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GRAPHICAL ABSTRACT

HIGHLIGHTS
 

● Automated inverse design of metasurfaces for tailored superchiral fields
● Deep neural network (DNN) and Bayesian optimization enable rapid, target-oriented design
● Permutation-invariant pretraining resolves mode-label switching
● Data-driven, physics-informed Bayesian optimization (BO) enables efficient constrained optimization
● Circular dichroism (CD) signals are enhanced by three orders for ultrasensitive chiral sensing
 

ABSTRACT　 Metasurfaces supporting superchiral fields provide an effective route for amplifying the intrinsically weak circular dichroism
(CD) response of chiral molecules, but their design usually relies on inefficient trial-and-error optimization. Here, we propose an automated
inverse-design  framework  that  integrates  a  deep  neural  network  (DNN)  with  Bayesian  optimization  (BO)  for  the  on-demand  design  of
metasurfaces  with  tailored  superchiral-field  responses.  A  high-accuracy  DNN  surrogate  model  is  first  trained  to  establish  the  mapping
between  structural  parameters  and  eigenmodes,  while  a  BO  module  performs  inverse  optimization  through  a  physics-informed  weighted
composite  objective  function.  To  address  the  mode-label  switching  problem  in  modal  prediction,  the  task  is  reformulated  as  a  modal-set
prediction problem and optimized using a  permutation-invariant  loss,  which markedly  improves  training stability  and prediction accuracy.
Based  on  this  framework,  dual  high-Q mode  degeneracy  at  target  wavelengths  is  rapidly  achieved  under  a  fixed  lattice  period,  enabling
efficient  generation  of  customized  superchiral  fields.  Compared  with  expert-guided  parametric  scanning,  the  design  speed  is  improved  by
approximately 5145 times.  The  optimized  metasurfaces  provide  up  to 6000-fold  optical  chirality  enhancement  and  yield  a  CD  response
enhanced by  nearly  three  orders  of  magnitude  compared  to  the  reference  without  metasurfaces.  This  framework  provides  an  efficient  and
generalizable route toward intelligent inverse design of chiral photonic devices for ultrasensitive sensing.
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 1    Introduction

Chirality  is  a  fundamental  property  of  matter,  especially
playing a central role in biochemistry, pharmaceutics, and
life sciences [1–3].  As an established spectroscopic tool,
circular  dichroism  (CD)  is  widely  used  for  determining
the  structural  configuration  and  enantiomeric  composi-
tion  of  chiral  molecules  [4–7].  However,  the  chiroptical
response  of  natural  molecules  is  intrinsically  weak
because their Pasteur parameters are typically very small,
which  imposes  a  major  limitation  on  trace-level  chiral
detection.  Enhancing  chiral  light–matter  interactions  is
therefore  a  key  challenge  in  the  development  of  high-
sensitivity chiral sensing technologies.

In  recent  years,  metasurfaces  have  emerged  as  a
powerful  platform  for  boosting  chiroptical  responses
beyond  the  limits  of  natural  materials  [8–10].  Owing  to
their  subwavelength  structural  engineering  capability,
metasurfaces  can  support  tailored  resonant  modes  with
strong  local  field  confinement  and  enhanced  optical
chirality [11–15]. In particular, all-dielectric metasurfaces
supporting quasi-bound states in the continuum (q-BICs)
can  simultaneously  provide  ultrahigh Q factors,  strong
light  confinement,  and  large  near-field  enhancement,
making  them  especially  attractive  for  generating  super-
chiral  fields  [16–18].  Such  fields  not  only  strengthen
local  chiral  light–matter  interactions  at  optical  hotspots,
but  also  provide  high  volume-averaged  optical  chirality
enhancement over an extended interaction region, thereby
enabling  highly  sensitive  detection  of  distributed  chiral
molecules [16,19–21].

Despite  this  promise,  the  design  of  metasurfaces
capable of producing strong superchiral fields at specified
target  wavelengths  remains  highly  challenging.  The
formation  of  superchiral  fields  generally  requires  the
coordinated  fulfillment  of  several  stringent  physical
conditions,  including  electromagnetic  duality,  spectral
degeneracy,  spatial  overlap,  and  appropriate  phase
relation  between  the  participating  modes  [22,23].  In
practice, the underlying mapping from structural parame-
ters  to  modal  characteristics  and  eventually  to  chiral
response  is  highly  nonlinear,  high-dimensional,  and
strongly  coupled  [24,25].  Conventional  design  strategies
therefore  rely  heavily  on  expert  intuition  combined with
exhaustive  parametric  scanning  based  on  finite-element
or  finite-difference  electromagnetic  simulations  [26].
Such approaches are not  only computationally intensive,
but  also  prone  to  low  design  efficiency  and  limited
transferability  when  moving  to  different  target  wavel-
engths or performance requirements.

