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Abstract

The stacking of twisted two-dimensional (2D) layered materials has led to the creation of moiré superlattices, which
have become a new platform for the study of quantum optics. The strong coupling of moiré superlattices can result in
flat minibands that boost electronic interactions and generate interesting strongly correlated states, including
unconventional superconductivity, Mott insulating states, and moiré excitons. However, the impact of adjusting and
localizing moiré excitons in Van der Waals heterostructures has yet to be explored experimentally. Here, we present
experimental evidence of the localization-enhanced moiré excitons in the twisted WSe,/WS,/WSe, heterotrilayer with
type-ll band alignments. At low temperatures, we observed multiple excitons splitting in the twisted WSe,/WS,/WSe,
heterotrilayer, which is manifested as multiple sharp emission lines, in stark contrast to the moiré excitonic behavior of
the twisted WSe,/WS, heterobilayer (which has a linewidth 4 times wider). This is due to the enhancement of the two
moiré potentials in the twisted heterotrilayer, enabling highly localized moiré excitons at the interface. The
confinement effect of moiré potential on moiré excitons is further demonstrated by changes in temperature, laser
power, and valley polarization. Our findings offer a new approach for localizing moiré excitons in twist-angle
heterostructures, which has the potential for the development of coherent quantum light emitters.

Introduction
Recently, the twisted van der Waals heterostructured
superlattices have attracted significant attention as they

induces strongly correlated quantum phenomena: including

. 11-14 15
strongly correlated insulators ", superconductivity ’,
moiré excitons'® ™%, moiré phononslg’zo, magnetismm.

provide a powerful and attractive platform for exploring the
new physics of novel condensed matter'™®. Vertically
stacked 2D materials can generate periodic moiré super-
lattices due to lattice mismatches or twist angles’. The moiré
potential in the moiré superlattice dominates the kinetic
energy within the mini-Brillouin zone, which changes the
electronic band structure in the heterojunction®'’, and
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Moiré superlattices in twisted 2D material heterojunctions
offer opportunities for the development of many-body
physics®>**, which will help to drive the development of
novel quantum devices”*. The periodic moiré potentials
induced by moiré superlattices in van der Waals hetero-
junctions can trap interlayer excitons to generate moiré
exciton arrays”> . The tunability of the moiré potential
opens a new avenue for quantum manipulation of quasi-
particles in quantum optics. Recently, the moiré excitons
have been reported in a twisted MoSe,/WSe, heterojunc-
tion, and multiple interlayer exciton resonance phenomena
have been observed. They attribute these resonances to the
state of exciton on the ground and the state of excitation
related to moiré potential®®, Such moiré superlattices can be
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applied to quantum emitter arrays”. However, the rela-
tionship between the modulation effect of moiré super-
lattices on the properties of moiré excitons and the number
of twisted layers has yet to be further studied, particularly for
2D twisted angle heterojunctions with more than two layers.

In this work, we utilize the layer degrees of freedom to
investigate the localization of moiré excitons. We report
the observation of multiple exciton resonances in a high-
quality hexagonal boron nitride (hBN)-encapsulated in
the twisted heterotrilayer. The WSe,/WS,/WSe, hetero-
trilayer has two type-II band alignments that form two
overlapping moiré potentials at the twisted WSe,/WS,
interface. The synergy of the two moiré potentials enables
the moiré excitons at the interface very localized, mani-
festing in the form of multiple sharp emission lines, in
sharp contrast to the moiré excitonic behavior of the
twisted WSe,/WS, heterobilayer. Additionally, comparing
the variation of the laser power and temperature of the
twisted-angle heterojunction with different layers, further
proved that the formation of double moiré fringes at the
WSey/WS,/WSe, heterotrilayer interface will induce a
deeper and narrower moiré potential to localize excita-
tion. Simultaneously, the magneto-optical spectroscopy
results show that the distinguishable g-factor is a result of
the exciton confinement in the potential created by the
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moiré pattern. Our results offer a new way to regulate the
localization of moiré excitons in twisted-angle hetero-
structures, promising single-photon emission of excitons
to advance the application of moiré superlattices in
quantum devices.

