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ABSTRACT

Confining light beyond the diffraction limit is critical in a plethora of important applications, including nano-lasing, sensing,

imaging, and particularly nonlinear optics, as it is essential for enhancing conversion efficiency. Plasmonic resonances can provide

superior field confinement, but inherently suffer from ohmic losses and thermal damage. Implementing deep-subwavelength

optical confinement in all-dielectric materials for enhanced light-matter interactions devoid of these drawbacks is appealing yet

challenging. Here, we demonstrate significant enhancement of second-harmonic generation (SHG) in a bowtie nanostructure
embedded within a suspended thin-film lithium niobate (TFLN) circular Bragg grating (CBG) cavity. The ultrasmall mode volume
reaches less than 0.001(1/n)?. The CBG nanocavity exhibits a high normalized conversion efficiency of 0.85 x 1072 cm?GW !
under the pump intensity of 1 MWcm~—2. An SHG enhancement factor of approximately 3,720 compared to bare TFLN is realized.

This approach paves the way for nonlinear nanodevices for robust sub-diffraction light-matter interaction in an ultra-compact

and lossless dielectric platform.

1 | Introduction

Light confinement at the deep-subwavelength, and even atomic
scale, has long represented a fundamental challenge and a
focal point of ongoing research in nanophotonics. The abil-
ity to spatially localize photons with extreme precision has
opened new avenues for the realization of nanoscale lasers [I,
2], single-molecule sensing [3], superresolution imaging [4], as
well as high-efficiency nonlinear and quantum optical devices
[5-9]. Achieving such confinement typically requires carefully

engineered nanostructures by leveraging optical resonances that
can overcome the optical diffraction limit while minimizing
optical losses.

Plasmonic resonances, which achieve strong field confinement
by coupling light with the collective oscillation of free electrons
in metals, can break the optical diffraction limit and enhance
light-matter interactions at deep-subwavelength scales [5, 10-
12]. Although plasmonic structures possess small mode volumes
[11-19], their high ohmic loss, low damage thresholds, and
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lack of bulk second-order nonlinearity often result in limited
nonlinear conversion efficiency. On the other hand, dielectrics
with ultralow loss are ideal for nonlinear wave mixings in
nanophotonics, and the enhancement can be achieved using vari-
ous optical resonance schemes. Efforts aimed at replacing metals
with all-dielectric materials has led to encouraging progress for
enhanced frequency conversion in nanophotonics. Especially,
the rise of all-dielectric metasurfaces in recent years-taking
advantage of photonic crystals (PhC) [20-24], bound states in the
continuum (BICs) [25-27], Mie resonances [28-30], guided-mode
resonances (GMR) [31] and anapole resonances [32-35]-has
significantly improved the second-order nonlinear conversion
efficiency. Nevertheless, these approaches remain constrained by
the diffraction limit.

This constraint originates from the widely held belief that dielec-
tric materials in the optical band cannot achieve sub-diffraction
confinement [36, 37]. The fundamental obstacle also lies in the
fact that dielectric materials typically have dielectric constants
below ten at the optical band. However, recent research has
shown that an all-dielectric bowtie structure integrated within
a PhC cavity can break the diffraction limit and confine light
into the atomic scale [2, 38-42]. This optical localization arises
from self-similar electromagnetic boundary conditions, which
have been explored in passive optical devices. More recently, it
hasbeen theoretically attributed to a highly confined electric-field
singularity at the apices of the dielectric bowtie nanoantenna,
resulting from a divergence in the photonic momentum. This
mechanism has already been experimentally employed in the
realization of nano-lasers that break the optical diffraction limit
[2]. However, nonlinear and quantum optical effects under
sub-diffraction confinement remain unexplored and have not
yet been demonstrated experimentally. Such ultra-strong light-
matter interactions at room temperature open new possibilities
for nano-scale nonlinear and quantum optical applications.

