,i) Research Article Vol. 16, No. 3/1 Mar 2026/ Optical Materials Express 646

- T
Chek for ‘ ialsS EXPRESS

updates / p—

Dielectric environment engineering via 2D
material heterostructure formation on a hybrid
photonic crystal nanocavity [Invited]

C. F. FonG,"23" ® D. YAMASHITA,2:® N. FANG,"2® Y.-R.
CHANG,"2:4 S, FuJil,25® T. TANIGUCHI,® K. WATANABE,” ® AND Y.
K. Kato':2

I Nanoscale Quantum Photonics Laboratory, RIKEN Pioneering Research Institute, Saitama 351-0198,
Japan

ZQuantum Optoelectronics Research Team, RIKEN Center for Advanced Photonics, Saitama 351-0198,
Japan

3 Photonics-Electronics Integration Research Center, AIST, Ibaraki 305-8568, Japan

4Department of Electrical and Electronic Engineering, Graduate School of Engineering, Kobe University,
Kobe 657-0013, Japan

J Department of Physics, Faculty of Science and Technology, Keio University, Yokohama 223-8522, Japan
SResearch Center for Materials Nanoarchitectonics, National Institute for Materials Science, Tsukuba
305-0044, Japan

7Research Center for Electronic and Optical Materials, National Institute for Materials Science, Tsukuba
305-0044, Japan

'kc‘he({fai.ﬁmg @aist.go.jp

Abstract: Hybrid integration of two-dimensional (2D) materials with nanophotonic structures
has enabled compact and tunable optoelectronic devices. Yet, the influence of local dielectric
perturbations introduced during integration remains underexplored, particularly for multilayer or
heterostructure assemblies. Here, we demonstrate deliberate dielectric environment engineering
of photonic crystal (PhC) nanocavities through sequential stacking of 2D material flakes. Building
upon our previous finding that a monolayer can induce a self-aligned cavity, we show that multilayer
and heterostructure stacking enable further post-fabrication control over cavity properties. The
hybrid nanocavities maintain high optical quality under multiple transfers, and encapsulation with
hexagonal boron nitride (hBN) yields nearly twofold recovery of the quality factor by effectively
smoothing the refractive-index profile and reducing out-of-plane losses. These experimental
results are consistent with numerical simulations. Enhanced photoluminescence and reduced
emission lifetime from the MoTe, flake on the hybrid cavity confirm Purcell-enhanced light-
matter coupling. These results establish a robust and reconfigurable strategy for tuning cavity
performance through controlled heterostructure assembly, expanding the design toolbox for
scalable hybrid nanophotonic systems.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
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1. Introduction

Two-dimensional (2D) materials, such as graphene, transition metal dichalcogenide (TMD),
hexagonal boron nitride (hBN) and many others provide an attractive platform for nanophotonic
integration [1-4]. Coupling 2D materials to photonic structures, such as waveguides [5],
microresonators [4,6], metasurfaces [1,7,8] and photonic crystal (PhC) cavities [9-15], has
therefore been widely explored for achieving cavity-enhanced emission [7,16], absorption
[4,17,18], modulation [19], and nonlinear effects [6,20-22]. These hybrid systems combine
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the design flexibility of nanophotonics with the tunability of 2D material properties, offering a
promising route toward scalable optoelectronic integration.
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Fig. 1. (a) Schematic figure showing the stacking of two 2D material flakes onto the
photonic crystal waveguide. (b) Plot of the simulated cavity Q factor against the flake
thickness for hBN, WSe; and MoTe; with their corresponding refractive indices labelled in
brackets in the legend. The Q factors here are extracted from the field decay within the cavity.
The flake width is kept at 14a and is assumed to cover the PhC structure completely along
the y-direction, based on the coordinate axes as defined in (d). The PhC waveguide consists
of 24 (14) air holes along the '-K (I'-M) direction, with a = 340 nm and r = 0.28a. The
dashed lines connecting the data points serve as visual guides. (c¢) Out-of-plane, in-plane
and total cavity losses (1/Q) calculated from radiated power for hRBN, WSe, and MoTe,. (d)
Simulated cavity mode distribution for the cases of one and two 2D material flakes. The first
flake (yellow region) is set to be hBN with width of 14a and thickness of 10 nm; the second
flake (green region) is MoTe,, 10a wide and 5 nm thick. (e) Q factor trend from consecutive
flake transfer and 10 nm hBN encapsulation on the PhC waveguide. [Stack order: 10 nm
hBN (14a), 5 nm MoTe, (10a), 10 nm hBN encapsulation.] The corresponding refractive
index profiles along the out-of-plane direction are shown on top of each data point. The PhC
waveguide parameters are same as that in (b).

