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Inverse design and realization of an optical
cavity-based displacement transducer with
arbitrary responses
Qianbo Lu1*, Qingxiong Xiao2, Chengxiu Liu2, Yinan Wang2,
Qixuan Zhu1, Manzhang Xu1, Xuewen Wang1, Xiaoxu Wang2* and
Wei Huang1*

Optical cavity has long been critical for a variety of applications ranging from precise measurement to spectral analysis. A
number  of  theories and methods have been successful  in  describing the optical  response of  a  stratified optical  cavity,
while the inverse problem, especially  the inverse design of  a displacement sensitive cavity,  remains a significant  chal-
lenge due to the cost of computation and comprehensive performance requirements. This paper reports a novel inverse
design  methodology  combining  the  characteristic  matrix  method,  mixed-discrete  variables  optimization  algorithm,  and
Monte  Carlo  method-based  tolerance  analysis.  The  material  characteristics  are  indexed  to  enable  the  mixed-discrete
variables optimization,  which  yields  considerable  speed and efficiency  improvements.  This  method allows arbitrary  re-
sponse adjustment  with  technical  feasibility  and  gives  a  glimpse  into  the  analytical  characterization  of  the  optical  re-
sponse.  Two  entirely  different  light-displacement  responses,  including  an  asymmetric  sawtooth-like  response  and  a
highly symmetric response, are dug out and experimentally achieved, which fully confirms the validity of the method. The
compact Fabry-Perot cavities have a good balance between performance and feasibility, making them promising candid-
ates for displacement transducers. More importantly, the proposed inverse design paves the way for a universal design
of optical cavities, or even nanophotonic devices.
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 Introduction
Optical cavity-based transducers, such as Fabry-Perot (F-
P)  cavities1−4,  interferometric  cavities5−7, and grating  en-
coders8−10,  have  found  great  success  in  displacement
measurement and  other  displacement-based  measure-

ments  of,  for  example,  force11,  acceleration12,13 and
speed14, in terms of the ultrahigh stabilization and preci-
sion  of  wavelengths  as  traceable  distance  metrics15.
Among  various  types  of  optical  cavities,  the  F-P  cavity
incorporates key features of tunable finesse, the promise 
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of  miniaturization,  compactness  and  high  sensitivity;
thus, it has been widely used for versatility16−18. The out-
put  light  intensity  of  an  F-P  cavity  changes  in  optical
path  length  induced  by  either  a  change  of  cavity  length
or the  refractive  index.  Regarding a  displacement  trans-
ducer, high  optical  contrast  and  flat  response  are  pre-
ferred, bearing sensitivity and linearity, respectively. The
optical  response is  usually manipulated by adjusting the
cavity  mirrors,  which  can  be  dielectric  or  metal  layers.
There have been a series of theories and models19−22 that
successfully  predict  the  optical  response  of  an  ideal  F-P
cavity.  However,  the  inverse  problem,  e.g.,  the  design
of  an  optical  cavity  with  an  arbitrary  response,
was extremely difficult23 in the past because of the unaf-
fordable cost of computation. Hence, displacement-sens-
itive  cavity  design  has  historically  relied  on  intuition-
based approaches3,24,25, which cannot tune multiple para-
meters  and  optimize  interdependent  characteristics
simultaneously.