Results
Schematic and WSe,/WS,/WSe, heterotrilayer

In the twisted heterostructures of 2D materials, the
periodic moiré superlattices can be formed by tuning the
lattice mismatch and the interlayer twist angle (6). The
periodicity of the moiré superlattice changes corre-
spondingly with the twist angles, and its electronic
structure and energy band structure also changes,
resulting in multiple planar exciton miniature energy
bands. Moiré exciton bands provide a novel platform for
exploring and controlling excited states of matter.
Figure 1a shows the schematic of the h-BN-encapsulated
WSey/WS,/WSe, heterotrilayer, which includes three
different regions in the same device: 1L-WSe,, 1L-WSe,/
WS, and WSey/WS,/WSe, heterotrilayer. The WSe,/
WS,/WSe, heterotrilayer have two type II band align-
ment, which results in the formation of spatially indirect
interlayer excitons, with electrons and holes that reside in
the WS, and WSe, layers, respectively (Fig. 1b). At the
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Fig. 1 Moiré superlattice and interlayer exciton emission in a WSe,/WS,/WSe, heterotrilayer. a Schematic illustration of a vertically stacked
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WSe,/WS,/WSe, twisted-angle heterotrilayer with hexagonal boron nitride (h-BN) on a SiO./Si substrate. The twisted WSe,/WS,/WSe, heterotrilayer is
a system composed of two-layer WSe, and one-layer WS,. The top and bottom sheets are aligned, and the middle sheet is rotated by a 6 angle of
approximately 3° relative to the other two sheets. b Schematic diagram of the alignment of type Il bands in the WSe,/WS,/WSe, heterotrilayer. The
energy levels are represented by black solid lines, and the interlayer excitons and intralayer excitons are marked by dashed ellipses. ¢ Optical
microscopy image of the WSe,/WS,/WSe, heterotrilayer, with the heterojunctions encapsulated with flakes of BN (Fig. S1). d Raman mapping of a
twisted WSe,/WS,/WSe, heterotrilayer. e The PL spectra of heterojunctions with different layers at room temperature. f Measured and fitted the SHG
signals of the top WSe, monolayer and middle WS, monolayer regions of the sample, which confirm the 3° twist angle between the top and middle
layers
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same time, the twisted WSe,/WS,/WSe, heterotrilayer is
a system composed of two-layer WSe, and one-layer WS,.
The top and bottom sheets are aligned, and the middle
sheet is rotated by a 8 angle of approximately 3° relative to
the other two sheets. Interlayer torsion angles create
periodic moiré superlattices at the interface that trap and
spatially confine excitons. In the twisted WSe,/WS,/W Se,
heterotrilayer, the torsion angle of the three layers will
generate two periodic moiré fringes and then form super
moiré fringes, leading to new quantum phenomena.
Figure 1c shows the optical image of the WSe,/WS,/
WSe, heterotrilayer, we can distinguish monolayer,
bilayer twist areas and trilayer twist areas. The vdW
heterostructures were prepared via polymethyl metha-
crylate (PMMA)-assisted transfer method. Our hetero-
bilayer samples encapsulated by hexagonal boron nitride
(hBN) (Fig. S1). The Raman mapping (Fig. 1d) was used to
confirm the quality of the twisted WSe,/WS,/WSe, het-
erotrilayer. The uniformity of Raman mapping signal
intensity can confirm spatial homogeneity over the
micrometer length scale, which is mainly attributed to our
dry transfer method and annealing treatment. At the same
time, the Raman spectra of the heterostructures with
different layers further proved that the twisted WSe,/
WS,/WSe, heterotrilayer was successfully prepared
(Fig. S2). As shown in Fig. le, the PL spectra of WSe,/
WS,/WSe, heterotrilayer with different layers at room
temperature, and it can be found that the PL peak has a
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red shift and that its intensity decreases with the increase
of the number of layers. Also, the PL spectra display a new
emission peak at ~1.52 eV in the WSe,/WS,/WSe, het-
erotrilayer with twist angles of 3°, which is attributed to
the emission from the interlayer excitons. The relative
twist angle between the top and middle sheets of the
sample was determined optically using polarization-
dependent  second-harmonic-generation measure-
ments”’. Figure 1f shows the polarization-dependent PL
of the top and a middle sheet of WSe, and WS,, from
which can determine a rotation of the principal axis of 3°
+ 0.2° between the layers.

