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Abstract

Coherent on-chip light sources are essential components for integrated photon-
ics, enabling interference-based logic, high-fidelity signal routing, and precision
sensing. Two-dimensional (2D) materials offer a promising platform for realizing
ultracompact light sources because they combine strong excitonic effects, broad
material compatibility, and efficient electrical tunability. However, achieving
simultaneous optical performance and stable electrical controllability is hindered
by cavity geometry and electrode-induced optical losses. Here, we introduce a
hybrid hexagonal boron nitride (hBN)–silicon nitride (Si3N4) photonic crystal
cavity coupled to a WS2–WSe2 heterobilayer. The system features high-Q opti-
cal modes and provides robust electrical integration. We demonstrate coherent
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light emission from cavity-coupled WS2–WSe2 interlayer excitons, with coher-
ence lengths exceeding 5 mm, the size of a typical photonic integrated circuit.
Furthermore, by integrating MoS2 as low-loss electrodes, we show that the exci-
ton emission can be spectrally tuned and brought in resonance with the cavity
mode, without deteriorating its quality factor (Q > 1200 ). The combination
of our hybrid cavity design with low-loss electrodes is a promising platform for
on-chip light sources and 2D optoelectronics.

Keywords: transition metal dichalcogenides, van der Waals materials, coherent light
sources, photonic crystal cavities

Introduction

The rapid development of information technology demands fast and efficient
data processing, positioning photonic integrated circuits as a central platform for
next-generation on-chip information systems. A crucial challenge in photonic inte-
gration is the realization of compact, energy-efficient, and coherent on-chip light
sources. Moreover, next-generation photonic systems require active tunability to
enable dynamic wavelength and power control, spectral multiplexing, and recon-
figurable photonic circuits. Realizing efficient coherent light emission on a silicon
platform, however, is hindered by silicon’s indirect bandgap and the lattice-mismatch
constraints encountered when integrating conventional III–V semiconductors [1–3]. In
addition, bulk semiconductors suffer from strong dielectric screening that suppresses
efficient electrical modulation. Two-dimensional (2D) semiconductors—most notably
the transition-metal dichalcogenides (TMDs)—offer a promising route to overcome
these limitations. Their atomically thin nature and van der Waals (vdW) bond-
ing enable integration on arbitrary substrates without lattice-matching constraints,
while the absence of dielectric screening allows highly efficient electrical tunability of
their excitonic resonances [4]. Together, these properties open new opportunities for
compact and tunable on-chip coherent light sources [5–7].

Early demonstrations employed monolayer TMDs as the gain medium for coher-
ent light emission [7–14]. More recently, coherent light emission has been reported
using interlayer excitons in heterobilayer TMDs including WSe2/MoSe2 [15, 16] and
WSe2/MoS2 [17, 18], but the combination WS2/WSe2 has so far not been investigated.
Interlayer excitons in type-II band-aligned heterostructures possess emission energies
below the bandgaps of the individual layers, resulting in negligible optical absorption
[19] and enabling the system to maintain a high cavity quality factor (Q factor). Among
the possible combinations, WS2/WSe2 stands out as an attractive platform for study-
ing interlayer excitons and realizing exciton-based light sources [20]. The relatively
large geometric lattice mismatch between the layers (∼4% [21]) suppresses mesoscopic
atomic reconstruction [22], leading to spatially uniform and spectrally homogeneous
interlayer exciton emission [23, 24]. Furthermore, interlayer excitons possess an out-
of-plane dipole moment, enabling direct electrical tuning of their emission wavelength
via the quantum-confined Stark effect [25, 26].
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Despite these advantages, achieving electrical tunability within a high-Q cavity
remains challenging due to fundamental trade-offs between optical performance and
electrical integration. While various cavity architectures have been explored for TMD-
based light sources [14, 27], only a few implementations have successfully integrated
electrical control [26–30]. Significant limitations remain due to two primary challenges.
First, many high-Q resonators such as disk and ring cavities rely on mechanically
isolated geometries; integrating them with planar electrodes inherently compromises
spatial mode overlap and structural stability. Second, standard metallic or semimetallic
electrodes inevitably introduce optical absorption that degrades the cavity Q factor.

