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Abstract

We propose a silicon carbide (3C-5iC) periodic grating structure based on quasi-bound states
in the continuum (g-BICs), which is used to significantly enhance the second-order optical
nonlinear effect, including second-harmonic generation (SHG) and sum-frequency generation
(SFG). By introducing a four-segment sub-wavelength grating on the SiC thin film and
tailor the dimension, the structure successfully excites two g-BIC modes with ultra-high Q
factor (resonant wavelengths at 1713.2 nm and 1804.6 nm respectively), realizing enhanced
localization and nonlinear interaction of the strong light field. The simulation results show
that under oblique incidence, the structure significantly enhances SFG efficiency and exhibits
strong robustness to variations in key structural parameters. In addition, the study also
reveals the coexistence of forward and backward SHG, and resonant wavelength tuning can
be achieved by adjusting the structure dimension. This work not only provides a new path to
enhance the nonlinear conversion efficiency of SiC thin films and solve the problem of difficult
phase matching, but also lays the theoretical and technical foundation for the development of
compact, efficient and integrated SiC-based nonlinear photonic devices.

Keywords: silicon carbide gratings; second harmonic generation; nonlinear interaction;
g-BICs/quasi BIC

1. Introduction

Nonlinear optical processes [1,2], such as and SFG and double frequency conversion
(SHG) [3], are one of the cores of modern photonic technology and is widely used in laser
frequency conversion, quantum light source and integrated optical signal processing [4,5].
The efficiency of such processes depends on the intensity of the interaction between light
and matter and the localization capacity of the light field on a sub-wavelength scale. Com-
pared to lithium niobate and silicon, The silicon carbide (SiC), as a third-generation wide-
bandgap semiconductor, exhibits unique advantages [6,7]. Silicon carbide (5iC) combines a
wide transparency window (0.3-6 pm), an extremely high breakdown field (3.3 MV /cm),
and excellent thermal conductivity. This allows it to withstand high-power lasers and
manage heat efficiently. We selected SiC for its comprehensive advantages—broadband
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operation, high-power handling, integration potential, and stability—rather than a single
record nonlinear coefficient [8-10]. In recent years, the research on SiC integrated photonics
has made remarkable progress, especially towards nonlinear applications [11-18]. For ex-
ample, third-harmonic generation in the visible band has been observed in the 3C-SiC
nanobeam resonant cavity, and the enhanced SFG based on the SiC photonic crystal cavity.
These results have preliminarily verified the potential of SiC in mid-infrared nonlinear
frequency conversion and on-chip quantum light sources.

Nevertheless, the development of SiC integrated nonlinear photonic devices still faces
a key bottleneck: Although SiC itself is non-centrosymmetric (point group 43 m) and
exhibits bulk second-order nonlinearity, achieving efficient second-order processes in con-
ventional SiC waveguides remains challenging due to strict phase-matching requirements
and limited mode overlap [19]. However, in metasurfaces, the introduction of specific
geometric asymmetries (symmetry defects) allows for the artificial induction of strong
effective second-order nonlinear polarisation at the local level, thereby circumventing
the reliance on conventional phase matching and directly realising efficient second-order
nonlinear optical effects at the ultrathin scale [20]. In particular, Radulaski et al. demon-
strated the feasibility of 3C-SiC microcavities for frequency conversion, paving the way
for the development of highly efficient on-chip nonlinear light sources [21]. Meanwhile,
Shi et al. introduced strong structural asymmetry by etching waveguides at the sidewalls
and the top-sidewall junctions. This interfacial effect breaks the overall symmetry, thereby
activating the intrinsic second-order nonlinear susceptibility of silicon carbide [22]. These
results preliminarily demonstrate the potential of SiC metasurfaces for applications such as
mid-infrared nonlinear frequency conversion and on-chip quantum light sources.

In these studies, the level of the Q factor has become a crucial factor. g-BICs are
realized in the open structure through symmetry breaking, transforming theoretically
resonant states with infinite Q factor into practically applicable high-Q resonances, which
simultaneously maintain free-space radiation coupling and enable strong light field lo-
calization and enhanced light-matter interaction [23-26]. In addition, traditional optical
fiber communication C-band (1530-1565 nm) and L-band (1565-1625 nm) resources are
becoming increasingly scarce, while 1700-1800 nm is an exploratory region for extending
to longer wavelengths and can be used to increase communication capacity.

