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On-chip quantum light sources are a fundamental com-
ponent of integrated photonic quantum information sys-
tems. However, their performance is fundamentally lim-
ited by weak nonlinear interactions and high propagation
losses, which hinder efficient generation. Here, we propose a
fishbone-modulated grating structure on a silicon-nanowire
waveguide to significantly enhance spontaneous four-wave
mixing. The proposed structure achieves a quantum-light
generation efficiency two orders of magnitude higher than
conventional silicon-nanowire waveguides. Specifically, we
exploit a Su–Schrieffer–Heeger-like topological interface to
slow light in the waveguide, thereby enhancing the non-
linear coefficient. Moreover, we leverage the principles of
bound states in the continuum to optimize the modulated
gratings on the waveguide, achieving ultra-low waveguide
propagation loss. The simultaneous realization of the slow-
wave effect and ultralow loss effectively enhances the spon-
taneous four-wave mixing process in silicon. Our approach
opens new possibilities for designing enhanced nonlinear
nanophotonic devices using various nonlinear optical mate-
rials. © 2026 Optica Publishing Group. All rights, including for text
and data mining (TDM), Artificial Intelligence (AI) training, and similar
technologies, are reserved.
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Introduction. Quantum light sources play a critical role in
quantum information processing applications, including quan-
tum key distribution, quantum teleportation, and quantum com-
puting. Recent advancements in integrated photonic quantum
technologies [1,2] have driven the growing demand for com-
pact and scalable quantum light sources. To meet this re-
quirement, nonlinear crystals have been structured into thin-
film configurations on insulating substrates, thereby enhancing
quantum-light generation efficiency. Representative platforms
[3–9] such as silicon-on-insulator (SOI), lithium niobate-on-
insulator (LNOI), and gallium nitride-on-sapphire (GNOI) ex-
emplify this approach, enabling scalable implementations of

integrated quantum photonic systems. Among these, SOI-based
quantum-light generation has emerged as a leading candidate
for scalable quantum information processing [10], owing to its
compatibility with complementary metal-oxide-semiconductor
(CMOS) fabrication processes. By leveraging spontaneous four-
wave mixing (SFWM) in silicon, various on-chip quantum
source architectures have been developed, including nanowire
waveguides [11], microring resonators [12], coupled micror-
ing systems [13], two-dimensional (2D) photonic crystal defect
waveguides [14,15], and topologically protected ring resonator
arrays [16,17]. However, practical implementations of these
schemes encounter inherent limitations. For example, nanowire
waveguides necessitate prohibitively long propagation lengths
due to their limited nonlinearity coefficients, restricting further
miniaturization. Microring waveguides require stringent fabri-
cation tolerances. Although coupled microring resonators and
2D photonic crystal defect waveguides exploit large nonlinearity
coefficients induced by the slow-wave effect [13–15,18,19], their
high propagation losses [20] inevitably lead to compromised
quantum-light generation efficiency.

Recently, bound states in the continuum [21–23] (BICs) have
emerged as a promising paradigm for designing integrated
photonic devices with novel functionalities. Specifically, their
capability to suppress radiative losses enhances light confine-
ment in waveguides, enabling on-chip artificial structures to
simultaneously achieve low propagation losses and slow light
functionality. Examples include ultra-low-loss on-chip zero-
index photonic crystals and meta-waveguides [24–27], as well as
BICs-based photonic integrated circuits [28–30]. Notably, a re-
cent study demonstrated ultra-low-loss electro-optic modulators
[31] using apodized-grating nanowire slow light waveguides
[32–34], where BICs significantly mitigate scattering losses
arising from grating corrugations. However, few studies have
harnessed this unique advantage of BICs in slow light waveg-
uides to realize on-chip bright quantum-light sources.

In this work, we propose a scheme for achieving high-
efficiency quantum-light generation using a fishbone-modulated
silicon-nanowire waveguide with the aid of BICs and the slow
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Fig. 1. (a) Efficient generation of photon pairs using a modulated superlattice nanowire waveguide with the aid of BICs and the slow light
effect. The different false colors indicate photonic lattices composed by different unit cells. (b) Schematic of superlattice composed by 75 unit
A cells and 75 unit B cells, whose length is 90 𝜇𝑚. (c) Mode distribution of gratings with different widths. (d) The dispersion and Zak phase
of two types of 1D photonic crystal waveguides comprising of unit cell A or B, the inserts illustrate the eigenmode of different bands at Γ
point. (e) Dispersion of the 1D superlattice photonic crystal waveguide with topological interface state.

light effect. This modulated waveguide exhibits an ultralow loss
of 0.25 dB/mm and a large group refractive index (∼20), leading
to a two-order-of-magnitude enhancement in generation effi-
ciency during the SFWM process compared with conventional
silicon-nanowire waveguides. Our design establishes a paradigm
for the development of compact, scalable, and highly efficient
on-chip quantum-light sources.