Results

Device architecture

Figure 1a presents a schematic of the device with a cross-section in the x–z
plane. From top to bottom, a vdW heterostructure consisting of top hBN
(∼80 nm)/WS2/WSe2/bottom hBN (∼20 nm) is placed on a ∼200 nm thick Si3N4

layer deposited on a silicon substrate. Subsequently, the holes of the photonic crystal
cavity are patterned through the entire vdW–Si3N4 stack, with a total thickness of
approximately 300 nm. Finally, the vdW-Si3N4 cavity is suspended by under-etching
the silicon substrate via the holes (Methods and Supplementary Note 1).

Both Si3N4 and hBN possess refractive indices near 2 in the 800–900 nm wavelength
range, allowing them to be treated as optically equivalent media in the photonic crystal
cavity design [16, 31]. The Si3N4/Si substrate enables straightforward integration and
cavity suspension, while the hBN layers preserve the flexibility of vdW heterostructure
assembly and provide a pristine dielectric environment for the gain medium. Com-
pared to previously reported hBN–Si3N4 hybrid cavities based on one-dimensional
(1D) nanobeam geometries [16, 31], our 2D photonic crystal cavity provides improved
mechanical robustness.

The cavity design prioritizes a high Q factor and optimal spatial overlap with
the gain medium. To maximize confinement in the low-refractive-index Si3N4 system,
we employed a dispersion-adapted 2D photonic crystal cavity design [32]. A scanning
electron microscope image of a fabricated cavity on the hBN–Si3N4 stack is shown in
Fig. 1b, with a lattice constant a = 340 nm and a hole radius r = 85 nm in the design.
Additional details on the cavity optimization and resonance tuning are provided in
Supplementary Note 2. The defect line at the cavity center features a smoothly tapered
width to suppress out-of-plane radiation loss. Figure 1c presents the simulated electric
field distribution in the x–y plane of a cavity mode with a Q factor of ∼ 107. The
corresponding electric field intensity profile along the z direction at the cavity center
is shown in Fig. 1d. With top and bottom hBN thicknesses of ∼80 nm and ∼20 nm,
respectively, the gain medium is located close to the cavity center (approximately
70 nm from the mid-plane), corresponding to about 70% of the field maximum. This
configuration ensures good spatial overlap between the optical mode and the gain
medium.
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Fig. 1 a, Schematic of a hBN–Si3N4 2D photonic crystal cavity with integrated WSe2–WS2 hetero-
bilayer. The cavity is patterned by electron beam lithography, etched through the hBN–TMD-Si3N4

stack, and suspended by under-etching the Si substrate. b, Scanning electron microscope image of a
reference hBN–Si3N4 cavity with a designed lattice constant a = 340 nm and hole radius r = 85nm.
c, Simulated electric field distribution of the cavity fundamental TE mode in the x–y plane. d, Cor-
responding electric field intensity profile along the z direction at the cavity center. e, Cavity-coupled
WSe2–WS2 interlayer exciton spectrum with a sharp resonance near 881 nm (sample A). Cavity
parameters are identical as the sample shown in b. Inset: zoom-in of the resonance, fitted with a
Lorentzian function and a linear background, linewidth about 0.5 nm. Cryogenic PL was measured at
∼5K using a 633 nm continuous-wave (CW) laser (53 µW) focused at the cavity center (Methods).

Figure 1e presents a representative photoluminescence (PL) spectrum from the
WS2/WSe2 heterobilayer inside the cavity. The broad emission originates from inter-
layer excitons, while the sharp peak near 881 nm corresponds to the exciton emission
coupled to the cavity resonance. A Lorentzian fit of the cavity resonance reveals a
linewidth of approximately 0.5 nm (Fig. 1e, inset). To enhance the signal-to-noise ratio
for free-space detection, the emitted signal is collected from a scattering site fabricated
near the cavity edge (Methods and Supplementary Note 3).

