycomb lattices of MoSe,
and MoSSe with the same orientation, respectively. From the
peak distances, the lattice mismatch between the MoSSe and
MoSe, monolayers was estimated to be 2.1% in this region.
The lattice constant of MoSSe can be estimated to be
0.321 nm by using that of MoSe, (0.328 nm). This lattice mis-
match, 8, corresponds to a moiré period of 15.4 nm, based on
the relation of ay = %.[2’47] Using the obtained lattice

(e)

Figure 2. Atomic structure of the moiré superlattice in the Janus heterobilayer MoSSe/MoSe,. a) HAADF-STEM image of MoSSe/MoSe,. b) Enlarged and
c) simulated images of the selected regions from (a), and the scale bar is 0.25 nm. d) The schematics show the top and side views with a periodic stacking
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Figure 3. Wide-field moiré patterns of the heterobilayer MoSSe/MoSe,. a) ABF-STEM image of the MoSSe/MoSe; heterobilayer on the TEM grid. Scale
bar is 20 nm. b) Relationship between the moiré period and the lattice mismatch for five nontwisted (or nearzero twist angle) heterobilayers including
MoSSe/MoSe, (WSSe/WSe,) in the present work, MoTe,/MoS,, WS,/WSe,, GaSe/MoSe,, and WSe,/MoTe, nontwisted heterobilayers.[48’51].

parameters, we simulated the HAADF-STEM images. As shown
in Figure 2b,c, the experimental images are in good agreement
with the simulated ones of the structure model in Figure 2d.
Figure 3a shows the wide-area annular bright-field (ABF)
STEM image of the MoSSe/MoSe;, heterobilayer. Here, we show
the ABF STEM image due to its high contrast, and the contrast of
the moiré patterns between the ABF and HAADF-STEM images
was reversed (Figure S5, Supporting Information). The black
dots correspond to the moiré patterns. The distance between
two adjacent black dots ranges from 12nm to 17 nm, and the
average moiré period was 13.9 & 0.5 nm. The lattice mismatch
and the MoSSe lattice constant were estimated to be around
2.3% and 0.320 nm using the equation, ay &~ 2425, respectively.

These values are close to those obtained from the local region, as
shown in Figure 2, and were consistent with the lattice constant
of previous experimental and theoretical works!*>?%33 This
result also supports uniform conversion of the top layers by
the present plasma treatment. We note that the inhomogeneity
of moiré patterns can be explained by the introduction of
in-plane tensile strain into the MoSSe during the conversion
from MoSe, (Figure S5, Supporting Information). We also
observed similar moiré structures in the WSSe/WSe, Janus
heterobilayer (Figure S6, Supporting Information). Notably,
due to their small lattice mismatch, the MoSSe/MoSe, and
WSSe/WSe, heterobilayers have longer moiré period compared
to other nontwisted (or nearzero twist angle) heterobilayers, such
as MoTe,/MoS,, WS,/WSe,, GaSe/MoSe,, and WSe,/MoTe,
(Figure 3b).1*8>1

2.3. Low-Temperature PL Spectra of Janus WSSe/WSe,
Heterobilayer

With the emergence of moiré structure in the present Janus het-
erobilayers, the nanoscale periodic moiré potentials could locally
trap the excitons at low temperatures. For low-temperature PL
measurement, the Janus heterobilayers were encapsulated with
hBN flakes to obtain high optical quality (Figure S7, Supporting
Information). In this work, we focused on the WSSe/WSe,
because relatively bright PL was measured compared to the
MoSSe/MoSe, in the present study. Figure 4a shows the PL
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Figure 4. Moiré excitons in the Janus heterobilayer WSSe/WSe,. a) PL
spectra of hBN-encapsulated (red) heterobilayer WSSe/WSe,, (pink)
monolayer (1L) Janus WSSe, (blue) bilayer (2L), and (light blue) 1L
WSe, measured at 8 K. b) Excitation power-dependent PL spectra and
c) PL peak intensities at 1.519, 1.575, 1.645, 1.664, and 1.675 eV of the
heterobilayer WSSe/WSe,. A linear power dependence is observed for
the peaks at 1.664 and 1.675 eV, whereas the other three peaks show a
saturating behavior above 20 W cm™2

