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Van der Waals (vdW) materials have emerged as a promising platform for
next-generation nanophotonics and optoelectronics. However, employing
vdW materials as a core photonicintegration platform, rather than as
passive or active overlays on conventional silicon-based platforms, remains
challenging, leaving their full potential untapped. Here we develop a
nanofabrication strategy that enables high-resolution patterning across
abroad range of vdW materials, including insulators, semiconductors,
ferroelectrics and their heterostructures, and we show that they can be used
as theintrinsic platform for low-loss microcavity nonlinear photonic devices
such as microdisks, photonic crystals and metasurfaces. We demonstrate
vdW microdisk resonators with quality (Q) factors exceeding 10°. Such
Qfactors enable efficient continuous-wave nonlinear optical processes,
including second-harmonic generation, sum-frequency generation and
optical parametric amplification, with full free-spectral-range thermal
tunability. These results position vdW materials as key material building
blocks for next-generation integrated photonics and optoelectronics.

Van der Waals (vdW) materials, composed of atomically thin layers
bound by weak interlayer forces'? rose to prominence after the ground-
breakingisolation of graphene, which was a transformative milestone
in materials science. Over the past two decades, this diverse material
family has served as a fertile platform for both fundamental discover-
ies and technological innovation', owing to its distinctive optical*,
electrical’, thermal® and mechanical’ properties. In photonics, vdW
materials have shown great promise due to their unique optical and
electronic properties, such as strong optical nonlinearities®’, pro-
nounced excitonic resonances'® and tunable refractive indices". These
features have facilitated breakthroughsin light emission'*", frequency
conversion™, optical modulation”, polaritonic phenomena®, photo-
detection'® and spectroscopy''®. In parallel, itis a continuing priority in
integrated photonics to consolidate diverse optical functionalities (for

example, nonlinear optical processing, amplificationand modulation)
onto asingle chip as part of the progress towards the development of
photonicintegrated circuits”. In this context, vdW materials provide a
compelling materials library for on-chip photonics***, asillustrated in
Fig.1a. Their atomically flat surfaces minimize optical scattering losses,
and their unmatched compatibility with heterogeneous integration
enables the construction of complex, vertically stacked architectures
without lattice-matching constraints. Moreover, their extensive mate-
rial library offers unprecedented flexibility for tailoring photonic and
optoelectronic functions, further amplifying their appeal for highly
integrated multifunctional systems.

Despite their considerable promise, existing approaches have
largely confined vdW materials to auxiliary roles—typically as coated
or embedded functional layers on top of conventional integrated
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Fig.1| All-vdW microcavity photonics. a, Visionary conceptualillustration
of aheterogeneous photonic chip based on vdW materials. It demonstrates

the integration of exclusively vdW materials through techniques such as
transferring, stacking and patterning, which enables the fabrication of lasers,
modulators, waveguides, photodetectors and so on. Inset: fabrication workflow
based on FIB milling with Al passivation. b, Various nanostructures fabricated

Insulator

from representative vdW materials (for example, h-BN, MoS,, GaSe and NbOCl,),
including microdisk cavities, arrays of triangular microresonators and photonic
crystal cavities. The structures span materials with different bandgaps and
include heterostructure examples (for example, a VOCl,/MoS, stack).
Scalebars, 2.5 pm.

photonicplatforms—rather than employing themas structural building
blocks. For example, graphene hasbeen embedded as gate-tunable dis-
persive elements*and nonlinear optical coatings* in integrated pho-
tonics. Transition-metal dichalcogenide layers have been transferred
onto silicon-based integrated devices to enable high-performance
photodetection* and modulation®. Although these studies highlight
the substantial potential of vdW materials in nanophotonics and opto-
electronics, their role remains largely limited and their full capacity
for enabling next-generation photonic systems has yet to be realized.