Pre-characterization of interlayer exciton

Besides spatial overlap, precise spectral alignment is essential to efficiently couple
interlayer exciton emission to the cavity mode. However, the interlayer exciton energy
in WS2/WSe2 heterobilayers varies with twist angle and excitation power [24, 33,
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Fig. 2 a, Schematic of the vdW stack on a Si3N4 substrate. b, Optical microscope image of the vdW
stack (sample A) containing WSe2–WS2 heterobilayer on Si3N4. The outlines of WS2 and WSe2 are
indicated by light blue and dark green lines, respectively. The excitation laser is focused at the position
marked by a star. c, Power-dependent photoluminescence (PL) spectra of the interlayer exciton
measured at the position shown in b and normalized to their respective maxima. The excitation
source is a CW laser at 633 nm. d, PL spectra at representative excitation powers.

34, 34, 35], introducing additional complexity for spectral alignment. Our fabrication
flow overcomes this limitation by enabling the characterization of interlayer exciton
emission prior to cavity patterning.

Figures 2a and b show the schematic and optical image of a vdW stack (sample
A) before cavity fabrication. For the active area, we use exfoliated WS2 and WSe2
monolayers and align the sharp edges to ensure angle-aligned heterostructure to max-
imize PL emission. Power-dependent PL spectra from the region marked in Fig. 2b
are presented in Figs. 2c and d. At an excitation power of ∼45 nW, the PL peak is
centered near 895 nm, and it blue-shifts to around 887 nm at ∼42 µW. We attribute
this shift to dipolar exciton–exciton repulsion, which directly depends on the average
distance between excitons [34, 36]. Consequently, the cavity resonance is designed to
align with the blue-shifted emission at higher excitation powers to ensure coupling at
high exciton densities.

Cavity integration and emerging coherence

Figure 3a shows the optical microscope image of sample A after patterning the cav-
ity geometry into the vdW stack. To assess the lasing behavior, we first characterized
the cavity-coupled interlayer excitons using power-dependent PL measurements. The
PL spectra were recorded under various excitation powers, and the amplitude and
linewidth of the cavity resonance near 881 nm were extracted for each spectrum. The
light-in–light-out (L–L) curve is shown in Fig. 3b. The output exhibits a slope greater
than 1 on a log-log scale over the 1.6 µW–12 µW range. This superlinear increase indi-
cates a nonlinear gain response of cavity-coupled interlayer excitons. To better quantify
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Fig. 3 Power-dependent output intensity and temporal coherence measurements. a, Optical image
of sample A after cavity fabrication. The cavity center is aligned with the position marked by a
star in Fig. 2b. A 633 nm CW laser excites the cavity center (red arrow), with emission collected
along the defect line. b, Cavity-mode amplitude as a function of excitation power. The red curve
shows a rate-equation fit yielding β = 0.3. c, Representative PL spectra (dots) with correspond-
ing Lorentzian fits (solid lines). d–f, Coherence measurements of the cavity resonance at indicated
excitation powers. In d, the fringe visibility is fitted with a single Gaussian plus a constant back-

ground, y = a0 + a1e
−(x−b)2/σ2

1 (green curve), where a0 is the background (grey dashed line) and
σ1 relates to coherence time τ1. In e and f, the data are fitted with two Gaussian components:

y = a0 + a1e
−(x−b)2/σ2

1 + a2e
−(x−b)2/σ2

2 . The grey dashed line represents the constant background

a0, the orange curve shows the sum of the second Gaussian and the background (a0+a2e
−(x−b)2/σ2

2 ),
and the green curve represents the total fit. The extracted coherence times τ1,2 (calculated from σ1,2)
are indicated in each panel, following Eq. S1 in the Supplementary Note 5.

this nonlinear behavior, we fitted the L–L curve using a standard laser rate-equation
model, yielding spontaneous emission coupling efficiency (β factor) of approximately
0.3. This high β arises from placing the atomically thin gain medium in the cav-
ity’s high-field region, enabling efficient coupling. Details regarding the model and
fitting parameters are provided in the Supplementary Note 4. Representative PL spec-
tra recorded at excitation powers below, within, and above the nonlinear regime are
presented in Fig. 3c. We note that various factors, such as exciton saturation, exciton-
exciton annihilation, and power-dependent exciton energy shifts, affect the emission
slope. Nonlinear increases in power dependence can originate from stimulated emis-
sion, which is associated with the emergence of long-range temporal coherence (the
onset of lasing). To directly measure the coherence time, we implemented a Michelson
interferometer. To isolate the cavity mode from the broad emission background, the
interferometer output was coupled into a spectrometer. This spectral filtering enhances
the signal-to-noise ratio (SNR) and enables the determination of the cavity-mode
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coherence time, provided the linewidth is narrower than the spectrometer’s resolution
(∼ 0.38 nm).