Working Principle and Device Design. To achieve high gen-
eration efficiency of correlated photon pairs through SFWM
based on a single silicon-nanowire waveguide, we first start with
the generation of the photon-pair flux 𝑓 (the number of photons
generated per unit frequency and per unit time) at a small pump
power 𝑃 as the frequency ω over a propagation distance 𝐿, is
given by [12]:

𝑓 ≅ ⎛⎜
⎝

𝜔𝑛2
𝑐𝐴𝑒𝑓 𝑓
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where 𝛽2 is the group velocity dispersion of waveguide, 𝛼 is
the loss coefficient, 𝑐 is the speed of light, 𝑛2 is the intrinsic
nonlinearity, Ω is the frequency detuning, 𝐴𝑒𝑓 𝑓 is the effective
mode area of this waveguide that can depicted as [35]:
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where 𝐹 is the normalized mode distribution of the waveguide
mode, 𝑛𝑐 is the effective refractive index of the waveguide, and

𝑛𝑔 is the group refractive index of the waveguide. By analyzing
Eqs. (1) and  (2), we identify that enhancing the generation ef-
ficiency of correlated photon pairs can be achieved by minimiz-
ing waveguide loss and improving the group refractive index.
To address this, we propose a fishbone-modulated superlattice
nanowire silicon waveguide with the aid of BICs and the slow
light effect, as illustrated in Fig. 1(a), whose design parameters
are given in Supplement 1. Specifically, this structure, incorpo-
rating a Su–Schrieffer–Heeger (SSH)-like topological interface
state, effectively enhances the group refractive index. Simulta-
neously, we leverage the principles of BICs to achieve ultra-low
waveguide loss.

To realize a high group refractive index, we employ two
distinct grating units, A and B, to form a fishbone-modulated
superlattice waveguide. These grating units exhibit two different
geometric symmetries, with the symmetry center of unit A (B)
located at the center of the wide (narrow) part of the grating. As
demonstrated in Fig. 1(c), the modulation of the nanowire width
results in variations in the effective mode index. By periodically
modulating the nanowire width using gratings, we create a one-
dimensional photonic crystal waveguide analogous to a classic
Su–Schrieffer–Heeger (SSH) model. Using full-wave simula-
tions (COMSOL Multiphysics), we calculate the dispersion
characteristics of this 1D photonic crystal waveguide composed
solely of unit A or unit B. As shown in Fig. 1(d), these two
types of 1D photonic crystal waveguides exhibit identical disper-
sion characteristics but different Zak phases for the same band.
When combining these two types of 1D photonic crystal waveg-
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Fig. 2. (a) BZ folding of photonic lattices. (b), (c) Dispersion and
Q factor of BZ-folded photonic lattices. (d) Q factor of the unit cell
with different 𝛿. (e), (f) Q factor and loss of BICs (𝛿 = 0) and non-
BICs (𝛿 = 0.02) lattices.

uides to form a superlattice, as shown in Fig. 1(b), a topological
interface state emerges, enabling a reduction in light velocity,
as illustrated in Fig. 1(e). Consequently, the group refractive
index of the pump, signal, and idler waves is significantly en-
hanced, reaching approximately (𝑛𝑔 ∼20), which is nearly five
times higher than that of a conventional straight nanowire sili-
con waveguide. This enhanced group refractive index improves
the nonlinear coefficient, as it is positively correlated with 𝑛𝑔.

Generally, introducing extra protrusions to a straight waveg-
uide inevitably induces radiation loss. However, a prominent
type of BICs can mitigate this loss through destructive inter-
ference, as it shares a common decay channel for two radiative
modes. Inspired by this mechanism, we leverage the princi-
ples of BICs to optimize the modulated grating on an SSH-like
1D photonic crystal waveguide, thereby reducing radiation loss.
Specifically, we employ the Brillouin zone (BZ)-folding method
to realize this BICs-assisted waveguide. Initially, we calculate
the dispersion of a simple width-modulated waveguide, where
the structural unit contains only a single grating, as shown in
Fig. 2(a). By introducing a double grating within this single
structural unit, the BZ of the modulated waveguide is folded to
half its original size. Interestingly, the waveguide mode origi-
nally located below the light cone is folded above it. Notably, the
Γ point originates from the boundary of the BZ of the unfolded
lattice after band folding and retains the high-quality (Q) fac-
tor inherited from the waveguide below the light cone, as shown
in Figs. 2(b) and 2(c). Consequently, the waveguide near the Γ
point exhibits extremely low radiative loss, even though its band
lies above the light cone.