Recent  great  advances  in  deep  learning  have  opened
new  opportunities  for  overcoming  these  bottlenecks  in
nanophotonic  inverse  design  [27–31].  By  learning  from
large  simulation  datasets,  deep  neural  networks  (DNNs)
can  serve  as  fast  and  accurate  surrogate  models  for
predicting  optical  responses,  dramatically  reducing  the
computational  cost  of  repeated  full-wave  simulations
[24,32–34].  However,  direct  inverse  design  based  solely
on generative models often suffers from limited physical
controllability,  insufficient  robustness,  and  poor  fabrica-
tion-awareness.  A more  effective  strategy is  therefore  to
combine  a  high-accuracy  forward  prediction  model  with
a global  optimization algorithm [35–37].  In  this  context,
Bayesian optimization (BO) is particularly well suited for
expensive  black-box  design  problems,  because  it  can
efficiently  balance  exploration  and  exploitation  and
identify  high-quality  solutions  with  a  relatively  small
number of evaluations [38,39].

Here,  we  develop  a  fully  automated  inverse-design
framework  that  integrates  a  DNN-based  forward  predi-
ctor  with  BO for  the  on-demand  design  of  metasurfaces
supporting  superchiral  fields.  A  simulation  dataset
linking structural parameters to eigenmode information is
first  established  to  train  a  high-accuracy  DNN surrogate
model.  To  resolve  the  mode-label  switching  problem  in
modal  prediction,  the  learning  task  is  reformulated  as  a
modal-set  prediction  problem  and  optimized  using  a
permutation-invariant loss. On this basis, BO is employed
to  search  the  metasurface  geometry  through  a  physics-
informed  weighted  composite  objective  function  that
jointly  accounts  for  high-Q mode  selection,  target-
wavelength alignment, modal degeneracy, and geometric
feasibility.  Using  this  framework,  dual  high-Q mode
degeneracy  at  different  target  wavelengths  is  rapidly
realized  under  a  fixed  lattice  period,  leading  to  tailored
superchiral fields and markedly enhanced CD responses.
This  work  establishes  a  generalized,  automated  design
paradigm  for  rapidly  tailoring  superchiral  metasurfaces
for applications in ultrasensitive chiral sensing.

 

2    Results and Discussion

 2.1    Automated inverse-design framework

An automated inverse-design framework that combines a
DNN-based  forward  predictor  with  BO  was  developed
for  the  on-demand  design  of  metasurfaces  supporting
superchiral fields, as illustrated in Figure 1. A simulation
dataset mapping structural parameters to eigenmodes was
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first constructed and used for DNN pretraining, enabling
rapid  and  accurate  prediction  of  the  resonance
wavelength  (λ)  and  quality  factor  (Q)  of  the  relevant
modes  (Fig. 1C).  Guided  by  the  DNN  predictions,  BO
was  then  employed  to  globally  explore  the  structural
parameter space and identify eigenmode distributions that
fulfill  user-defined  targets  (Fig. 1D and 1E).  The  resul-
ting candidate structures were subsequently screened, and
high-quality  designs  were  further  evaluated  by  simula-
tions  to  quantify  their  chiral  enhancement  performance.
The  simulation  results  were  iteratively  fed  back  into  the
BO  module  to  refine  the  probabilistic  surrogate  model
and further focus the search on promising regions of the
design  space.  The  optimization  was  terminated  once  the
performance  improvement  became  negligible  or  the
target  design  criteria  were  satisfied,  yielding  the  final
optimized metasurface structure (Fig. 1F).