Here we establish vdW materials as a viable material platform for
low-loss nonlinear photonics. We introduce a generally applicable
nanofabrication strategy based on focused ion beam (FIB) lithogra-
phy with aluminium (Al) passivation, which enables high-resolution
patterning across a broad range of vdW materials and their hetero-
structures. This method facilitates the fabrication of essential pho-
tonic components—including photonic crystals, metasurfaces, and
microdisks—with nanometre-scale precision and well-preserved
material quality to support high-quality integrated photonics. Of
particular note, the fabricated microcavities support whispering gal-
lery modes (WGMs) with quality (Q) factors exceeding 10°, spanning
fromthetelecomto the visible regimes. These high-Q cavity resonance

modes, combined with the strong intrinsic optical nonlinearity of vdW
materials, enable highly efficient nonlinear optical processes, even
under continuous-wave (CW) excitation, including second-harmonic
generation (SHG), sum-frequency generation (SFG) and optical para-
metric amplification (OPA). Notably, the normalized SHG conversion
efficiency is enhanced by four orders of magnitude compared with
previously reported vdW-materials systems, and the generated signal
is tunable over a full free spectral range (FSR). Our results establish a
design paradigm for on-chip nonlinear photonics and position vdW
materials not as supplementary layers but as potential foundational
platforms for high-performance photonic circuits, with promising
applicationsinreconfigurable photonics, nonlinear signal processing
and quantum technologies.

Fabrication of vdW microstructures and
nanostructures for microcavity photonics

Diverse vdW materials provide a versatile platform for photonic and
optoelectronic applications, with the promise of delivering tailored
solutions beyond the limits of conventional monolithic photonics. With
bandgaps spanning 0-6 eV, the vdW-materials family encompasses
metals (for example, MXenes), semiconductors (for example, MoS,
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and WS,) andinsulators (for example, hexagonal boron nitride (h-BN)),
thus enabling tailored heterostructures for diverse functionalities.
Semiconducting transition-metal dichalcogenides exhibit high refrac-
tive indices advantageous for miniaturized photonic devices***. Many
vdW materials also demonstrate superior nonlinear optical properties
compared with traditional platforms like lithium niobate, with excep-
tionally high second- and third-order nonlinear optical susceptibilities
(forexample, GaSe and NbOCl,). These attributes potentially facilitate
heterogeneousintegration and empower new device designs beyond
the reach of conventional photonicintegrated circuits.

Notwithstanding these advantages, fabricating vdW materialsinto
nanostructures suitable for photonic integration remains technically
challenging. Standard top-down approaches—includingelectron-beam
lithography followed by reactive-ion etching* or direct femtosecond
laser ablation®—often suffer from poor material compatibility. For
reactive-ion etching, etching selectivity and surface quality are the
main limitations due to the chemical inertness of certain vdW com-
pounds. For example, fluorine-based gases, such as CF,, CHF; and
SF,, are effective in etching Mo- and W-based dichalcogenides (for
example, refs.27,28,34,36-38), but they are almost non-reactive with
some XSe (where X =In, Ga and so on). This lack of reactivity leads to
limited etch selectivity against photoresists and hard masks, resulting
inpoorly defined sidewalls and substantially hampering the ability to
create clean, high-resolution optical structures. Femtosecond laser
ablation, although material-agnosticin principle, introduces thermal
damage and surface roughening, which degrades both structural and
optical quality. These limitations hinder the scalability, fidelity and
performance of vdW-based photonic components, especially in appli-
cations that rely on strong optical confinement or high-Qresonances.

To overcome these challenges, we developed a generally applica-
ble nanofabricationstrategy based on FIB lithography with Al passiva-
tion (inset of Fig. 1a; see Methods for details). The fabrication process
begins with the mechanical exfoliation of vdW flakes®, followed by a
polydimethylsiloxane (PDMS)-assisted dry transfer®. A thin Al layer
(-50 nm) is subsequently deposited, then direct-write FIB milling is
applied to define arbitrary nanoscale patterns. The Al layer is finally
removed by wet etching to reveal intact and well-patterned vdW struc-
tures (Supplementary Fig. 10). The Al layer serves two critical func-
tions: protecting the underlying vdW materials fromionimplantation
damage*®* and mitigating surface charging to prevent pattern defor-
mation during FIB milling. The surface passivation s especially crucial
for preserving the optical performance, as even a single Ga-ion imag-
ing scan can introduce severe crystal defects and increase scattering
lossesin waveguide and resonator devices. Weimplemented free-space
measurements to demonstrate the Ga-ion-induced material degrada-
tion (Extended Data Fig. 1a,b; the measurement set-up is shown in
Supplementary Fig.1). Raman spectroscopy and the second-harmonic
(SH) intensity confirm that samples processed with Al passivation
retainsuperior crystalline and optical properties compared with their
unprotected counterparts. Under the with-Al protection condition,
Raman peaks are better resolved and the SH intensity is four times
higher than in the without-Al case, both reflecting the change of the
intrinsic properties from the Ga-ionirradiation. We emphasize that we
did not use fabricated structures (for example, WGM microcavities) in
these free-space experiments, so that the observed signal differences
arise solely from material degradation and serve to demonstrate the
protective function of the Al film.

