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Moiré superlattices in van der Waals heterostructures represent a highly tun-
able quantum system, attracting substantial interest in both many-body phy-
sics and device applications. However, the influence of the moiré potential on
light-matter interactions at room temperature has remained largely unex-
plored. In our study, we demonstrate that the moiré potential in MoS,/WSe,
heterobilayers facilitates the localization of interlayer exciton (IX) at room
temperature. By performing reflection contrast spectroscopy, we demonstrate
the importance of atomic reconstruction in modifying intralayer excitons,
supported by the atomic force microscopy experiment. When decreasing the
twist angle, we observe that the IX lifetime becomes longer and light emission
gets enhanced, indicating that non-radiative decay channels such as defects
are suppressed by the moiré potential. Moreover, through the integration of
moiré superlattices with silicon single-mode cavities, we find that the devices
employing moiré-trapped IXs exhibit a significantly lower threshold, one order
of magnitude smaller compared to the device utilizing delocalized IXs. These
findings not only encourage the exploration of many-body physics in moiré
superlattices at elevated temperatures but also pave the way for leveraging
these artificial quantum materials in photonic and optoelectronic applications.

Moiré superlattices formed with monolayers of two-dimensional (2D)  powerful in studying complex many-body physics owing to its excellent
materials offer a new degree of freedom (moiré lattice constant or dynamical tunability with external controls (e.g., electric field and
moiré period) for manipulating electronic band structure' . The moiré  electrostatic doping)’. Beyond fundamental interests, moiré super-
period can be efficiently tuned by the twist angle and lattice mismatch lattices have been used to develop a low-power moiré synaptic tran-
between monolayers. Such a platform has been demonstrated to be sistor at room temperature®. An exemplary moiré superlattice is twisted
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bilayer graphene with a magic twist angle of ~1.1°, where flat bands are
predicted® and contributed to a tunable unconventional super-
conductivity with electrostatic doping®. Unlike graphene without a
band gap, semiconducting transition metal dichalcogenides (TMDs)
offer a wide range of band gaps, paving the way to photonic and
optoelectronic applications’. Moreover, the band structure of 2D-TMDs
can be engineered by stacking different TMD monolayers with type-II
band alignment®, offering opportunities for light emission at various
wavelength windows. Interlayer excitons (IXs) in TMD heterobilayers
dominate the light emission properties of the material at room tem-
perature due to the large binding energies (>100 meV)°’. The spatially
separated electron-hole pair leads to long-lived IX (on the order of
nanoseconds), which is advantageous for low threshold lasing'* ™.

Atomic reconstruction occurs when the twist angle is small
(depending on the materials), meaning that the constituent mono-
layers cannot be treated as rigid lattices. The resulting reconstruction
of the moiré pattern can be visualized by various imaging techniques,
including transmission electron microscopy (TEM) and atomic force
microscopy (AFM)". The topological pattern as a consequence of a
periodically modulated strain distribution in moiré superlattices
regulates the interaction of carriers and promotes exciton localiza-
tion in moiré potentials', The moiré-trapped IXs in TMD hetero-
bilayers are predicted to be a 2D array of quantum emitters”. They
were first observed by far-field optical spectroscopy at cryogenic
temperatures™?, and further visualized in momentum space by
photoemission spectroscopy”* and in real space by cryogenic TEM®,
However, the study of exciton physics in moiré superlattices has been
limited to impractically low temperatures, and the application of
moiré-trapped excitons on light-emitting devices at room tempera-
ture is unexplored.

In this work, we observe multiple IX peaks in the photo-
luminescence (PL) spectrum of MoS,/WSe, heterobilayers with small
twist angles (-0.5°). Additionally, the lowest-energy IX state shows
significant saturation behavior with increasing pump power, indicating
the exciton localization arising from moiré potential at room tem-
perature. By performing reflection contrast (RC) spectroscopy, we
observe that the MoS, A-exciton energy in the moiré superlattices is
lower than that in bilayer MoS,. This feature is associated with atomic
reconstruction (characterized as the periodically modulated height
profile in an AFM image) that contributes to the localization of exci-
tons. The brighter IX with a longer exciton lifetime with decreasing
twist angle indicates that the moiré potential plays an important role in
suppressing non-radiative channels. To explore the importance of the
moiré-trapped IXs for light-emitting devices, heterobilayers with small
twist angles are then integrated with silicon single-mode cavities. We
discover that moiré-trapped IXs make devices with thresholds one
order of magnitude lower than when using delocalized IXs.