spectra of the hBN-encapsulated WSSe monolayer and WSSe/
WSe, heterobilayer at 8 K. The monolayer WSSe exhibited a
broad peak between 1.6 and 1.8 eV. This broad peak resulted
from a mixed contribution from defect-derived localized exci-
tons, charged excitons, and neutral excitons. %32 By contrast,
only the WSSe/WSe, heterobilayer showed multiple sharp peaks
with line widths of 3-6 meV between 1.3 and 1.7 eV. These sharp
peaks have never been observed for the other samples, including
monolayer WSSe, monolayer and bilayer WSe,. From this com-
parison, these multiple, sharp PL peaks could be attributed to

© 2024 The Authors. Small Structures published by Wiley-VCH GmbH
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excitons trapped in the moiré potential rather than defects or lat-
tice strain.>**

We found that these multiple PL peaks have different excita-
tion power dependence, as shown in Figure 4b. Figure 4c shows
the PL intensities of different peaks plotted as a function of exci-
tation laser power. For the three peaks below 1.645 eV, the PL
intensity tends to show a saturation behavior at a relatively low
excitation power density of 20 W cm 2. Conversely, a linear power
dependence was observed for the peaks at 1.664 and 1.675eV.
The saturation behavior is probably due to the longer lifetime
of interlayer excitons than that of intralayer excitons. Owing to
the staggered band alignment of WSSe/WSe, (shown later), inter-
layer excitons were expected to be formed by efficient interlayer
charge transfer. Because of their long lifetimes, the interlayer
excitons could easily occupy the individual moiré potentials at rel-
atively low exciton power and show saturation behavior.

Besides the exciton types mentioned above, it should be noted
that the multiple peaks are due to the inhomogeneity of moiré
potential. Indeed, the PL spectra showed significant variations in
different regions (Figure S8, Supporting Information). The inho-
mogeneous moiré patterns were observed in the STEM images
(Figure 3a) and also in the previous reports.”>*¢. Such inhomo-
geneity is probably derived from introducing unintentional
lattice strain during the plasma treatment and/or the hBN
encapsulation. Further improvement of the fabrication process
is also necessary to suppress the strain effect on Janus
heterobilayers.

2.4. Electronic Band Structure of WSSe/WSe, Moiré
Superlattice

To confirm the staggered band alignment, the band structures of
monolayer WSSe and WSe, and their heterobilayer were
obtained using first-principles calculations. The valence and
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conduction band edges of monolayer WSSe were lower than
those of monolayer WSe, (Figure 5a). This suggests the forma-
tion of staggered band alignment for the heterobilayer as
reported previously.”) We found that the staggered band align-
ment of WSSe/WSe, was resilient to variations in lattice constant
(Figure S9, Supporting Information). The present calculations
also showed a potential difference of 0.7 V between the vacuum
on the S- and Se-sides (Figure S9, Supporting Information),
which was comparable to previously reported results of various
Janus monolayer TMDCs.'>?*%7] Together with the confine-
ment effect of the moiré potential, the staggered band alignment
could lead to the formation of long-lived, interlayer excitons in
the WSSe/WSe, heterobilayer. Evaluation of the intrinsic exciton
lifetime would require highly clean and carrier-tunable devices of
Janus heterobilayers, which is a future challenge.