As  the  model  system,  a  dielectric  metasurface
consisting of periodic holes etched into a high-index slab
supported  on  a  low-index  substrate  was  considered.  The
refractive indices of the slab and substrate were set to 2.4
and  1.45,  respectively.  The  lattice  period p and  hole
radius a were  fixed  at  400  and  140  nm,  respectively,
while the slab thickness t and cylinder radius r served as
key structural parameters. To induce the transition from a
bound  states  in  the  continuum  (BIC)  to  a  q-BIC,  a
cylindrical  perturbation  was  introduced  near  the  hole  to
break the C2 symmetry of the structure. The cylinder was
positioned  along  the y-axis,  thereby  preserving  the
overall  mirror symmetry of the metasurface. This design

ensures that the metasurface itself remains achiral, so that
the  measured  CD  signal  originates  entirely  from  the
chiral molecules rather than from any intrinsic chiroptical
response of the structure. The distance between the center
of the cylinder and the center of the hole is defined as d.
To  mimic  a  realistic  biological  chiral  environment,  a
chiral  solution  layer  was  introduced  above  the  metasur-
face, with εᵣ = 2.1 + 2i × 10−4 and μᵣ = 1 + 2i × 10−5. For
the  chiral  enantiomers,  the  Pasteur  parameter  was  set  to
κ = ± (2 + 0.4i) × 10−4.

The  DNN  input  vector  was  defined  as  [r, d, t],
providing  a  reduced-dimensional  representation  of  the
metasurface  geometry,  while  the  output  vector  was
defined  as  [ω1−iγ1, ω2−iγ2, ω3−iγ3, ω4−iγ4],  correspon-
ding  to  the  eigenmode  information  of  the  structure.  The
three  structural  parameters  considered  here,  slab  thick-
ness t, cylinder radius r, and cylinder position d, all play
decisive  roles  in  the  formation  of  superchiral  fields.
Specifically, r and d govern the eigenmode characteristics
by controlling the degree of symmetry breaking, whereas
t further determines whether the two electromagnetically
dual  modes  can  achieve  spectral  degeneracy  (Fig.  S1).
After  pretraining,  the  DNN  enables  fast  and  accurate
eigenmode  prediction  for  arbitrary  structural  parameter
sets, while the BO module iteratively assesses modal deg-
eneracy  and  refines  the  structural  parameters.  Through
the  closed-loop  strategy  of “data  augmentation  → DNN
prediction  →  BO-guided  structural  optimization  →
feedback-based  dataset  enhancement”,  metasurface
geometries  with  high  optical  chirality  enhancement  are

  

 
Fig. 1    Automated  inverse-design  framework  for  metasurfaces  supporting  superchiral  fields.  (A)  Structural  parameters  of  the
metasurface.  (B)  Schematic  of  the  DNN-based  forward  prediction  model.  (C)  DNN-predicted  eigenmodes  of  the  metasurface.  (D)
Schematic  illustration  of  the  Bayesian  optimization  (BO)  procedure.  (E)  Structural  parameter  combinations  recommended  by  BO.  (F)
Optimized eigenmode distribution obtained through the DNN + BO framework.
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progressively  obtained.  This  framework  therefore
provides  an  efficient  on-demand  design  platform  for
metasurfaces supporting superchiral fields.

 2.2    DNN-based forward prediction model

A  DNN-based  forward  prediction  model  was  developed
to  learn  the  nonlinear  correspondence  between  metasur-
face  structural  parameters  and  the  corresponding  eigen-
modes.  The  model  adopts  a  fully  connected  architecture
consisting  of  an  input  layer,  three  hidden  layers,  and  an
output  layer  (Supporting  Information  note  S1).  The
training dataset was generated using COMSOL Multiphy-
sics software and consisted of  100,043 structural  param-
eter  combinations  with  their  corresponding  eigenmode
information.  The  parameter  ranges  were  defined  as t =
130–140 nm, r = 5–50 nm, and d = 0–(150 − r) nm.

A critical challenge in metasurface modal prediction is
mode-label  switching,  which  is  common  in  both  modal
and  band-structure  prediction  tasks  but  is  often
overlooked.  As  the  structural  parameters  vary  continu-
ously, different eigenmodes may approach, couple, cross,
or  undergo  avoided  crossing  in  terms  of  resonance
wavelength, Q factor,  and  field  distribution.  As  a  result,
the numerical ordering of a given mode is not guaranteed
to  remain  fixed  throughout  the  parameter  space.  How-
ever,  in  practical  data-export  procedures,  modal  outputs
are usually sorted according to wavelength magnitude or
eigenvalue  order  rather  than  tracked  by  their  physical
identity.  Consequently,  the  same  output  column  at
neighboring  parameter  points  does  not  necessarily
correspond  to  the  same  physical  mode,  giving  rise  to
label  discontinuity  across  samples.  A  representative
example  is  provided  in  Figure  S2,  where  the  TM1 and
TE4 modes  cross  as  the  structural  parameter r varies;
although the physical mode identities remain continuous,
their numerical order in the exported dataset is exchanged
across  the  crossing  point,  leading  directly  to  mode-label
switching.  If  a  conventional  point-wise  mean  squared
error  (MSE)  loss  is  directly  applied,  incorrect  column
alignment  introduces  artificial  penalties  that  degrade  the
learning of the underlying physical mapping.