As a classical nonlinear material, lithium niobate (LN) has
been widely used in nonlinear optics. Thin-film lithium niobate
(TFLN), distinguished by its large second-order nonlinear sus-
ceptibility, strong electro-optic response, and ultra-low optical
loss, has become a material of considerable interest for integrated
nonlinear and quantum photonic applications in recent years
[43-45]. Nonetheless, in comparison to 2D materials and high-
index semiconductors [25, 26, 34], the moderate refractive index
of LN (n, = 2.21, n, = 2.14@1550 nm) imposes limitations on the
achievable quality (Q) factors of nanoscale optical resonators.
To circumvent this limitation, circular Bragg grating (CBG),
which is intrinsically compatible with low-index platforms,
have been implemented in TFLN-based nanophotonic structures
[46]. Beyond enabling high-Q confinement, CBGs also facilitate
efficient photon extraction and enhanced optical field local-
ization, offering significant advantages for nonlinear frequency
conversion and quantum light-matter interaction processes [47,
48].

Here, we demonstrate significant SHG enhancement in sus-
pended deep-subwavelength dielectric nonlinear cavity. The
design involves a bowtie nanoantenna embedded within a TFLN
suspended CBG cavity, enabling highly efficient SHG at the
deep-subwavelength scale. By removing the underlying silica
substrate, we effectively enhance the refractive index contrast,

which leads to a significant improvement in the nanocavity-s
optical Q factor. Through a combination of theoretical analysis
and experimental validation, we demonstrate the reliability of
our design, achieving a maximum experimental Q factor of
370 at the near-infrared (NIR) regime. After integrating the
bowtie nanoantenna, the Q factor decreases slightly. The bowtie-
embedded CBG cavity yields a 3.8 x 103-fold SHG enhancement
factor compared to unstructured TFLN, with a high normalized
conversion efficiency of 0.85x 1072 cm?GW~! under a pump
intensity of 1 MWcm™2. The theoretical mode volume reaches as
small as 6.96 X 107* (1/ n)3, showing extreme light confinement.
This strategy opens new opportunities for the development of
integrated nonlinear or quantum photonic nanodevices and
is expected to advance nanophotonics based on all-dielectric
materials, such as nonlinear crystals, semiconductors, and 2D
materials.

2 | Working Principle of Sub-Diffraction Optical
Confinement in Suspended Dielectric Cavities

In conventional dielectric optical cavities, SHG enhancement is
typically constrained by the optical diffraction limit. However,
introducing singular structures within the cavity can localize
the optical field to deep-subwavelength scales. This extreme
confinement originates from the field singularities at specific
points, which correspond to the infinite solutions of the second
kind Bessel function in cylindrical coordinates, governing the
modal distribution in such nanocavities, see also Supporting
Information for details of the electric field analysis of suspended
dielectric cavities. This sub-diffraction light localization drasti-
cally reduces the mode volume, thereby strengthening light-
matter interactions and enhancing second-harmonic generation.

Thin-film lithium niobate suffers from increased radiation loss
due to a moderate refractive index contrast with the underlying
substrate, as compared with silicon on insulator. To address this
limitation, a suspended CBG structure is introduced, as illus-
trated in Figure la. This suspended configuration significantly
enhances optical confinement in the out-of-plane direction,
thereby improving the Q factor. For the investigation in the NIR
range, a second-order Bragg grating is employed to accommodate
the fabrication constraints of TFLN and to reduce sensitivity to
structural imperfections. The grating period is set to P = 2A with
a duty cycle of D (A is the first-order Bragg grating period).
Additionally, the central nanopillar is carefully designed with a
length of 3n.A /2 to satisfy the condition for anapole resonance,
where n; is the effective refractive index.

To harness the deep-subwavelength enhancement effect, we
integrate a bowtie nanoantenna into the suspended circular
Bragg grating structure, enabling further enhancement of field
confinement and nonlinear conversion efficiency. The schematic
of the suspended CBG nanocavity on TFLN is shown in Figure 1b.
The bowtie nanoantenna is composed of a pair of 120° sector-
shaped apertures, each with a radius of r, separated by a nanogap
of G. Notably, the radius r must be carefully controlled. It can
disrupt the circular Bragg resonance if r is too large, leading
to a significant reduction in the Q factor. In this work, the
designed bowtie nanoantenna features a radius r = 260 nm and a
minimum gap size G = 20 nm.
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FIGURE 1 | Working principle of deep-subwavelength dielectric nonlinear cavity. (a) Schematic of the suspended CBG on TFLN with anapole
resonance. (b) Schematic of the bowtie in CBG on TFLN with deep-subwavelength resonance.
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FIGURE 2 | Anapole-mode-enhanced light confinement in suspended CBG cavity. (a) Side view of the suspended CBG cavity. (b-d) yz, xy, and xz
cross-sectional views of the electric field at the resonant wavelength of 1327 nm. (e,f) Electric and magnetic field distribution at the anapole resonant