To this end, this study proposes and demonstrates an innovative scheme based on
periodic grating q-BICs to address the bottleneck in SiC nonlinear conversion efficiency.
By designing a subwavelength grating structure of SiC and performing structural opti-
mization, a g-BIC resonance mode with strong localization of the light field within the
nonlinear material is achieved. This structure enables sum-frequency conversion efficiency
at the 102 level. By adjusting the structural parameters, resonant wavelength tuning and
control can be achieved. At the same time, benefiting from the nanoscale compactness,
the structure offers the advantages of being ultra-compact and monolithically integrable.

2. Symmetry-Broken Dual Quasi-q-BIC

Within the theoretical framework of bound-in-continuum states (BIC), the electromag-
netic response of a system can be described by a non-Hermitian Hamiltonian model [27].
For a two-mode coupled system, its Hamiltonian can be expressed as:

_(w kY v Yel?
H_<k w) l(’yeifp fy) M
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In this context, w represents the natural frequency of the mode, k denotes the inter-
mode coupling strength, - signifies the radiation loss, and ¢ indicates the phase factor.
The intrinsic frequency of this system is:

wr =wxk—iy(l+e?) ()

Under ideal symmetry conditions where ¢ = 0, the system supports perfect BIC modes
with zero imaginary parts of their eigenvalues, corresponding to infinite quality factors (Q
factor). When symmetry breaking is introduced (e.g., through the geometric parameter a),
the system Hamiltonian expands to a more general form:

H— wA k —i 7 VYAYB (3)
k  wp VYAYB YB

The corresponding natural frequency is:

(wa +wp) —i(ya+78) £ \/[(WA —wgp) —i(va —78)* +4(k —iy/7a7B)? @
w4 = 5

This expression clearly reflects the impact of symmetry breaking on the mode fre-
quency and loss. When the following critical condition is satisfied:

k(va —vB) = VyarB(wa — wp) (5)

This condition represents a balance between the coupling strength k and the
asymmetry-induced differences in mode frequencies and radiation losses. Physically,
it describes the point at which the two resonant modes become maximally hybridized while
maintaining minimal net radiation loss, thereby enabling the formation of dual high-Q
quasi-BIC resonances. In our design, the asymmetry parameter & = A—z directly influences
this balance. As « increases, the widths of the two air gaps (Db and Dc) become increasingly
unequal, breaking the mirror symmetry of the unit cell. This leads to a gradual detuning of
the mode frequencies (w4 # wg) and a redistribution of radiation losses (y4 # 7g), while
the coupling strength k remains largely governed by the periodic modulation. When the
structural parameters are tuned such that Equation (5) is approximately satisfied, the sys-
tem enters a regime where both quasi-BIC modes exhibit simultaneously high Q factors
and strong field confinement. The four-segment grating structure designed in this paper
realizes a dual-quasi BIC mode by adjusting «, and its resonant behavior can be precisely
described by the aforementioned theoretical model.

The structure is based on the silicon carbide platform design on the insulator, and is
composed of the SIC layer deposited on the substrate and its four-segment periodic grating
at its top. In order to ensure the effective transmission of the guide mode, the equivalent
refractive index of the grating and the substrate material should be lower than that of the
SIC layer. SiO, has become a medium widely used in silicon carbide platforms in linear and
nonlinear optical applications, so we choose it as the material for gratings and substrates.
Figure 1 shows a schematic of the unit cell of the structure as well as the diagram of sum-
frequency and second-harmonic generation. The period of the cell of the unit is P = 800 nm,
the thickness of the SIC layer is Hg;c = 330 nm, the substrate is assumed to be semi-infinite,
and the grating unit consists of four parts: the first and third parts of the materials are
5i0,, with the same width D, = 0.15P and the same trapezoidal slope 6T, the same
height Hg;0, = 300nm, the second and fourth parts are air gaps, and the widths are set
to Dy = Dy — Ad and D, = Dy + Ad respectively, where Dy = 0.35P is the initial width.
By introducing the geometric parameter « = g—‘j (0 < & < 1), the width difference between
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the air gaps is regulated, thereby introducing a controllable asymmetric perturbation
into the structure. This perturbation promotes the transformation of the original ideal
bound state (BIC) into a quasi-BIC mode, and then excite two guide mode resonances with
ultra-high-quality factors (Q factor) in the grating. This resonance mechanism effectively
localizes the electric field and provides the field enhancement necessary for nonlinear
optical processes.