By primarily using the physical fabrication methods, we avoid
using many hazardous chemical etchants that risk substrate damage,
rendering this method applicable across a broad range of vdW mate-
rials. Our method provides accurate pattern alignment and can be
used to fabricate vdW nanostructures spanning from single-material
systemsto diverse vertically stacked, free-selection vdW heterostruc-
tures. The resolution achieved (sub-100 nm, as demonstrated by the
fabrication of the line-space patterns shown in Extended Data Fig. 1c

and the linewidth histogram in Supplementary Fig. 11) is comparable
with that from electron-beam lithography, while eliminating the need
for ahard mask and greatly simplifying the process flow.

Using the described fabrication protocol, we created a series of
vdW-based photonic nanostructures—microdisks, photonic crystals
and arrays of triangular resonators—from various materials, such as
h-BN, MoS,, GaSe and NbOCl, (Fig. 1b). The fabrication of complex
geometries, including stacked heterostructures (for example, the
MoS,/VOCI,-stacked microdisk in Fig. 1b) and institutional logos (see
our universities’logosin Extended DataFig. 1d), further highlights the
precision and generality of the method. Taken together, our FIB-based
fabrication strategy provides a robust, material-independent route
for high-quality vdW photonic structures. It outlines a possible route
towards reconfigurable and multifunctional vdW photonicintegrated
circuits that leverage the full material versatility of this platform.

High-Q vdW microcavities
The ability to fabricate ultralow-loss optical microcavities is essential
for advancing integrated photonics. Among various resonant struc-
tures, WGM microcavities stand out for their ability to confine light
withinsmallmode volumes while maintaining ultrahigh Qfactors, mak-
ingthem anexcellent platform for enhancinglight-matterinteractions.
To evaluate the quality of our fabrication approach, we constructed
microcavities using various vdW materials transferred onto quartz
substrates. The microdisks were designed with thicknesses of hundreds
of nanometres and with radii spanning tens of micrometres to optimally
support WGMs via total internal reflection. The Qfactor, defined as the
ratio of the energy stored in the cavity to the energy lost per optical
cycle, was measured by couplinglightinto the microdisk viaatapered
optical fibre with a U-shaped configuration (Supplementary Fig. 2). This
set-up enables evanescent excitation and the comprehensive charac-
terization of the WGMs. We used wavelength-tunable CW lasers to scan
across broad spectral ranges, from the visible to the telecom bands.
Transmission spectra for h-BN microdisks across these wavelengths
are shown in Fig. 2a. At telecom bands, four transverse electric (TE)
mode families are clearly identified, TE,,, TE,,, TE,, and TE,,. The cor-
responding field distributions simulated using COMSOL Multiphysics
are plotted in the bottom right corner of Fig. 2a. Only TE modes were
observed experimentally due to the high in-plane refractive index of
h-BN (n, =2.20), which strongly confines light in the cavity plane. By
contrast, transverse magnetic modes, which have their electric field
mainly oriented perpendicular to the microcavity plane, have alower
refractive index (n, =1.58) that fails to provide sufficient optical con-
finement, resulting in leaky modes with substantially reduced Qfactors.

A closer view of the transmission spectra around the two modes
TE,, and TE,, in the 1,550-nm band is shown in Fig. 2b. From these
spectra, fairly highintrinsic Q factors of around 10° were obtained (see
Methods and Supplementary Section IV for details of the characteriza-
tiontechnique). Furthermore, astatistical survey of TE,,modes across
the telecom band confirmed that these Q values were consistently
achieved (Fig. 2c). Such high Q values, corresponding to a propaga-
tion loss of approximately 0.35 dB cm™, highlight the benefits of the
atomic-level surface and smooth sidewalls of the microdisks. At this
level, the scattering loss becomes the dominant contributor to the
total opticalloss, outweighing both material absorption and radiation
leakage**. We experimentally observed awavelength-dependent trend
in Q, with higher Q values at longer wavelengths (Fig. 2d), consistent
with theoretical predictions based on surface roughness scattering
(Supplementary Section V). This trend underscores the critical role of
our fabrication precisioninreducing the scattering loss and enabling
high-Qmicrocavities, while also highlighting the possibility of further
improvements towards even better devices.