To address this issue, the original ordered multi-output
regression  task  was  reformulated  as  a  modal-set  predi-
ction  problem,  in  line  with  the  general  framework  of
permutation-invariant  learning  for  set-structured  data
[40,41].  Although  the  input  remains  the  same  three
structural  parameters,  the  output  is  reformulated  as  an

unordered  set  of  four  eigenmodes  rather  than  a  rigidly
ordered modal vector, with each mode represented by its
resonance  wavelength  and Q factor.  During  training,  a
permutation-invariant  loss  was  introduced:  all  possible
permutations of the four modal pairs were evaluated, and
the  minimum  matching  error  was  used  as  the  optimiz-
ation objective. This strategy is conceptually analogous to
set-based  prediction  with  permutation-insensitive  match-
ing  [42].  In  this  way,  the  network  learns  the  mapping
from  structural  parameters  to  an  unordered  modal  set,
rather  than  performing  element-wise  regression  against
fixed column labels. This strategy is more consistent with
the  physics  underlying  the  data-generation  process  and
substantially  improves  both  training  stability  and
predictive fidelity.

To  further  verify  the  necessity  of  the  proposed
permutation-invariant  modal-set  learning  strategy,  a
direct  comparison  was  performed  with  a  conventional
ordered-label  regression  baseline  trained  using  the  same
network  architecture  and  dataset,  but  with  a  standard
point-wise  MSE  loss  applied  to  rigidly  ordered  modal
outputs.  The  corresponding  training  and  validation  loss
curves  are  shown  in  Figure  S3.  The  proposed  permut-
ation-invariant model achieves stable convergence within
approximately  600  epochs,  whereas  the  conventional
ordered-label  regression  baseline  still  exhibits  evident
overfitting  even  after 6000 epochs.  Specifically,  the
ordered-label baseline exhibits a much larger discrepancy
between training and validation losses, indicating that the
mode-label  switching  problem  introduces  artificial
supervision  conflicts  and  severely  degrades  generaliz-
ation.  By contrast,  the permutation-invariant  formulation
yields more stable convergence and better train-validation
consistency.  The  final  quantitative  comparison  is
summarized in Table 1. Compared with the conventional
ordered-label  regression  baseline,  the  proposed  permut-
ation-invariant  modal-set  learning  strategy  significantly
reduces both the validation and test  losses.  In particular,
the  test  loss  is  reduced  by  approximately  63.84%,
confirming  that  treating  the  modal  outputs  as  an
unordered  set  effectively  mitigates  the  error  introduced
by  rigid  label  ordering  and  substantially  improves
predictive performance.

For  model  training,  the  dataset  was  divided  into
training, validation, and test sets with a ratio of 6:2:2. As
shown  in Figure 2A,  both  the  training  and  validation
losses  of  the  DNN  trained  with  permutation-invariant
modal-set  learning  decrease  rapidly  and  remain  highly

  

Table 1    Quantitative comparison between conventional ordered-label regression and permutation-invariant modal-set learning.
Method Train loss Validation loss Test loss Test loss reduction Relative validation-to-training loss gap

Ordered-label regression 6.50 × 10−5 1.67 ×10−3 1.75 ×10−3 — 2465.54%

Permutation-invariant modal-set learning 2.80 ×10−4 6.30 ×10−4 6.35 ×10−4 63.84% 125.47%
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consistent,  reaching  a  stable  plateau  after  approximately
600  epochs,  with  no  evident  overfitting  observed.  The
final  test  loss  reaches  as  low  as  6.35  ×  10−4,  indicating
excellent  fitting  capability  and  strong  generalization
performance.

Furthermore, the test-loss distribution shows that 94.9%
of  the  test  samples  satisfy  MSE  <  0.5  ×  10−3 (Fig. 2B).