Inverse design, attributed to the steady progress of al-
gorithmic  techniques  and  the  ability  to  compute,  has
opened new  avenues  for  designing  nanophotonic  struc-
tures with desired functional characteristics26−29. Numer-
ical methods (e.g.,  Finite-Different Time-Domain meth-
od30,  abbreviated  FDTD,  and  Rigorous  Coupled-Wave
Analysis  method31,  abbreviated  RCWA)  are  established
to  connect  the  variable  parameters  of  the  system  to  the
characteristics  of  a  solution,  and  intelligent  algorithms
such as evolutionary algorithms32, swarm intelligence al-
gorithms33,  and machine learning methods27,34 are intro-
duced  to  dig  out  the  desired  characteristics  from  the
parameter space. Notable contributions have been made
in  areas  such  as  plasmonic  nanostructures35,36 and
metamaterials37,38. However, there still exist a lot of areas
where  only  promising  preliminary  work  has  been done.
Cavity design is one of the challenges, and problems in-
cluding  how  to  realize  high  sensitivity,  linearity,  and
technical feasibility  simultaneously  remain  open.  A  sys-
tematic design and realization of a cavity-based displace-
ment  transducer  considering  multiple  objects  has  been
elusive.  In  addition,  common  numerical  methods  are
more like a fuzzy operation that cannot help understand
physics  and  cost  substantially  more  compared  with
simple formula calculation.

To design and realize an optical cavity-based displace-
ment  transducer,  we  combine  the  characteristic  matrix
method and  algorithm-enabled  inverse  design  to  estab-

lish a path toward an arbitrary response. The output re-
sponse  extracted  from  the  characteristic  matrix  method
is demonstrated  to  be  concise  and  trustable  by  bench-
marking  other  numerical  methods.  A  modified  mixed-
discrete genetic  algorithm  is  used  to  optimize  the  vari-
able  parameters  of  the  optical  cavity  by  constructing  a
self-built fitness  function.  The  algorithm  is  fit  for  dis-
crete  variables  such as  the  material  index number  (each
material’s complex refractive index is numbered, termed
MI)  to  greatly  improve  the  speed.  The  fitness  function
contains the  evaluation  factors  of  optical  contrast,  in-
tensity,  linearity,  symmetry,  and is  moderately  adjusted.
Single-layer and  multi-layers  systems  are  both  con-
sidered, and the optimal results in turn pass through tol-
erance  analysis  to  maintain  high  process  feasibility.
Herein we report two specific cavity designs to illustrate
the effectiveness of our method, where the cavities have a
designated  sawtooth-like  light-displacement  response
and  a  highly  symmetric  response,  respectively.  Such
designs  are  verified  by  experiments,  which  demonstrate
that  they have high contrast  and good consistency.  This
makes the compact cavities promising candidates for dis-
placement  transducers  aiming  at  high  sensitivity  and
other performances. Furthermore, the semi-analytical in-
verse  design-based  flow,  including  theoretical  model
setup,  mixed-discrete  variables  evolutionary  algorithm
and Monte  Carlo  method-based  tolerance  analysis,  al-
lows  a  specific  design  of  displacement  sensitive  optical
cavities and further opens avenues for universal design of
stratified devices.

 Theoretical model

 Theoretical model
As  shown  in Fig. 1(a),  the  investigated  cavity  is  an  F-P
cavity  consisting  of  two  parallel  mirrors.  The  reflection
type is chosen because as a transducer, the cavity is usu-
ally attached to a measurand through mirror 2, or “mov-
ing” mirror, while mirror 1 is a “fixed” mirror. The mov-
ing mirror is first simplified as a single-layer film due to
technical feasibility. In addition, the fixed mirror should
have  a  substrate  because  the  optical  films  are  ultrathin;
thus, the stratified system has two forms, as illustrated in
Fig. 1(b) and 1(c), where a SiO2 wafer serves as the sub-
strate for  the  fixed  mirror  because  it  is  a  stable  and  ac-
cessible material. Hence, we have two types of simplified
cavity  settings:  one  is  that  the  SiO2 layer  is  the  lower

Lu QB et al. Opto-Electron Adv  6, 220018 (2023) https://doi.org/10.29026/oea.2023.220018

220018-2

 



layer of the fixed mirror, termed the low-case and shown
in Fig. 1(b), and the other one is that the SiO2 layer is the
upper  layer,  termed  as  up-case  and  shown  in Fig. 1(c).
However, the analyses are identical because the SiO2 lay-
er is regarded as a layer in the stratified system.

