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Abstract

Structured light, with its multidimensional control over amplitude, phase, space and frequency, is a key enabler for ad-
vanced technologies such as high-capacity communications, quantum information, and super-resolution imaging. Here, we
propose a unified inverse-design methodology for arbitrary on-chip vectorial structured-light. Inspired by quantum-state
representations, we describe complex vector fields as finite-dimensional vectors in a Hilbert space and introduce a trans-
mission-matrix formalism that links input waveguide modes to target topological edge states. By combining this mapping
with adjoint-based topology optimization, we obtain the permittivity distribution within a compact design window that re-
alizes the desired vector transformation while preserving topological transport. We experimentally demonstrate two repre-
sentative domain-wall configurations on a valley photonic crystal (VPC) platform, termed Type-I and Type-II topological
couplers, which efficiently couple the fundamental TE( mode into valley pseudospin edge states. Simulations of the ideal-
ly designed device show insertion losses of 0.04 dB and 0.09 dB at 1550 nm with 3-dB bandwidths of 132 nm and 65 nm,
respectively. Experimentally, the fabricated device, which was designed accounting for fabrication tolerances, maintains a
broadband low-loss performance, with measured losses of < 0.6 dB at 1550 nm with 3-dB bandwidth over > 60 nm and <
0.8 dB at 1550 nm with 3-dB bandwidth over 87 nm. Mirror-symmetric designs further validate selective excitation of or-
thogonal pseudospin states. Our results establish this inverse-design methodology as a powerful tool for strictly control-
ling on-chip vectorial light, paving the way toward compact, broadband, and multifunctional photonic integrated circuits
for optical computing, communications, and beyond.
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1 Introduction optical communications [12,13], quantum information pro-

cessing [13,14], super-resolution imaging [15-17], and op-

Structured light [1,2], with its programmability in multiple
degrees of freedom including amplitude, phase, space, fre-
quency and polarization [3-5], represents a frontier field in
modern optics. Unlike conventional Gaussian beams or
plane waves, structured light offers extended control over
spatial and polarization states, such as orbital-angular-mo-
mentum (OAM) beams [6], vector beams with spatially
varying polarization [7-10], and self-accelerating Airy
beams [11]. This diversity of field structures opens new av-
enues for advanced applications, including high-capacity
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tical micromanipulation [18]. However, the generation and
manipulation of these fields in free space rely on bulky,
alignment-sensitive setups [19], which severely limit their
practicality. This fundamental limitation makes the trans-
fer of these capabilities to on-chip integration [20-23] a
necessary step toward compact, stable, and scalable optical
systems. For this purpose, photonic integrated circuits
(PICs) [24-26] offer an ideal platform for bringing on chip
structured light into real-world applications [27-29], with
the ultimate goal of achieving precise generation and ma-
nipulation of complex optical fields.

Valley photonic crystals (VPCs) [30], a key PIC plat-
form, provide an ideal physical platform for on-chip struc-
tured-light manipulation [31]. These structures support
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pseudospin states characterized by spatially varying field
and polarization distributions [32,33]. Their modal field
profiles inherently exhibit the essential features of struc-
tured light, effectively serving as an on-chip “reservoir” of
structured light states. Furthermore, VPCs host two in-
equivalent valleys (|K) and |K”)) as additional degrees of
freedom [34] and support topological edge states with dis-
tinct chiral responses [35], thereby offering a robust foun-
dation for multidimensional optical control. However, de-
spite this potential, a unified design paradigm for precise
on-chip structured-light manipulation within such topologi-
cal platforms is still lacking.