wavelength of 1327 nm. (g) SEM images of the fabricated suspended CBG cavity. (h) Experimental reflection spectrum with the period of 740 nm and

duty cycle of 0.66 shows a Q factor of 370 (300) for z-polarized (y-polarized) light excitation.

3 | Results and Discussion

3.1 | Anapole-Mode-Enhanced Light Confinement
in Suspended CBG Cavity

The side view of the suspended CBG cavity is shown in Figure 2a.
The sample is fabricated on a commercially available 400-nm x-
cut LN film (h = 400 nm) bonded on a 4.7-yum-thick silica buffer-
ing layer and a 500-um-thick silicon substrate (NANOLN, inc.).
The undercut structure is fully suspended, i.e., the beneath buffer-
ing silica is removed. Selective etching technique is employed to
fully suspend the structure without causing collapse or damage.
The detailed fabrication process is provided in Methods. The
suspended CBG structure is designed to overcome the limited

refractive index contrast between LN and silica. This suspended
configuration enhances optical confinement in the out-of-plane
direction with an improved Q factor. By reducing the width of
the supporting bars, the Q factor can be further increased. The
supports are set to be 90 nm wide, to ensure structural strength
and weak light scattering, see also Figure S4. Additionally, LN
is notoriously difficult for etching with a small sidewall angle
(typically 60-80°). As shown in Figure S5, the sidewall angle
increases with increasing duty cycle, indicating improved etching
sidewall for larger duty cycles. The reflection spectra of the sus-
pended CBG on TFLN are characterized using a supercontinuum
laser source in the NIR range. A detailed description of the
spectral measurement can be found in the Methods Section and
Supporting Information. Gratings with different periods and duty
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FIGURE 3 | Sub-diffraction light confinement in bowtie-embedded suspended CBG cavity. (a) Simulated far-field radiation patterns of the

suspended CBGs with two and six concentric Bragg rings. (b) Electric field distribution of the bowtie embedded nano-cavity with strong light confinement

at the nanoantenna center (inset: enlarged electric field). (c) SEM images of the fabricated CBG nanocavity on TFLN with a bowtie nanoantenna
positioned at the center. SEM images of the fabricated CBG nanocavity on TFLN with a bowtie nanoantenna positioned at the center. The top panel shows
the overall structure (scale bar: 2 um), while the bottom panel presents a magnified view of the central bowtie (scale bar: 200 nm). (d) Experimental

reflection spectrum of the sample with the period of 740 nm and duty cycle of 0.66 shows a Q factor of 308 for z-polarized light excitation and 310 for

y-polarized light excitation. (e) SHG enhancement in suspended CBG and bowtie-in-suspended CBG Structures.

cycles are used to investigate different resonance conditions, i.e.,
the spectral positions of the reflection dips (see also the Figures S6
and S7). Importantly, the observed reflection features arise from
modifications of the scattering response of the structure under
external excitation, rather than from direct far-field radiation of
the anapole mode itself.

In the experiment, the suspended CBG exhibits strong elec-
tric field confinement and supports anapole resonance. The
simulated localized electric field of the fundamental harmonic
(FH) wave is mostly confined in the central nanodisk at the
resonant wavelength of 1327 nm, as shown in Figure 2b-d. The
resonance at the center is identified as a non-radiative anapole
mode. As illustrated in Figure 2e.f, the destructive interference
between the radiation modes of the electric dipole and toroidal
dipole moments at 1327 nm leads to the suppressed far-field
radiation, a hallmark of the anapole state. This non-radiative
nature results in strong field confinement within the structure,
making it highly favorable for enhancing nonlinear optical
effects. The suspended CBG is fabricated through a streamlined
process involving plasma-enhanced chemical vapor deposition
(PECVD), electron beam lithography (EBL), inductively coupled
plasma (ICP) etching, and wet etching, with a scanning electron
microscope (SEM) image of the sample presented in Figure 2g. A
detailed description of the fabrication procedure can be found in

