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We propose a monolithic topological photonic circuit that integrates second-harmonic generation (SHG) and
wavelength demultiplexing in a single platform. Leveraging the finite element method (FEM) for electromagnetic
simulations, a sandwich waveguide heterostructure with air-gap-tuned edge states simultaneously generates SHG
at 280.6 THz and routes fundamental (FW) and second-harmonic waves (SHW) through topologically distinct
paths: FW propagates via a nontrivial edge state (near-zero backscattering), while SHW transmits through a trivial
boundary mode (optimized dispersion). Simulated results demonstrate greater than 99.88% separation efficiency
—matching the state-of-the-art in topological isolation systems. The dual-functionality design eliminates hybrid-
component losses, yielding a normalized SHG efficiency of 7 = 139.4% W1 cm™2. Field profiles confirm that the
spatial isolation of FW/SHW outputs a minimum crosstalk suppression of -29.2 dB. This work establishes a
scalable paradigm for topology-enabled nonlinear light management in quantum frequency conversion and

photonic signal processing.

https://doi.org/10.1364/PRJ.573858

© 2026 Chinese Laser Press

1. INTRODUCTION

The relentless pursuit of miniaturized photonic circuits for on-
chip optical signal processing has spurred significant interest in
nonlinear frequency conversion and wavelength-division
multiplexing (WDM) technologies [1-3]. Second-harmonic
generation (SHQG), as a fundamental nonlinear process, enables
critical applications in quantum light sources [4], ultrafast
modulation [5], and frequency metrology [6]. However, con-
ventional nonlinear photonic devices face persistent challenges
in integrating SHG with efficient frequency sorting, primarily
due to insertion losses at hybrid interfaces and sensitivity to
fabrication disorders [7]. Topological photonics, with its
hallmark defect-immune light transport, offers a promising
platform to overcome these limitations [8—10].

Recent years have witnessed remarkable progress in topo-
logical photonic crystals (PhCs), where robust edge states
protected by topological invariants enable backscattering-
suppressed light propagation [11]. Pioneering works by
Haldane and Raghu [12] established the theoretical founda-
tion, followed by experimental realizations of diverse topologi-
cal phases, including quantum Hall [13,14], valley Hall
[15-17], and higher-order topological states [18,19]. Besides,
studies in silicon topological photonics showcase robust devices
like valley-locked heterostructure waveguides, power splitters,
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and ring resonators for on-chip filtering, offering defect im-
munity and high performance [20-22]. Furthermore, advance-
ments include enhanced nonlinear harmonics in nanocavity
chains and Fano resonances in 1D topological photonic
crystals, enabling strong light—matter interactions [23,24].
These advances have naturally extended to nonlinear regimes:
topological edge [25,26] and corner states [27-29] enhance
SHG through strong field confinement and extended interac-
tion lengths. For instance, Lan ez /. demonstrated topology-
protected nonlinear frequency conversion via one-way edge
modes of topological PhCs by tailoring the geometry of the
edge termination [25], and Guo et al. achieved enhanced con-
version using topological corner resonators [29], while Hu ez 4/.
achieved SHG in a topological cavity by matching the phase
distributions of the electric fields of the topological corner state
and topological edge state [30]. Nevertheless, these systems lack
integrated frequency demultiplexing—a crucial functionality
for practical nonlinear light sources. Existing frequency dividers
based on Mach—Zehnder interferometers [31-33] or Bragg
gratings [34-36] exhibit high losses (>3 dB) and limited
bandwidth, and they cannot be monolithically integrated with
topological SHG elements due to mode mismatch and disorder
sensitivity.