Inverse design [36,37] offers a new approach. It allows
for coordinated control of multidimensional vectorial prop-
erties within a compact footprint, while preserving the ro-
bust transport characteristics of topological edge states. By
directly defining the desired optical functionality and us-
ing the adjoint method to optimize in a high-dimensional
parameter space [38], inverse design can discover optimal
structures that are often inaccessible through traditional
empirical approaches. This goal-oriented design paradigm
overcomes the limitations of analytic modeling and manu-
al parameter tuning, offering far greater flexibility and per-
formance potential. Adjoint-based inverse optimization has
been successfully applied to various photonic devices, such
as wavelength demultiplexers [39,40] and logic compo-
nents [41,42], demonstrating its generality [43,44]. When
incorporated into the design of on-chip structured light ma-
nipulation, this methodology enables highly flexible, multi-
parameter control. However, its comprehensive applica-
tion to vectorial structured light control in topological pho-
tonic systems has not yet been systematically explored.

In this work, we propose a quantum-state—inspired
[45,46] inverse design methodology that enables arbitrary
on-chip manipulation of vectorial structured light on a VPC
platform. This methodology models the evolution of the
optical field from input to output as a linear transformation
in a finite-dimensional Hilbert space. Within this space, a
transmission matrix acts as the core operator for the coordi-
nated optimization of spatial, phase, and polarization prop-
erties. We designed and realized two compact topological
couplers corresponding to distinct domain-wall configura-
tions (Type-I and Type-II). At the 1550 nm telecommuni-
cation band, simulations of the ideal design achieved ultra-
low insertion losses of 0.04 dB and 0.09 dB, with broad 3-
dB bandwidths of 132 nm and 65 nm, respectively. Experi-
mentally, the fabricated devices, which were designed ac-
counting for fabrication tolerances, exhibited measured in-
sertion losses below 0.6 dB and 0.8 dB, with 3-dB band-
widths exceeding 60 nm and 80 nm. This study not only
verifies the feasibility of achieving precise vector-field
control within topological photonic crystals via inverse de-
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sign but also establishes a unified design paradigm for
structured light on-chip, offering a new pathway for devel-
oping multifunctional photonic integrated circuits and po-
larization-multiplexed communication systems.

2 On-chip structure light

The concept of structured light has greatly expanded our
ability to manipulate optical fields in multiple dimensions,
making its migration from free space to on-chip applica-
tions highly attractive. In the context of conventional free-
space structured light, engineering amplitude, phase, polar-
ization, and frequency degrees of freedom (DoFs) [3-5] en-
ables the construction of a wide variety of complex light-
field distributions (Fig. 1a). Representative free-space
structured-light modes shown in Fig. 1 include Gaussian-
like OAM modes with zero topological charge £ = 0 (Fig.
1c), as well as OAM beams with a central phase singulari-
ty, such as £ = 1 (Fig. le), £ = 2 (Fig. 1g), and even higher
orders like £ = 3 (Fig. 1i). On chip, the goal is to generate
analogous structured textures within guided vectorial fields
(see Section S1 in the Supporting Information for defini-
tions). Realizing this capability, however, remains an open
problem. Conventional integrated photonic devices pre-
dominantly rely on standard transverse electromagnetic
modes (TEM, Fig. 1b), which do not explicitly encode rich
spatial phase/polarization textures, making it difficult to re-
alize comparable structured-field patterns at the chip scale.
It is therefore of significant interest that recent advances in
topological photonics provide new physical DoFs and de-
sign paradigms for constructing structured light on-chip
[24-26], particularly on VPC platforms.