the Methods Section and Supporting Information. Furthermore,
owing to the suspended configuration, the fabricated circular
Bragg cavity exhibits a significantly enhanced Q factor, as shown
in Figure 2h. Due to the anisotropy of LN, the resonant wave-
length exhibits polarization-dependent shifts under excitation by
the FH pump light along the z- and y-polarization directions.
The highest measured Q factors reach 370 and 300, respectively,
representing a significant improvement over our previous work
[46], where a Q factor of 260 was achieved.

3.2 | Sub-Diffraction Light Confinement in
Bowtie-Embedded Suspended CBG Cavity

We integrate a bowtie nanoantenna into the suspended circular
Bragg grating structure, enabling further enhancement of field
confinement and nonlinear conversion efficiency. The reflection
spectra of the bowtie structure embedded in the suspended CBG
on TFLN, with grating periods (P) ranging from 720 to 820 nm, are
characterized. By varying the grating periods and duty cycles, the
resonance peak positions can be effectively tuned, enabling the
device to satisfy a range of resonance conditions. The measured
reflection spectra exhibit a clear redshift of the resonance wave-
length with respect to the increasing grating periods, consistent
with theoretical predictions, see also Figure S8.
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FIGURE 4 | SHG and enhancement in the TFLN nanocavity sample. (a) Spectral and temporal profiles of the pump light. (b) SHG enhancement
of suspended TFLN resonator with the periods of 720, 740, 760, 780, 800, and 820 nm. Blue denotes the Bowtie-in-CBG structure, and red denotes the
suspended CBG without the bowtie. (c) SHG enhancement of suspended TFLN resonators with duty cycles of 0.58, 0.63, and 0.66, and a fixed grating
period of 760 nm. (d) Experimentally observed visible SHG signal from the nanocavity sample.

In addition to compactness, the circular Bragg configuration also
demonstrates remarkably superior photon collection efficiency.
As illustrated in Figure 3a, when the nanocavity comprises
only one concentric rings, the far-field energy distribution is
highly divergent. In contrast, the inclusion of five rings results
in a far-field energy concentration confined within an angular
range of less than ten degrees in the momentum space. This
behavior confirms that the suspended CBG structure achieves
exceptional compactness, with a minimal footprint down to
10 um. Additionally, its excellent nonlinear performance and
substantially reduced fabrication costs enhance its advantages in
multiphoton manipulation, paving the way for compact photon
entanglement at room temperature.

As illustrated in Figure 3b, simulation results indicate that
the electric field is primarily localized at the nanoantenna’s
apices, demonstrating a further approximate sixfold enhance-
ment relative to the suspended CBG without the bowtie structure.
To prevent a non-convergent solution, the apices of bowtie is
designed with a 20 nm-radius arc, and the actual fabricated
results closely correspond to this design. As the gap increases,
the electric-field enhancement factor gradually decreases (see
Figures S10 and S11). In contrast, no pronounced magnetic-
field enhancement is observed. The field enhancement originates
from electric-field singularities at the sharp tips and within the
nanogap region, leading to pronounced electric-field localization.
Magnetic-field confinement, however, generally requires circulat-
ing displacement currents forming closed loops, which are not
supported by the bowtie geometry. Therefore, the enhancement
in the bowtie structure is dominated by electric-field localization.

Additionally, we calculated the mode volume by performing the
following volume integral on the computed electromagnetic field

obtained via the finite-difference time-domain method, V,, =
/ eE2dV
max(¢E2)
the electric field amplitude. The integration is performed over

the localized mode region near the bowtie tip. The calculated
mode volume is 6.96 X 10~* (1/n)3. This shows the structure sig-
nificantly enhances electromagnetic field localization beyond the
diffraction limit. Such an ultra-small mode volume significantly
enhances light-matter interaction, which can be exploited to
boost the efficiency of SHG, and pave the way for the exploration
of nonlinear optical phenomena in the sub-diffraction regime.