Results

Localized interlayer excitons at room temperature

The investigated MoS,/WSe, heterobilayers are fabricated by the dry
transfer technique (details in Methods) to obtain a clean interface, as
evidenced by the strongly quenched PL of intralayer excitons (Fig. S1).
AnIX is formed after a fast charge transfer process** and its energy is
well below the A-exciton energy of MoS, and WSe, due to the large
band offset of the monolayers (see inset of Fig. 1a). It has been reported
that the moiré potential formed in MoS,/WSe, heterobilayers with a
small twist angle (6) can confine IXs at cryogenic temperatures® (see
Fig. 1a for a sketch). When the temperature increases, moiré-trapped
IXs usually become delocalized after phonon scattering and dielectric
screening, especially at room temperature”.

Here we focus on examining the exciton localization with moiré
potential at room temperature, and all our measurements are per-
formed at this temperature. We use a continuous wave (CW) laser with
an energy of 1.938 eV and a power of 33.5 uW to excite samples with

different twist angles, and the measured PL spectra are displayed in
Fig. 1b. The PL emission energies cover a spectral range from 0.95 -
1.15 eV, which are consistent with the reported K-K transition energies
of MoS,/WSe;, heterobilayers®®*’ and thus indicate the origin of the
direct bandgap of our samples. Additionally, we observe that the
spectral profile of the PL peaks changes from a non-symmetric peak
with a low-energy tail (the blue curve) to a non-symmetric peak with a
high-energy tail (the red curve) upon decreasing the twist angle. This
transformation reflects the change of the dominant mechanism
modulating the PL spectra, which are discussed in Note S1.

To examine the effectiveness of moiré potential in the samples
with a small twist angle (-0.5°), we perform power-dependent mea-
surements (see Fig. 1c). With the lowest pump power, only one peak is
visible in the PL spectrum. When the pump power increases, two
additional higher-energy peaks appear. These three peaks are denoted
as IX1 (-0.968 eV), IX2 (-1.009 eV), and IX3 (-1.038 eV), respectively.
Figure 1d shows that the PL intensities of IX1 and IX2 saturate with
increasing pump power while that of IX3 increases linearly, revealing
that IX1 and IX2 are localized states while IX3 is a delocalized state®®*.
That is, excitons have the largest occupation possibility in the ground
state at low pump power, and then the occupation possibility of higher
energy states increases upon pump power. Such an exciton-filling
effect agrees well with the previous reports about excitons confined
within moiré potential traps'®*. Provided that IX1 and IX2 originate
from different potential traps, we would expect to observe the PL
emission from IX1 and IX2 since the lowest applied pump power, like
the observation of defect-related states in the previous report®.
Therefore, we expect that IX1 and IX2 originate from the same
potential trap (see the inset of Fig. 1d). In stark contrast, no multi-peaks
feature and no saturation behavior with pump power are found in the
~2.8° heterobilayer (Fig. S2). This twist-angle-dependence helps us to
rule out the contribution of disorder in the materials.

The remarkable blueshift of IX1 with pump power (see Fig. 1c)
manifests a strong dipole-dipole repulsion enabled by the strong
exciton confinement®>**, allowing us to find that the exciton density at
the maximum applied pump power is below the moiré density (see
Note S2). Moreover, the moiré period of 8.4 nm (see Fig. le and
Note S3) of the ~0.5° MoS,/WSe, heterobilayer is larger than the
measured diameter of IX of ~5.2nm?’, permitting the exciton con-
finement. Therefore, we conclude that IX1 and IX2 originate from
moiré potential-trapped states. To study the angle-dependent IX
energy systematically, we prepare more samples and their PL peak
energy versus twist angle is shown in Fig. 1e. It is worth noting that the
multi-peaks feature is only visible for samples with a twist angle of -0.
5°, and thus the PL peak energy cannot be assigned to a specific
excitonic state. The data is fitted well by an exponential function,
which will be used to estimate the twist angle (see Note S4). We notice
that the energy shift (200 meV) is about four times larger than those
reported in other moiré superlattices”**, implying the presence of a
deeper moiré potential trap in our fabricated samples.