Here, we bridge this gap through a monolithic topological
photonic circuit that integrates second-harmonic generation
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and wavelength demultiplexing within a single heterostructure.
Our design leverages complementary topological edge states—
nontrivial for robust fundamental wave transport to Port 2 and
trivial for second-harmonic routing to Port 3—enabling dual-
boundary SHG enhancement via Cgs-symmetry-broken wave-
guides. By incorporating air-gap dispersion engineering to spec-
trally align FW/SHW bands, we achieve greater than 99.88%
separation efficiency with minimum crosstalk suppression of
-29.2 dB. Simulations with FEM at 140.3/280.6 THz confirm
n = 139.4% W' cm, demonstrating the first unified plat-
form for topological nonlinear light management.

2. MODEL AND THEORY

Our two-dimensional (2D) complex hexagonal photonic crys-
tal [Fig. 1(a)] consists of two types of distinct triangular dielec-
tric cylinders in each unit cell, featuring concentric inner and
outer triangular geometries with side lengths / and 4, respec-
tively [Fig. 1(c1) or 1(d1)]. The periodicity of the PhCs is
a =775 nm. The dielectric cylinders (¢ = 12) exhibit sec-
ond-order nonlinear susceptibility y?= 102! C/V?, while
air forms the background medium. The size asymmetry
(/ # d) breaks Cy rotational symmetry while maintaining
translational periodicity.
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Fig. 1. Structures and transverse magnetic (TM) bands.
(a) Complex hexagonal topological photonic crystal, with (c1), (d1)
the inner triangular side length of / and the outer triangular side length
of d. (bl) Band structure for (dy,/y) = (0.224,0.224). (b2) Band
structure for (4,,/;) = (0.24,0.27a) or (d,,/;) = (0.274,0.24).
(c1), (d1) Unit cells of PCI and PC2, respectively. (c2), (c3)
Calculated phases in the band structure of the triangle and pentagram
with (41, /1). (d2), (d3) Calculated phases in the band structure of the
triangle and pentagram with (4, /,) = (0.274,0.24). (e) Calculated
maps of the first and second bandgaps versus |AA|/a for the K point.

We investigated the TM photonic bands of our composite
hexagonal crystal, observing a Dirac point between bands 1
and 2 at the K point in the symmetric case (dy = /, = 0.224)
[Fig. 1(b1)]. Introducing asymmetry (/ # 4) lifts this degen-
eracy: bandgaps between bands 1 and 2, bands 4 and 5 open,
respectively, for both / < 4 and / > d configurations. For the
case of (4, /,) = (0.24,0.27a) = (/;,d,), the band structure
is shown in Fig. 1(b2), and the phase distributions of £, at K
are shown in Figs. 1(c2) and 1(c3). Compared with the results
for the case of (d5, /,) = (0.274,0.24) [Figs. 1(d2) and 1(d3)],
the vorticities are reversed [Figs. 1(c2) and 1(d3)]—indicating
that the topologies are distinct. Further phase analysis of modes
in bands 4 and 5 confirmed topological triviality (see Fig. 6 in
Appendix A), while Berry phase calculations established
nontrivial topology for bands 1 and 2, as detailed in Fig. 7 of
Appendix A. Systematic |Ah| = |4 - /| tuning—with d incre-
mented by 0.012 and / decremented by 0.012—reveals critical
spectral overlap (>80%) between the two types of first band-
gap frequency domain (purple) and second bandgap (blue)
[Fig. 1(e)], showing the significant feasibility of efficient
phase-matched SHG  through simultancous FW/SHW
confinement.

Employing the distinct topologic phases of unit cells
[Figs. 1(cl) and 1(d1)] and the bulk-edge correspondence, we
constructed two types of supercells, PC1-PC2 and PC2-PCI1,
with their enlarged interface structures shown in Figs. 2(a) and
2(b), respectively. The calculated dispersion curves indicate that
the PC1-PC2 supercell supports topological edge states in the
first bandgap, while PC2-PC1 exhibits non-topological boun-
dary states in the second bandgap [Figs. 2(b) and 2(e)]. The
simulated transmission results show that frequencies satisfying
fsaw = 2fpw at k.a/m = -0.72 [purple/green markers in
Figs. 2(b) and 2(e)] exhibit strong localization at respective in-
terfaces [Figs. 2(c) and 2(f)], which means a sandwich structure
combined by these two supercells might construct a monolithic
topological photonic chip for both the SHG and WDM.
Note that the other two bandgap cases of the supercell are
not applicable for the SHG as explained in detail in Fig. 8
of Appendix B.