In VPCs, the transverse phase distributions of the inter-
face states often exhibit localized phase-winding patterns.
For example, the valley pseudospin mode shown in Fig. 1d
displays clear local phase vortices within each unit cell, vi-
sually resembling the vortex-like local phase structure
found in free-space OAM beams. Similarly, higher-order
topological interface states (Fig. 1f) can exhibit double or
multiple phase windings at the unit-cell center, with quali-
tative analogous to free-space OAM modes with £ = 2 (Fig.
1g) or even higher orders (Fig. 1i) of increasing complexi-
ty. Meanwhile, the trivial state shown in Fig. 1h presents
yet another distinct on-chip field configuration, offering a
broader comparison between free-space and chip-based
modal structures. Unlike the global topological charge of
free-space OAM beams, these localized phase vortices in
VPCs originate from the superposition of the valley-degen-
erate states |K) and |K’), reflecting the valley Chern-num-
ber contrast (+ 1/2) across the interface. Therefore, Fig. 1
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Fig. 1 Inverse design to achieve arbitrary on-chip vectorial structure light conversion. (a) Conceptual illustration of constructing struc-
tured light using four fundamental degrees of freedom (DoFs): spatial distribution, amplitude, phase, and frequency. These DoFs enable the gen-
eration of diverse structured-light patterns in both free space and integrated photonic platforms. Free-space structured light (c, e, g, i). (c)
OAM beam with ¢ = 0, showing a Gaussian-like intensity distribution and uniform phase. (¢) OAM beam with ¢ = 1, exhibiting a single-charge
helical phase vortex and doughnut intensity. (g) OAM beam with £ = 2, displaying a double-charge phase winding consistent with higher-order
vortex beams. (i) OAM beam with ¢ = 3, showing a triple-charge spiral phase and expanded annular intensity. On-chip structured light (b, d, f,
h). (b) Transverse electromagnetic mode (TEM) supported by a waveguide structure, representing a basic on-chip spatial mode without topologi-
cal charge. (d) Pseudospin mode in a valley photonic crystal (VPC), formed by superposition of degenerate valley states and characterized by
staggered phase textures with local vortices. (f) High-order photonic-crystal interface state, featuring multiple phase lobes shaped by the period-
ic refractive-index modulation. (h) Trivial photonic-crystal mode, showing periodic phase and intensity modulation but lacking topological pro-

tection.

as a whole illustrates the correspondence between free-
space structured-light modes (Fig. 1c, e, g,1) and on-chip
topological structured-light modes (Fig. 1b, d, f, h) in terms
of phase, amplitude, and spatial patterns, highlighting that
topological photonic platforms can naturally support high-
dimensional vectorial light fields analogous to structured
light, thus providing a physical foundation for realizing
structured light on-chip. (See Section S1 in the Supporting
Information for a rigorous discussion).

Looking beyond the devices demonstrated in this work,
the inverse-design method introduced here is inherently ex-
tensible and offers a unified pathway toward multidimen-
sional structured-light manipulation on integrated photonic
platforms. While our study focuses on vectorial transfor-
mations between conventional strip-waveguide modes and
valley pseudospin states, the same transmission-matrix for-
malism can be generalized to accommodate additional opti-
cal degrees of freedom. In the phase domain, the method
may enable broadband, topology-compatible phase modu-

lation elements, forming the basis for reconfigurable inter-
ferometric units or phase-controlled logic within topologi-
cal photonic circuits. In the wavelength domain, extending
the mapping matrix toward joint space—wavelength—valley
control could support novel wavelength-division function-
alities and selective spectral routing, which are essential for
scaling future quantum and classical communication archi-
tectures. Furthermore, in the spatial domain, the inverse-
design strategy may facilitate direct conversion between
free-space structured beams and topological edge states, es-
tablishing on-chip interfaces capable of bridging free-space
channels, optical fibers, and topological photonic crystals.
More broadly, since the framework can naturally evolve
from a matrix representation into a high-dimensional ten-
sor formulation, it may eventually enable simultaneous
control over phase, wavelength, polarization, orbital angu-
lar momentum, and temporal properties within a single de-
sign paradigm. These prospects highlight the versatility and
scalability of inverse-designed topological photonics and
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point toward a promising route for realizing compact,
broadband, and multifunctional integrated platforms for ad-
vanced optical signal processing and quantum information
technologies.