Sum-frequency generation (SFG) refers to the process in which two photons of dif-
ferent frequencies interact and “merging” in nonlinear crystals to produce a new photon
with a higher frequency (more energy) [28,29]. Two input photons (frequency w; and
w» respectively) are absorbed by the medium, and an output photon (frequency ws3) is
generated at the same time. This process follows the law of conservation of energy, that
is, w3 = w1 + wy. This means that the frequency of the output light is the sum of the two
input light frequencies. In order to realise efficient conversion, it is also necessary to satisfy
momentum conservation, that is, k1 + kp = k3 (where k is the wave arrow). This condition
is known as phase matching in nonlinear optics. In addition, SHG is a special case of SFG
in which the two input photons have identical frequencies. Two exactly the same photons
(both frequencies are w1) combined in a nonlinear crystal to produce a new photon with
a double frequency, that is, w3 = 2w;. Therefore, SHG is also commonly referred to as
“second-harmonic generation”.

_________________
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Figure 1. (a) Schematic diagram of the periodic grating structure. (b) Cross-sectional view of the unit
cell and the energy diagram of the SFG process.

We use COMSOL Multiphysics 6.3 for simulation modeling: periodic boundary con-
ditions are set in the x direction, and a perfectly matched layer is set in the y direction.
The transverse electric (TE) polarised plane wave (the electric field is parallel to the z-axis) is
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incident at an oblique angle 0. The refractive index data of SiC comes from the experimental
measurement value, and its maximum second-order nonlinear tensor component ds3 is
arranged in parallel with the incident polarisation. Figure 2a,b show the change law of
6 = 4° and BIC. In the ideal structure, energy is perfectly bound in the structure and cannot
be leaked into free space through any radiation channel. It is because they are not coupled
with the outside world that the plane waves emitted from the outside cannot directly excite
these “True BIC”. When we introduce an asymmetry parameter into the structure, it breaks
the original symmetry. We change the parameter x. When a # 0, the unit cell no longer
possesses perfect mirror symmetry. This symmetry breaking opens a radiation channel for
the BIC, transforming the originally perfect, infinitely high-Q BIC into a quasi-BIC that can
couple to free-space radiation. At this time, the Q factor changes from infinity to a finite
but still very high value. Through the external incident light, the quasi-BIC mode can be
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Figure 2. (a) Resonant dip near 1712.2 nm (q-BIC1) and the electric field intensity diagram. (b) Reso-
nant dip near 1804.6 nm (q-BIC1) and the electric field intensity diagram.

The key to realizing the “double-peak” quasi-BIC lies in Brillouin zone folding. In a
symmetrical grating with a period of P, its energy band structure (the relationship between
electromagnetic mode frequency and wavevector) exists within a region known as the
Brillouin zone. As illustrated below, Figure 3a presents the band structure diagram for the
period P’ = P/2, while Figure 3b presents the band structure diagram for the period P.
When a perturbation with period P is applied to a grating with a fundamental period of
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P’ = P/2, an equivalent superlattice structure with doubled period (P = 2P’) is formed.
At this point, the new wave vector becomes Gpew = 271/P = 0.5G,)4. Modes originally
situated at the boundary of the old Brillouin zone (k = 71/P), whose wave vectors are
precisely integer multiples of Gnew, are consequently ‘folded” back into the new Brillouin
zone. The progression from Figure (a) to (b) clearly demonstrates that introducing a periodic
perturbation folds modes originally within the light cone to its exterior. Two guided modes,
previously situated at distinct positions in momentum space, now appear near the same
momentum point after folding and become degenerate. At this point, introducing the
asymmetry parameter a simultaneously breaks the symmetry of these two folded modes,
transforming them both into quasi-BICs. This manifests in the transmission spectrum as
two independent high-Q resonance valleys (q-BIC1 and g-BIC2).
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Figure 3. (a) Band structure diagram at a period of 0.5P. (b) Band structure diagram for a period of P.