3. SECOND-HARMONIC GENERATION AND
SEPARATION

In the following, we constructed a sandwich-structure photonic
circuit to simultaneously enable SHG and WDM. Initially, the
side lengths of the inner and outer triangular geometries were
chosen to be (d,,/3) for PC1 and (d,/) = (/3,d,) for PC2.
Although the simulated propagation dynamics reveal compa-
rable SHG conversion efficiencies near the sources (around
the position of z = 0), FW (around 135.63 THz) undergoes
rapid attenuation and dissipation once it enters the PhCs, as
FW lies precisely within the forbidden band (see Fig. 9,
Appendix B).

To enable simultancous SHG and co-propagation of FW/
SHW in the sandwich waveguide, we optimized wavevector
matching and lattice geometry to resolve the inherent trade-
off between SHG efficiency (requiring spatial overlap [37])
and frequency separation. Our approach strategically balances
topological and trivial boundary states across distinct spectral
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Fig. 2. Calculated dispersion curves and transmission when (d;, /3) = (0.274,0.124). (a), (d) Supercell and electric field. (b) The first band of
(a). (¢) The second dispersion of (d). (e), (f) Transmission in photonic crystal (a) and (d).

regions. The solution requires satisfying two conditions
simultaneously. (1) The SHG phase matching condition is de-
termined by the intersections of the topological edge state
curves [red dotted curve, (PC1-PC2): 2, or orange dotted
curve, (PC2-PC1): 2fgap1 in Fig. 3(a)] and the non-topological
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Fig. 3. Optimization of the geometric structure parameters
required for the simultaneous achievement of phase matching and fre-
quency separation. (a) Combined dispersion curves from Figs. 2(a) and
2(d). (b) Dispersion versus Ah/a for d,_s = [0.27,0.26,0.25,0.24)a
and /3 = 0.124. Orange circles/green squares: values at k. = -7
in (a). Blue boxes: intersection points of blue/red dotted curves in (a).
(c) Schematic of topological photonic crystal with air gap g. (d) FW/
SHW dispersion for (s, /3) with gap variations. Pentagrams f5 - f,:
intersections at g5 =0 (red/blue), g, = v/2ds/7 (redlyellow),
g3 = 2d5/6 (red/dark purple), g, = V2ds/5 (red/light blue).
Shaded regions in (a), (b) indicate operational domains for simultane-
ous FW/SHW generation and separation.

edge state curves [blue dotted curve, (PC2-PC1): £ qap2 OF green
dotted curve, (PC1-PC2): £, in Fig. 3(a), as indicated by the
light blue hollow pentagon, red hollow hexagon, and blue tri-
angle in Fig. 3(a). (2) The frequency separation is governed by
the frequency difference between the maximum value of the
topological states [orange dotted curve, (PC2-PCI1): 2f .,
in Fig. 3(a)] and the minimum one of the non-topological
states [green dotted curve, (PC1-PC2): f qp2 0 Fig. 3(a)].
Therefore, the required frequencies must lie within the gray
region between the minimum point (k.2 = -7) on the orange
dotted curve and the maximum point (k.2 = -7) on the green
dotted curve in Fig. 3(a). Optimal operation occurs where these
two conditions overlap [the hollow pentagons in the shaded
region, Fig. 3(a)].

Through parameter tuning (/ fixed at /5 = 0.124, d varied
as dy + 0.01a), we mapped frequency versus |Ah| = |d - /|
[Fig. 3(b)]. The orange circles and green squares in Fig. 3(b)
represent the frequencies at k.2 = -z in Fig. 3(a). The blue
boxes in Fig. 3(a) represent the intersection points for the
SHG phase matching. Three candidate points (purple boxes)
within the target region showed promising spectral align-
ment but exhibited suboptimal transmission (see Fig. 12,
Appendix D), necessitating interface engineering. Although
the geometric conditions of (s, /3) allow for relatively favor-
able localized optical transmission and SHG efficiency, the
structural design still remains to be further optimized.