, where ¢ is the local permittivity distribution, and E is

The bowtie-in-CBG structure is fabricated by introducing a
gradient in the segment spacing. SEM images of the fabricated
structure are shown in Figure 3c, while a detailed view of the
gradient spacing is provided in Figure S12. As shown in the lower
panel of Figure 3c, the scale bar corresponds to 200 nm, and the
minimum gap is close to 20 nm, representing the best fabrication
result achieved on TFLN to date and enabling subwavelength
light confinement. However, due to the sidewall taper introduced
during etching, the gap may locally shrink to nearly O nm at the
edge of the structure.

The fabricated bowtie structure embedded in the suspended CBG
exhibits high Q factors of 308 and 310 under z- and y-polarized
light excitation, respectively, as shown in Figure 3d. Compared
to the suspended CBG without the bowtie nanoantenna, the
Q factors are only slightly reduced. It is expected that further
reduction of the bowtie size will lead to an increase in the Q
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factors. These results indicate that the incorporation of the bowtie
structure does not significantly compromise the device-s Q factor.

Compared to the suspended CBG without the bowtie structure,
the bowtie-in-CBG exhibits a higher SHG enhancement, as
shown in Figure 3e. In fact, the SHG enhancement factor is even
higher at the bowtie tips, which requires detection using scanning
near-field optical microscopy. From the Supporting Information
of nonlinear coupling wave equation and SHG enhancement,

it can be deduced that the conversion efficiency satisfies % oS
1
Q,Q?|B|?. The nonlinear coupling coefficient 8 characterizes the

efficiency of SH and FH waves within the composite cavity.
Specifically, 8, quantifies the coupling from the FH mode to
the SH mode, taking into account contributions from both
the hotspot and non-hotspot regions, while 8, emphasizes the
contribution of the SH mode to FH mode.

Based on Equation (S24), we further derive the relationship
between the mode volume V,, and the nonlinear coupling
coefficients. In the hotspot region, the coupling can be expressed
as B ~gx?/ \/V_m’ where g denotes the fraction of the electro-
magnetic energy localized within the singularity region. In the
non-singular region, the coupling is 8/ ~ (1 — g) x®/+/V},. The
total nonlinear coupling is then given by the sum B, = 8; + ;.
Notably, although the calculated mode volume in the hotspot
is very small, the overall SHG enhancement is limited by the
coupling between the CBG and the bowtie nanocavity.

3.3 | Comparison of Bowtie-Integrated and
Suspended CBG Structures for SHG

The lattice of LN belongs to the R3c space group, with threefold
rotational symmetry along its optical axis. Based on this symme-
try, the y- and z-component nonlinear polarization can be written
as:

P, = ¢)(—d,,E: + d,,E; +2d5, E,E, ), o
1
P, = ¢,(dy, E2 + d3,E} + d3;EZ),

where dy, =d,, =21 pmV™", dy =—4.3 pmV™, and ds; =
—27pmV . Eis the electric field, and ¢, is the vacuum permittiv-
ity. The phase-matching condition is significantly loosened at the
nanoscale, as the wave interaction length is much shorter than
the coherent buildup length. The second harmonic conversion
efficiency reaches its maximum when the polarization angle of
the incident light is aligned along the z-direction (optical axis).
Therefore, we investigated the nonlinear enhancement factor
along the crystal axis, which yields the strongest enhancement
efficiency. In the experiment, the pump light, with a pulse width
of 220 ps and a full width at half maximum (FWHM) spectral
bandwidth of 1.9 nm, is filtered from a supercontinuum source
using a tunable narrow bandpass optical filter. The FH spectrum
is shown in Figure 4a. The FH wave at the resonant wavelength
is tightly focused onto the sample using an objective lens with
a numerical aperture (NA) of 0.65, see also Methods for details
about the experimental setup. The maximum incident power on
the sample is measured to be 0.21 mW, yielding a high normalized
conversion efficiency of 0.85x 1072 cm?’GW~! under a pump
intensity of 1 MWcm™2, see also Tables S1 and S2.