3 Structure light manipulation by inverse
design

To achieve arbitrary on-chip manipulation of vectorial
structured light within a VPC platform, we employ a quan-
tum-state—inspired representation to guide the inverse de-
sign framework centered on the transmission matrix, as il-
lustrated in Fig. 2. It provides a compact Hilbert-space no-
tation, which arises as the vector space spanned by orthog-
onal spatial and polarization modes naturally and provides
arigorous framework for describing field superposition and
linear optical transformations (see Section S2 in the Sup-
porting Information for a detailed discussion). We could
represent any on-chip vectorial structured light field as a
quantum-state superposition of basis vectors [46]:

N
|E) = Z Z Cij|ri>®|Pj>-
}

i=1 jefxyz

Here, |r;) denotes the basis state associated with the i-th
spatial sampling point on the observation plane, N is the
total number of spatial sampling points, and |Pj>den0tes
the orthonormal polarization basis state corresponding to
the Cartesian unit vector &;. The complex coefficient C;;
corresponds to the complex electric-field amplitude of the
j-th polarization component evaluated at the spatial loca-
tion r;, thereby encoding the amplitude and phase informa-
tion of the structured light field. Directly operating in a
continuous, infinite-dimensional space is neither necessary
nor efficient for numerical implementation. Therefore, we
sample the vectorial fields on selected transverse planes,
restricting the spatial and polarization degrees of freedom
to a finite set. Consequently, the input and output fields are
represented as finite-dimensional complex matrices:

Ein € CNde’ Eout € CNQde,

where Nj,/Noyw: denote the number of sampling points or
modes, d denotes the dimensionality of the polarization
subspace, and C denotes the complex number field. When
the spatial sampling grid is sufficiently dense and the dis-
cretization satisfies the constraints of Maxwell’s equations,
this representation is information-equivalent to the original
continuous vector field. It thus serves as the computational
workspace for subsequent modeling and optimization, as il-
lustrated in Fig. 2a (for more information regarding the se-
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lection criteria for the discretized-observation plane and
clarifications, see Section S4 in the Supporting Informa-
tion). Under this representation, the device functionality
can be abstracted as a linear transformation from Ej, to
Eou:

Eou =T - Ejy,

where T is the transmission matrix, which characterizes
how the input spatial-polarization states are transformed in-
to the target structured-light states within the chosen finite-
dimensional basis. Physically, T encodes the scattering and
propagation behavior of electromagnetic waves under the
given dielectric distribution. For the operator-level deriva-
tion relating the continuous Maxwell operator to the finite-
dimensional transmission matrix (via projection/synthesis
operators), see Section S3 in the Supporting Information.

In this work, we first specify the desired target field Eqy,
such as achieving efficient, phase-preserving, or polariza-
tion-selective transformation from the single-mode waveg-
uide TEy mode to a specific topological pseudospin edge
state. Subsequently, by numerically solving Maxwell’s
equations, we establish the mapping from the dielectric
permittivity distribution &(r) inside the device to the trans-
mission matrix 7'(g) evaluated on the discretized observa-
tion plane. Figure 2a conceptually illustrates the relation-
ship among the input optical field, the transmission matrix,
and the target vectorial structured-light state. It depicts
how, within the chosen finite-dimensional basis, the input
spatial-polarization states are mapped to the desired out-
put state. The complete three-dimensional evolution of the
optical field can be reconstructed by solving Maxwell’s
equations numerically on a discretized grid, ensuring the
accuracy of this mapping within its finite-dimensional rep-
resentation.