We assume  that  the  incident  light  is  a  linearly  polar-
ized plane wave (it can be easily converted to a wave with
a Gaussian profile39), and all media are linear homogen-
eous  and  isotropic.  The  reflectance  of  the  cavity  is  our
concern.  The  cavity  consists  of n layers  along  with  the
semi-infinite  ambient  (0th)  and  the  measurand  ((n +
1)th) media,  as shown in Fig. 1(a).  For convenience,  the
moving mirror and the air gap are labeled the nth and (n
– 1)th layers,  respectively.  Each  layer  has  a  complex  re-
fractive  index, nri = ni – iki,  and  thickness di. The  dis-
placement transducer is situated in the air; hence nr0 and
nr(n–1) are approximated to 1.  In each layer,  an incident
plane wave generates a reflected plane wave in the same
layer and a resultant transmitted plane wave in the next
layer.  The  total  field  inside  the ith  layer  can  be  divided
into two plane waves, a forward- and a backward-travel-
ing plane, denoted by + and –, respectively. We term the
direction perpendicular to the layer boundaries as the z-
axis; we have the complex amplitudes of the plane waves
at an arbitrary position z: 

E (z) =
[

E+ (z)
E− (z)

]
. (1)

Using  the  scattering  matrix  method20,40,  it  is  easy  to
obtain the complex amplitude relation between two par-
allel positions z' and z'':  [

E+ (z′)
E− (z′)

]
=

[
S11 S12
S21 S22

] [
E+ (z′′)
E− (z′′)

]
⇒ E (z′) = SE (z′′) , (2)

where S is the  scattering  matrix  representing  the  reflec-
tion and  transmission  properties  of  the  stratified  struc-
ture.  The  scattering  matrix  is  expressed  as  a  product  of
the  interface  and layer  matrices,  denoted by I and L re-
spectively, and taken in order: 

S = I01L1I12L2 · · · I(i−1)iLi · · · LnIn(n+1) . (3)

I and L can be further calculated by the Fresnel reflec-
tion and transmission coefficients rij and tij of the inter-
face: 

Iij =
[

1/tij rij/tij
rij/tij 1/tij

]
=

1
tij

[
1 rij
rij 1

]
,

Li =

[
ejβi 0
0 e−jβi

]
, (4)

in which βi is the phase shift in the ith layer, given by: 

βi =
2πdnri

λ
cosφ , (5)
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Fig. 1 | (a) Schematic diagram of the investigated F-P cavity-based displacement transducer located in air. (b) Low-case of the stratified system.

(c) Up-case of the stratified system.
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where d is the length in the layer, λ is the wavelength of
the light,  and φ denotes the angle between the propaga-
tion direction and the z-axis. Considering the light in the
measurand  media, E(n+1)- =  0,  it  yields  the  relationship
between incident light and the light in the measurand as:  [

E0+

E0−

]
=

[
S11 S12
S21 S22

] [ E(n+1)+

0

]
. (6)

Hence, the overall reflectance can be obtained as: 

Iout
Iin

=
|E0+|2

|E0−|2
=

|S21|2

|S11|2
. (7)

Equation  (7) gives  the  path  to  calculate  the  output
light-displacement response of the cavity by simple mat-
rix multiplication combining Eqs. (3), (4) and (7), where-
as  the  displacement  information  is  contained  in  the
phase  shift.  Interestingly,  the  transmission  coefficients
can be divided out,  which means that the response only
depends on the Fresnel reflection coefficient of the inter-
faces and the phase shift of the layers.

The aforementioned  theory  is  valid  under  linear  ho-
mogeneous  and  isotropic  media  conditions,  while  the
anisotropic case is discussed in detail in the Supplement-
ary information. The difference is that the complex amp-
litude  is  replaced  by  the  electromagnetic-field  vectors,
and the element of the scattering matrix becomes a 4 × 4
matrix.  This  theoretical  model  is  appreciably  simple  for
numerical computation and is a more feasible underpin-
ning for cavity inverse design compared with other com-
plicated numerical methods.