Most demonstrations of 2D-material/photonic structure integration have relied on transferring
a single 2D flake—typically by dry [23] or wet transfer [24]—onto a pre-fabricated PhC, whisper
gallery mode resonator or waveguide, where coupling occurs through the evanescent overlap
between the photonic mode and the 2D layer. Other studies have investigated purely 2D-material
photonic systems, such as suspended membranes [25] or metasurfaces [26,27], as well as
embedding 2D material flakes within the dielectric of photonic structures [28-30]. Instead
of transferring 2D materials onto a pre-fabricated cavity, our previous work [31] (and Ref.
[32]) demonstrated that an atomically thin flake can locally perturb a PhC waveguide to form a
self-aligned nanocavity with Q factors exceeding 10°, establishing a proof of principle for cavity
formation through dielectric perturbation by 2D materials.

In general, integrating 2D materials onto dielectric photonic platforms inevitably perturbs the
optical environment. Nevertheless, most hybrid integration studies implicitly design photonic
structures around the 2D material, treating its presence as a minor perturbation. Our earlier results
revealed that even a single atomic layer can sufficiently modify the dielectric environment to
induce high-Q cavity formation. Furthermore, reports of multilayer or heterostructure integration
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on on-chip photonic devices remain scarce. Unlike 2D material electronic or optoelectronic
devices [33-36], where heterostructures can be freely assembled, photonic devices are inherently
sensitive to vertical and lateral refractive-index variations. Any additional flake or encapsulant
can substantially modify the cavity field and scattering losses. Understanding how such dielectric
modifications influence cavity properties is therefore indispensable for advancing 2D material
photonics beyond single-flake demonstrations and toward practical hybrid integration with silicon
photonics and related platforms.

Here, we address this challenge by demonstrating deliberate dielectric environment engineering
via sequential stacking of multiple 2D material flakes (Fig. 1(a)). We show that the 2D material
flake-induced hybrid nanocavities remain robust under multilayer stacking and, importantly, that
the cavity Q factor can be significantly modified—and even recovered—through encapsulation.
By coupling optically active MoTe; onto an hBN-induced self-aligned nanocavity, we observe
clear signatures of exciton-photon coupling. Subsequent hBN encapsulation effectively smooths
the refractive-index profile around the cavity which suppresses optical field leakage, enhances
vertical confinement, yielding about twofold improvement in Q factor compared to unencapsulated
devices.

2. Design and numerical simulation of hybrid nanocavity

We consider a hybrid nanocavity comprising an air-suspended W1 line-defect PhC waveguide
made of silicon (refractive index, ns; = 3.48), with one or more 2D material flakes covering
a section of the waveguide. When a 2D material flake is placed on the PhC waveguide, the
local effective refractive index increases, leading to a redshift in the frequencies of the guided
modes. The resulting frequency mismatch between the bare and flake-covered regions causes
field confinement, forming a hybrid nanocavity that is naturally aligned to the flake location.

To guide our choice of flake materials and thicknesses to form the hybrid nanocavity and
subsequent multi-layer stacking studies, we first perform finite-difference time-domain (FDTD)
simulations [37] of single-flake hybrid nanocavities to determine the Q factor as a function
of flake thickness for three 2D materials of different refractive indices: hBN (n = 2.2), WSe;
(n = 3.92) and ModTe; (n = 4.48), using dielectric constants obtained from Ref. [38]. In these
simulations, the flake width is kept at 14a and is assumed to cover the PhC structure completely
along the y-direction. The PhC waveguide consists of 24 (14) air holes along the '-K (I'-M)
direction, with @ = 340nm and » = 0.28a. The Q factor exhibits a peak at a specific flake
thickness—approximately 3 nm for MoTe;, 5 nm for WSe; and 20 nm for hBN. These trends
suggest the existence of an optimal condition for light confinement, determined by both the
refractive index and thickness of the flake (Fig. 1(b)).