The FH pump corresponding to the structural resonance under
different periods and duty cycles is extracted to evaluate the
enhancement of the SHG signal. The FH spectra are presented
in the upper panels of Figure 4b,c, and the corresponding
enhancement factors are shown in the lower panels. Blue denotes
the bowtie-in-CBG structure, and red denotes the suspended CBG
without the bowtie. A maximum enhancement factor of up to
3,720 is achieved for the bowtie-in-CBG structure compared to
bare TFLN. In the design, the Bowtie structure is required to
be minimized in size. For structures with small periods and low
duty cycles, the relative size of the Bowtie is small. Consequently,
the introduction of Bowtie-in CBG does not yield a noticeable
enhancement under certain period and duty-cycle conditions.
However, a pronounced enhancement effect is observed at large
periods and high duty cycles. It is worth noting that the overall
SHG reflection intensity of the 400-nm-thick TFLN is about
ten times stronger than that of the 300-nm-thick sample at
the same excitation wavelength of 1310-nm (see Figure SI3).
To demonstrate the compactness of the sample, the structure
is designed with only 10 Bragg rings, resulting in an enhance-
ment factor spanning three orders of magnitude. At extremely
low incident pump power, visible SHG signals can be directly
observed, as shown in Figure 4d; see also the Movie S1. The
remarkably low incident pump power greatly extends the device
lifetime, laying the foundation for stable and efficient quantum
entanglement applications.

Figures 5a-c compare the SHG emission from three different
structures, i.e., the bare TFLN, suspended CBG, and bowtie in
suspended CBG. The enhancement of CGB and further enhance-
ment of bowtie-in-CBG is evident. Nonetheless, the inherent
diffraction limit precludes the direct spatial resolution of the
enhancement localized at the apex. The enhancement within the
hotspot gap of the bowtie is expected to be significantly stronger.
This requires higher-resolution imaging technique, like scanning
near-field optical microscopy (SNOM), to map the local field
distribution. However, due to the experimental limitations, only a
preliminary analysis of the near-field enhancement is conducted.
The simulated variation of the electric and magnetic field with
gap spacing is provided in Figure S10.

Furthermore, the SHG signal spectra of bowtie-integrated sus-
pended CBG with different periods are detected, and the SHG
signal is significantly enhanced compared to the background
signal. As shown in Figure 5d, with the increase in period, the
resonance peak shows a clear redshift. The SHG signal exhibits a
clear quadratic relationship with the fundamental pump intensity
(Figure 5e). In the log-log plot, the slope is 2.21, confirming the
presence of second-order nonlinearity. Additionally, the relation-
ship between the SHG signal and the polarization of the pump
light is tested (Figure 5f). The second harmonic enhancement
is strongest when the incident light is aligned along the crystal
axis. Both tests indicate that the observed signal arises from the
second-order nonlinear effect.

4 | Conclusion
In this work, a bowtie nanostructure integrated within a sus-

pended circular Bragg cavity is experimentally demonstrated with
giant SHG enhancement beyond the diffraction limit. The CBG
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FIGURE 5 | Characterization of the SHG performance. (a—c) Microscopy images of SHG spots on (a) bare TFLN, (b) suspended CBG, and (c) bowtie
structure in suspended CBG, respectively. (d) SHG spectra of bowtie in suspended CBG with the periods of 740, 760, 780, and 800 nm. (e) Log-log
plot showing the quadratic relationship between the SH and FH powers in the bowtie structure within the suspended CBG, with pump wavelength
P =760 nm and duty cycle D = 0.63. (f) Polarization dependence of SHG power under the resonant FH pump. (g) Comparison of SHG conversion

efficiency of different structures.

nanocavity achieves a high normalized conversion efficiency of
0.85 x 1072 cm*GW~! under a pump intensity of 1 MWcm—2, with
amode volume as small as 6.96 x 10~* (1/n)*. An SHG enhance-
ment factor of 3,720 is achieved compared to bare TFLN. Efficient
SHG under ultralow pump intensities is demonstrated, signifi-
cantly improving both the device performance and operational
lifetime, while simultaneously reducing the mode volume.