In order to obtain better light field confinement, we have optimized the structure on
the basis of the traditional rectangular grating. In the optical resonant cavity, the Q factor
is defined as Q = w X (stored energy/energy lost per second). The higher the Q factor,
the longer the energy is stored in the cavity, the sharper the resonance peak, and the lower
the loss, so the loss is the determining factor of the Q factor [30,31]. The side wall of the
trapezoidal grating is inclined. The inclined side wall means that the transition from the
grating core (high refractive index) to the cladding (low refractive index) is not mutant,
but a gradient area, which makes the distribution of the light field smoother and more
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gentle. Because the refractive index is gradual, the peak of the light field distribution
tends to shift toward the upper center of the grating. So the main energy part of the light
field is “pushed” away from the rough physical sidewall; at the same time, the overlap
integral between the light field and the sidewall roughness is greatly reduced, and the
scattering loss induced by the roughness is significantly suppressed. As shown in Figure 4a,
we explored the relationship between the slope angle of the side wall of the trapezoidal
structure and the Q factor. The taper angle design integrates theoretical optimization
with practical manufacturing process compatibility. In 2024, Rahmouni et al. detailed the
fabrication process for micro-ring resonators on 4H-SiC platforms on insulators, covering
critical steps such as dry etching. The trapezoidal taper angle design proposed in the paper
was experimentally validated for feasibility, and the process methodology demonstrated
the feasibility of achieving specific taper structures through controlled etching [32]. In order
to avoid the trapezoidal grating from becoming a triangle, we chose a tilt angle of 80° to
90°. It can be seen from the figure that as the tilt angle increases, the Q factor decreases.
In order to consider the difficulty of process manufacturing and the impact of side wall
inclination at the same time, we have selected 85° for the side wall inclination angle in our
structure, and the Q factor at the resonance wavelength are 11,850 (1713.2 nm) and 10,809
(1804.6 nm) respectively.

Due to the constant filling ratio of SiO, [33], the resonance wavelength here is quite
stable relative to the increase of a. As shown in Figure 4b, the position of the resonance
wavelength hardly changes with the increase of .

At the same time, we verified the robustness of the structure. Figure 4c shows the
resonance wavelength shift as the single-sided grating width deviates from the design value
B. Surprisingly, even within the range of +25% of 8 change, the position of the resonance
wavelength only fluctuates slightly. This phenomenon is attributed to the physical nature
of the g-BIC mode: its high Q factor and strong field localization ability come from the
symmetry breaking mechanism itself, not the extremely sensitive dependence on geometric
parameters. As long as the symmetry gap exists, the quasi-BIC mode can be excited and
can maintain excellent light field confinement.. This robustness greatly reduces the process
difficulty in nanoprocessing and improves the consistency and reliability of the device.

In addition to the grating geometric parameter &, the incident angle 6 of the plane
wave is also an important factor in breaking the structural symmetry and in the excitation
and tuning of the quasi-BIC modes. Figure 4d clearly shows the evolution law of the
transmission spectrum with the change of the incident angle 6 when the fixed grating
geometric disturbance « = 0.5. It can be observed that with the gradual increase of the
incident angle 6, the double quasi-BIC mode (q-BIC1 and g-BIC2) that originally existed at
a specific angle showed a significant separation trend, and the corresponding resonance
peaks move further apart along the wavelength axis.

This separation phenomenon stems from the additional tangential wavevector com-
ponent (k_x = (w/c) x sinf) introduced by the change of the angle of incidence. This
component directly participates in the phase matching conditions of guided-mode reso-
nance. For two quasi-BIC modes with different equinom wave arrows, the wavelength
required for resonance will be shifted at different rates with the change of 6, resulting in
an increase in the resonance peak spacing. It is especially important that although the
resonance wavelength changes drastically with 0, at every specific incident angle, once
excited, the quasi-BIC still exhibits strong field localization at its resonance wavelength.
This shows that even under a large 6, the symmetry break introduced by the incident
angle mainly affects the excitation conditions (resonance position) of the pattern, rather
than significantly degrading its intrinsic field enhancement capability. Therefore, near the
resonance wavelength, the electromagnetic field energy is still efficiently bound in the SIC
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layer, maintaining a very high energy density, which is crucial for using angle tuning to

achieve efficient nonlinear frequency conversion.
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Figure 4. (a) Relationship between the Q-factor and the trapezoidal slope function in the SIC
layer. (b) Transmission spectrum of the grating structure as a function of the grating geometry
parameter « when the incident angle is 4°. (¢) Transmission spectrum as a function of the single-sided
grating structure parameter § when the incident angle is 4° and the structure parameter « = 0.5.
(d) Transmission spectrum variation with incident angle at structural parameter a = 0.5. (e) Position
shift of the resonance peak at q-BIC1 with changing incident angle. (f) Position shift of the resonance
peak at q-BIC2 with changing incident angle.