The measured fringe visibility relates directly to the temporal autocorrelation func-
tion of the incident field. For an incident electric field, the autocorrelation function,
also called the coherence function, is ⟨E∗(t)E(t + τ)⟩t, where ⟨·⟩t indicates the time
average with respect to t. τ is the time delay and E(t) is the positive frequency part of
the electric field. The power spectral density S(ω) of the field is the Fourier transform
of the autocorrelation function:

S(ω) =
1

2π

∫

∞

−∞

⟨E∗(t)E(t + τ)⟩teiωτ dτ (1)

We model the emission as a narrow Gaussian peak centered at ω0, superimposed
on a broad background SB :

S(ω) = SB + S0e
−

(ω−ω0)2

σ
2
ω , (2)

In this expression, S0 is the spectral amplitude of the coherent emission and 2
√

ln 2σω

represents the full width at half maximum (FWHM) linewidth. For a spectrome-
ter resolution (defined by the single-pixel bandwidth) of ∆ω, and in the limit of
2
√

ln 2σω ≪ ∆ω, the fringe visibility V̂ (∆t, ω) can be expressed as:

V̂ (∆t, ω) ∝ SB ∆ω ε0c sinc

(

∆ω∆t

2

)

+
√
π ε0c

σωS0

2
e−σ2

ω
∆t2/4 (3)

Here, ∆t is the time delay between the two optical paths of the interferometer, ε0 is
the vacuum permittivity, and c is the speed of light in vacuum. In this framework, the
filtered broad background produces a rapid visibility decay governed by the spectrom-
eter resolution limit. Conversely, the narrow coherent feature manifests as a second,
slowly decaying component. While the analytical derivation for an ideal rectangular
filter yields a sinc function, the actual experimental filtering profile is tapered. We
therefore fit the visibility data using two Gaussian components to extract the intrinsic
cavity coherence. Supplementary Note 5 details the derivations and measurement pro-
tocol, while Supplementary Note 9 provides numerical validation and measurements
of a reference sample.

We measured the coherence time at three excitation powers: 0.4 µW (below the
threshold of nonlinear intensity increase), 2.0 µW (within the nonlinear increase
regime), and 55 µW (above the threshold). Below threshold, as shown in Fig. 3d, the
fringe visibility can be fitted with single Gaussian function, yielding a coherence time
of 6.95 ps. Using the relation between linewidth and coherence time (τcoh),

τcoh · ∆λFWHM = 8 ln 2
λ2
0

2πc
, (4)
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Fig. 4 a, Cross-section and b, optical microscope image of the device (sample B). The stack
comprises, from top to bottom: hBN (40 nm), MoS2, hBN (23 nm), WSe2, WS2, hBN (23 nm), MoS2,
and hBN (12 nm). Four TMD flakes are labeled and their outlines are drawn with corresponding
colors. c, PL spectrum of cavity coupled interlayer exciton without applied voltage. Inset: zoom-in of
the resonance, fitted with a Lorentzian function and a linear background, linewidth about 0.74 nm.
d, PL spectra of cavity coupled interlayer exciton under different bias voltages. Each spectrum was
normalized to the sum of all photons in the row. Spectra in c and d both were measured under 633 nm
CW laser excitation, ∼ 20 nW pumping power.

we derive a linewidth of 0.33 nm. When the excitation power is increased to 2 µW
(Fig. 3e), a second Gaussian component emerges, corresponding to a longer coherence
time of 14.89 ps and a linewidth of 0.15 nm. The shorter component, with a coherence
time of 4.49 ps, originates from the spectrometer-filtered background. At even higher
excitation power of 55 µW, the coherence time further increases to 17.86 ps, resulting
in a coherence length over 5 mm. It corresponds to a linewidth of 0.13 nm—more than a
twofold reduction compared to the initial linewidth. This significant coherence increase
is consistent with the Schawlow–Townes relation [37], suggesting the onset of lasing.