The demonstration of vdW microdisk resonators with Q >10°
confirms that our fabrication method enables vdW materials to fully
exploit their intrinsic optical property advantages. The demonstrated
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Fig.2|vdW whispering gallery microcavities with an ultrahigh Q factor.

a, Top: broadband transmission spectra measured in different wavelength bands,
showing cavity resonances across awide spectral range. Grey arrows in the first
spectrum mark four different mode families (TE,q, TE,o, TEy, and TE,,). Bottom
left: schematic of the structure of the vdW material. Bottom middle: schematic of
avdW microcavity on asingle chip supporting WGMs. Bottom right: numerically
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shown in the first spectrumin the top panel. b, Typical transmission spectra of
TE,, and TE,; modes for Q-factor extraction. Q,, the intrinsic Q factor.

¢, Statistical distribution of the intrinsic Q factor of TE,, modes in the telecom
band. d, Wavelength-dependent intrinsic Q factors measured over several
spectral bands compared with theoretical predictions based on scattering loss
from surface roughness.

performance surpasses that of many previous vdW-materials reso-
nant systems by three orders of magnitude (Extended Data Fig. 2 and
Supplementary Table 1). This high level is sustained across densely
spaced modes spanning telecom to near-visible wavelengths. These
microcavities provide a foundational building block for diverse
photonic functionalities, including quantum light generation and
low-thresholdlasing. Note that h-BN has abandgap of -6 eV, thus offer-
ingawide operational transparency window; however, the characteri-
zation of the h-BN microdisks beyond the telecomto near-visible ranges
is limited by the wavelength coverage available in our laboratories.
Nevertheless, the ability of various vdW materials to operate across a
broad wavelength range—frominfrared to ultraviolet—enhances their
versatility for integration into multiband photonic systems.

Highly efficient CW-driven tunable SHG

Nonlinear optical processes lie at the heart of integrated photon-
ics, as they enable frequency conversion, quantum light generation
and reconfigurable signal processing. Leveraging the high-Q feature
mentioned above, accompanied by the exceptionally high nonlin-
earity of vdW materials, we demonstrated highly efficient x®- and
x®-nonlinear optical processes. We first demonstrated SHG, one of
the most essential nonlinear optical processes, using GaSe microcavi-
ties with high second-order optical nonlinearity*’. To do this, a CW
fundamental wave (FW) was injected into the GaSe microdisk through
aU-shaped fibre taper, andits frequency w, was gradually downtuned
across the cavity modes. Owing to the interplay between the Kerr and
thermo-optic effects, the transmission spectra exhibited character-
istic non-Lorentzian ‘thermal triangle’ features (Fig. 3a). As the pump

wavelength approached resonance, the resonance-enhanced intra-
cavity power intensity led to a steep rise in SH emission at 2w, which
was collected vertically through an objective lens.

The SHG efficiency, measured as afunction of pump power, exhib-
itedalinear scalingin the weak-pump regime (Fig. 3b), consistent with
theoretical expectations for the undepleted pump regime**. With
increasing pump power (>100 mW), the efficiency slightly deviated
from the theoretical line, which is attributed to a thermally induced
change in the fibre-cavity coupling condition as the cavity tempera-
ture rises. Real-space imaging of the microdisk confirmed the spatial
localization of the SH signal at the cavity perimeter (insets of Fig. 3b).
Notably, the highest absolute SHG efficiency reached -3.7 + 0.1% at
~172 mW. The normalized efficiency in the undepleted regime was
~30% W™, animprovement of four orders of magnitude over previously
reported vdW systems**®, This notable improvement is attributed to
the high Q of the FW cavity mode, as SHG efficiency scales quadratically
with the Q factor of the FW mode**.

Further, we demonstrated broadband SHG behaviour. By down-
scanning the FW frequency ranging from ~204 THz to 192 THz (cor-
respondingly from 1,470 nm to 1,560 nm), we obtained an SH signal
ranging from ~408 THz to 384 THz, as plotted in the top and bottom
panels of Fig. 3¢, respectively. The resulting SH peaks appeared at
typical intervals of about 1.75 THz, corresponding to twice the FSR of
the TE,, cavity mode family at the telecom band. Also note that some
frequencies corresponding to FW resonances, for example, those near
390 THz and 400 THz, did not produce observable SHG peaks. This
phenomenonis attributed to two primary factors: (1) mode crossings
between distinct mode families led to reduced coupling efficiency and
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Fig. 3| Highly efficient CW-driven tunable SHG in a GaSe microcavity.