 Verification and analysis
The  correctness  and  reliability  of  the  theoretical  model
are  hereafter  confirmed  by  benchmarking  with  widely
used methods,  including  RCWA  and  FDTD.  As  ex-
amples,  we  consider  a  simple  case  of  a  single-layer  or
two-layer  film  suspended  in  air  (without  the  SiO2 sub-
strate) with 850 nm laser illumination normal to the sur-

face, and the measurand is covered by a thick silver (Ag)
film (1  μm).  The  suspended  film is  selected  as  Ag  only,
chromium (Cr)  only,  and  a  stack  of  Ag/Cr.  The  thick-
ness of the Ag or Cr layer is 10 nm, and the gap (or cav-
ity length) is set to 4 μm. The complex refractive index of
Ag and Cr can be found in the Supplementary informa-
tion,  where  we  referred  to  the  work  of  Arkadiusz41 and
Johnson42.

Figure 2 represents  the  reflectance  as  a  function  of
cavity  length for  three  cases,  wherein the  red lines,  blue
dashed  lines,  and  black  circles  represent  the  theoretical
results, the  RCWA  results,  and  the  FDTD  results,  re-
spectively. The  theoretical  results  are  in  excellent  agree-
ment  with  those  numerical  results  in  all  three  cases,
which  definitively  confirms  the  validity  of  our  model.
Notably,  the  theoretical  results  perfectly  fit  the  RCWA
results,  while  the  deviation  between  the  theoretical  and
FDTD  results  is  slightly  larger  than  the  former.  This  is
because  RCWA  is  similar  to  another  semi-theoretical
method, although it  requires more computing resources
in  terms  of  its  mode  expansion  operation;  while  for
FDTD, it  is  a  completely  numerical  method,  whose  ac-
curacy is relevant to the mesh accuracy, PML setting, and
other  factors  such as  the  Gibbs  phenomenon.  However,
the good consistency has demonstrated that the theoret-
ical model is a reasonably reliable underpinning to calcu-
late the light-displacement response.

Unlike  other  numerical  methods,  this  model  allows
further analytical investigation of the physical picture, e.
g. to discuss the symmetry or periodicity of the response
because it can give an analytical expression for a specific
cavity  setting.  For example,  the expansion of Eq.  (7) re-
veals that either dielectric material (k = 0) or metal (k ≠
0) can lead to asymmetry,  and the period maintains λ/2
no  matter  how  the  variable  parameters  change.  This
provides a glimpse into the light-displacement character-
ization,  while  the  inverse  design  is  evidently  required
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Fig. 2 | Comparison of reflectance verse cavity length between the theoretical results and results obtained by RCWA and FDTD for cases of a

suspended film of (a) Cr with a thickness of 10 nm, (b) Ag with a thickness of 10 nm and (c) a stack of Ag/Cr with the thickness of 10/10 nm, and

the reflector is a 1 μm thick Ag.
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because  the  mathematical  relation  between  dozens  of
parameters is still too complicated, and the cavity setting
is ever-changing.

 Inverse design process

 Inverse design flow
Figure 3 outlines  the  inverse  design  flow  of  the  cavity.
This  starts  from the  initial  setting,  wherein  the  cavity  is
simplified as  a  stratified system,  and the moving mirror
is further simplified to a single-layer film. The aforemen-
tioned theoretical model is used to establish the relation
between the variable parameters and the response, or fit-

ness function, and the modified genetic algorithm is em-
ployed to  obtain  the  primary  candidates.  These  candid-
ates pass through the Monte Carlo-based tolerance ana-
lysis,  filtering  out  the  best  candidate  with  technical
feasibility.