Moiré exciton localization in a WSe,/WS,/WSe,
Heterotrilayer

In twisted heterostructures of 2D materials, by adjusting
the lattice mismatch and the interlayer twist angle (8), a
moiré superlattice can be formed, resulting in a periodic
moiré potential to trap excitons. The WSe,/WS,/WSe,
heterotrilayer has two type-II band alignments, with the
conduction band minimum located in the WS, layer and
the valance band maximum in the top and bottom WSe,
layer. When the top and bottom WSe, layers are slightly
misaligned with the middle WS, layer, two interfering
moiré patterns are formed at the WSe,/WS, interface
(Fig. 2a). The moiré superlattice leads to band folding in
the mini-Brillouin region and creates moiré exciton bands
that capture more moiré excitons®. The optical spectra of

Intensity (a.u.)

WSe,/WS,/WSe,
3

3.2 meV
—

-~

WSe,/WS,/WSe,
1.5°

Intensity (a.u.)

1.5 1.8 2.1 1.4 1.6 1.8 2.0
Energy (eV) Energy (eV)

Fig. 2 Moiré exciton localization in a twisted heterotrilayer. a Schematics of moiré superlattices formed in the twisted WSe,/WS,/WSe,
heterotrilayer. b The moiré superlattice leads to a periodic moiré potential in the twisted WSe,/WS,/WSe, heterotrilayer, which can trap excitons in
the moiré traps. The deeper the moiré potential, the more excitons can be trapped. ¢ Representative PL spectra of 1L-WSe,, 1L-WS,, WSe,/WS,
heterobilayer with a twist angle of 3° and the WSe,/WS,/WSe, heterotrilayer with a twist angle of 3°. The PL intensity of the heterostructure is
multiplied by a factor of three to facilitate comparison with the PL spectrum of 1L-WSe,. The T"and X peaks are assigned to emissions from the trion
and exciton of the 1L-WSe,, respectively. The low-energy additional peaks representing moiré excitons are indicated by the red dotted box (M).
d Representative PL spectra of WSe,/WS, heterobilayer with a twist angle of 1.5° and the WSe,/WS,/WSe, heterotrilayer with a twist angle of 1.5°.
Line widths of moiré excitons of 12.5meV and 3.2 meV are obtained for WSe,/WS, heterobilayer and the WSe,/WS,/WSe, heterotrilayer
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the moiré exciton change systematically in a way that
suggests the moiré coupling is highly interfacial, strongly
confined at the WSe,/WS, interface and barely affects the
next neighboring WSe, layer(s). The added WSe, layer(s)
could modify moiré excitons in the WSe, layer interfacing
WS,, resulting in a significant increase in the resonance
energy separations between moiré excitons (Fig. 2b).
Therefore, we believe that changing the number of
stacking layers can regulate the interface moiré exciton.