Features of intralayer excitons in moiré superlattices

To further explore the nature of the emergent moiré-trapped IX at
room temperature, we characterize the intralayer exciton resonances
using RC spectroscopy. Figure 2a displays the RC spectra of different
twisted MoS,/WSe; heterobilayers, uncoupled bilayer (2L) MoS,/WSe,,
and monolayers. The coupling in the heterostructures can be char-
acterized by the PL quenching (see Fig. S1) and energy shift (see Fig. 2a)
of WSe; excitons. The RC spectrum of IX is not shown here due to its
orders of magnitude smaller oscillator strength®. Intralayer excitons in
monolayer WSe,, monolayer MoS,, and 2L-MoS, are marked by blue
dashed, red dashed, and green dashed lines, respectively. Intralayer
excitons in WSe, and MoS, show significantly different twist angle
dependence. Their energies are extracted and plotted as a function of
twist angle, as shown in Fig. 2b, c, respectively. We note that the twist

Nature Communications | (2024)15:8762


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53083-x

A

WSe,
\QM§>9/

Wavelength (nm) C Wavelength (nm)
1400 1300 1200 1100 1000 1400 1340 1280 1220 1160
- —06° ’g 8.235 ,\jvw ' ; X1 ~0.5°
- ° o7
s 0.8 2| —335,.w X2
s —09 335w X3
g S —17 ;: — 67 uW *
N> —28 D | 184 W
© @ N o | —201 W
= O
£ES S 2 |—335,wW
S < £ 3
> Qo
0.85 0.95 1.05 1.15 1.25 0.88 0.94 1 1.06 1.12
Energy (eV) Energy (eV)
d e Moiré period (nm)
9 876 5 4 3 2
—~ 10000 - - 12— . .
2 IX3 11050
C
S | 1.15 —
=z 8000 IIX2 _ 1100 €
= S 14 =
< 6000 ¢ 4 2 1150 £
2 5105 1200 5
S 4000 | o IX1 A Qo %
= o Ix2 w1 1250 3
7 2000t ° :>t<3 1 0.95 1300 >
. i |
s 1350
= 0 : : : 0.9 : : : :
0 100 200 300 400 0 2 4 6 8 10

Pump power (W)

Fig. 1| Observation of moiré-trapped IX states in MoS,/WSe, heterobilayers.
a Schematic of IXs trapped in moiré potentials, where 8 is the twist angle between
monolayers. The inset shows the band diagram of MoS,/WSe; heterobilayer at K
valley and the formation of IXs. b The normalized PL spectra of different twisted
samples. ¢ Power-dependent PL spectra of a~0.5° MoS,/WSe; heterobilayer. The
black arrows mark the multiple emission peaks originating from different IX states.

Twist angle (°)

d The integrated PL intensity of the different IX states as a function of power with an
integrated spectral range of 0.43 meV. The data of IX1 and IX2 are fitted with the
formula /=1, /(1+Pg/P), where P, is the saturation power. The saturation
power for IX1 and IX2 are 144 uW and 714 uW, respectively. The data of IX3 is fitted
with a linear equation. e IX emission peak energy versus twist angle. The data is
fitted by an exponential function.

angle is derived from the exponential fitting curve shown in Fig. 1c (see
also Note S4).

For the twist angle changing from 2.1° to 1.3°, X’,‘,,Se2 blueshifts,
while Xﬁ,,osz continuously redshifts. The lattice constant and interlayer
spacing are the two geometrical parameters that have the greatest
impact on exciton energy®. 2L-MoS, is a naturally favorable config-
uration where the interlayer coupling is very strong, as manifested by

the crossover from a direct bandgap of the monolayer to an indirect
bandgap of the bilayer. The direct bandgap of MoS,/WSe, hetero-
bilayers reveals a weaker interlayer coupling than 2L-MoS,. Therefore,
the energy of Xﬁmz in the MoS,/WSe; should be located between the
energy for the monolayer (the red dashed line) and bilayer MoS, (the
green dashed line). Surprisingly, Fig. 2c shows that the energies of
X;“MZ in MoS,/WSe, heterobilayers are below that in 2L-MoS,,
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twist angles. Intralayer excitons in WSe, and MoS, are denoted as Xﬁ,Sez (blue-
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to describe the energy shift of the intralayer exciton resonance. The curves are
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shifted vertically for clarity, and the gray dashed lines are a guide to the eye. Panels
(b) and (c) show the fitted exciton energy of WSe, and MoS; from (a) as a function
of twist angle, respectively. The inset of (c) shows the AFM image of the periodically
modulated height profile of a 1.1° MoS,/WSe, heterobilayer, and the amplitude of
the height modulation is about 157 pm.