More specifically, the independent variable is the cav-
ity length, or d(n – 1),  while the initial value is inessential
due to the perfect periodicity obtained by the theoretical
model.  The  dependent  variable  parameters  include  the
wavelength  of  the  incident  laser λ,  the  layer  number  of
the  fixed  mirror,  the  thickness  of  each  layer di,  and  the
real  and  imaginary  parts  of  the  refractive  index  of  each
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Fig. 3 | Inverse design flow of the F-P cavity that contains the mixed-discrete variables optimization and the Monte Carlo-based toler-
ance analysis, wherein the matrix method-based theoretical model serves as the connection between the variable parameters and the
fitness function.
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layer. We input a set of dependent parameters to the the-
oretical model  during  the  genetic  algorithm-based  op-
timization, sweeping the cavity length to obtain the light-
displacement  response  and  thus  the  fitness  function  to
form the cycle. However, the real and imaginary parts of
the refractive  index of  a  material  have a  certain relation
to reality. Independent and continuous optimization not
only increases the computational cost but is also a point-
less exercise. The layer number or even the thickness of a
layer can also be a discontinuous variable. Hence, we in-
dex the material number (the number is termed MI) and
discretize the thickness of layers to improve the optimiz-
ation efficiency.

The self-built  fitness  function contains  the  evaluation
factors of absolute intensity, contrast, linearity, and sym-
metry,  which are labeled as f1, f2, f3,  and f4,  respectively.
These evaluation factors can be obtained from the light-
displacement  response  curve,  as  illustrated  in Fig. 4,
whose period equals λ/2. The ideal  responses are a saw-
tooth-like  wave  and  a  perfectly  symmetric  wave,  shown
in  the  inset,  which  respectively  have  the  largest  linear
range in  one  period  (also  has  a  very  sharp  sensitive  re-
gion)  and  the  best  symmetry.  Factor f1 equals the  max-
imum intensity in one period, termed Imax, multiplied by
a weight factor w1. The contrast factor f2 is defined by w2

× (Imax – Imin)/(Imax + Imin), where w2 is another weight
factor,  and Imin is  the  minimum  intensity.  Note  that
these two  have  to  be  considered  simultaneously;  other-
wise, f2 would converge to 1 while Imin is approximate to
0 regardless of what Imax is. Factor f3 is a combination of

the  coefficient  of  determination  (R-squared)  and  a  sum
of squares due to error (SSE) of both components of the
one-period  curve,  corresponding  to L1 and L2 in Fig. 4.
In  addition, f3 is normalized  to  the  peak-to-peak  amp-
litude  of  the  response  and  then  multiplied  by  a  weight
factor.  Factor f4 is  calculated  by  the  deviation  between
the larger of L1 and L2, and the period. These four factors
can be readily adjusted by the weight factors in terms of
the design goal. The detailed function and values are in-
cluded  in  the  Supplementary  information.  The  genetic
algorithm-based  optimization  outputs  several  primary
candidates, and the number can be adjusted as desired.

The  tolerance  analysis  is  performed  for  both  single-
parameter and multi-parameters, and the latter is a more
conservative  measure  because  all  variable  parameters
cannot  be  the  worst  case  at  the  same  time  in  reality.
Herein,  the  Monte  Carlo  method  generates  dozens  of
random  parameters  in  a  designated  range,  and  these
parameters are  then  input  to  the  theoretical  model,  ob-
taining corresponding  responses.  After  sorting  accord-
ing  to  the  performance,  one  optimal  candidate  with  a
reasonable tolerance range is  finally output.  The inverse
design flow performs a comparable scope of  application
compared  with  the  neural  network-based  method  and
can  be  more  suitable  for  some specific  problems  due  to
the  merits  of  the  mixed-discrete  variables  scheme  and
Monte Carlo-based tolerance analysis.