Further investigations reveal that as the incident angle 6 gradually increases from 1°
to 6°, the wavelength shifts corresponding to the resonance peaks of the two quasi-BIC
modes (q-BIC1 and g-BIC2) are quantifiable. As shown in Figures 4ef, this angle-dependent
resonance exhibits clear reversibility and monotonicity, enabling the actual angle of inci-
dence to be back-calculated by precisely measuring the resonance peak position. Therefore,
this structure not only serves as an efficient nonlinear frequency conversion element but
also finds application in integrated optical sensing and angle detection. It enables opti-
cal readout functionality that “directly quantifies the incident angle through resonance
peak position,” providing a novel technical pathway for developing multifunctional, high-
sensitivity on-chip photonic devices.

3. Second-Order Nonlinear Processes in Silicon Carbide
Resonant Gratings

Based on the strong field localization characteristics supported by the above-mentioned
dual quasi-BIC, we further study the SHG and SFG processes in the design structure (SHG
being a special case of SFG when w; = wy). A three-step coupled-wave model (including the
non-depleted pump approximation) is employed for accurate calculation.

First, pump wavelength simulation: under the fixed angle of incidence § = 4° and
the grating parameter « = 0.5, solve the electromagnetic field distribution at the pump
wavelength A (corresponding to the quasi-BIC resonance wavelength); calculate the second-
order nonlinear polarisation intensity P(2w) induced in the SiC layer based on the field
distribution; finally, P(2w) As the source term, solve the radiation field at the harmonic
wavelength A, and the SHG power is obtained by integrating the Poynting vector over the
output plane on the substrate side.
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3C-5iC belongs to the cubic crystal system with 43 m point group symmetry, and its
effective second-order nonlinear tensor has only one independent component d3s. When the
pump light is polarised along the crystal direction of SiC (corresponding to the maximum
d36 ~ 16.6 pm/V), nonlinear polarisation can be expressed as:

P, (Zw) = 460‘136ExEy (6)

The pump field components need to be aligned with the crystal axis to maximize
nonlinear coupling. In the simulation, TE polarization (electric field along the z-axis) is set
to match the d3 optimized direction of SiC, with the pump intensity fixed at 100 MW /cm?.

In the process of doubling frequency, we found an interesting phenomenon. The prop-
agation direction of the newly generated double-frequency light (w3) has two directions of
the same and opposite directions relative to the pumped light, which is defined as “forward
SHG” and “backward SHG”. Forward SHG is typically generated under conventional
phase-matching conditions. However, the conditions for the appearance of backward
SHG are relatively stringent. Unlike its forward counterpart, which satisfies the conven-
tional phase-matching condition k3 = k1 + k2, backward SHG arises from the momentum
compensation provided by a periodic structure. It satisfies the reverse phase-matching
condition: k3 = k1 + k2 — G, where G = 271/ A is the reciprocal lattice vector provided by
the periodic structure with period A. This condition dictates that the wavevector of the
generated sum-frequency light (k3) is opposite in direction to that of the pump light (k1
and k2), leading to the distinctive backward-propagating signal [34-36]. It can be seen from
Figure 5a,b that the forward SHG conversion efficiency at 1713.2 nm can reach 2.33 x 1073,
the backward SHG conversion efficiency can reach 3.95 x 10~°, and the forward SHG
conversion efficiency at 1804.6 nm can reach 1.17 x 10~4, the backward SHG conversion
efficiency is 1.40 x 10~°. Forward SHG has become a cornerstone of nonlinear optics,
supporting a vast range of applications and technologies, while backward SHG holds great
promise in fields such as unidirectional lasers and quantum information science [17,37].

With the support of the aforementioned dual quasi-BIC resonance mode, we further
studied the broader second-order nonlinear process—and SFG—in this structure. In the
SFG process, two beams of pump light with different frequencies (w1, wy) interact within
the nonlinear medium to produce sum-frequency light with a frequency of w3 = w1 + wy.
The conversion efficiency of this process strongly depends on the phase-matching condition
and the local electric field intensity.