As detailed in Supplementary Note 8, we estimate the exciton density to be ∼4 ×
1010 cm−2 (generation rate ∼4 × 1019 cm−2 s−1) at an excitation power of ∼7.2 µW.
Comparing the output light emission intensity to the input pump power, we infer
that our results are consistent with the system reaching the lasing threshold [14];
however, the calculation (see Supplementary Note 6) involves uncertainties, especially
concerning the out-coupling efficiency from the scatterer and the quantum yield of the
TMDs.

Electrical tuning

So far, the hBN-Si3N4 hybrid photonic crystal cavity has been used as a passive
system for TMD integration. A key advantage of our architecture, however, is the
stable integration of electrodes. Here, we introduce electrode integration within the
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cavity, which enables active post-fabrication tuning of the spectral alignment between
the exciton emission and the cavity modes. Crucially, we employ monolayer MoS2 as
electrodes to minimize the optical losses.

Monolayer MoS2 has a bandgap much larger than the interlayer exciton emission
energy and therefore introduces only minimal absorption loss to the cavity resonance.
In contrast, using a monolayer graphene electrode strongly quenches the cavity reso-
nance and reduces the Q factor (see Supplementary Note 10 for details). As illustrated
in Fig. 4a, sample B incorporates two monolayer MoS2 flakes as electrodes to generate
a vertical electric field across the WSe2/WS2 heterobilayer, enabling electrical tuning
of the interlayer exciton energy via the quantum-confined Stark effect.

Figure 4b displays the optical microscope image of sample B. Each MoS2 elec-
trode is contacted using an edge contact (star-shape, Cr/Au) and a bottom contact
(T-shape, Cr/Au) to ensure electrical connection. The photonic crystal cavity is pat-
terned throughout the entire stack, with the cavity center positioned in the overlap
region of all four TMD flakes. In this device, all four TMD flakes are grown by chem-
ical vapor deposition (CVD), which provides larger flake areas and facilitates good
rotational alignment during the stacking process. Prior to cavity patterning, the inter-
layer exciton emission from the heterobilayer is measured to lie in the wavelength
range of 900–950 nm, which is more red-shifted compared to Sample A. This shift is
likely due to differences of band alignment in the CVD-grown WSe2 and WS2 com-
pared to the exfoliated ones. Accordingly, the cavity design is adjusted to produce a
correspondingly red-shifted resonance.

A representative PL spectrum of cavity-coupled interlayer exciton is shown in
Fig. 4c. The cavity mode near 938 nm exhibits a linewidth of ∼0.74 nm, correspond-
ing to a quality factor of Q > 1200. This Q factor is slightly lower than that of the
device shown in Fig. 1. We attribute this reduction largely to interfacial bubbles in
the stack caused by polymer residue during the transfer of the CVD-grown TMDs,
alongside the small but finite optical losses introduced by the integrated MoS2 elec-
trodes. Consequently, we anticipate that achieving cleaner vdW interfaces will further
improve the Q factor in future devices. By applying a bias across the two MoS2 elec-
trodes, we are able to tune the interlayer exciton energy via the Stark effect (Fig. 4d).
The cavity resonances remain unchanged under bias, while the electric field shifts the
exciton transition energies.

Under a positive bias voltage Vb, the vertical electric field E is antiparallel to
the out-of-plane dipole moment P of the interlayer exciton. The dipole experiences
additional potential energy ∆U = −P ·E. This potential energy increases the exciton
energy for Vb > 0 (blueshift) and decreases it for negative bias (redshift). The electric
field inside the TMD layers is given by [25]

|E| =
Vb

ttotal

εhBN

εTMD
, (5)

where εhBN = 3.9 and εTMD = 7.2 are the permittivities for hBN and TMD layers.
The tuning trace indicated by the white arrow corresponds to an estimated out-of-
plane dipole moment of |P| = 0.5 e · nm, in close agreement with the expected value,
which is 0.6 e · nm [38].
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Apart from the wavelength tuning, the interlayer exciton PL intensity decreases
with increasing applied bias for both positive and negative polarities and exhibits
irregular discontinuities. These changes likely originate from carrier injection and sub-
sequent modifications to moiré unit cell filling factors [39]. Additionally, increased
carrier density may enhance non-radiative recombination [34], further reducing the PL
intensity at higher bias. Detailed analysis and PL spectra without normalization are
provided in Supplementary Note 7.