Optical confinement in the hybrid nanocavity is primarily governed by two types of losses:
out-of-plane radiation and in-plane leakage. The out-of-plane confinement is determined by
the refractive index profile along the vertical direction, which affects the effectiveness of total
internal reflection. In-plane losses, on the other hand, arise mainly from cavity fields scattering
into the guided modes and escaping through the waveguide ends. Scattering and leakage at the
lateral edges of the flake contribute to both in- and out-of-plane losses (see Supplement 1 Fig. S1
for further details). To distinguish the contributions of the out-of-plane and in-plane losses, we
have calculated the cavity loss (1/Q) using O = wcay U(Weay )/ P(Weay), Where weay is the cavity
resonant frequency, while U(wc,y) and P(wc,y) are the total electromagnetic energy stored in the
cavity and the radiated power at w,y, respectively. The stored energy U is evaluated within a
boxed region enclosing the cavity mode, while power-flux monitors are used to separately collect
the in-plane and out-of-plane radiative losses. Figure 1(c) summarizes the extracted in-plane loss
(1/Q4n), out-of-plane loss (1/Qout), and total loss (1/Qiota1 = 1/Qin + 1/Q0ut) as a function of flake
thickness. Despite a slight discrepancy in the absolute values of Qi calculated from radiated
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power and the Q factor extracted from the cavity field decay in Fig. 1(b), the overall trend is in
good agreement.

Since the thickness of a 2D material flake is often much smaller than the optical wavelength, it
is more appropriate to consider an effective refractive index for the region containing the PhC
waveguide slab and the 2D material. Transferring a 2D material flake onto the PhC waveguide
generally increases the local refractive index. However, if the flake is too thin, the change in
effective refractive index is minimal. This weak perturbation leads to less efficient total internal
reflection, resulting in increased out-of-plane losses and poor vertical field confinement. In such
cases, the cavity mode fields lie above the light line, acquiring sufficient out-of-plane momentum
to radiate out of the cavity.

As the cavity is induced by the flake, the flake width essentially governs the lateral extent of
the mode field profile. The simulated mode intensity profiles of the fundamental, i.e. lowest
energy, mode of a single-flake hybrid nanocavity — considering a hBN flake (marked yellow)
with width of 14a and thickness of 10 nm — is shown in Fig. 1(d). This broad spatial distribution
brings the field closer to the waveguide ends, facilitating in-plane leakage, degrading optical
confinement. A flake with combined characteristics of small thickness and large width would
therefore result in poor out-of-plane and in-plane confinement causing a low cavity Q factor,
corresponding to the leftmost region of Fig. 1(b) and 1c.

As the thickness of the 2D material flake increases, however, the enhanced refractive index
contrast at the interface of the PhC and the flake leads to improved total internal reflection. The
optical field simultaneously becomes more laterally confined (Supplement 1 Fig. S2), pulling
away from the waveguide ends and thus reducing in-plane loss significantly. Consequently,
the Q factor increases with flake thickness up to an optimal point. A 2D material with a
smaller refractive index requires a larger thickness to achieve the conditions for optimal optical
confinement, as is seen in Fig. 1(b). However, if the flake becomes too thick, the modulation
of the dielectric environment begins to excessively perturb the PhC waveguide, increasing both
the in- and out-of-plane losses, which leads to a decline in Q factor. For the PhC waveguide of
24x14 air-hole array considered here, the cavity Q factor is limited by in-plane loss (Fig. 1(c)).