This level of predictive accuracy is consistent with recent
deep-learning-enabled photonic inverse-design studies, in
which  high-fidelity  surrogate  models  play  a  central  role
in accelerating optical-device optimization [31,34,43–45].
To  further  validate  the  predictive  performance  of  the
DNN,  randomly  generated  structural  parameter  combin-
ations were also examined. As shown in Figure 2C–F, for

  

 
Fig. 2    Performance evaluation of the DNN-based forward prediction model. (A) Training and validation loss curves of the DNN trained
with  permutation-invariant  modal-set  learning,  together  with  the  final  test  loss.  (B)  Distribution  of  the  test-set  MSE  loss.  (C–F)
Comparison  between  the  DNN-predicted  eigenmodes  and  the  COMSOL-simulated  eigenmodes  for  four  randomly  selected  structural
parameter combinations.
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four  randomly  selected  parameter  sets,  the  predicted
eigenmodes agree closely with the COMSOL simulation
results,  thereby  providing  a  reliable  forward  surrogate
model  for  the  subsequent  BO  search  of  structures  exhi-
biting modal degeneracy at different target wavelengths.

 2.3    Bayesian-optimization-enabled structural parameter
recommendation

BO is a global optimization strategy for expensive black-
box  objective  functions  and  is  particularly  suitable  for
complex photonic design problems, where the parameter
space  is  high-dimensional,  each  evaluation  is  computa-
tionally  costly,  and  analytical  gradients  are  unavailable.
In  this  work,  the  trained  DNN  served  as  a  forward
surrogate  model,  replacing  time-consuming  full-wave
simulations  with  rapid  neural-network-based  prediction
of  the  mapping  between  metasurface  structural  param-
eters  and  modal  spectral  responses,  thereby  establishing
an  automated  DNN  +  BO  framework  for  structural
parameter recommendation.

Specifically, the optimization variables were chosen as
the three key structural parameters of the metasurface, [r,
d, t].  For  any  given  parameter  combination,  the  DNN
efficiently  predicts  the  resonance  wavelengths  and Q
factors  of  four  modes.  Since  the  inverse-design  task
considered here is not a conventional label-based regres-
sion  problem,  but  instead  requires  the  simultaneous
satisfaction  of  multiple  physical  constraints,  including
modal  degeneracy,  target-wavelength  alignment,  high-Q
mode  selection,  and  geometric  feasibility,  a  weighted
composite objective function was constructed, consistent
with  the  broader  idea  that  BO  can  benefit  from
incorporating  structured  physical  information  into  the
optimization target rather than relying on a purely black-
box  formulation  [46].  First,  the  two  modes  with  the
highest  predicted Q factors  were  automatically  selected
from the four predicted modes, and their wavelengths and
Q factors were denoted as λ1, Q1 and λ2, Q2, respectively.
The objective function is expressed as:
 

LBO=w1Ldeg+w2Ltarget+w3LQ−eq+w4LQ−pen+w5Lgeom (1)
Here, Ldeg denotes  the  modal-degeneracy  term,  which

constrains the resonance wavelengths of the two selected
high-Q modes  to  be  as  close  as  possible; Ltarget denotes
the  target-wavelength  term,  which  constrains  their
average wavelength toward the preset target wavelength;
LQ-eq is  the Q factor  consistency  term,  which  character-
izes  the  similarity  between  the Q factors  of  the  two
selected high-Q modes; LQ-pen is the high-Q penalty term
introduced to  suppress  low-Q solutions;  and Lgeom is  the
geometric-constraint  penalty  term,  which  ensures  the
physical  realizability  of  the  structural  parameters.  The

coefficients wi represent  the  corresponding  weighting
factors.  Through  this  multi-objective,  weight-balanced
formulation, BO is able to effectively coordinate multiple
design  requirements  and  identify  candidate  structures
with  improved  overall  performance.  The  weighting
factors were introduced to encode the relative priorities of
the  inverse-design  task  rather  than  being  treated  as
arbitrary fitting parameters.  In the present study, the BO
objective  was  designed  to  favor  two  high-Q modes
becoming  nearly  degenerate  around  a  prescribed  target
wavelength.  Accordingly,  the  wavelength-degeneracy
term  and  the  target-wavelength  alignment  term  were
assigned  higher  priority  than  the  auxiliary  terms.  In  this
sense,  the  weighting  factors  allow  the  BO  process  to
make  physically  meaningful  trade-offs  among  multiple
design  requirements.  It  should  also  be  noted  that  the
weighting  strategy  is  design-objective-dependent.  For
example,  if  a  stricter  second-order  degeneracy  condition
is  desired,  such  that  both  the  modal  wavelengths  and Q
factors  are  nearly  identical,  then  the  weight  associated
with  the Q-consistency term should  be  increased  corres-
pondingly.