To investigate the localized effects of the layer degree
of freedom on moiré excitons, we performed micro-
photoluminescence measurements on the twisted WSe,/
WS, heterobilayer and the WSe,/WS,/WSe, hetero-
trilayer at 6 K under a low excitation power. The PL
spectrum of 1L-WSe, is well known with two well-
separated and narrow excitonic emissions, which can be
attributed to neutral free excitons (X,) at 1.742 eV and
free charged excitons (T), at 1.711 eV, which is consistent
with previously reported results®” (Fig. 2c). By contrast,
the PL spectrum of the twisted WSe,/WS, heterobilayer
is strikingly different from that of 1L-WSe,. Figure 2c
shows the PL spectrum of the WSe,/WS, heterobilayer
with a twist angle of 3°, which can find that the PL
spectrum of WSe,/WS, heterostructure has additional
fine peaks (M) on the lower-energy side beside the
neutral free excitons peak (X,’) at 1.651 eV and the trion
peak (T’) at 1.708 eV. This suggests the existence of a
periodic moiré superlattice in the twisted WSe,/WS,
heterobilayer, creating moiré traps at the interface that
traps the excitons in them, modulating their energy levels
and causing them to split. To further examine the
influence of the moiré potential on interlayer excitons,
we prepared the WSe,/WS, heterobilayer with different
twist angles. By adjusting the twist angle, the moiré
superlattice period can be tuned. With the increase of the
twist angle, the moiré superlattice period decreases,
resulting in an increase in the moiré potential, which
modulates more exciton energies and further form moiré
excitons. Figure S5 shows the PL spectra of the WSe,/
WS, heterobilayer with twist angles of 3 and 1.5°,
respectively. We focus on the WSe,/WS, heterobilayer
with a twist angle of 3°. The central emission energies
extracted are 1.545eV, 1.503eV, 1.472eV, 1.437¢€V,
respectively. Compared to the WSe,/WS, heterobilayer
with twist angles of 1.5°, the splitting peaks are shifted
towards lower energies. This is mainly because with the
twist angle increases, the depth of moiré potential
increases, capturing more excitons to form the splitting
peaks. Our experimental results further proved that the
stack of the WSe,/WS, heterobilayer with different twist
angles can effectively improve the moiré potential.
Meanwhile, the change of these exciton peaks with the
twist angle further proves that excitonic states with low-
energy emissions originate from moiré excitons.
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The construction of a twisted-angle WSe,/WS,/W Se,
heterotrilayer can form double moiré fringes, which
enable highly localized moiré excitons. We performed
micro-photoluminescence measurements on the WSe,/
WS,/ WSe, heterotrilayer with a twist angle of 3° at 6 K
under a low excitation power (Fig. 2c). Compared to the
WSe,/WS, heterobilayer with a twist angle of 3°, the
intensity of the intralayer excitons and moiré exciton
peaks in the twisted-angle WSey/WS,/WSe, hetero-
trilayer are increased by 3-5 times. The localization of
moiré excitons in a supermoiré-induced potential trap
gives rise to a sharp emission peak. To further verify the
localized effects of twist angle on moiré excitons, we
prepared the WSe,/WS,/WSe, heterotrilayer with dif-
ferent twist angles. Figure 2d shows the PL spectra of the
WSe,/WS, heterobilayer with twist angles of 1.5°, which
can also find the same moiré excitons localization phe-
nomeno. The considerably narrow line width of the
localized moiré exciton peaks (average line width =
3.2meV, Fig. 2d, top) compared to that of the moiré
exciton peaks without localization (average line width =
12.5 meV, Fig. 2d, bottom) (Fig. S6). The localization of
moiré excitons is mainly due to the double moiré fringes
formed at the interface of the WSe,/WS,/WSe, hetero-
trilayer, resulting in deeper and narrower moiré potential
traps. In a highly confined moiré potential well can lead to
an increase in the auger recombination rate and an
enhancement of exciton-exciton interactions, leading to
the localization of excitons®**,

Temperature dependence of the integrated PL intensity
provides key insight into the localized nature of moiré
excitons. To further demonstrate that we observed moiré
excitons in the twisted WSe,/WS,/WSe, heterotrilayer,
we studied the PL intensity as a function of temperature.
The contour map of the temperature dependence of the
PL spectra shown in Fig. 3a displays the origins of addi-
tional spectral fine structures in the WSe,/WS, hetero-
bilayer with a twist angle of 3°. Figure 3b shows the PL
spectrum of the twisted WSe,/WS, heterobilayer at 6 K
and fitted with gaussian functions. It can be clearly found
that multiple splitting peaks at 1.4 and 1.57 eV are dif-
ferent from the monolayer WSe, exciton peaks, which is
mainly caused by the moiré potential trapping excitons in
the twisted WSe,/WS, heterobilayer. Figure 3c presents
the PL spectra from 6 to 30 K obtained from the hor-
izontal line cut of the contour map. The red-shift of the
PL peaks with increasing temperature are owed to the
temperature-dependent bandgap shift.

At the same time, Fig. 3c shows the temperature
dependence of the PL intensities of the moiré excitons
and the trion (T’) state. With the temperature increases,
the PL intensity of the moiré excitons states rapidly
decreases and disappears at temperatures higher than
~30K. This is mainly because the thermal energy is
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Fig. 3 Temperature dependence of moiré excitons in the twisted WSe,/WS2/WSe, heterotrilayer. a, b Contour plot of the temperature-
dependent PL in the WSe,/WS, heterobilayer with a twist angle of 3° PL spectrum of WSe,/WS, heterobilayer at 6 K under an excitation power
density of 0.3 mW extracted from the contour plot. ¢ The normalized PL spectra of the twisted WSe,/WS, heterobilayer with a twist angle of 3° at
various temperatures ranging from 6 to 30 K. d, e Contour plot of the temperature-dependent PL in the WSe,/WS,/WSe, heterotrilayer with a twist
angle of 3° The PL spectrum shows a splitting phenomenon at 6 K under an excitation power density of 0.3 mW extracted from the contour plot.
f The normalized PL spectra of the twisted WSe,/WS,/WSe, heterotrilayer with twist angle of 3° at various temperatures ranging from 6 to 50K
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greater than the trapping potential energy, and the
exciton-bound state undergoes thermal dissociation
assisted by thermal excitation. The experimental results
can be explained by the temperature dependence of the
integrated PL intensity assisted by the thermal excita-
tion®>*°:

1

!
1 +Aexp(—kBiT)

I(T) = I(0)

1 (0) is the PL intensity at the lowest temperature limit, kg
is the Boltzmann constant, A refers to the parameter, E is
the activation energy corresponding to the depth of the
moiré potential, and 7 is the temperature. The relation-
ship between the PL intensity and temperature can be
seen through this formula, and it can be found that the
moiré potential has an influence on the thermal dissocia-
tion and thermal excitation of the exciton bound state.
The moiré-trapped state has moiré potential confinement
energy than the trion (T’) state, so T” can be delocalized
more easily with a thermally assisted process. As shown in
Fig. 3¢, the intensity of the trion (T”) PL decreases more
rapidly and can no longer decompose when the

1024 | Light Sci Appl | 2023 | Vol 12 | Issue 6

temperature is greater than 20 K. The T’ state exhibits a
faster radiative recombination process. As a result of the
confinement of the moiré potential, the PL intensity of the
moiré excitons decreases relatively slowly. These findings
are consistent with the previously reported results of the
moiré excitons, implying that the extra peaks come from
the moiré potential.

The contour map of the temperature dependence of the
PL spectra shown in Fig. 3d reveals the origins of addi-
tional spectral fine structures in the WSe,/WS,/WSe,
heterotrilayer with a twist angle of 3°. Figure 3e shows the
PL spectrum of the twisted WSe,/WS,/WSe, hetero-
trilayer at 6 K and fitted with gaussian functions, which
can be found that multiple splitting peaks at 1.4 and
1.6 eV are different from the WSe,/WS, heterobilayer
exciton peaks. The intensity of the intralayer excitons and
moiré exciton peaks in the twisted-angle WSe,/WS,/
WSe, heterotrilayer are increased by 3-5 times. The
localization of moiré excitons in a supermoiré-induced
potential trap gives rise to a sharp emission peak. This is
mainly due to the formation of double moiré fringes at the
WSe,/WS,/WSe, heterotrilayer, which results in deeper
and narrower moiré potential traps, leading to the
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localization of moiré excitons. To further prove that the
localized moiré exciton states have a deeper moiré
potential, we extracted the exciton peaks as a function of
temperature. Figure 3f presents the PL spectra from 6 to
50 K obtained from the horizontal line cut of the contour
map. The intensity of the trion (T’) PL decreases more
rapidly and can no longer decompose when the tem-
perature is greater than 30 K. Compared to the WSe,/
WS, heterobilayer with a twist angle of 3°, the PL intensity
of the moiré excitons state of the WSe,/WS,/WSe, het-
erotrilayer decreases slowly and disappears at tempera-
tures higher than ~50 K. Our experimental results further
demonstrate that localized moiré excitons have a deeper
trapping potential and require more thermal energy to
delocalize the excitons.

Discussion

Another important effect of the moiré potential is the
excitation power dependence of the PL spectra, we
investigated the power-dependent PL spectrum in the
twisted WSe,/WS,/WSe, heterotrilayer under 532 nm
laser excitation at 6 K. Figure 4a shows the PL spectra of
the WSe,/WS,/WSe, heterotrilayer at different power
densities at 6 K. At low excitation intensities below
~0.3 mW, we can observe that the PL spectrum shows
that the moiré excitonic peaks (M;, M,, M3, and M,)
dominate the spectrum. With the excitation power
increases, the moiré exciton peaks at lower energy levels
gradually disappear and the peak widths become larger.
At the same time, we also found that with the increase of
excitation power (more than 1 mW), the moiré exciton
peaks changed from multiple small splitting peaks to the
main peak dominated by intralayer excitons, and the
intensity of high energy level (X', and T’) peaks increased.

The results indicate that at low power (less than 0.3 mW),
the splitting peaks of the PL spectrum are mainly due to
the capture of excitons by the moiré potential. With the
increase of power, exciton filling goes from low energy
level to high energy level sequentially. The moiré flat
bands are filled and gradually reach saturation, losing its
modulation effect on excitons.