We adopt a three-step coupled-wave model consistent with SHG analysis. Under the
non-depleted pump approximation, we solve the electric field distribution of two beams of
pump light (A1, A;) in the structure respectively, calculate the induced nonlinear polarisation
intensity P(?)(w3), and then solve for the radiated sum-frequency power. The normalized
conversion efficiency of SFG can be expressed as:

_ Pou(ws) @2, -l
NSFG = m & |ngf| Q1Q203 ngf )

Among them, Q1, Q2 and Q3 are the quality factors of the two pumping modes and
i1
e

second-order nonlinear coefficient. Our system scanned the pump wavelength pair (A1,A;),

the frequency mode respectively, Ve}} is the effective mode volume, and x, is the effective
and fixed the angle of incidence 6 = 4°, and the grating parameter « = 0.5. Figure 6a,b
show the two-dimensional mapping of the change of SFG efficiency with A1 and A,. It can
be clearly observed that when any pump wavelength is close to the quasi-BIC resonance
wavelength (1713.2 nm and 1804.6 nm), the conversion efficiency is significantly improved,
forming an obvious efficiency “ridge line”. Especially when the two pumps resonate at
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the same time (i.e. A, A» match g-BIC1 and g-BIC2 respectively), the frequency conversion
efficiency reaches 2.99%, which is more than four orders of magnitude higher than that of
non-resonance. This result fully confirms the synergistic enhancement effect of the dual
quasi-BIC modes on the SFG process.
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Figure 5. (a) Second-harmonic conversion efficiency as a function of the incident wavelength (At the
resonance wavelength of 1713.2 nm). (b) Second-harmonic conversion efficiency as a function of the
incident wavelength (At the resonance wavelength of 1804.6 nm).

In order to further evaluate the practicality and tunability of the structure, we focused
on the sensitivity of SFG efficiency to changes in the width of the grating. With the structural
parameter & = 0.5 and the angle of incidence 0 = 4° kept fixed, we changed the width of
the grating and calculated the corresponding SFG efficiency.

Figure 7a,b show the SFG efficiency as a function of grating width (0.11P-0.19P). It
can be observed that with the increase of the grating width, the wavelength corresponding
to the peak conversion efficiency redshifts. The core reason is the inverse relationship
between “phase mismatch tolerance” and “spectral bandwidth”. For the generation of and
frequency, it is assumed that the pump light frequency is w1, the signal light frequency is
w?, and the light frequency of the and frequency is w3 = w1 + w2. The perfect quasi-phase
matching condition is: Ak = kr — kp — ks — 27t/A = 0. When this condition is met, all
light waves involved in nonlinear interactions always maintain phase coherence during
propagation, and the frequency light is continuously and coherently enhanced, and the
conversion efficiency is the highest.
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Figure 6. (a) Sum-frequency conversion efficiency as a function of the incident wavelength (At the
resonance wavelength of 1713.2 nm). (b) Sum-frequency conversion efficiency as a function of the
incident wavelength (At the resonance wavelength of 1804.6 nm).

In the actual system, due to small changes in wavelength, temperature or angle, phase
mismatch Ak # 0 will occur. The nonlinear conversion efficiency 7 is proportional to the
square of the interaction length Da (i.e., the grating width), but at the same time, it is
modulated by a sinc? function: 5 « L? x sinc?(Ak x L/2) . This sinc? function takes the
maximum value of 1 when Ak = 0, when |Ak x L/2| When =, it drops to zero for the
first time. The width of the sinc? function (that is, tolerance range for phase matching) is
inversely proportional to the interaction length Da. When the grating is shorter: the sinc>
function is a “fat” peak, which means that even if Ak deviates more from O (that is, the wave-
length deviates more from the ideal value), it can still maintain a high conversion efficiency.
Therefore, the short gratings possess a broad phase-matching spectral bandwidth; the peak
efficiency spans a wider wavelength range and is less sensitive to exact phase matching.
When the grating is long: the sinc® function becomes a “tall and narrow” peak. It is ex-
tremely sensitive to phase mismatch Ak. As long as Ak has a slight deviation, the efficiency
will drop sharply. Therefore, long gratings exhibit a narrow phase-matching bandwidth.
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Figure 7. (a) Near 1712.8 nm, the sum-frequency conversion efficiency changes with the variation of the
dual grating width, showing a redshift phenomenon. (b) Near 1804.6 nm, the sum-frequency conversion
efficiency changes with the variation of the dual grating width, showing a redshift phenomenon.