a, Experimental set-up for SHG measurement. A tunable CW laser is coupled
viaafibre taper. Inset: SHG process and typical time-scan results. f, frequency.
b, SHG conversion efficiency as a function of pump power. The results are the
mean of three independent measurements. Insets: top-view images of the
microdisk showing SH emission at different pump power levels. ¢, Broadband

40
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transmission FW spectrum (top) and the corresponding SH signal (bottom). Red
circles mark the FW frequencies that generate SH signals. d, Thermally tunable
SH frequency as a function of temperature ranging from 16 °C to 70 °C. Twice the
FSRin the FW band (-0.70 THz) and the thermal-tuning SH range (-0.76 THz) are
indicated for comparison. The GaSe microcavity radius was -15 pminb, 20 pmin
cand 60 pmind. PD, photodetector.

(2) momentum mismatch between the pump and SH light generated
within the microcavity impeded efficient SHG.

The high-efficiency process was achieved without relying on
double resonance or strict phase matching but, instead, through the
combination of ultrahigh Qfactors, strong second-order nonlinearity
and large effective interaction volumes in vdW microcavities. These
results indicate strong potential for further improvement once the
phase-matching and double-resonance conditions are fully engi-
neered. Moreover, this process is good for realizing a high-efficiency
broadband nonlinear process owing to the released mode-sensitive
phase-matching condition. Indeed, using the same GaSe material sys-
temwith alarge thermo-optic coefficient, we achieved thermally tun-
able SHGinamicrodisk resonator, which presented obvious changesin
the effective refractiveindex with temperature (Extended Data Fig. 3).
This thermal tuning shifted the resonant frequencies of the cavity
modes, thereby enabling tunability of broadband SHG. Figure 3d pre-
sents the collected results of generated SH light. The SH frequency
spanned from-383 THzto 388 THzfor different substrate temperatures
(16 °C to 70 °C). Notably, temperature tuning enabled a continuous
SHG frequency scan of -0.76 THz, which exceeds twice the FSR in the
FWband (-0.70 THz). This indicates the potential of the GaSe microdisk
togenerate awidely tunable SHG signal within its optical transparency
window. Such temperature-based control offers substantial potential
for on-chip photonic applications, including wavelength-agile light
sources, reconfigurable photonic circuits and integrated spectroscopy.

CW-driven SFG and OPA
Nonlinear processes, such as SFGand OPA, are critical for wavelength
conversion, coherent signal generation and quantum optics. These

processes typically require precise phase matching and high pump pow-
ers,whicharedifficult toachieve under CW excitation in vdW-materials
platforms. Here we demonstrate both CW-driven SFGand OPAin vdW
microcavities, which are enabled by high-Q confinement and strong
intrinsic optical nonlinearity.

SFGisasecond-order nonlinear optical process wherein two input
photons of frequencies w; and w, interact to produce a photon at the
sum frequency (w; = w, + w,), as schematically illustrated in Fig. 4a. In
our experiment, two independent CW lasers were tuned to resonate
withthedistinct modes of a GaSe microdisk at approximately 191.5 THz
and197.8 THz, respectively. These pumps were coupled into the micro-
disk viaatapered fibre and excited separate TE-mode resonances. The
resulting SFG signal appeared at ~389.3 THz, and the accompanying
SHG signals were observed near 382.7 THz and 395.9 THz (Fig. 4b).
The observed slight deviations between the expected and measured
frequenciesare attributed to two factors: (1) thermal and Kerr-induced
resonance shifts arisingunder ahighintracavity intensity and (2) imper-
fect fulfilment of the frequency-matching condition. The clear spectral
features confirm the successful generation of both SFG and SHG within
the same microcavity. Notably, the SFG output remained robust under
thermal tuning from20 °Cto 73 °C as it maintained a consistent signal
intensity of ~1,100 counts over a tuning range of ~0.7 THz (Fig. 4¢).
This robust signal benefitted from two pump beams independently
resonating with separate cavity modes, and the SFG photon was not
confined by anarrow microcavity resonance.