The  parameters  mentioned  above  are  all  listed  in
Table 1, along with their values or ranges.
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Fig. 4 | Illustration of the light intensity response as a function of displacement, and the target responses, a sawtooth-like curve and a
perfectly symmetric response, are shown in the inset.
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 Optimization and tolerance analysis of the cavity
In  the  specific  design,  we  first  consider  all  materials  to
enlarge the  parameter  space.  The  materials  were  classi-
fied into simple substances, normal materials, and (relat-
ively)  whole  materials  according  to  whether  they  could
be easily coated or not. The quantity numbers are 27, 55,
and  over  100,  respectively,  and  the  detailed  list  can  be
found  in  the  Supplementary  information.  The
wavelength  of  the  laser  can  be  a  continuous  variable;
however,  it  makes  more  sense  to  assign  several
wavelengths directly based on accessible laser sources. In
the  following,  we  took  850  nm  as  the  illustration.  The
thickness  of  the  SiO2 substrate  layer  was  set  to  400  μm,
and the material was Borofloat 33 (BF33). The thickness
range of a layer was 10 to 200 nm in terms of fabrication
difficulty. The  validation  of  the  modified  genetic  al-
gorithm  parameters,  including  the  population  size  and
generations, was  obtained  by  comparing  the  optimiza-
tion  results  with  the  results  obtained  by  all  parameters
sweep. The former absolutely resembles the latter, with a
time reduction by orders of magnitude.

 Sawtooth-like design
Regarding  the  sawtooth-like  design,  both  low  and  up-
case,  shown  in Fig. 2(b) and 2(c) were taken  into  ac-
count. For the low-case, the output 5 primary candidates
of single-layer  setting  among  the  simple  substance  ma-
terials  were  Ge/16  nm/Ag,  Te/18  nm/Ag,  In/10  nm/Ag,
Al/10 nm/Ag,  and  Sn/10  nm/Ag,  wherein  the  first  in-
formation denotes the material of the fixed mirror above
400  μm  BF33  wafer,  the  second  number  denotes  the
thickness of the layer, and the third information denotes
the  material  of  the  moving  mirror. Figure 5(a) depicts

the light-displacement responses  of  these settings,  along
with their  fitness  values.  The  figure  of  merit  of  the  re-
sponse  has  a  strong  correlation  with  the  fitness  value.
Figure 5(b) shows the candidates with the best fixed mir-
ror material but different moving mirror materials. This
demonstrates that the material of the thick moving mir-
ror  has  little  influence  on  the  response,  partly  owing  to
the  simplification  of  the  large  thickness  of  the  moving
mirror.  Hereinafter,  we  excluded  the  settings  with  the
only difference of moving mirror material.

Two settings, Ge/16 nm/Ag and Te/18 nm/Ag, outper-
formed  other  counterparts  in  the  primary  candidates;
thus, they were chosen to conduct the tolerance analysis.
Regarding  the  single-parameter  tolerance  analysis,  we
used the Monte Carlo method to produce more than 50
fluctuating  values  within  a  range  around  the  optimal
value  for  each  variable  parameter.  Variable  parameters
include nf (±10%), kf (±10%), tf (±10%), nr (±10%), kr

(±10%), nBF33 (±1%), and tBF33 (±1%), which denote the
real part  and negative part  of  the complex refractive in-
dex  of  the  fixed  mirror  material,  thickness  of  the  fixed
mirror  film,  real  part  and  negative  part  of  the  complex
refractive  index  of  the  material  of  the  moving  mirror,
real part of the complex refractive index of the BF33 sub-
strate (the  negative  part  is  approximately  0),  and  thick-
ness of the BF33 substrate, respectively. The investigated
range of BF33 is set to 1% because the refractive index of
a  commercial  SiO2 wafer  is  relatively  stable,  and  the
thickness  deviation  (±4  μm)  is  sufficient  relative  to  the
large  thickness. Figure 5(c) shows  the  single-parameter
tolerance analysis results of these two settings, where the
blue and red circles represent the calculated fitness value
for  each  random  variable  parameter,  the  chain  dotted

 
Table 1 | Parameters of inverse design.