indicating that the significant redshift of Xﬁmz in twisted hetero-
bilayers is not associated with the modulated interlayer coupling but
the expanded lattice constant. Moreover, the energy difference
increases to ~40 meV when the twist angle decreases to 0.5°, equiva-
lent to a ~0.444% biaxial strain (considering a strain tunability of
90 meV/%”). Thus, the blueshift of X’CVSEZ can be attributed to the
compressive strain in the constituent monolayer WSe,. This opposite
type of strain in the different monolayers indicates the appearance of
atomic reconstruction®, instead of global strain induced by fabrication
processes. In this case, monolayer WSe, with a larger lattice constant
(0.328 nm) shrinks while monolayer MoS, with a smaller lattice con-
stant (0.316 nm) expands.

To gain insight into the atomic reconstruction, we conduct AFM
experiments. The inset of Fig. 2c shows the periodically modulated

height profile of a 1.1° MoS,/WSe, heterobilayer, confirming the pre-
sence of atomic reconstruction. This moiré pattern is usually not visible
owing to a height modulation amplitude below the AFM resolution**°.
The apparent moiré pattern in our case is ascribed to the large lattice
mismatch (6-3.7%) of the constituent monolayers, resulting in a sig-
nificant out-of-plane strain distribution. Additionally, we observe a
clearer moiré pattern in another channel (see Fig. S3), indicating that
the mechanical properties of the material are periodically altered. We
note that the moiré pattern in the height channel is chosen because it
directly manifests that the constituent monolayers cannot be treated as
rigid lattices, i.e., atomic reconstruction happens. The imaged moiré
cells consist of moiré domains and moiré domain walls that form
potential traps that may capture excitons. The observed significant
accumulated strain with decreasing twist angle reflects the
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PL dynamics from the two regions with different twist angles. The blue curves are
exponential fits to the data, giving an IX lifetime of 17.6 ns (8.5 ns) for Region 1
(Region 2).

contribution of atomic reconstruction to the deepening of potential
traps by increasing the lattice constant difference between the
domains and domain walls*’. The combined effect of atomic recon-
struction and moiré pattern possibly accounts for the presence of
localized excitons observed in Fig. 1c. When the twist angles are below
0.9° (see Fig. 2a), we can resolve an additional higher-energy state. This
feature is commonly used to indicate intralayer excitons localized at
the different sites of a moiré cell’’. The splitting energy (-50 meV) of the
two states is similar to the previous observation’’. The absence of
splitting of the MoS, exciton has remained unclear and needs further
work. The higher-resolution imaging techniques such as hyperspectral
imaging with a high-energy electron beam” could possibly provide the
answer, however, it is beyond the scope of this work. Further, the moiré
pattern becomes invisible in the ~4.4° twisted sample (Fig. S4),
revealing the decreased height modulation with increased twist angle
and ruling out the influence of measurement artifacts.

Engineering exciton lifetimes with moiré potentials

Exciton lifetime engineering is crucial because it enables the precise
control of light emission and energy transfer processes, which are
fundamental for optimizing the performance of optoelectronic devices
such as lasers'>*, and exciton condensation*. To study the significance
of the moiré potentials on IX lifetime, different twisted samples are
fabricated in the same way and characterized by time-resolved PL
measurements (see Methods). However, we find that they do not show a
clear trend of angle-dependent exciton lifetime (see Fig. S5), which is
ascribed to the different optical quality of the samples resulting from
material defect density or fabrication introduced imperfections. To
eliminate the sample quality difference, we choose a sample (see Fig. 3a)
consisting of two different twisted regions (Region 1 and Region 2 with

twist angles of -0. 3° and -1. 4° respectively) that are divided by a wrinkle
(more discussion in Note S4). Region 1 with a smaller twist angle
(manifested as lower emission energy) shows brighter PL emission
intensity (see Fig. 3b) and a two times larger exciton lifetime (~17.6 ns,
see Fig. 3¢). We note that this trend is also observed in another similar
sample (Fig. S6). This feature cannot be explained by the reduced
momentum mismatch that typically leads to a shorter exciton lifetime*,
which is the opposite of the observed trend in Fig. 3.