To overcome the limitations identified in the initial sand-
wich structure, we introduced an air layer of width g at the
PC2-PCl interface as shown in Fig. 3(c). This air-gap engineer-
ing was implemented for structures with fixed parameters
/3 = 0.12a and d5 = 0.244. Systematic tuning of ¢ [Fig. 3(d)]
demonstrated that increasing the air gap progressively red
shifts the SHW frequencies (f5~281.65 THz to f,=~
280.46 THz) toward optimal spectral alignment. At the spe-
cific value g, = +/2d5/7, we achieved exact phase matching
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Fig. 4. Simulation of FW and SHW in sandwich photonic crystals. (al)—(c1) Amplitudes of FW. (a2)—(c2) Sandwich structure with different 7.
(a3)—(c3) Amplitudes of SHW. | = 7a, f§, = 4a, indicate the lengths for the high/low conversion regions of SHG, respectively. L, = 17a.

where 2w = fsaw = 280.6 THz, enabling simultaneous
high-efficiency transmission and frequency separation of FW
and SHW through distinct propagation channels.

We validated the design using time-domain simulations
with point-source excitation £(w) = E sin(wt), where £y =
3x10° V/m and @ = 27 f > wWhere fry = 140.3 THz.
Figures 4(al)-4(a3) show the calculated results of FW
[Fig. 4(al)] and the generated SHW [Fig. 4(a3)] at the interface
of PC1 and PC2. The SHG conversion efficiency is 1 =
19.8% W-!cm™2. For comparison, two sandwich structures
with PC2 layer numbers of » = 1 and 7 = 2 were investigated.
For n = 1 [Fig. 4(b)], the structure achieved FW transmission
efficiency exceeding 99.66% [Fig. 4(b1)] while maintaining the
highest SHG conversion efficiency of #n = Pgy/(Phy-
L3) = 139.4% W'cm™ [Fig. 4(b3)]—even slightly higher
than the SHG efficiency observed in dual-resonance topological
PhCs [30], where Pry is the input power of FW and Pgyyy is
the power of SHW at L, respectively. For n = 2 [Fig. 4(c)], the
structure yielded a lower conversion efficiency of 7 =
1.81% W' cm™ [Fig. 4(c3)] due to increased separation be-
tween two interfaces. Both configurations (z =1, n = 2)
maintained frequency separation without phase-mismatch oscil-
lations, contrasting with resonance-limited approaches [38,39].

4. TOPOLOGICAL SEPARATION DEVICE

Based on the above research and analysis, we designed an
SHG frequency-doubling and separation device. As shown
in Fig. 5(a), the monolithic frequency divider implementation
[Fig. 5(a)] integrates SHG and demultiplexing functionalities
within a unified photonic circuit. The architecture features
PC2 crystals symmetrically arranged around PC1, with the
front section dedicated to nonlinear conversion and the rear
section routing signals through 60°-angled output ports.

We introduce two key parameters to characterize device
performance: separation efficiency and crosstalk suppression.
The separation efficiency is defined as the ratio of correctly
routed optical power to the target output port versus the total
input power before signal separation, with specific formulations
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Fig.5. Simulation of the topological photonic nonlinear double fre-
quency divider. (a) The structure. (b) Detected frequency spectra.
(c) Amplitude of the electric field of FW. (d) Amplitude of the electric
field of SHW.

for each wavelength component: 7., = PE2 [ Py for FW
and 7, = PRI [ Popry for SHW, where Pryy and Py re-
present optical powers measured before signal separation, while
Ph2 and PR denote powers measured at the designated
output ports. Crosstalk suppression quantifies interference
between channels, calculated as poo = 10 x log, o (PR
PE2) in dB for SHW suppression in the FW channel and
Cpors = 10 x log o (Pro® /PR in dB for FW suppression
in the SHW channel.