In contrast to plasmonic resonances, the bowtie-integrated CBG
structure is free from thermal losses and supports higher optical
powers, significantly extending the upper limit of nonlinear con-
version efficiency while maintaining an ultrasmall mode volume.
Furthermore, compared to other all-dielectric nanostructures,
our design exhibits a significantly reduced mode volume while
maintaining a high SHG efficiency. The comparative results are
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shown in Figure 5g and Table S3. Notably, this work represents
the first experimental realization of a nonlinear optical response
beyond the diffraction limit in an all-dielectric resonator.

In addition, we have demonstrated that a suspended circular
Bragg cavity with only a few rings can achieve strong field local-
ization, reducing the device footprint to below 10-um. Compared
to metalens arrays and BIC metasurfaces, this system offers
higher nonlinear efficiency and greater compactness, providing a
promising platform for compact, room-temperature multiphoton
entanglement applications.

In summary, our work confirms the feasibility of achieving
enhanced SHG in all-dielectric nanocavities to break the diffrac-
tion limit by integrating a bowtie nanoantenna into a suspended
CBG nanocavity. The infinite singularity of the electric field at
the apices of the dielectric bowtie nanoantenna enables extreme
field localization, leading to a subdiffraction-limited mode vol-
ume with significant second-order nonlinearity enhancement
in the bowtie-in-CBG nanocavity on the TFLN platform. The
work opens new avenues for nonlinear photonics beyond the
diffraction limit. Achieving ultralow mode volumes is crucial
for practical applications in nonlinear nanophotonics. Strong
field confinement not only enhances light-matter interaction
and nonlinear conversion efficiency but also enables single-
photon nonlinear processes. The ultralow mode volumes of
these structures offer transformative potential. These effects are
particularly important for on-chip quantum photonics, integrated
nonlinear optical devices, and nanoscale frequency conversion.
Such capabilities are essential for nano-lasers, nonlinear optics,
photocatalysis, super-resolution techniques, quantum sources,
and quantum computing, highlighting the transformative poten-
tial of structures with ultralow mode volumes.

5 | Methods
5.1 | Theoretical Calculations and Numerical
Simulations

The suspended circular Bragg gratings were engineered with a
tailored radial period to support resonant operation across the
1250-1500 nm wavelength range. Starting from the nonlinear
Maxwell-s equations and assuming a time-harmonic electric field
of the form E(r,t) = E(r)e”™, the numerical simulations were
performed using the finite-difference time-domain method.

In the absence of electrostatic interactions-that was, neglecting
the free charge density (o, = 0) and the free current density (J, =
0)-the nonlinear Maxwell’s equations can be simplified under the
high-frequency approximation (e.g., in the optical regime).

Based on the symmetry properties of TFLN, the nonlinear electric
displacement field D(w) can be explicitly derived as:

This expression accounts for both the linear and second-order
nonlinear polarization contributions permitted by the crystal
symmetry of LN.

If only the anisotropy of the linear refractive index was con-
sidered, the solution of the electromagnetic field in cylindrical
coordinates could be classified into two types, depending on
whether the bowtie structure is present at the center.

51.1 | Regular Case Without Singularities

In typical cylindrical geometries where the domain includes the
origin (p = 0) and no geometric singularities are present, the
solution to the radial equation must remain finite at p = 0. Since
the Bessel function of the second kind, Y, (k;0), diverges at the
origin, the physical requirement of regularity demands that its
contribution be excluded. Thus, the general solution simplifies to:

Ri(p) = A, (kip), (3)

where J,,, (k;p) is the Bessel function of the first kind, and A; is a
constant determined by boundary conditions.

5.1.2 | Case with Bowtie-Shaped Singularities

In contrast, when a bowtie-shaped singularity-such as a sharp
metallic tip or a subwavelength dielectric gap—was present near or
at p = 0, the center was no longer a regular point in the domain.
Such geometric features introduce a physical or mathematical
singularity that invalidates the regularity condition at the origin.