The brightness of a light emitter is related to its radiative and non-
radiative lifetimes. A longer exciton lifetime generally gives rise to a
weaker PL emission when the non-radiative effect is negligible, which is
opposite to our observations. This inconsistency indicates that non-
radiative centers such as defects play an important role in capturing
excitons, thereby shortening IX lifetime (see more discussion in
Note S5). Moreover, we find that the exciton lifetime of the lowest
energy IX state does not decrease with increased pump power (Fig. S7),
indicating that the protection of moiré trapping against exciton-
exciton annihilation that can result in a shorter lifetime upon
increasing pump power*‘. The suppression of exciton transport to
non-radiative centers by the moiré potential accounts for the longer
exciton lifetime in the smaller twisted moiré superlattice, similar to the
observation of prolonged exciton lifetime in TMD monolayers after
the passivation of defects®. These findings reflect that the IX lifetime at
room temperature is limited by the sample quality, which is also sup-
ported by the observation of a significantly longer IX lifetime (-2 us) at
4.5K?® where non-radiative recombinations are strongly suppressed.

Coupling moiré superlattices to optical cavities
To explore the potential of the moiré-trapped IXs for photonic appli-
cations, small twisted (-0. 5°) heterobilayers are integrated with silicon
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Fig. 4 | Light emission with moiré superlattice-cavity devices. a Sketch of the
hBN-encapsulated MoS,/WSe, heterobilayer (HB) on a SiO,-supported silicon
topological nanobeam cavity. b Energy level diagram of the moiré superlattice with
a small twist angle. Spontaneous emission (SE) from IXs can be enhanced by a
cavity. ¢ SEM image (the upper panel) of the cavity. The light red and blue areas
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illustrate two photonic crystals with different topological phases, leading to strong
light confinement at their interface. The simulated mode profile is illustrated in the
lower panel. Scale bar, 500 nm. d Output spectrum of device D1. The inset shows
the optical microscope image of the device. Scale bar, 5 um. e The thresholds of
devices D1, D2, and D3. The dashed lines are a guide to the eye.

topological cavities (see Fig. 4a for a sketch of the device). The het-
erobilayers are encapsulated within two hBN flakes to prevent optical
performance degradation in ambient environments*® and to suppress
inhomogeneous linewidth broadening'®. In this case, we also observe a
clear multipeak feature in the PL spectrum (Fig. S8), again indicating
the presence of the moiré effect. We note that photonic topological
cavities are chosen due to their demonstrated robust single-mode
operation*’*%, preventing cavity mode competition, thus simplifying
the study of the IX-cavity interaction. The top panel in Fig. 4c shows the
scanning electron microscopy (SEM) image of our fabricated cavity,
and the simulated electric-energy distribution shown in the bottom
panel reflects that photons are well-confined around the interface
between two photonic crystals with distinct topological phases*. In
this scenario, the light enhancement can be qualitatively described by
an equivalent three-level system (see Fig. 4b) that takes the above-
mentioned multiple IX states (|IX1>, [IX2>, and |IX3>) into account.
The fast dissociation of the intralayer exciton state [X> and long-lived
IX state (]IX>) are beneficial for realizing population inversion.

We design and fabricate three representative devices (D1, D2, and
D3) with optical cavity resonances that are mainly coupled to three
different IX states (|IX1>, [IX2>, and |IX3>) (see Fig. S9), respectively.
Unlike the strong absorption of intralayer excitons that results in the
disappearance of a cavity mode (see Fig. S10), all the moiré
superlattice-cavity devices show a clear cavity mode and their cavity
modes become dominant at different excitation densities (see Fig. S9).
Figure 4d presents a pronounced cavity mode of D1 in the technolo-
gically important optical fiber communication O-band (1260-1360 nm
or 0.912-0.984 eV), which is enabled by the moiré effect pushing IX
energy into this range. A PL enhancement factor of -41.5times is
observed with the help of a single-mode cavity (see more discussion in
Note S6 and the comparison of the PL spectrum of on- and off-cavity in
Fig. S11), which is remarkably larger than that of D3. This difference
manifests the significance of moiré effects. Moreover, the measured
emission linewidth of ~0.1 nm is limited by the spectral resolution of

our detection setup and yields the highest spectral purity compared to
the reported 2D material lasers*.