To further observe the evolution trend of moiré excitons
with excitation power, we extracted the PL intensities of
moiré exciton peaks and intralayer exciton peaks as a
function of power (Fig. 4b). The shapes with different colors
indicate different peak positions extracted. We can find that
the moiré excitons increase linearly with power at the low
excitation power and quickly saturate. With the increase of
power, excitons are sequentially filled from low energy level
to high energy level, the moiré exciton peaks gradually dis-
appear, and the energy is transferred to the intralayer exci-
ton peaks of high energy level. Meanwhile, we find that the
interlayer exciton peaks (M;, M,, M3, and M,) blue-shift
with the increase of power, which is mainly caused by
repulsive dipole-dipole interactions. However, intralayer
excitons do not move with the increase of power (Fig. S9).
To further distinguish intralayer excitons, we extracted the
PL intensities of intralayer exciton peaks as a function of
power. With the increase of power, we find that the intensity
of the neutral exciton (X,) peak increases linearly with
power, whereas the intensity of charged exciton peak (T’)
increases nonlinearly with power, which is consistent with
the previous reports®’.

In a twisted-angle heterojunction, an ideal moiré super-
lattice has C3 symmetry and it emits the same amount of co-
polarized and cross-polarized light. When linearly polarized
light is used to excite an ideal moiré superlattice, the
direction of the linearly polarized light has no effect on the

Light Sci Appl | 2023 | Vol 12 | Issue 6 | 1025 LSA



Zheng et al. Light: Science & Applications (2023)12:117

emitted light”**. Therefore, the linear polarization can be
used to demonstrate how close the WSe,/WS,/WSe, het-
erotrilayer is to being an ideal moiré superlattice. Figure
Slla, b shows the linearly polarized spectrum of the
monolayer WSe,, which can be found that the X, exciton of
the monolayer WSe, do not change significantly with the
change of the linear polarization direction ¢ (Supplementary
Fig. S10a). This is mainly because the monolayer WSe; has
C; symmetry and its photoluminescence does not exhibit
linear polarization.

Figure S11c, d shows the linear polarization dependence of
the twisted, which can be found that the excitons of the
twisted WSe,/WS,/WSe, heterotrilayer are slightly affected
by the linear polarization (Supplementary Fig. S10b). In fact,
the highest degree of linear polarization in the WSe,/WS,/
WSe, heterotrilayer (Fig. S11d) was around (10 + 8)% at the
emission energy of 1.689eV. The excitons of the twisted
WSe,/WS,/WSe, heterotrilayer are affected by the linear
polarization, which is mainly because the strain and relaxa-
tion in the heterojunction lead to the uneven distribution of
the positions of the emitted co-polarized light and cross-
polarized light. Moreover, the degree of linear polarization in
our twisted heterojunction is much lower than that of
strained heterostructures reported in the literature, indicat-
ing that the C3 symmetry is preserved in our sample®.
Therefore, the shape of the moiré superlattice formed in the
twisted heterojunction is fundamentally regular. In addition,
an important effect of the moiré pattern is the imposition of
spatially varying optical selection rules®. To verify that we
are observing a moiré exciton phenomenon, we provide
evidence for the existence of moiré superlattices in the
twisted WSe,/WS,/WSe, heterotrilayer using the alternating
circularly polarized photoluminescence. Figure S11le, f shows
PL spectra of the 6"0" and 66~ configurations, which can
be clearly find that there is a clear cross-polarization at
14-1.6eV. The generation of this cross-polarization is
mainly due to the spatial variation caused by atomic rota-
tional symmetry, and the relative positions of atoms in dif-
ferent positions in real space are different, thus affecting the
optical selection rule*'. This cross-polarization phenomenon
provides further evidence for the existence of a moiré
superlattice in our twisted-angle heterotrilayer. We also
carried out density functional theory studies to confirm the
existence of moiré potentials in twisted-angle heterotrilayer
(Fig. S13). The highest valence band width is only 1 meV,
indicating a flat valence band behavior in the twisted WSe,/
WS,/WSe, moiré superlattice. These calculated results give
a good understanding of the splitting peak spacing of moiré
excitons observed in our experiments.