Calculated performance characterization demonstrated
greater than 99.88% separation efficiency between FWs
(directed to Port 2 via topological edge states) and SHWs
(routed to Port 3 through trivial boundary modes), realizing a
minimum crosstalk suppressions of -29.2dB at f, =
280.46 THz (without an air gap) throughout the full
operational bandwidth of £1.19 THz. This performance
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matches the state-of-the-art in topological isolation systems
[40,41] while simultaneously enabling second-harmonic gener-
ation—a dual-functionality capability unattained in previous
topological platforms. Moreover, this monolithic integration
of SHG and wavelength separation within a single compact cir-
cuit overcomes the hybrid-component limitations of conven-
tional beam splitters [21,42], eliminating insertion losses
that typically degrade quantum light sources. By enabling si-
multaneous nonlinear generation and demultiplexing, our plat-
form establishes a scalable approach for on-chip quantum
frequency conversion and wavelength-division multiplexing
systems [43].

5. CONCLUSION

In summary, our work establishes the first monolithic platform
integrating topological SHG and wavelength demultiplexing by
unifying air-gap dispersion tuning (g, = 2d s/7), dual-
boundary state control, and chiral routing in a single photonic
circuit. Maximum second-harmonic generation efficiency of
139.4% W' cm™ is achieved when the number of lartice
layers in the core region is » =1, and spatial isolation of
FW/SHW outputs with minimum crosstalk suppression of
-29.2 dB maintains across #1.19 THz operational band-
width. Therefore, this study offers new insights for developing
topological nonlinear photonic devices and enabling scalable
nonlinear processors for wavelength-division multiplexing
and frequency-encoded quantum systems.

APPENDIX A: PHASE DISTRIBUTIONS OF
BANDS 4, 5 AND THE BERRY PHASE

We simultaneously investigated the high-frequency band
properties of PC1 and PC2. The two types of unit cell struc-
tures are d, = 0.27a,/y = 0.2a, as shown in Fig. 6(a), and
dy =0.2a, [y =0.27a,, as shown in Fig. 6(b). The fourth
band’s phase distributions of £, at K are shown in Figs. 6(al)
and 6(b1); the phase of the fifth band is shown in Figs. 6(a2)

the two structures. (a), (b) Unit cell structures. (al), (a2) Calculated
phases of the fourth and fifth bands at K (K) in Fig. 1(b2) with cell
parameters of (s, 4). (b1), (b2) Calculated phases of the fourth and
fifth bands at K (K') in Fig. 1(b2) with cell parameters of (d, 4).
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Fig. 7. Topological properties of bands 1 and 2. (a) Frequency evo-
lution at the K point versus structural asymmetry parameter A for
band 1 (triangles) and band 2 (squares). (b) Calculated Berry phase
for parameters d, = 0.274 and /5 = 0.12a.

and 6(b2). In both cases, the phase distribution did not change,
and there was no phase inversion.

Quantitative investigation of Ah = d -/ reveals critical
bandgap tuning mechanisms [Fig. 7(a)]. When 4 =4, =
0.27a and [/ = /5 = 0.12a4, the first band occupies a lower fre-
quency position while the second band resides at higher
frequencies. As A} increases and the parameters invert to
d=13=0.12a, | = d, = 0.27a, the first and second bands
undergo frequency crossing—designated as the PC1 phase
transition point. Further calculated Berry phase analysis con-
firms the topological nontrivial characteristics. The Berry phase
7= Frag Au(k) - b, where A, (k) = (E,(B) V4| E,() de-
notes Berry connection, quantifies this distinction. As shown in
Fig. 7(b) for the configuration &, = 0.27a, /3 = 0.12a, the
Berry phases between K and K’ exhibit opposite signs for
the first and second bands, confirming nontrivial topology.