Further, we exploited the x*® nonlinearity of h-BN in a separate
microdisk resonator to demonstrate the OPA process. Inthat process,
two pump photonsat frequency w,and oneidler photon at w,generated
asignal photon at w, = 2w, - w; while simultaneously amplifying the
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Fig. 4 | Demonstration of CW-driven SFG and OPA processes. a, Energy-level
diagramillustrating an SFG process in a GaSe microcavity. Two input fields

at w, and w, (blue) generate a sum-frequency signal at w; = w, + w, (red).

b, Spectrashowing the input FW beams (top) and the generated SHG and SFG
signals (bottom). ¢, Thermally tunable SFG signal intensity (red bars) and its
corresponding SFG frequency tuning (grey curve) over atemperature range of
20-73°C. Theradius of the GaSe microcavity was ~20 pm. Data are shown as mean
+ standard deviation from four independent measurements. d, Energy-level

Idler power (mW)

diagram of a y® OPA process in an h-BN microcavity. w,, w;and w,denote the
frequencies of the pump, idler and signal, respectively. e, Spectrum showing the
pump, idler and signal light. Inset: zoom-in of the generated signal power when
the pump light is on-resonance (red) and off-resonance (grey) with respect to the
cavity mode. f, Dependence of the output signal power on the inputidler power,
with the pump power fixed at 25 mW. The radius of the h-BN microcavity was

~50 pm. Data are shown as mean + standard deviation from three independent
measurements.

idler wave (Fig.4d). Experimentally, astrong pumpat~195.3 THzand a
weaker idler at-194.9 THz were coupled into the cavity. When the pump
wave was on-resonance with a cavity mode, anew signal emerged near
195.7 THz (the red peak in Fig. 4e). Acomparison between the on- and
off-resonance conditions revealed a signal enhancement of ~12.6 dB
(inset of Fig. 4e), confirming the resonance-assisted parametric gain.
The output signal power exhibited a linear dependence on the idler
input power, as expected for the OPA process (Fig. 4f). This demonstra-
tion establishes vdW microdisks as a viable platform for CW-driven
nonlinear optical amplification. However, this amplification process
is, at present, limited by a large detuning, which originates from the
non-ideal cavity dispersion design. Implementing dispersion engi-
neering to achieve the desired dispersion condition while taking the
Kerr modulation into account could be a pathway to overcoming this
limitation and enhancing the process.

Conclusion

In conclusion, we have introduced a high-precision nanostructuring
technique for awide range of vdW materials that enables the fabrication
of diverse photonic components with exceptional optical quality. As
arepresentative example, we realized h-BN microcavities supporting
WGMs with intrinsic Q factors exceeding 10°. Exploiting the high-Q
resonances in a GaSe microcavity, we demonstrated CW-driven SHG
with full FSR tunability. We finally reported efficient SFG and OPA, all
achieved with CW excitations, an important advance over previous
ultrafast-pulsed implementations. These findings address key limi-
tations in nonlinear optical gain for vdW-based photonics and open
avenues for energy-efficient light conversion on-chip.

Looking ahead, further optimization of the fabrication process
to achieve higher Q cavities (Supplementary Section XIII), combined
with carefully engineered cavity mode dispersion through geomet-
ric design and effective refractive index modulation, could substan-
tially boost nonlinear optical performance under phase-matching
conditions*****¢, By combining high-Q resonances, exceptional non-
linearity and the potential for periodic poling*’, vdW-based resonant
platforms hold substantial promise for applications such as quantum
light sources®®, quantum logic gates®™ and ultra-sensitive sensors®2.
Beyond these, the integration of quantum emitters with vdW cavities
offers a pathway to cavity-quantum electrodynamic regimes that
would enable spontaneous emission control and strong-coupling
dynamics demonstrations®>****, Furthermore, coupling ultralow-loss
vdW structures with other resonant modes, such as plasmonic, pho-
nonic and excitonic platforms, may unlock new physical phenom-
ena and application frontiers®. Overall, our results establish vdW
materials not merely as functional overlays but as foundational
building blocks for next-generationintegrated photonics, thus open-
ing pathways for exploring light-matter interactions and for real-
izing scalable, high-performance, versatile photonic devices with
excellent capabilities.
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Methods

Device fabrication

The VAW materials used in this study were sourced from 2D Semicon-
ductorsand mechanically exfoliated onto PDMS substrates. Selected
flakes were transferred onto quartz substrates using a deterministic
dry-transfer method’. Atomic force microscopy (Bruker Dimension
Icon) was used to characterize flake thickness. Before nanofabrication,
samples were annealed under ~10~° mbar at 170 °C for 2 h to improve
surface cleanliness and adhesion. Then the samples were passivated
witha50-nm Allayer using physical vapour deposition (MASAIM-9912).
The vdW materials were patterned via FIB (Helios Nanolab 600) using
aprogrammed milling function (galliumion beam). Finally, the Al pas-
sivation layer was removed by wet etching in dilute AZ 351B (Merck).