Using the inverse-design optimization algorithm, we de-
sign a nonuniform dielectric permittivity distribution with-
in a predefined compact region to realize the desired trans-
mission matrix. The overall design workflow is illustrated
in Fig. 2b. After defining the target mapping and monitors,
the design is parameterized by a pixelated density field
within the optimization window. In each iteration, a for-
ward simulation evaluates the figure of merit (FOM) asso-
ciated with the desired transmission-matrix mapping, and
an adjoint simulation provides the gradient with respect to
the design variables. A gradient-based optimizer then up-
dates the design field. To obtain physically realizable lay-
outs, the updated design is processed by spatial filtering
(e.g., top-hat convolution) and a projection step (e.g., a
Heaviside-type mapping), which progressively drives the
permittivity distribution toward a near-binary two-material
pattern. The projection strength is increased through a con-
tinuation scheme until the design becomes sufficiently bi-
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Fig.2 Unified transformation-matrix-based framework for on-chip vectorial structured light. (a) The input and target vectorial fields are
discretized into finite-dimensional matrices, and their relation is described by a transmission matrix 7" mapping Ej, to Eqy. (b) Inverse-design
workflow under the transmission-matrix constraint. (c) Evolution of the permittivity distribution during optimization from an initial continuous
parameterization to a near-binary and finally manufacturable layout. Initial &: user-defined starting distribution within the design domain.
Greyscale £: A smoothed mapping converts the continuous design variables into a graded permittivity distribution between the two materials;
top-hat convolution is applied to suppress unstable fine features. Binarized &: The material distribution is parameterized by a density field
(p €[0,1]). A spatial filter (top-hat convolution) is applied to p for regularization. The filtered density is then projected to a physical permittivi-
ty via a smooth Heaviside function (with a low g value), resulting in a continuous & distribution between epi, and gpax. DFM-refined : A
minimum-feature-size constraint is enforced by adding a penalty term to the FOM, improving fabrication robustness.

narized. To improve the manufacturability of the opti-
mized designs, we incorporate a design-for-manufacturing
(DFM) stage into the topology-optimization workflow. By
introducing a minimum-feature-size penalty term, this
stage suppresses ultra-fine structures that are sensitive to
fabrication errors, thereby enhancing process robustness,
albeit at the cost of some ideal simulated performance.
Representative permittivity patterns in different stages are

shown in Fig. 2c. Further workflow details are provided in
Section S5 of the Supporting Information.

Traditional optical-field control approaches often rely on
analytical formulations, which become cumbersome for
complex vectorial fields—especially on-chip structured
light in VPCs. In contrast, our framework provides a uni-
fied, implementation-friendly route by constructing a trans-
mission matrix that maps between input and target vectori-
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al field states within a chosen finite-dimensional basis,
while being physically realized by a compact dielectric
structure governed by Maxwell’s equations. Importantly,
this transmission-matrix—based inverse-design paradigm is
not limited to the pseudospin edge states demonstrated
here: once the desired target field is specified on the obser-
vation plane(s), the same workflow can be directly extend-
ed to synthesize and manipulate other representative vecto-
rial structured-light states (e.g., cylindrical vector beams
[8], etc.) on chip, by appropriately defining the target am-
plitude—phase—polarization distribution and the correspond-
ing figure of merit.

4 Inverse designed coupler for topological
photonics

The efficient coupling between standard single-mode strip
waveguides and topological photonic crystals is fundamen-
tally limited by modal field mismatch. Here, we systemati-
cally overcome this limitation using our inverse-design
framework, designing two compact couplers for distinct
valley-topological domain-wall configurations.

The first configuration, referred to as the Type-I domain
wall, consists of two interleaved honeycomb valley photon-
ic crystal lattices (VPC1 and VPC2), as shown in Fig. 3a,
forming a complete valley photonic crystal structure illus-
trated in Fig. 3b and 3c. By breaking spatial inversion sym-
metry via a structure with @ = 480 nm, R = 223 nm, and »
= 78 nm, a photonic bandgap is opened in the 1460-1630
nm wavelength range (Fig. 3d). Due to the valley Hall ef-
fect, light propagates along the interface between the two
oppositely polarized VPC regions in the form of pseu-
dospin modes. Previous studies have attempted coupling
through line-defect waveguides, multimode waveguides, or
asymmetric junctions; however, these approaches often
suffer from high insertion loss (IL), large footprint, or the
inability to achieve single-mode coupling.