The above first-principles calculation ignored the effect of the
moiré pattern caused by a tiny difference in the lattice constants
of WSSe and WSe,. To see this, we calculated the band structure
of WSSe/WSe, moiré superlattice using a tight binding model
(See S10, Supporting Information). Here, we take the ratio in lat-
tice constants between WSSe and W Se, to be 35:36, which approx-
imates the ratio obtained by first-principle calculation (Figure 5a).
Due to the large periods of the moiré superlattice, the electronic
bands are folded in the mini-Brillouin zone and divided into the
subband structure (Figure 5b). As shown in Figure 5c, the density
of states exhibits multiple sharp peaks, which is attributed to the
emergence of the subband formation. The spatial distribution of
the density of states shows the long-range periodic patterns
(Figure 5d). Particularly, electronic states at VBM exhibit an ener-
getically isolated narrow band and are confined to the central
region of moiré pattern where chalcogen and transition metal
atoms are vertically aligned (as in the top panel of Figure 2b—d).
The isolated narrow band and localized density of states support
the observation of sharp PL peaks due to the formation of moiré
potentials that can trap the intra- and interlayer excitons.

|
iy T
—a, 0 ay

25 50
Density of states

KV 100

WSSe m=m \\/Se,
Figure 5. Electronic structures of Janus monolayer WSSe, WSe,, and moiré superlattice of WSSe/WSe,. a) Electronic band structures of monolayer
(orange) WSSe and (gray) WSe, under optimized lattice constants of 3.191 and 3.28 A calculated by first-principles calculation. b—d) Electronic structures
of moiré superlattice of WSSe/WSe; calculated by a tight binding model. b) Band structure along the k—=y—1 points of the mini-Brillouin zone (inset). Color
code indicates the probability amplitudes of the wave function in WSSe and WSe, layers. c) Density of states with sharp peak structure associated with the
subband formation. Local density of states at d) E= —4.12 eV and e) —5.68 eV, respectively. ay, is the lattice constant of moiré superlattice. Here, we take
superlattice including 36 x 36 WSSe units and 35 x 35 WSe,.
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3. Conclusion

In summary, we have demonstrated the fabrication and struc-
ture/optical characterizations of moiré superlattices based on
MoSSe/MoSe, and WSSe/WSe, Janus heterobilayers. These het-
erobilayers were prepared by plasma functionalization from
bilayer TMDCs. The STEM observations visualized the moiré
superlattices with an average lattice constant of about 14 nm.
The moiré excitons were studied using cryogenic PL measure-
ments together with the theoretical calculations. The staggered
band alignment was confirmed by the first-principles calcula-
tions, and the formation of moiré potential was also supported
by the tight-binding calculations.

The present study provides a novel way to prepare the moiré
superlattices using a simple postgrowth plasma treatment at
room temperature. This process enables the rapid and scalable
fabrication of moiré superlattices with a clean interface from
nontwisted bilayers and multilayers, which can be obtained by
conventional CVD process. In terms of structural features, a
small lattice mismatch of the Janus heterobilayers allows the for-
mation of long-period moiré superlattices exceeding 10 nm in
nontwisted heterobilayers. Such long-period potentials have usu-
ally been difficult to create in conventional heterobilayer TMDCs
due to large lattice mismatches. It is noted that twisted “homo-
bilayers” allow the formation of longer-period moiré structures,
but cannot avoid large inhomogeneities due to small angular
misalignments. In addition to the longer-period moiré struc-
tures, the built-in potential of Janus monolayers offers the pos-
sibility to modulate a wide variety of quantum phenomena,
including noncentrosymmetric superconductivity, Majorana fer-
mions, topological phases, and Bose—Einstein condensation of
excitons.**>¥!