To clarify the apparent difference of the Q factor dependence on flake thickness from our
previous study, we note that the simulated PhC waveguide here is smaller than that used previously.
In the earlier work, simulations were performed on a 48x14 air-hole array, instead of 24x14. The
larger PhC structure exhibits lower in-plane leakage, so the values of the Q factor approach the
order of 10% — 107. These values are consistent with the corresponding Q. values of Fig. 1(c),
indicating that the Q factor of the larger PhC structure is becoming more limited by out-of-plane
loss. This in turn shifts the optimal flake thickness for maximum Q toward smaller values. As
shown in Supplement 1 Fig. S3, depending on the flake refractive index, this optimum can even
fall below a monolayer thickness, yielding an apparently monotonic decrease of Q with thickness.
In the smaller PhC cavity used here, stronger in-plane losses lead instead to a non-monotonic
dependence with an intermediate optimal thickness. Once the difference in cavity size and
dominant loss mechanism is considered, the simulation results of both studies are fully consistent
and reproducible.

We next examine the case of double-flake stacking to evaluate how sequential layers further
modify the cavity field distribution and Q factor. On top of the first hBN flake (width of 14a
and thickness of 10 nm), we now add another flake (cyan) of MoTe, with width of 10a and
thickness of 5 nm. We chose MoTe, because its excitonic transitions are in the near-infrared,
which overlaps with the cavity resonance. The centers of the flakes and PhC are aligned. The
mode profile (Fig. 1(d)) remains largely unchanged aside from a decrease in its lateral extent
since the second flake has a smaller width than the first. For the given parameters, the Q factor
decreases from about 1.8 x 10 for the single-hBN-flake case to 1.4 x 10° with the addition of the
MoTe; flake. Without considering absorption in the FDTD simulations, the drop in Q factor can
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be attributed to the abrupt change in the out-of-plane refractive index profile (from nppy = 2.2 to
npMote, = 4.48, Fig. 1(e)). Such abrupt changes in the refractive index in real space generate field
components with large momentum-space k-vectors that increase out-of-plane losses [39].

We further simulated a three-flake configuration consisting of hBN/MoTe,/hBN stacked on
the PhC waveguide, assuming a 10-nm-thick hBN encapsulation. Despite the increased total
thickness, simulation results (Fig. 1(e)) reveal a counterintuitive increase of the cavity Q factor
relative to the double-flake case. This behavior is consistent with the simulated Q against thickness
dependence in Fig. 1(b) In the three-flake configuration, the heterostructure is dominated by hBN,
and the total optical thickness approaches the simulated optimum of 25 nm. The encapsulating
hBN layers effectively smooth the refractive index profile at the cavity, reducing abrupt variations
in real-space which in turn decreases the amount of field components with k-vectors in the
momentum space that cause out-of-plane optical scattering losses. As a result, the optical mode
experiences a more uniform dielectric environment with improved vertical confinement and
leading to the observed Q factor enhancement despite the added material layers. These results
demonstrate that multilayer stacking enables tunable dielectric engineering through the control
of flake composition and thickness.

We note that the simulations were performed using constant values for the material refractive
indices, as they remain relatively constant over the near-infrared wavelength range of interest
[40,41]. Although MoTe, exhibits some dispersion near its excitonic resonances, its refractive
index remains consistently higher than those of hBN and WSe,. While wavelength-dependent
variations may affect the absolute values of the extracted Q factors, the physical interpretation of
the results and trends reported here remain valid as long as the relative ordering of the refractive
indices is preserved, namely nppN<nwse, <HMcTe,- We also present an analysis of the FDTD
simulation results considering the effect of MoTe, absorption in Supplement 1 Fig. S4.

3. Fabrication and measurements

The PhC waveguides (96 and 14 air holes along the I'-K and I'-M directions, respectively)
are fabricated on a silicon-on-insulator substrate with a 200 nm-thick top silicon layer and a 1
um-thick buried oxide layer. The PhC pattern is first defined on a resist mask by electron beam
lithography, then the pattern is transferred onto the substrate via inductively coupled plasma.
Following resist removal, the buried oxide layer is etched away with hydrofluoric acid to form
air-suspended PhC waveguide structures. The hBN flakes are prepared on a polydimethylsiloxane
(PDMS) sheet by mechanical exfoliation of bulk crystals. Suitable flakes are identified using
an optical microscope and then transferred onto the target PhC waveguide using a homebuilt
micromanipulator setup. MoTe, flakes are prepared and transferred using the same method.