Using the aforementioned inverse-design approach, we
designed a compact 5 pm X 5 pm structure, which is re-
ferred to as the Type-I coupler, that satisfies the transmis-
sion-matrix mapping between the TEg mode and the val-
ley pseudospin field. The optimization objective was de-
fined over the target wavelength band of 1540—1560 nm
and the resulting ideal design is shown in Fig. 3e. The de-
vice connects a single-mode strip waveguide (500 nm X
200 nm) to the VPC, and its optical-intensity distribution
was simulated at a wavelength of 1550 nm. Under ideal
fabrication conditions, the Type-I coupler achieves an in-
sertion loss of only 0.04 dB at 1550 nm (Fig. 3g, red
dashed line, simulated result) and exhibits a 3-dB band-
width of 132 nm (1484—1616 nm), enabling efficient con-
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version of the wavevector from the TE; mode into the
pseudospin mode within the VPC. Figure 3g and 3i com-
prehensively demonstrate the superiority of our design. At
the wavelength of 1550 nm, optical energy injected from
the single-mode waveguide into the topological coupler en-
ters the valley photonic crystal with near-zero reflection,
and then continues seamlessly into the output waveguide
(Fig. 3i, left).

For comparison, when the VPC is directly connected to
the single-mode waveguide (Fig. 3i, center), the field mis-
match causes significant insertion loss (IL = 2.54 dB @
1550 nm, green dashed line in Fig. 3g) and oscillations
along the transmission path. Simulated power-flow distri-
butions clearly show standing-wave patterns both inside the
waveguide and within the photonic crystal, indicating
strong back-reflection. It is also noteworthy that the two
pseudospin modes possess spatial chiral symmetry. Align-
ing the Type-I coupler in a mirror-symmetric configura-
tion enables excitation of the orthogonal pseudospin mode.
As shown in Fig. 3i (right), the injected pseudospin light
corresponds to the opposite local handedness (RCP instead
of LCP) due to selective excitation of the opposite pseu-
dospin branch. Under ideal fabrication conditions, the cou-
pler yields a peak extinction ratio (ER) of 11.79 dB at 1550
nm (the difference between the insertion loss of the red
curve and that of the blue dashed curve in Fig. 3g). This
behavior arises because the two pseudospin modes in the
VPC are orthogonal and counter-propagating, causing opti-
cal energy to remain largely confined within the input
waveguide and suppressing transmission into the photonic-
crystal region when the opposite pseudospin is excited.

In addition to the ideal design in Fig. 3e, we carried out a
fabrication-aware re-optimization to obtain the fabrication-
aware design shown in Fig. 3f. Fabrication tolerance is in-
corporated at the optimization level by imposing manufac-
turability constraints via spatial filtering and a minimum-
feature-size control. Concretely, a larger filtering strength
is applied and a minimum-feature-size penalty is enabled to
eliminate ultra-fine features (e.g., small islands, sharp cor-
ners, and narrow bridges) that are highly sensitive to
lithography/etching variations. As a result, the fabrication-
aware design is obtained by re-optimizing the structure un-
der stricter constraints rather than by simply correcting or
smoothing the ideal design. Since the feasible design space
is reduced by these constraints, the fabrication-aware de-
sign can exhibit a different field pattern and a slightly de-
graded ideal simulated performance, but it is expected to be
more robust and closer to experimental behavior under the
available fabrication process. Taking into account the con-
straints of the fabrication platform, we fabricated the fabri-
cated device based on this fabrication-aware design, and
the measured results are shown in Fig. 3h. The measured
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Fig.3 Inverse-designed Type-I coupler enabling efficient coupling between a single-mode strip waveguide and a valley photonic crystal.
(a) Schematic of two honeycomb valley photonic crystal unit cells (VPC1/VPC2). (b) Schematic of the topological/trivial regions and their inter-
face formed by VPC1/VPC2. (c) SEM image of the fabricated device with an inverse-designed coupling region of approximately 5 pm X 5 pm.
(d) Mlustration of the bandgap and operating frequency range opened by breaking spatial inversion symmetry. (e) Optical intensity distribution at
1550 nm for the ideal design, showing efficient conversion from the TE; mode to the valley pseudospin mode. (f) Optical intensity distribution
of the fabrication-aware design. (g) Simulated insertion loss spectra of the Type-I couplers based on ideal design, direct connection, and its mir-
ror-symmetric coupler. (h) Simulated insertion loss spectra of fabrication-aware design (based on the fabrication-aware design) and measured in-
sertion loss spectra of the corresponding fabrication-aware designs for the symmetric and mirror-symmetric couplers. (i) Energy flow distribu-
tions for three structures: the inverse-designed coupler achieves near-zero-reflection coupling, the direct connection exhibits strong reflection
and standing waves, and the mirror-symmetric coupler selectively excites the opposite-chirality pseudospin mode.