In the three-dimensional parameter space considered in
this work, even a fine-step parametric scan with only 70
discrete  sampling  points  per  parameter  would  lead  to  a
total simulation burden on the order of 105. According to
reported  studies  [34],  even  when  expert  knowledge  is
used  to  reduce  the  search  space  to  approximately  1% of
the  full  parameter  space,  about 3430 full-wave  simula-
tions are still required, corresponding to a computational
cost  of  approximately  28.6  h,  in  order  to  obtain  high-
performance  structures.  In  contrast,  the  automated
DNN + BO parameter recommendation module proposed
here  typically  requires  only  about  150  evaluations  and
can  identify  multiple  satisfactory  candidate  parameter
combinations  within  about  20  s,  corresponding  to  an
inverse-design  speedup  of  approximately 5145 times.
These  results  demonstrate  that  the  proposed  method  not
only  substantially  reduces  the  design  cost,  but  also
alleviates  the  dependence  of  conventional  parametric
scanning on expert intuition and extensive computational
resources,  thereby  providing  an  efficient  and  generali-
zable  route  for  the  rapid  on-demand  design  of  complex
metasurface devices.

It  is  worth  emphasizing that  the  proposed DNN + BO
inverse-design  framework  does  not  minimize  a  conven-
tional label-based regression error. Instead, it optimizes a
physics-informed  weighted  composite  objective  that
jointly  accounts  for  dual  high-Q mode  selection,  target-
wavelength alignment, modal degeneracy, and geometric
feasibility,  thereby  enabling  efficient  on-demand  design
of superchiral fields.
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 2.4    Inverse design of superchiral fields

To validate the effectiveness of the proposed DNN + BO
framework for the on-demand design of complex optical
fields,  the  inverse  design  of  superchiral  fields  at  target
wavelengths was further carried out. Unlike conventional
approaches  based  on  expert  intuition  and  parametric
scanning,  the  present  study  focuses  on  achieving
superchiral fields at different target resonant wavelengths
while maintaining the same lattice period. Since this task
requires  the  coordinated  matching  of  multiple  modal
characteristics in terms of resonant frequency, electroma-
gnetic duality, and spatial field distribution, it is difficult
to  accomplish  through  empirical  design  rules  alone  and
therefore  serves  as  a  stringent  test  of  the  inverse-design
capability.  The  formation  of  superchiral  fields  generally
relies  on  several  key  requirements:  the  electric  and
magnetic  fields  of  two  modes  should  satisfy  electroma-
gnetic  duality;  the  two  modes  should  be  degenerate  in
frequency  and  strongly  overlapped  in  space;  and  an
appropriate phase relationship should exist between them
[22].  In  our  structure,  although  the  three  structural
parameters are varied, the overall  field-profile symmetry
of  each  mode  remains  essentially  unchanged,  while  the
main  variations  occur  in  field  intensity  and  resonant
position.  Among  all  modes,  the  TM1 and  TE4 q-BIC
modes exhibit  electromagnetic  duality  and strong spatial
overlap  (Fig.  S4),  and  therefore  define  the  target  modal
pair for superchiral-field inverse design.

In  the  wavelength  range  of  interest,  the  DNN  first
predicts the resonance wavelengths and Q factors of four
modes,  after  which  the  two  modes  with  the  highest  Q
factors  are  automatically  selected  and  denoted  as λ1, Q1
and λ2, Q2,  respectively.  Taking  a  target  resonance
wavelength  of  657  nm  as  an  example,  the  design
objectives are defined as y1 = (λ1 + λ2)/2 − 657, y2 = λ1 −
λ2, y3 =  logQ1 − logQ2.  Here, y1 constrains  the  average
wavelength of the two selected high-Q modes toward the
target  value, y2 characterizes  the  degree  of  modal
degeneracy,  and y3 describes  the Q factor  consistency
between  the  two  modes.  In  addition,  a  high-Q penalty
term  and  a  geometric-feasibility  penalty  term  are
incorporated into the objective function to ensure that the
optimized  solutions  remain  in  the  high-Q regime  and
comply with the structural constraints.