Conclusions

In summary, we have developed an hBN–Si3N4 hybrid 2D photonic crystal cav-
ity tailored for TMD integration and demonstrated the emergence of coherent light
emission from WSe2–WS2 interlayer excitons. The connected cavity geometry pro-
vides enhanced mechanical stability, enabling robust electrode integration and active
control. The cavity-coupled interlayer exciton PL exhibits a nonlinear increase in out-
put intensity with pump power, accompanied by an increase in coherence length to
over 5 mm—more than twice the limit set by the cavity Q factor in the low-power
regime. Following the criteria outlined for state-of-the-art TMD-based micro- and
nanolasers [14] and the laser checklist proposed by Nature Photonics [40], our sys-
tem fulfills two of the three key indicators for lasing: (i) threshold behavior and
(ii) highly coherent emission. Although linewidth narrowing above threshold cannot
be conclusively demonstrated due to measurement limitations, the temporal coher-
ence measurements support the interpretation of emerging stimulated emission. We
can rule out common alternative explanations for the observed emission characteris-
tics. Cavity-filtered spontaneous emission cannot account for the observed nonlinear
input–output response or the pump-induced increase in coherence length. Amplified
spontaneous emission (ASE) would typically lead to spectral broadening with increas-
ing pump power and coherence lengths far shorter than the 5 mm observed here, and
no ASE-like spectral evolution is detected. These considerations support the inter-
pretation that the observed behavior reflects the onset of stimulated emission rather
than artifacts of cavity filtering or ASE. Among other common lasing characteristics,
directional emission and polarized emission remain unresolved due to the use of a
scatterer for out-coupling the emission. A definitive measurement of second-order cor-
relations will be essential in future work to fully establish the laser characteristics of
TMD-based systems.

Building on the mechanical stability of this cavity architecture, we further advance
beyond passive light-emitting systems to demonstrate active electrical control. We
achieve post-fabrication electrical tuning of the spectral alignment between the inter-
layer excitons and the cavity resonances while maintaining a high Q factor. To mitigate
the optical losses typically introduced by metallic or semimetallic electrodes, we
introduce MoS2 as low-loss electrodes. The integration of CVD-grown TMDs further
highlights the potential for scalable device fabrication. In future work, electrical exci-
tation methods [41–43] could be combined with low-loss TMD electrodes to realize
electrically driven coherent light sources. Integrating these components is essential for
the transition toward practical on-chip optoelectronic technologies. Together, these
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results establish a new platform for 2D-material-based coherent light sources and
electrically tunable on-chip optoelectronic circuits.

Methods

Substrate preparation

Double-side polished silicon wafers (200 µm) coated with low-pressure CVD Si3N4

(∼200 nm) on both sides purchased from MicroChemicals GmbH were used as sub-
strates (Article number: WNA40200105B1314S202). Metal markers and electrodes
(Cr/Au, 10 nm/100 nm) were deposited using electron-beam lithography with a
poly(methyl methacrylate) (PMMA) resist. Chromium was selected for its strong
adhesion and excellent etching resistance to the chemicals used in subsequent steps,
including concentrated base solutions. The substrates were cleaned to remove organic
residues using warm acetone and a subsequent O2 plasma treatment. Selected sub-
strates were immersed in a 1:50 diluted hydrofluoric acid (HF) solution for 30 s,
followed by a 90 s rinse in deionized water and nitrogen drying. This HF treatment
enhances the adhesion between the hBN and the Si3N4 substrate during the potassium
hydroxide (KOH) underetching process. For substrates not treated with HF, thermal
annealing was used to improve adhesion. All processed substrates were stored in an
argon environment to prevent oxidation.