To further support a role of the moiré potential in
producing these effects, we performed magneto-
photoluminescence spectroscopy to determine the
Landé g-factor of trapped interlayer excitons. We can
define the Zeeman splitting between the PL peaks as
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AE=E;, — E, , which is to be distinguished from the
valley Zeeman splitting. Figure 5a—c shows the circularly
polarized PL spectra at various magnetic fields (—7, 0, and
7 T) at 10 K. The PL spectra are resolved with the 6" and
o components, which correspond to the signals from the
K" and K~ valleys, respectively. The 6 and ¢~ compo-
nents of the X, (neutral exciton) peak are not offset
without a magnetic field in the twisted WSe,/WS,/WS,
heterotrilayer, whereas the moiré excitons show a slight
difference between the PL intensities of the 6 and o~
components. With increasing magnetic field, the degree of
valley polarizability of moiré excitons greatly increases,
while that of X, peak increases slightly.

Figure 5d—f shows the magnetic field-dependent Zeeman
splitting of the moiré excitons and X, peaks, where the
Zeeman splitting is defined as the peak energy difference
between the 6 and 6~ components. The Zeeman splittings
of both the X, and moiré excitons peaks depend linearly on
the magnetic field (from —7 to 7 T). The slope of the Zee-
man splitting for the X, peak was estimated to be
—5.3+0.5 meV/T. It should be noted that that the slope of
the Zeeman splitting for the moiré excitons peaks
(—11.3+0.5, —10.5+0.3meV/T) are different from that
obtained for the X, peak. We can find that the g-factor of
moiré excitons is basically the same and very different from
the g-factor of the X, peak. The g-factor of an interlayer
exciton is therefore representative of its valley configuration
and its valley magnetic moment. Although inhomogeneity of
moiré traps gives rise to a distribution of charged exciton
and moiré exciton peak energies, the peak energy shifts as a
function of magnetic field are nearly the same for all moiré
exciton. This behavior is characteristic of excitons trapped in
a moiré potential. Therefore, it can be shown by the g-factor
that these excitons are trapped by the moiré potential rather
than defects.

In conclusion, we have presented a novel moiré super-
lattice system of twisted-angle 2D heterojunctions. By
utilizing the layer degrees of freedom, we created a twisted
WSe,/WS,/WSe, heterotrilayer that generates two peri-
odic moiré fringes. The combination of these two moiré
potentials results in highly localized moiré excitons,
shown as multiple sharp emission lines. The rotation
angle can be adjusted to tune the local moiré excitons and
the effect of the moiré potential on excitons is further
demonstrated through changes in laser power and tem-
perature. This demonstrates that localization-enhanced
moiré superlattices in twisted van der Waals heterojunc-
tions can be fabricated and provide a fascinating platform
for exploring new quantum phenomena.

Materials and methods
Fabrication of moiré heterostructures

The monolayer WSe, (WS,) films were synthesized by
a typical CVD growth method. The WO3 (20 mg)) was
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selected as the solid source for the one-step growth.
50 mg of Se (S) powder was placed upstream of the tube
furnace. Before heating, the system was cleaned with a
high-purity Ar gas and maintained for about 30 min.
Then, the furnace was heated to 830 °C and kept at this
temperature for 20 min. The S powder was put in the
upstream region with a temperature of 190 °C. H,/Ar
mixture flow was used as carrier gas. After the growth,
the furnace was cooled down to room temperature
naturally.

The twisted WSe,/WS,/WSe, heterotrilayer were
fabricated by a wet-transfer technique with a poly-
methyl methacrylate (PMMA) film. One layer was
transferred onto the other. The top WSe, monolayer
was then stacked onto the bottom monolayer with the
crystal axes rotationally aligned under an optical
microscope. Finally, the SHG was used to determine the
rotation angle between the two monolayers, and the
excitation light source of the SHG signal is a 1064 nm
pulsed laser. The samples were annealed in a high
vacuum at 300 °C for 3 h.

Optical measurements

For steady-state photoluminescence measurements,
the sample was performed on the WITec Alpha 300 R
system and excited using a continuous-wave 532-nm

laser focused to a spot size of 1.5 pm. The sample
temperature was kept at 6 K. The pressure of the low-
temperature test system is below 107> pa, and the
temperature is cooled by compressing helium gas.
When the temperature is stable at 6 K, the PL spectrum
test of the sample is carried out. The model of the
cryogenic refrigeration system is C04-005-044, which
comes from the Cryo Industries of America.
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