 

Parameter Value or range

(Fixed) Wavelength, λ
850 nm

(can be other accessible wavelength)

(Fixed) Thickness of reflector, dn 1 μm

(Fixed) MI of SiO2 substrate 27 (BF33)

(Fixed) Step of thickness optimization 1 nm

(Independent) Air gap, d(n – 1) 4~4.5 μm

(Variable) Thickness of SiO2 substrate, d(n – 2) or d1 400 μm

(Variable) Thickness of ith layer, di (i ≠ n, n – 1, n – 2 or 1) 10~200 nm

(Variable) Layer number of the fixed mirror ≥1

(Variable) MI of ith layer (i ≠ n – 1, n – 2 or 1)
1~27 (simple substances)
1~55 (normal materials)
1~136 (whole materials)
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lines represent the original fitness values obtained by op-
timization,  and  the  blocks  represent  the  variation  range
of the  fitness  values.  It  is  explicitly  shown that  the  vari-
ation  of  the  refractive  index  of  the  moving  mirror  (Ag)
rarely affects  the  fitness  value,  which  confirms  the  con-
clusion  obtained  in Fig. 5(b).  The  variation  of  the  fixed
mirror  and  the  BF33  substrate  play  a  more  important
role  in  this  case,  especially  the  BF33  variables  for  the
Ge/16  nm/Ag  setting.  However,  except  for  the  variable
parameters of the BF33 substrate, the tolerance perform-
ance of Ge/16 nm/Ag is better than that of Te/18 nm/Ag;
thus, there is very little to choose between these two.

We  then  obtained  the  primary  candidates  for  both

two-layers  and  single-layer  among  the  whole  materials,
which are MgO/47 nm/PbSe/13 nm/Ag, Te/12 nm/SiO2/
92 nm/Ag, and Bi2Se3/19 nm/Ag, MoTe2/16 nm/Ag. The
aforementioned candidates are plotted in Fig. 5(d), along
with their  fitness  values.  There  is  no doubt  that  the set-
tings based  on  two-layers  and  unusual  materials  per-
form slightly  better,  especially  the linearity.  This  is  con-
firmed by the multi-parameter tolerance analysis, whose
results  are  depicted  in Fig. 5(e).  One  more  interesting
thing is that the variation of the parameters can not only
degrade the  performance  but  can  also  improve  the  per-
formance. A possible interpretation is that the discretiza-
tion  of  parameters  misses  the  optimal  value  in  the
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Fig. 5 | Optimization results of the sawtooth-like design. (a) Light-displacement responses of 5 primary candidates of the single-layer setting
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materials  for  the  single-layer  low-case  setting.  (c)  Single-parameter  tolerance  analysis  results  of  single-layer  low-case  settings  of  Ge and  Te,

where the circles represent the calculated fitness value for each random variable parameter, the chain dotted lines represent the original fitness

values, and the blocks represent the variation range of the fitness values. (d) Light-displacement responses of primary candidates of both two-

layers  and single-layer  settings among the whole materials  for  the low-case.  (e)  Histogram of  multi-parameter  tolerance analysis  results  of  all

candidates for  the low-case.  (f)  Light-displacement  responses of  5 primary candidates of  the single-layer  setting among the simple substance

materials for the up-case. (g) Comparison of single-parameter tolerance analysis results of Ge and Te for both low- and up-cases, where blue
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parameter tolerance analysis results of all candidates for the up-case.
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continuous parameter space, especially the refractive in-
dex of materials. In general, it is straightforward to achieve
higher performance, or a smaller fitness value, in an ideal
world  using  a  two-layers  setting  and  unusual  materials.
However,  the  penalty  paid  is  the  increased  fabrication
complexity and decreased feasibility. Usually, the refract-
ive index of ultrathin films differs from that of bulk ma-
terials, and it is not easy to stack layers at will in reality.
Hence,  the choice of  two or even multiple layers should
be careful according to the requirement and expenses.