To characterize the optical properties, we perform PL and laser transmission measurements
using a homebuilt confocal microscopy system. For PL measurements, a continuous-wave
Ti:sapphire laser emitting at 780 nm is used for excitation. The laser beam is focused on the
sample (spot size of 1 um) using an objective lens of 50x magnification with numerical aperture
of 0.65. The emission from the sample is collected with the same objective lens, and then
directed to a spectrometer, in which the collected emission is dispersed by a 150 lines/mm grating
before being detected with a liquid-nitrogen-cooled InGaAs detector. For the laser transmission
measurements, a wavelength tunable continuous-wave laser (Santec TSL-550; range: 1260-1360
nm) is used. A steering mirror and a 4f system are used to displace the laser excitation spot while
keeping the same detection spot. The laser excitation is focused on the grating couplers on the
left-end of the waveguide while the light scattered from the right-end of the waveguide is collected
by the objective lens and coupled into an optical fiber to direct the signal to a photoreceiver. For
the time-resolved PL. measurements, the Ti:sapphire laser is operated in pulsed mode. The cavity
PL is filtered spectrally with a 1300 nm long-pass filter before being coupled into an optical fiber
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connected to a superconducting nanowire single photon detector. All measurements are carried
out at room temperature with the sample kept in a nitrogen gas environment.

Figure 2 shows optical micrographs of a hybrid nanocavity formed by transferring hBN,
followed by MdTe; transfer, and finally hBN encapsulation, along with the corresponding PL.
and laser transmission spectra for each stage of the device. The first hBN flake is about 10 nm
thick and 22a wide along the PhC waveguide. Since hBN has a large bandgap, it does not emit
in the near-infrared regime. Silicon emits light under strong excitation (see Supplement 1 Fig.
S5 for bare Si PL emission) and is therefore used to characterize the cavity. Figure 2(a) shows
silicon PL emission under 1.5 mW excitation. The multiple emission peaks close to 1200 nm
arise from the PL enhancement due to the odd guided mode and the corresponding odd cavity
mode. The emission close to 1310 nm is the cavity peak of the corresponding even guided mode,
which is the feature of interest. By carrying out laser transmission measurements (Fig. 2(d)),
we could clearly resolve the cavity resonance peak at Ac,y = 1331.55 nm. By fitting the peak
with a Lorentzian function, we extract a full width at half maximum (FWHM) of 20.3 + 0.2 pm,
yielding a cavity Q factor of 6.46 + 0.06 x 10%.
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Fig. 2. (a—c¢) PL spectra and corresponding optical micrographs after the transfer of (a) the
first hBN flake, (b) the MoTe; flake, and (c) the top hBN encapsulation layer. The excitation
powers are indicated in each panel, and the blue arrows mark the cavity resonance peaks.
(d—f) Corresponding laser transmission spectra for each stage, with Lorentzian fits (magenta)
used to extract the cavity Q factors.

To demonstrate the utility of such hybrid nanocavity for light-matter coupling with additional
stacking of 2D materials, a multilayer MoTe, flake is subsequently transferred onto the hBN-hybrid
nanocavity (Fig. 2(b)). The width of the flake along the waveguide is about 16a. The PL emission
from the MoTe,/hBN-hybrid nanocavity under excitation power of 0.01 mW is shown in Fig. 2(b).
Despite the much lower excitation power and the indirect bandgap of the multilayer MoTe, flake,
it still exhibits relatively bright exciton emission, with the PL spectrum consisting of practically
no emission from silicon or hBN and only of emission from MoTe; (see Supplement 1 Fig. S5 for
bare MoTe, PL emission). Based on previously reported layer number dependence of the MoTe,
PL emission spectra [42], the broad emission spanning from 1100 nm to 1400 nm allows us to
deduce that the MoTe, flake is of 5 layers thick. The cavity peak around 1310 nm is still clearly
visible in the spectrum. From the laser transmission spectrum (Fig. 2(e)), the cavity peak is
found to have broadened, corresponding to Q = 1.86 + 0.04 x 10*. The observed reduction in the
experimentally measured Q can be attributed to the abrupt change in the out-of-plane refractive
index profile (Fig. 1(e)), and partially by the absorption losses introduced by the MoTe, flake.
The decrease in the overall transmission intensity is attributed to changes in the out-coupling
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efficiency of the grating couplers and slight variations in cavity—waveguide coupling. These
effects primarily influence the transmitted intensity and are expected to have negligible impact
on the extracted cavity linewidth.