2D heterostructure assembly

Multilayer hBN flakes and monolayer TMDs were mechanically exfoliated onto SiO2/Si
substrates unless otherwise noted. Monolayer TMDs were identified by optical con-
trast, while hBN flake thicknesses were determined using atomic force microscopy
(AFM). For sample B, CVD monolayer TMDs were grown on sapphire substrates
based on methods described in [44, 45] and transferred to a secondary SiO2/Si car-
rier substrate for the stacking process. This transfer utilized a PMMA supporting
layer, and the TMDs were delaminated from the growth substrate using water assis-
tance. After transfer, the PMMA was removed in acetone. Following this procedure,
the TMDs became compatible with the standard dry-transfer technique and could be
picked up reproducibly at temperatures between 70 ◦C and 85 ◦C.

The vdW stacks were assembled by a curved polydimethylsiloxane (PDMS) stamp
covered with a polycarbonate (PC) film inside an argon-filled glovebox [46]. The top
hBN was picked up as the first layer to encapsulate the whole device. Different crystal
flakes were picked up sequentially according to the design, and then the stack was
transferred to a Si3N4 substrate. Finally, the PC film was dissolved in chloroform.

MoS2 Contact

For devices requiring MoS2 electrodes (Sample B), bottom Cr/Au contacts were pre-
patterned on the substrate. Additional edge contacts to the MoS2 were fabricated
after the heterostructure stacking based on methods described in [47]. Chromium was
utilized instead of titanium for the adhesion layer to ensure compatibility with the
final KOH underetching process.

Photonic crystal cavity fabrication
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Photonic crystal cavities were defined using electron-beam lithography. The patterned
structures were transferred through the vdW stack and the underlying silicon nitride
layer using a combination of inductively coupled plasma reactive ion etching and
standard reactive ion etching. Following the removal of the resist, the devices were
suspended by immersing them in a KOH aqueous solution to selectively underetch the
substrate. A comprehensive fabrication protocol detailing the lithography procedures
and etching parameters is provided in Supplementary Note 1.

Optical and optoelectronic characterization

Photoluminescence (PL) measurements of the WS2 − WSe2 interlayer excitons were
performed at cryogenic temperatures (4–6 K) using a closed-cycle cryostat (Attocube
AttoDry 800). The sample was mounted face up on a cooling stage. The photolumi-
nescence was excited and collected from above using an air objective with a numerical
aperture of 0.81 located inside the cooling chamber. The collected signal passed
through an optical window, and a 700 nm long-pass filter was employed to suppress the
excitation laser. Spectra were recorded using a spectrometer (Andor SR303) equipped
with a charge-coupled device camera (Andor iDus 416). Unless otherwise specified, a
633 nm continuous-wave (CW) laser was used for excitation. For time-resolved mea-
surements and specific Supplementary experiments, a pulsed laser diode (Picoquant
LDH-D-C-640) with central wavelength of 640 nm was utilized. To characterize the
cavity resonance, a grating of 1200 l/mm, 850 nm blaze was selected in the spectrome-
ter. The entrance slit width was set to 100 µm for the power-dependence measurements
of the cavity mode and 150 µm for the Michelson interferometry measurements. Inter-
layer exciton lifetimes were determined via time-resolved photoluminescence utilizing
an avalanche photodiode coupled with a time-correlated single-photon counting mod-
ule (PicoHarp 300). For electrically tunable PL measurements, the bias was applied
and monitored using a picoammeter/voltage source (Keithley 6482).

Characterization of the bare silicon nitride cavity resonances was performed using
a secondary setup at room temperature. This approach facilitated rapid design verifi-
cation and lithographic tuning (Supplementary Note 2). The sample was mounted on
a customized inverted microscope (Nikon TE300) equipped with a piezoelectric stage.
A 100x air objective (Nikon, NA 0.9) was utilized to focus the excitation laser onto
the sample and collect the resulting optical signal. All room temperature spectra were
recorded using a Princeton Instruments Acton SpectraPro 300i spectrometer.