In this scenario, the solution to the radial equation must retain
both Bessel functions:

Ri(p) = Ay, (kip) + B,Y , (kip), €]

In this case, B; is nonzero, leading to a divergent electric field
at the singularity. The divergent nature of Y,, at the origin is
therefore not unphysical, but may instead reflect genuine field
enhancement resulting from the singular geometry. Such effects
were particularly pronounced in dielectric nanogaps or nonlinear
optical hotspots, where geometric singularities give rise to strong
localized field amplification. Neglecting higher-order small terms
of the electric field, the eigenmodes E and H are expressed as in
Equation (S21).

5.2 | Fabrication of Suspended Circular Bragg
Cavity

The suspended circular Bragg cavities were fabricated on a 400-
nm thick x-cut TFLN (NANOLN), bonded on a 4.7-um thick
silica buffering layer and a 500-um thick silicon substrate. First, A
layer of 600-nm amorphous silicon is grown on TFLN by plasma
enhanced chemical vapor deposition (PECVD). Next, a layer of
polymethyl methacrylate (Zep520A) photoresist is spin-coated on
the TFLN chip at a speed of 4000 rpm and baked at 180°C for 3
min. Then, the mask for CBGs and EBGs patterns was defined

Dx(w) €xx(w)Ex(w) + 2d15Ey(w)Ez(w)
Dy(w) =& Eyy(c‘))lay(a)) + ZdISEx(w)Ez(w)
D, (w) €22 (0)E, () + d3 (EX(@) + Ej(w)) + d5;EZ ()
@
8 0f 10
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using electron beam lithography (EBL), with a spot size of 5 nm
and beam current of 2 nA. After EBL, the Zep520A photoresist
was developed for 70 s in Pentyl acetate developer and fixed with
IPA for 1 minute. The pattern of amorphous silicon was used
as a hard mask during inductively coupled plasma reactive ion
etching (ICP-RIE) process. Finally, CBGs were obtained after ICP-
RIE and selective etching (Uetch-SyS VHF Etch System) of the
silica buffering layer.

5.3 | Experimental Setup for Spectroscopy and
SHG Measurement

The light source was a picosecond supercontinuum laser with a
pulse duration of 220 ps (YSL photonics SC-pro, repetition rate:
20 MHz). The supercontinuum was first filtered by a long-pass
filter (>1250 nm). The input light was then tightly focused on
the sample by a NIR microscope objective (Mitutoyo 50x, NA =
0.65). Reflection light was collected by the same objective and
reflected by a beam splitter (50:50, 600-1700 nm). A flip mirror
was added after the beam splitter to guide the beam into two arms.
The light was either coupled into a multimode fiber and recorded
by a spectrometer or imaged using a camera (EMCCD, iXon Ultra
897). During the SHG characterization, the supercontinuum was
filtered by a tunable narrow optical filter (YSL photonics AOTF-
PRO2, FHWM 1.9 nm), and the beam was tightly focused onto the
sample. The intensity of the reflected signal was measured using
an EMCCD.

5.4 | Calculation of SHG Conversion Efficiency

The EMCCD pixel intensity was pre-calibrated using a light
signal at the same wavelength (655 nm) range as the SHG signal.
A photodiode power meter (Thorlabs, S130C, 400-1100 nm)
measured the intensity of the known signal as 5 nW. The light
spot was focused onto the EMCCD to integrate the signal, and
the exposure time was recorded. The power was mapped with
the sum count of N,,,,. The exposure parameter was 0.001 ms.
The CCD exposure time ¢, was linearly proportional to its count.
Thus, the SHG signal with a sum count of N is calibrated as:
N /tex

Py = Npmax /(2.001 ms) >W.

During the experiment, two short-pass filters (OD > 7) are used
to filter the FH wave. The SHG conversion efficiency is defined
as 1) = Pgy /Py, Where Py and Ppy are the average powers of
the SHG signal and FH, respectively. The power focused onto the
sample is approximately 0.21 mW.

The peak intensity Ppy is calculated as: Py = P/(ft), where f
is the pulse repetition rate and r = 220 ps is the pulse duration.
The normalized SHG conversion efficiency 7,,,, is calculated as:
Nnorm = 1S /Py, Where S is the focused beam area, with the spot
diameter given by 6§ = 1.224/N.A. = 2.46 um.
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