Finally, the MoTe,/hBN hybrid nanocavity is encapsulated with an additional hBN flake
of approximately 10 nm thick (Fig. 2(c)). While the resulting PL spectrum shows minimal
changes, the cavity resonance in the laser transmission spectrum now exhibits an asymmetric
line profile and a reduced FWHM (Fig. 2(f)). Although the cavity mode lies within the photonic
bandgap region, residual background transmission may persist due to bandgap imperfections.
The interference between this background transmission and the cavity resonance could give
rise to the observed asymmetric lineshape. Fitting the resonance with a Fano function yields a
FWHM of 30.4 + 0.4 pm, corresponding to Q = 4.3 + 0.2 x 10*, which is more than twice that of
the unencapsulated MoTe,/hBN hybrid nanocavity case. Such enhancement of Q factor upon
hBN-encapsulation has also been observed in a different sample with hBN/MoTe,/WSe, stack
(Supplement 1 Fig. S6).

The observed recovery of the cavity Q factor upon hBN encapsulation is consistent with the
non-monotonic O—thickness behavior predicted by our simulations (Fig. 1(b) and le). After
encapsulation, the hBN/MoTe,;/hBN heterostructure stack is now about 35 nm thick and is
composed mostly of hBN — which is close to 25 nm optimal hBN thickness for high Q factor.
Despite the increased total flake thickness, the encapsulating hBN layers make the overall
refractive index profile more homogeneous across the flake interfaces, which reduces the overall
field leakage, thus enhancing confinement.

Although the fabricated hybrid nanocavities contain 96 air holes along the I'-K direction, our
experimental observations align more closely with simulation results of a smaller nanocavities
with 24 air holes along the 'K direction. This suggest that the effective lateral size of the
fabricated hybrid nanocavity is smaller than its actual extent, likely due to in-plane losses caused
by scattering or leakage along the PhC waveguide due to fabrication imperfections. This in
turn implies that, aside from the waveguide geometry, disorder management offers an additional
degree of freedom for engineering the in-plane optical losses, and thus tuning the optimal flake
thickness required to achieve high-quality optical confinement.

To confirm MoTe; and cavity coupling, we further performed time-resolved PL. measurements
to probe the exciton recombination dynamics in MoTe,, both in its bare form (away from the
PhC region) and when coupled to the hybrid cavity, with and without hBN encapsulation. A
comparison of the decay curves of the PL from the cavity and bare MoTe, in the MoTe,/hBN
hybrid nanocavity before and after hBN-encapsulation is summarized in Fig. 3. The decay curves
exhibit a fast component associated with radiative recombination of bright excitons and trions
[43]. The PL decay curves were analyzed using a biexponential model with deconvolution fitting,
yielding fast (t;) and slow (t;) decay components. In the MoTe,/hBN cavity sample (without
hBN encapsulation), the bare MoTe, emission exhibited decay times of t; =410 + 20 ps and t; =
3080 = 70 ps. MoTe, emission coupled to the cavity exhibit shorter decay times: t; =95 = 5 ps
and tp = 1060 = 150 ps. Although both components show lifetime reduction, the faster decay
primarily reflects Purcell-enhanced radiative recombination [44], while the slower decay likely
decreases due to indirect effects such as carrier redistribution or modified nonradiative coupling
within the cavity field. Focusing on the bright-exciton component, the reduction of t; corresponds
to a Purcell enhancement factor of approximately 4.3, confirming cavity-induced acceleration of
radiative emission.