Cavity resonance fitting

Cavity resonances are fitted using a Lorentzian function and a linear background

y = A γ2/4
(λ−λ0)2+λ2/4 + kλ + b, where A is the amplitude, γ is the full-width at half

maximum (FWHM), λ is the wavelength, λ0 is the resonance wavelength, and k and
b describe the linear background.
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moiré trapped MoSe2/WSe2 interlayer excitons coupled to a nanocavity. Science
Advances 10(2), 6359 (2024) https://doi.org/10.1126/sciadv.adk6359

[17] Liu, Y., Fang, H., Rasmita, A., Zhou, Y., Li, J., Yu, T., Xiong, Q., Zheludev,
N., Liu, J., Gao, W. Room temperature nanocavity laser with interlayer excitons
in 2D heterostructures. Science Advances 5(4), 4506 (2019) https://doi.org/10.
1126/sciadv.aav4506

14

https://doi.org/10.1038/nphoton.2015.197
https://doi.org/10.1038/nphoton.2015.197
https://doi.org/10.1038/nature14290
https://doi.org/10.1038/nnano.2017.128
https://doi.org/10.1038/s41467-017-00743-w
https://doi.org/10.1021/acsnano.8b04511
https://doi.org/10.1038/s41699-019-0099-1
https://doi.org/10.1063/5.0267478
https://doi.org/10.1038/s41586-019-1779-x
https://doi.org/10.1126/sciadv.adk6359
https://doi.org/10.1126/sciadv.aav4506
https://doi.org/10.1126/sciadv.aav4506


[18] Lin, Q., Fang, H., Kalaboukhov, A., Liu, Y., Zhang, Y., Fischer, M., Li,
J., Hagel, J., Brem, S., Malic, E., Stenger, N., Sun, Z., Wubs, M., Xiao, S.
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L. Transferable Plasmonic Arrays Enabling Strong Coupling with Layered Per-
ovskites in an Active Diode Architecture. Nano Letters (2025) https://doi.org/
10.1021/acs.nanolett.5c04569 . Publisher: American Chemical Society

[43] Ziegler, J.D., Papadopoulos, S., Moilanen, A.J., Mart́ınez, M., Lin, Q., Mosina, K.,
Taniguchi, T., Watanabe, K., Sofer, Z., Dirnberger, F., Novotny, L. Electrical exci-
tation of self-hybridized exciton polaritons in a van der Waals antiferromagnet.
Science Advances 11(45), 6724 (2025) https://doi.org/10.1126/sciadv.adz6724

[44] Zuo, Y., Liu, C., Ding, L., Qiao, R., Tian, J., Liu, C., Wang, Q., Xue, G., You,
Y., Guo, Q., Wang, J., Fu, Y., Liu, K., Zhou, X., Hong, H., Wu, M., Lu, X.,
Yang, R., Zhang, G., Yu, D., Wang, E., Bai, X., Ding, F., Liu, K. Robust growth
of two-dimensional metal dichalcogenides and their alloys by active chalcogen
monomer supply. Nature Communications 13, 1007 (2022) https://doi.org/10.
1038/s41467-022-28628-7

[45] Xue, G., Sui, X., Yin, P., Zhou, Z., Li, X., Cheng, Y., Guo, Q., Zhang, S., Wen, Y.,
Zuo, Y., Zhao, C., Wu, M., Gao, P., Li, Q., He, J., Wang, E., Zhang, G., Liu, C.,
Liu, K. Modularized batch production of 12-inch transition metal dichalcogenides
by local element supply. Science Bulletin 68(14), 1514–1521 (2023) https://doi.
org/10.1016/j.scib.2023.06.037

17

https://doi.org/10.1038/s42005-021-00625-0
https://doi.org/10.1103/PhysRev.112.1940
https://doi.org/10.1038/s41563-023-01678-y
https://doi.org/10.1038/s41567-023-02266-2
https://doi.org/10.1038/s41567-023-02266-2
https://doi.org/10.1038/nphoton.2017.28
https://doi.org/10.1038/nphoton.2017.28
https://doi.org/10.1021/acsphotonics.2c01963
https://doi.org/10.1021/acs.nanolett.5c04569
https://doi.org/10.1021/acs.nanolett.5c04569
https://doi.org/10.1126/sciadv.adz6724
https://doi.org/10.1038/s41467-022-28628-7
https://doi.org/10.1038/s41467-022-28628-7
https://doi.org/10.1016/j.scib.2023.06.037
https://doi.org/10.1016/j.scib.2023.06.037
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