Q-factor characterization

The Qfactors of the disk microcavities were measured across a broad
spectralrange. Tunable CW lasers were employed in six spectral regions
(770 nm, 980 nm, 1,064 nm, 1,330 nm, 1,460 nm and 1,550 nm; DLC
CTL series, TOPTICA Photonics; TLB-6712-P, Newport). Calibration
was performed using a fibre-based Mach-Zehnder interferometer.
The laser was frequency-modulated and injected into the microdisk
throughataperedfibre. A Lorentzian-type transmission spectrumwas
observed near the resonance frequency. The corresponding linewidth
k was read over the scanning time with the calibrated Mach-Zehnder
interferometer, which enabled us to extract the loaded Q factor
Q= w/k, where w is the resonance frequency. The intrinsic Q factors
were extracted via the loaded linewidth and the coupling efficiency,
the detailed operation of which is given in Supplementary Section IV
along with the calibration method.

Nonlinear optical processes in amicrocavity

Three nonlinear optical processes—SHG, SFG and OPA—were dem-
onstrated in this work. SHG operates in a GaSe microdisk with
second-order nonlinearity under the non-depletion regime, with
the process further enhanced by cavity mode confinement. The
coupled-mode equation for the pump mode can be described as

da . Kp .
@ =iApa— 7‘1 — iy/Kp exins 1)

where 4, denotes the pump-cavity detuning and «,(x, ) represents
the total (external coupling) loss of the pump mode. The SH signal
power can be written as

2
2wy}

IbP = M——
€oC NNV ogp

lal*, @

where M evaluates the field overlap between the FW mode and the SH
free-space propagating field, a;, = /K, xPin/@ph represents the
injected photon number. €, is the vacuum permittivity and 71 is the
reduced Plank constant. Q, and V. denote the quality factor of the
pump mode and the effective mode volumn. n,, (n,) represents the
effective refractive index of the pump (SH) light. SFGiis realized using
dual CW pumps tuned to distinct cavity modes, with both pump fields
governed by equation (1) under the non-depletion regime. As for the
OPA process with the third-order nonlinearity within an h-BN micro-
disk, the coupled-mode equations are

. K, . .
= iApa— Epa —2iga*bc — i\[Kp exQin»

% =iAib— b —iga’c" — i\ ebin, 3)

dc . K, .
— =iA.c—=c—1i 2*,
@ sC 2C gab

where a (a*), b (b*) and ¢ (c*) denote the photon number amplitude
(and their conjugates) for the pump, idler and signal modes, respec-
tively, and by, = vk xPin/w;7 represents the injected idler photon
number. g is the single-photon coupling strength. 4, (4,) denotes the
idler (signal)-cavity detuning, k; (k,) represents the total loss of the idler
(signal) mode, and k., is the external coupling loss for the
idler mode.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Source data are provided with this paper.
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Extended Data Fig. 1| FIB patterning and Al protection method. a, Raman
spectrameasured from GaSe fabricated with and without Al passivation.

b, Measured SH intensity from GaSe fabricated with and without Al passivation.
The results underscore the critical role of Al passivation in preserving the vdW
material properties during FIB lithography. ¢, Resolution characterisation of
the fabrication technique. The resolution refers to the smallest achievable
half-pitch of aline-space pattern with 50% duty cycle. The smallest achievable
individual feature can be much smaller than the resolution, and is limited by
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the magnitude of process errors. d, Logos of Aalto University (left) and Peking
University (right) patterned on vdW materials, showcasing the ability to define
arbitrary shapes. The Raman and SHG results are obtained from free-space
measurements (the measurement setup shown in Fig. S1), without involvement
of structure resonances (for example, WGMs); the observed signal differences
therefore originate solely from material degradation and serve to demonstrate
the protective role of the Al film.
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Extended DataFig.2| Comparison of realised Q factors of resonators on vdW material platforms. Comparison encompasses multiple resonant modes: quasi-bound
states in the continuum (q-BIC)**°, photonic crystal cavity (PCC)*, Mie resonator®® and WGM cavity****, evaluated across the spectral range from 680 - 1600 nm.
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