Through power-dependent PL measurements, a light-in-light-out
(L-L) curve is acquired to extract the threshold of the devices (Fig. S12),
and the values are shown in Fig. 4e. It is clear that D1 has the lowest
threshold of ~0.11 kW/cm? In D2 where the cavity mode is also coupled
to the moiré-localized IX shows a slightly higher threshold (-0.18 kW/
cm?). In stark contrast, in D3, where the cavity mode is coupled to a
delocalized IX state, it yields one order of magnitude higher threshold
(~4.53 kW/cm?). This threshold value is close to that reported for a laser
using delocalized 1X'. Therefore, the significant difference in the
threshold value of the three devices highlights the advantage of the
moiré effect for energy-efficient light-emitting devices. It is worth
noting that threshold behavior is commonly used as one of the indi-
cators for the onset of lasing. However, the cavity-enhanced sponta-
neous emission can also show similar threshold behavior’®. The
conclusive demonstration of lasing-dominated emission thus requires
the measurement of photon statistics by the Hanbury Brown and Twiss
(HBT) experiment (Note S6). In our case, the weak output intensity
prevents us from examining the lasing behavior.

Discussion

In summary, our work clearly demonstrates the moiré effect in MoS,/
WSe, heterobilayers at room temperature and its positive impact on
supplying optical gain at low pump levels in the O-band. This
encourages studies on many-body physics at elevated temperatures
and offers a new architecture for integrated light sources for silicon
photonics. The enhanced PL emission and prolonged exciton lifetime
in moiré superlattices suggest that the device performance is mainly
limited by the optical quality of moiré superlattices. We believe that
further improvement in the material quality will pave the way to high-
performance moiré photonic devices. Furthermore, a new technique
that can directly map the excitonic gain in moiré superlattices and a
more detailed theory of these moiré superlattice-cavity structures are
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crucial for further advancing on-chip light sources, calling for fur-
ther study.

Methods

Sample fabrication

MoS, and WSe, monolayers were prepared on a polydimethylsiloxane
(PDMS) stamp by using Nitto tape to exfoliate flux-grown bulk crystals
(2D semiconductors)®. The layer thickness was identified by optical
contrast and PL emission energy. The MoS,/WSe; heterobilayers were
stacked by aligning the long straight edges of the TMD flakes and
stacking them together on the PDMS stamp. The twist angles are
determined by analyzing the straight edges of the stacked hetero-
bilayers in optical microscope images, as reported in previous
works®>*, The measured twist angle can be correlated to the second
harmonic generation (SHG) measurements and moiré pattern mea-
surements by AFM (see Note S4). The length of the straight edges
affects the twist angle’s accuracy, and consequently, the IX energy
fluctuates for a certain twist angle (especially at a twist angle of ~0.5°,
see Fig. le). The heterobilayers used for AFM measurements were
transferred to hBN flakes by the PDMS method and the stacked het-
erostructures were cleaned by 1165 remover.

The cavities were fabricated on a commercial silicon-on-insulator
(SOI) wafer with a 220 nm silicon layer and 2 pm sacrificial silicon
dioxide layer (SOITEC). A 180 nm layer of e-beam resist (CSAR AR-
P6200) was prepared, followed by an electron beam lithography
process (JBX-9500FSZ, JEOL). After development, the cavity was cre-
ated via an inductively coupled plasma dry-etching process. The resi-
dual resist was finally dissolved in 1165 solvent. The hBN thin films were
exfoliated onto a SiO,/Si substrate for encapsulation. The bottom hBN
layer was thinner than 10 nm for good coupling between moiré IXs and
the cavity mode. The hBN-encapsulated MoS,/WSe, heterostructures
were assembled and transferred to the cavities using the polymer-
based dry-transfer method*.