To validate this BZ-folded BICs mechanism, we introduce a
relative shift parameter 𝛿 between the two modulated gratings.
As δ deviates from zero, the BICs transition into a quasi-BICs
state. Importantly, the Q factor decreases rapidly with increas-

Fig. 3. (a) Superlattice without BICs or mode matching. (b) Su-
perlattice with BICs but without mode matching to inhibit the
radiation losses. (c) Superlattice with BICs and mode matching to
inhibit the two types of losses. (d)–(f) Dispersion of different types
of superlattice respectively for case (a)–(c), the side illustration is
the group refractive index and loss. (g) Flux of different types of
superlattice respectively for case (a)–(c), where the gray dashed line
represents a conventional nanowire waveguide.

ing 𝛿, as demonstrated in Fig. 2(d). This reduction in Q factor
arises from the breakdown of destructive interference between
the two radiation channels. Figure 2(e) compares the Q factor
at 𝛿 = 0 and 𝛿 = 0.02 for the two bands at the Γ point, revealing
that the Q factor of BICs is five orders of magnitude higher than
that of quasi-BICs. Correspondingly, the BICs-assisted SSH-
like waveguide exhibits significantly lower propagation loss
compared to the quasi-BICs-assisted waveguide, as shown in
Fig. 2(f).

In addition to reducing radiation loss induced by grating mod-
ulation on the waveguide, the topological interface formed by
combining two types of 1D photonic crystal waveguides can in-
troduce mode-mismatch-related loss, as illustrated in Figs. 3(a)
and 3(b). This mode mismatch can be exemplified by the dif-
fering eigen-fields of type-A and type-B waveguides for the
same band, as shown in Fig. 1(d). To mitigate this mode mis-
match at the topological interface, we adiabatically decrease the
modulation depth to zero as light propagates across the inter-
face, as illustrated in Fig. 3(c). Through this optimization of
the grating modulation profile, the mode-mismatch loss is sig-
nificantly suppressed, achieving a reduction by two orders of
magnitude compared to the unoptimized case, as demonstrated
in Figs. 3(d)–3(f).
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To theoretically calculate the photon-pair flux via SFWM, we
select the pump frequency 𝜔𝑝 = 194.93 THz, signal frequency
𝜔𝑠 = 195.05 THz, and idler frequency 𝜔𝑖 = 194.81 THz, satisfy-
ing the energy conservation condition 2𝜔𝑝 − 𝜔𝑠 − 𝜔𝑖 = 0. The
pump wave is positioned at the Γ point, resulting in a pump
wavevector 𝛽𝑝 = 0. Due to the high-symmetry dispersion of
the superlattice waveguide, the wavevectors of the signal (𝛽𝑠)
and idler ((𝛽𝑖) waves naturally satisfy 𝛽𝑠 + 𝛽𝑖 ≈ 0. These con-
ditions ensure that the momentum conservation relation for
SFWM, 2𝛽𝑝 − 𝛽𝑠 − 𝛽𝑖 ≈ 0, is also satisfied. The large group
refractive indices of the pump (𝑛𝑝 = 12), signal (𝑛𝑠 = 21), and
idler (𝑛𝑖 = 34) waves, combined with the ultra-low propagation
loss (𝛼 ≈ 0.25 dB/mm), enable a photon-pair generation rate
in the BICs-assisted superlattice waveguide that is two orders
of magnitude higher than that in conventional silicon-nanowire
waveguides. After considering the additional side wall scatter-
ing loss (𝛼 ≈ 0.04 dB/mm) [36], we calculated the generation of
the photon-pair flux. In contrast, the photon-pair generation rates
in quasi-BICs-assisted and non-optimized BICs-assisted waveg-
uides decay rapidly due to high propagation losses, as shown in
Fig. 3(g).

Conclusion. In this work, we propose a scheme of opti-
mized grating structures on a conventional silicon-nanowire
waveguide. Benefiting from the BICs and the slow light ef-
fect, this modulated silicon-nanowire waveguide has achieved a
two-order-of-magnitude enhancement in SFWM. Our proposed
scheme is not limited to SFWM on the SOI platform. It can be
extended to various nonlinear optical processes in other nonlin-
ear optical materials. Although the concept is theoretical, it is
fully implementable using mature SOI fabrication techniques.
These results open new avenues for the development of highly
integrated, ultra-low-loss, and versatile nonlinear nanophotonic
devices.
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