4. Experimental Section

CVD Growth of TMDCs: MoSe, and WSe, used in this study were grown
on Si substrates with a SiO, thickness of 285 nm using the CVD method
with two electric furnaces. For WSe,, the substrate was set in a quartz tube
with WO3 powder (300 mg) and Se beads (3—4 g). N, gas with a constant
flow rate of 450 sccm was used to fill the quartz tube under atmospheric
pressure. The WO; powder was heated to 950 °C using the downstream
electric furnace. When the furnace reached the target temperature, Se was
heated at 380 °C for 2 min under H,/N; (H, = 0.7%) gas with a total flow
rate of 450 sccm using the upstream electric furnace. Finally, the entire
system was cooled using a fan. MoSe, was prepared using MoO, powder
(80-120 mg) and heated at 870-880°C under a mixed gas of N,
(200-250 sccm) and H; (1 sccm). The Se was heated at 420 °C for 2 min.

Plasma Treatment: Janus heterobilayers were prepared by the plasma-
assisted surface chemical substitution from bilayer MoSe, and WSe,, as
shown in Figure 1a.2®*% The CVD-grown TMDC samples (MoSe, and
WSe,) were placed (z=300-350mm) in a quartz tube (diameter
20 mm and length = 600 mm), where z=0mm is the end of quartz tube
in the upstream side. The quartz tube was pumped down to base pressure
(~few Pa) with a rotary pump. Then, 99.99% pure H, was supplied
(~20 sccm) and the tube pressure was kept at 38 Pa. S powder was placed
in the upstream. A copper coil (diameter = 50 mm) was placed around the
downstream (z=400-500 mm) region of the quartz tube as an antenna
for inductively coupled plasma generation. S powder was placed in the
upstream (z=200-250 mm). The radio frequency power for the copper
coil was set to 15-30W. The reaction time was adjusted between
30 and 60 min. All treatments were carried out under room temperature
conditions.
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hBN Encapsulation: The hBN-encapsulated samples were prepared
using a typical polymer-assisted lifting and peeling process using acrylic
resin stamps, as reported previously.”® Thin hBN flakes were mechani-
cally exfoliated onto the SiO,/Si substrates from bulk crystals.’” The
detailed processes are presented in Figure S11, Supporting Information.

Optical Measurements: Room temperature PL spectroscopy was
conducted using a Renishaw inVia spectrometer equipped with a 532 nm
excitation light. Cryogenic PL was performed using a lab-made optical
setup with a cryostat under vacuum conditions (<10~ Pa). A 635 nm con-
tinuous-wave semiconductor laser was used as the excitation source. The
laser was focused using a 50x objective lens. The PL signals were collected
using the same objective lens and finally detected using a cooled charge-
coupled device through a spectrometer.

STEM Observations and Analyses: For the STEM observations, HAADF-
and ABF-STEM images and STEM-EDS mapping were collected at room
temperature using a JEM-ARM200F (Cold FEG) equipped with a CEOS
ASCOR corrector and a 100 mm? SDD detector operated at 120 kV.
The simulation of HAADF-STEM images was performed using Tempas
simulation package, with parameters similar to the experimental ones.

Computational Methods: The theoretical calculations, as shown in
Figure 5a, were conducted using the STATE program package,®"*? based
on density functional theory.*>®! The exchange-correlation potential
energy between electrons is approximated using the generalized gradient
approximation with a Perdew—Burke—Ernzerhof functional.®® The weak
dispersive interaction between the WSe, and WSSe layers was treated
using vdW-DF2 with the C09 exchange-correlation functional.[®%¢”]
Ultrasoft pseudopotentials were adopted to describe the interaction
between valence electrons and ions.!*®! The valence wave functions and
deficit charge density were expanded in terms of plane-wave basis sets
with cutoff energies of 25 and 225 Ry, respectively. Brillouin-zone integra-
tion was carried out with 9 x 9 k-meshes. The lattice parameters and inter-
nal atomic coordinates were fully optimized until the force acting on the
atoms was <1.33 x 1072 hartree bohr™'. To exclude the unphysical dipole
interaction with the periodic images normal to the sheet, we used the
effective screening medium method.*>”% For the Janus heterobilayer cal-
culation, the interlayer distance between WSSe and WSe, was 3.18A
(Figure S9, Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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