In  the  practical  implementation,  the  structural  search
ranges were defined as t = 130–140 nm, r = 5–50 nm, and
d =  0–(150 − r)  nm.  During  the  optimization,  the  DNN
first rapidly evaluated 100 randomly initialized structural
candidates  to  provide  an  initial  exploration  of  the
parameter  space.  On  this  basis,  BO  was  subsequently
performed  for  200  additional  iterations,  continuously
proposing  new  structural  parameter  combinations  and
progressively  approaching  candidate  solutions  satisfying

the design criteria. As shown in Figure 3A, the objective
value  decreased  continuously  as  the  optimization
proceeded  and  already  exhibited  a  clear  convergence
trend  by  the  43rd  iteration.  This  behavior  indicates  that
the  proposed  DNN  +  BO  automated  inverse-design
framework  can  effectively  capture  the  key  modal-
matching conditions required for superchiral-field gener-
ation  and  achieve  stable  convergence  within  a  relatively
small  number  of  evaluations.  To  further  assess  the
robustness  of  the  BO  stage  for  the  representative  target
wavelength  of  657  nm,  the  inverse-design  process  was
repeated using multiple random seeds spanning the range
from 0 to 106. As shown in Figure S5, the resulting band
distributions  consistently  drive  the  two  selected  modes
toward  near-degenerate  wavelengths  around  the  target
value of  657 nm. The corresponding optimized metasur-
face  parameters  and  modal  wavelengths  are  listed  in
Table  S1.  Although  slight  variations  in  the  optimized
structural  parameters  are  observed  across  different  runs,
the  selected  modal  wavelengths λ1 and λ2 remain
consistently  close  to  the  target  wavelength  and  nearly
degenerate.  The  consistent  BO  results  obtained  under
different  random  seeds  further  suggest  that,  under  the
present  physically  motivated  weight  setting,  the  inverse-
design  process  is  stable  and  does  not  rely  on  an
accidental  optimization  trajectory.  This  result  confirms
that  the  proposed  BO-based  inverse-design  process  is
robust with respect to random initialization and does not
depend  on  a  specific  seed  to  identify  high-quality
solutions. Meanwhile, the framework provides not only a
single  optimal  structure,  but  also  multiple  low-loss  and
mutually  distinct  candidate  parameter  combinations,
thereby offering greater  flexibility for subsequent device
design  and  experimental  implementation.  Furthermore,
under  different  target  resonant  wavelengths,  the  auto-
mated  framework  consistently  achieves  stable  degen-
eracy  of  the  TM1 and  TE4 q-BIC  modes,  as  shown  in
Figure 3B–D,  thereby producing the  desired  superchiral-
field  response  at  the  target  wavelength.  These  results
demonstrate that the proposed DNN + BO inverse-design
strategy possesses excellent on-demand design capability
and  strong  generalizability.  Compared  with  existing
superchiral-metasurface  design  approaches  based  on
either  manual  parameter  tuning  or  computational
optimization, the present framework directly links target-
wavelength-specific  modal  degeneracy  to  automated
inverse  design,  thereby  providing  a  more  efficient  route
for customized superchiral-field engineering [47].

 2.5    Ultrasensitive chiral sensing

The intrinsically weak CD signal of chiral molecules can
be  significantly  enhanced  by  metasurfaces  supporting
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strong superchiral fields, and the enhancement of the CD
response is  proportional  to  the optical  chirality  enhance-
ment factor, CE = C/C0 (Supporting Information note S2).
Importantly,  the  superchiral  field  formed  by  dual-mode
degeneracy  must  remain  helicity-preserved  throughout
the entire interaction volume. Otherwise, the regions with
opposite  signs  of CE generate  the  CD  contributions  of
opposite sign, which partially cancel each other in the far
field.  To further evaluate the application potential  of  the
proposed  automated  inverse-design  framework  for
ultrasensitive chiral sensing, the optical chirality enhance-
ment of the optimized structure was examined. As shown
in Figure 4A,  the  optical  chirality  enhancement  is
positive under right-circularly polarized (RCP) incidence
and  negative  under  left-circularly  polarized  (LCP)
incidence,  indicating  that  a  spatially  uniform superchiral
field can be generated near the metasurface. In addition to
the  strong  volume-averaged  optical  chirality  enhance-
ment, the maximum near-field enhancement reaches up to
6000 times that of the incident circularly polarized light.
The spatial distribution and large enhancement magnitude
of the superchiral field therefore provide a solid basis for
achieving strong chiral light–matter interactions.