results, indicated by the red dotted line, show an insertion
loss of 0.58 dB at 1550 nm, with a 3-dB bandwidth exceed-
ing 60 nm (ranging from 1526 nm to 1586 nm).

The Type-II domain wall is obtained by symmetrically
transforming the VPC configuration shown in Fig. 3a, re-

sulting in two new VPCs illustrated in Fig. 4a. When ar-
ranged together, they form a distinct topological boundary
state, as shown in Fig. 4b, the Type-II domain wall opens a
photonic bandgap spanning 1440-1620 nm (Fig. 4d). Us-
ing the same inverse-design procedure, we constructed the
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Fig. 4 Inverse-designed Type-II coupler enabling efficient coupling between a single-mode strip waveguide and a valley photonic crys-
tal. (a) Schematic of two honeycomb valley photonic crystal unit cells (VPC3/VPC4). (b) Schematic of the topological/trivial regions and their
interface formed by VPC3/VPC4. (c) SEM image of the fabricated device with an inverse-designed coupling region of approximately 5 pm X 5
pm. (d) Ilustration of the bandgap and operating frequency range opened by breaking spatial inversion symmetry. (e) Optical intensity distribu-
tion at 1550 nm for the ideally designed device, showing efficient conversion from the TEO mode to the valley pseudospin mode. (f) Optical in-
tensity distribution of the fabrication-aware design. (g) Simulated insertion loss spectra of the Type-II couplers based on ideal design, direct con-
nection, and its mirror-symmetric coupler. (h) Simulated insertion loss spectra of fabrication-aware design (based on the fabrication-aware de-
sign) and measured insertion loss spectra of the corresponding fabrication-aware designs for the symmetric and mirror-symmetric couplers. (i)
Energy flow distributions for three structures: the inverse-designed coupler achieves near-zero-reflection coupling, the direct connection ex-
hibits strong reflection and standing waves, and the mirror-symmetric coupler selectively excites the opposite-chirality pseudospin mode.

Type-II coupler (Fig. 4c) to verify that the proposed frame-
work can adaptively optimize different domain-wall con-
figurations with the optimization objective defined over the
target wavelength band of 1540—1560 nm. Under ideal
fabrication conditions, the ideal design achieved an inser-
tion loss of 0.09 dB at 1550 nm (Fig. 4g, red dashed line,
simulated result) and a 3 dB bandwidth of 65 nm
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(1504—1569 nm), realizing efficient wavevector conver-
sion from the TE, mode to the pseudospin mode in the
VPC. Figure 4i presents the optical-intensity distributions
resulting from excitation through the ideal design of Type-
II coupler, a direct connection, and its mirror-symmetric
counterpart. Similar to the Type-I coupler, the Type-II cou-
pler enables near-zero-loss mode conversion. In contrast,
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direct coupling between the single-mode waveguide and
VPC (Fig. 41, middle) causes significant field mismatch,
resulting in an insertion loss of 3.17 dB at 1550 nm (Fig.
4g, green dashed line, simulation). With the mirror-sym-
metric configuration, the device exhibits a peak extinction
ratio (ER) of 10.55 dB at 1554 nm, defined as the transmis-
sion contrast between the two opposite pseudospin excita-
tions (Fig. 4g, simulation). Finally, the fabricated device
based on the fabrication-aware design was fabricated on
the GSSe chalcogenide glass platform, as shown in Fig. 4c.
The fabricated device (Fig. 4f) exhibits an insertion loss of
0.77 dB at 1550 nm and a 3 dB bandwidth of 87 nm
(1486—1573 nm), as indicated by the red dotted line in Fig.
4h, in good agreement with simulation results of the fabri-
cation-aware design.