The observed “redshift” of the SFG efficiency peak with increasing grating width can
be attributed to the combined effect of phase-matching bandwidth and material disper-
sion. The conversion efficiency is governed by a sinc? (Ak x L/2) function. For a longer
grating (larger L), the spectral width of this function narrows, making the process highly
sensitive to phase mismatch (Ak # 0). In a real system, small, unavoidable background
phase mismatches (J) exist due to fabrication tolerances. To achieve maximum efficiency
with a long grating, the wavelength must be slightly detuned to introduce an opposing
Ak that compensates for ¢ (i.e., Ak x L/2 4 6 ~ 0). Given the normal dispersion of the
material in this spectral range (refractive index decreases as wavelength increases [36,38]),
compensating for a typical positive background mismatch requires shifting the wavelength
to a longer value. This results in the observed redshift of the peak efficiency wavelength.

4. Discussion

In terms of nonlinear conversion efficiency, the 2.99% SFG efficiency and SHG effi-
ciency on the order of 1072 achieved in this work demonstrate significant competitiveness
among similar all-dielectric metasurfaces based on g-BICs. Regarding SFG, recent studies
on AlGaAs dielectric metasurfaces have shown that the SFG process can be enhanced in
the 500-600 nm visible light band through the synergistic excitation of multiple quasi-BIC
resonances; however, these studies did not explicitly report specific conversion efficiency
values [39]. In contrast, this work achieves a conversion efficiency of nearly 3% in the
communication band via dual-wavelength pumping, clearly demonstrating the advantages
of synergistic enhancement through dual BIC resonances. Regarding SHG, compared with
other types of all-dielectric platforms—such as GaAs-based dielectric resonator metasur-
faces with an efficiency of 2 x 105 [40], LiINbO3 guided-mode resonator metasurfaces
with an efficiency of 0.136% [41], and LiTaO3 guided-mode resonator metasurfaces with an
efficiency of 0.042% [42]—where SHG efficiencies typically hover between 107> and 103,
This work simultaneously achieves forward and backward harmonic generation in the SiC
material system and elevates the SHG efficiency to 0.233% under dual-resonance conditions.
These advantages are attributable to the excellent comprehensive optical properties of SiC
and the ingenious design of the symmetry-breaking structure.
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5. Conclusions

Through theoretical design and numerical simulation, this research has successfully
constructed and verified a silicon carbide grating structure based on a quasi-bound state
in the continuum (g-BIC), and achieved remarkable results in improving the efficiency
of second-order nonlinear optical conversion. Specifically, when the structure introduces
a symmetry-breaking parameter « = 0.5 and the angle of incidence 0 = 4°, the structure
excited two quasi-BIC modes at 1713.2 nm and 1804.6 nm respectively, and their Q factor
reach 11,850 and 10,809 respectively. Under this resonance condition, the efficiency of SHG
isup to 2.33 x 1073, and forward and backward harmonics are observed simultaneously;
under dual-pump collaborative resonance, the efficiency of SFG is improved by more than
four orders of magnitude compared with non-resonance, reaching 2.99%. The structure still
maintains stable performance within the range of +-25% of grating width variation, showing
good process tolerance and wavelength tuning ability. These results fully demonstrate that
the q-BIC-SiC structure has significant advantages in realizing high-efficiency nonlinear
frequency conversion.

Based on the aforementioned performance characteristics, this structure holds clear
application prospects in the future field of highly integrated photonic chips. These include
serving as an on-chip wavelength converter for optical communications, generating quan-
tum light sources based on inverse harmonics, and enabling tunable harmonic generation
for nonlinear signal processing. Concurrently, we observe that integrating two-dimensional
materials enhances second-order nonlinear efficiency. For instance: in silicon waveguides
coated with MoSe,, the second harmonic generation (SHG) signal intensity increases ap-
proximately fivefold; in optical fibres coated with WS;, SHG intensity grows by about
twentyfold; whilst integrating WSe; into photonic crystal microcavities boosts SHG con-
version efficiency by over two hundredfold [43]. Subsequent research will focus on the
experimental fabrication of this structure, concentrating on: dry etching processes for inte-
grating two-dimensional materials and nanoscale gratings onto silicon carbide insulators,
which may face critical challenges such as material loss and interfacial defects, including
etching-induced surface damage and issues at the SiC/SiO; interface; and the systematic
characterisation of nonlinear conversion efficiency and spectral response under actual exci-
tation conditions. This will facilitate the transition from theoretical modelling to practical
device design.
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