In contrast, the hBN-encapsulated MoTe,/hBN hybrid nanocavity sample shows overall shorter
lifetimes with the bare MoTe, emission giving t; = 84 + 3 ps. The decay times of the cavity
emission is reduced further to t; = 22 + 1 ps. The lifetime reduction of both the emission
from the bare MoTe, and the cavity rules out any cavity effect. Previous observation of such
lifetime reduction in WS, emission lead to the suggestion that hBN-encapsulation reduces both


https://doi.org/10.6084/m9.figshare.31291888

Research Article Vol. 16, No. 3/1 Mar 2026/ Optical Materials Express ~ 653

_—
jalS EXPRESS

/ e

a t; =410 ps MoTe,/hBN b hBN/MoTe,/hBN
—_ 17 ole — ole
2 10°; t, = 3080 ps 2 2 10°; / o/
> Bare | > t,= 84 ps
Qo o =
E 1071 4 E 101 4 t, =970 ps
> Cav. > J t, =22 ps Bare
) 2 | ) —2 ] t, =180 ps
§ 10 t; =95 ps § 1071 Cav.
= IRF  t, = 1060 ps = IRF

1073 = T T T 1 1073 = T

0 1 2 3 4 0 1 2 3 4
Time (ns) Time (ns)

Fig. 3. Time-resolved PL decay curves for (a) MoTep/hBN hybrid nanocavity and (b)
hBN-encapsulated MoTe,/hBN hybrid nanocavity samples, showing the reduction of MoTe,
emission due to the cavity Purcell effect. The gray shaded curves represent the instrument
response function (IRF).

the radiative and non-radiative lifetimes equally [45]. We rule out any linewidth reduction due
to hBN encapsulation [46—48] (which would lead to the counter-effect of increased lifetime)
since there is significant phonon broadening at room temperature at which our measurements
are performed. Fang er al. [49] reported exciton lifetime reduction caused by hBN microcavity
formation. However, this effect is not expected in our work, as our hBN thickness is too small to
support such modes. Moreover, their findings were limited to cryogenic temperatures (< 40K),
while our measurements are performed at room temperature. It is possible that MoTe, has
degraded over time, leading to increasing defects and thus causing an overall decrease in the
lifetime throughout the flake. The observed reduction in the lifetimes could also be due to hBN
encapsulation which suppresses unintentional doping and environmental charge fluctuations,
leading to an increased proportion of neutral excitons with shorter lifetime, over trions (charged
excitons) which tend to have longer lifetimes [43,47-50]. The extracted lifetime gives Purcell
enhancement factor of 3.8.

Since the emitter linewidth is broader than the cavity linewidth, to estimate the theoretical Purcell

3 ) 2
enhancement factor, we employ the following equation [51]: F), = 4% (%) QVLILM ' %’

where A,y is the cavity wavelength, n is the refractive index, Qemiter is the emitter Q factor, Vinode
2
is the mode volume, and llg('r)IQ is the ratio of the field intensity at the location of the emitter

to the maximum field intensity of the mode. Since the MoTe, emitter is in air, n is taken to be

3
1 and Vioge is scaled accordingly. From FDTD simulations, Vipede = 5.6 X 1072 (%) and

% ~ 0.4. From the linewidth of the MoTe, PL emission, Qcmiier = 9, leading to a theoretical

F, of approximately 4.8, which is largely consistent with experimentally obtained values.

4. Conclusion

In summary, we have demonstrated deliberate dielectric environment engineering of hybrid
photonic crystal nanocavities through sequential stacking of 2D material flakes. The hybrid
cavities retain high optical quality under multilayer stacking, and hBN encapsulation yields
nearly a twofold Q factor recovery by smoothing the refractive index profile and reducing
out-of-plane field leakage. Time-resolved PL measurements further confirm 2D material and
cavity coupling as indicated by the Purcell-enhanced radiative recombination. These results
establish a practical strategy for tuning and preserving hybrid PhC cavity performance through
controlled heterostructure design. Importantly, the robustness of cavity formation revealed here
carries implications beyond deliberate cavity engineering. Since local dielectric perturbations
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from 2D heterostructures can spontaneously induce or modify photonic confinement, such effects
must also be considered to avoid unintentional PhC cavity formation during hybrid integration.
Thus, understanding and controlling dielectric environment engineering is indispensable for both
exploiting and mitigating cavity-material interactions in future 2D-integrated photonic systems.
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