5 Conclusion

In conclusion, we have proposed and experimentally
demonstrated an inverse-design-based framework for on-
chip vectorial structured-light manipulation, achieving effi-
cient control of complex optical fields on a VPC platform,
achieving efficient and low-loss coupling from convention-
al waveguide modes to topological pseudospin states. By
introducing a quantum-inspired mapping matrix, the opti-
cal-field conversion problem in an infinite-dimensional
Hilbert space is transformed into a finite-dimensional ma-
trix optimization, enabling precise control of complex vec-
tor fields. Simulations of the ideally designed device show
insertion losses of 0.04 dB and 0.09 dB at 1550 nm with 3-
dB bandwidths of 132 nm and 65 nm, respectively. Mea-
surements of the fabricated device, which was designed to
account for fabrication tolerances, confirm a broadband
low-loss performance, with losses below 0.6 dB at 1550
nm with 3-dB bandwidth over > 60 nm and below 0.8 dB
at 1550 nm with 3-dB bandwidth over 87 nm. These re-
sults validate the effectiveness and practicality of inverse
design for topological photonics, advancing the field from
passive transport toward active control, and paving the way
for high-performance, multifunctional integrated photonic
circuits such as optical neural networks and quantum pho-
tonic chips.
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Appendixes
A.1 Methods

1) Fabrication [47]

The chalcogenide glass (ChG) film was composed of
GeSb,Seq,. The thin films (500 nm thickness) were de-
posited on top of a standard silicon wafer with 2 um thick
silicon oxide by thermal evaporation. The film was then
spin-coated by the positive-tone e-beam resist (ARP
6200.13). The photonic crystals and the inverse design
structure were patterned by using electron beam lithogra-
phy (Raith VOYAGER). The ChG of the electron beam ex-
posed area was then etched by inductively coupled plasma
etching (Oxford Plasmaprol00 Cobra 180) and the pat-
terns were finally transferred to the film by the removal of
the e-beam resist.

2) Optical measurements [48]

The C band test system for the measurement was mainly
composed of a broadband tuning laser (Santec TSL-570), a
vertical fiber coupling platform, and a photodetector
(MPM-210/210-H). The polarization direction of the light
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was controlled using a manual polarization controller. The
transmission spectrum was measured by scanning the
wavelength of the laser, and the output signal power was
detected by the photodetector.

A.2 Inverse design method

Except for the proposed initialization strategy, the inverse-
design procedure follows the standard adjoint-based topol-
ogy optimization implemented in the Lumerical lumopt
framework. In each iteration, a forward simulation evalu-
ates the objective function F defined by the target map-
ping, and an adjoint simulation provides the gradient
0F[0€(r). The design is then updated using the L-BFGS
optimizer. To enforce manufacturable features and pro-
mote a near-binary permittivity distribution, spatial filter-
ing and a Heaviside projection are applied, with the projec-
tion sharpness parameter 8 following the default 8-contin-
uation scheme in lumopt. The optimization terminates
when the objective change satisfies the convergence criteri-
on |[AF|<0.001. After convergence, an optional binariza-
tion/DEM step is performed to obtain the final fabricable
structure.

For the ideal design we used filter R = 60 nm and
min_feature_size = 60 nm, whereas for the fabrication-
aware design we wused filter R = 180 nm and
min_feature_size = 90 nm.
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