APPENDIX B: CALCULATED DISPERSION
CURVES IN PC1-PC2 AND PC2-PC1-PC2

Figure 8 shows two additional types of topological edge states
and ordinary boundary states. Figure 8(a) illustrates the
ordinary boundary state of the second bandgap at the PC2-

N280 S
= & 140
=270 =
g =,
260 120
100
T 05 10 -0 05 05 10

¥ 0.0
k. am k.l

Fig. 8. Calculated dispersion curves and transmission when
(dy,13) = (0.274,0.124). (a), (b) Supercells. (c) The dispersion

curves of the second band for (a). (d) The dispersion curves of the

first band for (b).
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Fig. 9. Calculated band dispersions of the sandwich structure. (a) The sandwich supercell. (b)—(e) The corresponding dispersion relations for

different & and / values, respectively.

PC1 interface, as indicated by the green line in Fig. 8(c).
Figure 8(b) depicts the topological boundary state of the first
bandgap at the PC1-PC2 interface, as shown by the orange line
in Fig. 8(d). The electric field patterns are shown in the middle.
It is observed that both types of edge states are localized at
the designed interfaces. This effect determines the separation
of the fundamental frequency and the second harmonic.

In Fig. 9, we present the band dispersion relations of the
sandwich-type structure with the following parameters:
l3=10.12a and d varying as ds = 0.24a, d; = 0.25a,
d3 = 0.26a and d, = 0.27a.

APPENDIX C: SIMULATION RESULTS OF THE
SANDWICH STRUCTURE AND FREQUENCY
SPECTRA

We compared the PC1-PC2 interface shown in Fig. 8(a) with
the sandwich-type PC1-PC2-PC1 structure shown in Fig. 9(a).
For the PC1-PC2 structure, at the interface, the fundamental
frequency fpy = 135.63 THz and second-harmonic fre-
quency fgyw = 271.4 are shown in Figs. 10(al) and 10(a3).
For the sandwich structure, Fig. 10(a2), its nearby frequencies
can exist as interface states, but in the sandwich structure
[Fig. 8(d)], the fundamental frequency and its second harmonic
in the sandwich structure show that the fundamental frequency
lies precisely within the bandgap. Since no propagating modes
exist in this frequency range, the fundamental wave becomes
completely non-propagating.

In Fig. 11, we present the electric field amplitudes
of the fundamental frequency and the second harmonic under
three structures in the main text (Fig. 4, 45 = 0.24a,
/3 = 0.12a), observing the second-harmonic generation in
all cases.

(b1)

e’(g‘a‘ce\.v

R\ ~ 4

0.0 | 0.0 N

100 00 400 100 200 300 400

/ (THz)

Fig. 10. Simulation results of the sandwich structure. (al), (b1)
Amplitude of SW. (a2), (b2) Sandwich structure with different 7.
(a3), (b3) Amplitude of SHW. (c), (d) The spectral distributions of
the PC1-PC2-type and PC1-PC2-PCl-type structures calculated.

200 3
f (THz)

APPENDIX D: OPTIMIZATION RESULTS
UNDER DIFFERENT d

Figure 12 illustrates the linear propagation of FW modes in
photonic crystals with three sets of structural parameters with-
out an air gap g5 = 0. The size of the pillar 4 is adjusted to
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Detected frequency spectra for the (a) first, (b) second, and (c) third columns, respectively.

140.83 THz 138.99 THz

1
137.29 THz H
0

d3=0.26a

d5=0.24a d4=0.25a

Fig. 12. Linear propagation of FW in photonic crystal with 60°
bent interface. (a)—(c) Structures with the pillar sizes of s, dj, and
ds, respectively.

ds = 0.24a, d, = 0.254, and d3 = 0.26a. One can observe
that the light field oscillates along the x direction: the oscillation
period increases with 4, and the SHG efficiency reaches its
minimum when & = d3. Therefore, such types of configura-
tion must be optimized further.
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