Upon introducing chiral  enantiomers  into  the  solution,

the  system  forms  two  hybridized  branches,  namely  the
upper branch (UB) and the lower branch (LB), exhibiting
the  characteristic  anti-crossing  behavior  (Fig.  S6),
consistent  with  recent  q-BIC-based  studies  of  chiral-
molecule-induced  strong  coupling  between  resonant
branches  [16,19].  Under  the  zero-detuning  condition
(λ1 = λ2), the Rabi splitting is calculated to be ΩR = 0.165
meV.  Since  this  value  exceeds  the  linewidths  of  both
branches, VUB =  0.039  meV  and VLB =  0.110  meV,  the
stringent criterion for strong coupling is satisfied. On this
basis,  detection  of  chiral  enantiomers  is  achieved  by
vertically  illuminating  the  metasurface  with  circularly
polarized  light  and  analyzing  the  corresponding
absorption and CD spectra. In this work, the CD signal is
defined as:
 

CD = (ARCP − ALCP)/(ARCP + ALCP) (2)
where ARCP and ALCP denote the absorptance under RCP
and LCP incidence, respectively. As shown in Figure 4B,
the  Rabi  splitting  spectrally  separates  the  circularly
polarized absorption resonances associated with ARCP and
ALCP.  Meanwhile,  the  loss  redistribution  effect  further
enhances  the Q factor  of  the  UB,  thereby  increasing  its
absorption  intensity.  As  a  result,  the  CD  amplitude

  

 
Fig. 3    Inverse design of superchiral fields using the DNN + BO framework. (A) Optimization trajectory of the BO-based inverse-design
process.  Inset:  Evolution  of  the  eigenmodes  for  three  representative  structural  parameter  sets  during  optimization.  (B–D)  Three
representative inversely designed metasurface candidates exhibiting dual-mode degeneracy near the target wavelengths of (B) 654 nm, (C)
656 nm, and (D) 658 nm, respectively. Insets: Field distributions of the selected resonant modes.
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associated  with  the  UB  is  enhanced  to  0.35.  Since  the
volume-averaged CE of  the  two hybridized branches  has
opposite  signs  (Fig.  S7),  their  corresponding CD signals
also  exhibit  opposite  signs.  Furthermore,  by  assuming  a
Pasteur  parameter  of κ =  (2  +  0.4i)  ×  10−4 for  the  D-
enantiomer  and κ = − (2  +  0.4i)  ×  10−4 for  the  L-
enantiomer,  the  CD  spectra  of  chiral  samples  with
different enantiomeric ratios were calculated, as shown in
Figure 4C.  The  results  indicate  that  both  the  amplitude
and sign of the CD spectrum can be used to characterize
the  composition  of  chiral  molecules.  More  importantly,
the metasurface supporting the superchiral field not only
enables  discrimination  of  enantiomeric  ratios,  but  also
dramatically  improves  the  detection  limit.  As  shown  in
Figure 4D,  compared  with  the  reference  CD  signal
without  the  metasurface,  the  maximum  CD  response,
CDmax,  is  enhanced  by  three  orders  of  magnitude.  This
pronounced enhancement persists even at reduced filling
fractions  of  the  chiral  enantiomers,  highlighting  the
significant  potential  of  this  platform  for  ultrasensitive
chiral sensing.

 

3    Conclusion

In  summary,  we  have  developed  an  automated  inverse-
design framework that combines a DNN surrogate model
with BO for the rapid design of metasurfaces supporting
tailored  superchiral  fields.  By  reformulating  modal
prediction as a modal-set learning problem and introduc-
ing  a  permutation-invariant  loss,  the  framework
effectively overcomes mode-label switching and achieves
high  prediction  accuracy.  Coupled  with  a  physics-
informed  BO  module,  the  method  enables  efficient
inverse  optimization  of  metasurface  geometries  under
multiple  design  constraints.  Using  this  strategy,  dual
high-Q mode degeneracy at target wavelengths is realized
under  a  fixed  lattice  period,  yielding  strong  optical
chirality  enhancement  and  markedly  improved  CD
signals.  Beyond  the  present  dielectric  metasurface  plat-
form,  the  proposed  framework  is  readily  extensible  to
other inverse-design problems in photonics and materials
science,  particularly  those  involving  high-dimensional,
nonlinear,  and  strongly  coupled  structure–property  rela-

  

 
Fig. 4    Ultrasensitive chiral  sensing enabled by the inversely designed metasurface.  (A) Simulated distributions of  the optical  chirality
enhancement (CE) under RCP (left) and LCP (right) incidence. (B) Absorptance and CD spectra of a chiral sample containing 100% D-
enantiomer (D-). (C) CD spectra of chiral samples containing different proportions of D- and L-enantiomers (L-). (D) Comparison of the
CD response with and without the metasurface enhancement.
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tionships.  These  results  highlight  the  proposed
framework as an efficient and generalizable platform for
intelligent  design  of  chiral  photonic  devices  and
ultrasensitive chiral sensing.
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