Optical measurements

All measurements were performed at room temperature. For the PL
measurements, a 637 nm CW laser diode was used to pump the devi-
ces. A 50x objective lens with a numerical aperture (NA) of 0.65
(LCPLN5OXIR, Olympus) was used for excitation and collection,
yielding a laser spot size of ~1.5 pum. The laser light was blocked through
longpass spectral filters, and the PL signals were sent to a Czerny-
Turner monochromator (SR500i, Andor) with a cooled InGaAs 1D-
array camera (DU491A-1,7, Andor). A 150 grooves/mm grating is used
for the wide-range PL and RC spectra from MoS,/WSe; heterobilayers.
Regarding the characterization of the cavity mode, a 1200 grooves/
mm grating (~0.1 nm) was also used for better resolution.

In MoS,/WSe, heterobilayers, the quenched PL of intralayer
excitons prevents one from using it for investigating moiré effects.
Hence exciton absorption is measured instead to characterize the
intralayer excitons. Regarding a heterobilayer on a transparent sub-
strate (PDMS), the excitonic absorption is proportional to the reflec-
tion contrast (RC) that is defined as RC= (Rsgm— Rsup)/Rsup>, Where Rygm,
and Ry, are the reflection from the sample and the substrate,
respectively. Thus we capture the exciton resonances by performing
RC spectroscopy with a white light source (SuperK Compact).

The time-resolved PL measurements were performed using a
time-correlated single-photon counting (TCSPC) technique with a time
tagger. We excited the device with a 640 nm pulsed laser (LDH-IB-640-
B, PicoQuant) with a pulse width of <90 ps and a repetition rate of 10
MHz. The signals with wavelengths longer than 900 nm were sent to a
single-photon detector (id220-FR, iDQ) by single-mode fiber coupling.
Bandpass filters were used to measure the exciton lifetimes of different
IX states.

Polarization-dependent SHG measurements were used to deter-
mine the twist angles of heterobilayers and were carried out with an

excitation wavelength of 960 nm (repetition rate 2kHz) from an
amplified Ti:sapphire femtosecond laser system (Spectra-Physics Sol-
stice Ace). The polarization orientation of the excitation beam was
tailored by rotating a half-wave plate (HWP). The laser light after the
HWP was focused onto the sample by a 40x objective lens (NA=0.75,
Nikon). The transmitted SHG signal was collected by another 40x
objective lens (NA = 0.5, Nikon), and passed through a linear polarizer.
A 700 nm short-pass filter was placed after the polarizer to cut off the
excitation beam. The final signal was detected by a photomultiplier
tube (PMT) (Hamamatsu). The SHG measurements correlated the twist
angle with IX energy (Fig. S13).

AFM measurements

To obtain quantitative information about the surface topography, an
AFM investigation has been carried out using a Bruker ICON AFM in
Peak Force Quantitative NanoMechanics mode (PFQNM). In Peak
Force mode, the force curves at each pixel are measured, and the peak
force is used as the setpoint for the imaging feedback signal. The tip-
surface distance in the PFQNM AFM is similar to contact AFM, thus
enhancing the lateral resolution of imaging. In addition, PFQNM AFM
allows quantitative determination of nano-mechanical properties of
the surface from an analysis of force curves. We used Bruker
ScanAsyst-Air-HR probes for the imaging. The probe has a nominal
radius of 2 nm and a spring constant of 0.4 N/m. The reduced Young’s
modulus E is obtained from the fitting of the retraction force curve
using the Derjaguin, Muller, Toropov (DMT) model of adhesion of
solids*.

Numerical simulation

The topological photonic nanobeam cavity that we adopted was first
proposed in ref. 48. We retained a SiO, layer to support silicon nano-
beams as our previous design*®, which was mechanically robust for the
2D material transfer process and was preferable for efficient heat dis-
sipation. We optimized the cavity mode and parameters to reach a
desired resonant wavelength using the finite-difference time-domain
method (Lumerical, Ansys). The detailed structure parameters of the
cavities are shown in Fig. S14.

Data availability

The data generated in this study and supporting the manuscript fig-
ures including those in the Supplementary Information have been
deposited in the Zenodo database https://doi.org/10.5281/zenodo.
13629284.
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