Similarly, by putting the 400 μm BF33 layer in front of
the investigated  films,  we  obtained  the  primary  candid-
ates  for  the  up-case.  Regarding  the  single-layer  up-case
among the simple substance materials, the candidates are
Ge/17  nm/Ag,  Te/22  nm/Ag,  In/10  nm/Ag,  Al/10
nm/Ag,  and Zn/10  nm/Ag,  whose  responses  and fitness
values  are  shown  in Fig. 5(f). Note  that  the  simple  sub-
stance of Ge and Te perform consistent excellence as the
low-case,  especially  in  the  Ge  setting.  The  single-para-
meter tolerance analysis results, shown in Fig. 5(g), con-
firm the resemblance of the impact of the variable para-
meters  between  the  up-case  and  low-case,  wherein  the
parameters of BF33 and the coated film have a larger im-
pact.  Among  the  simplest  settings  (single-layer  and  the
simple substance material), it is evident that the up-case
of  Ge/17  nm/Ag  is  the  best.  It  has  the  smallest  fitness
value  and  high  error  tolerance,  as  demonstrated  by Fig.
5(g), a  comparison diagram of  the single-parameter  tol-
erance analysis results of Ge and Te settings in low- and
up-cases. Considering  two-layers  and the  whole  materi-
als, we selected 6 primary candidates, which are PbSe/11
nm/As2S3/15  nm/Ag,  MgO/36  nm/PbSe/11  nm/Ag,
MoTe2/20  nm/Ag,  PbSe/15  nm/Ag,  Ge/17  nm/Ag,  and
Te/22 nm/Ag. The first layer is located beneath the BF33
layer. Figure 5(h) shows  the  responses  of  these  settings,

and the  setting  of  Ge/17  nm/Ag serves  as  a  datum.  The
response, fitness  value,  and  the  multi-parameter  toler-
ance  analysis  result,  shown  in Fig. 5(i),  imply  that  the
two-layers  settings  using  unusual  materials  have  a
slightly better performance. However, similar to the low-
case,  the  choice  of  multi-layers  settings  is  limited to  the
expense of  increased  fabrication  complexity  and  de-
creased feasibility.

 Highly symmetric design
Regarding the  highly  symmetric  design,  the  target  re-
sponse  was  switched  to  target  2  shown  in Fig. 4, by  ad-
justing the  fitness  function,  where  the  target  of  sym-
metry factor f4 was set to as 0 as possible. Herein we only
considered  the  single-layer  setting  among  the  simple
substance materials in terms of the fabrication feasibility
as  previously  discussed. Figure 6(a) presents  the  light-
displacement  responses  of  5  primary  candidates  for  the
single-layer setting  among  the  simple  substance  materi-
als.  It  obviously  shows  that  the  up-case  of  Si/86  nm/Cr
performs  the  best  symmetry,  and  the  optical  contrast  is
still  good. Figure 6(b) shows the  single-parameter  toler-
ance analysis  results  of  this  setting,  where the black and
navy  circles  represent  the  calculated  contrast-related
factor  and  symmetry  factor  for  each  random  variable
parameter. It is found that the symmetry maintains per-
fect  regardless  of  how  the  variable  parameters  change.
This  is  also  confirmed  by Fig. 6(c), which  plots  the  re-
sponses of all multi-parameter tolerance analysis results.

In summary, the inverse design can realize almost per-
fect  sawtooth-like  and  symmetric  responses  with  a  very
complicated cavity setting,  including many layers,  freely
varying thickness  and material.  In  addition,  this  inverse
design flow  enables  arbitrary  light-displacement  re-
sponses  to  be  achieved  by  building  a  designated  fitness
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function. Nevertheless,  the procurability of the material,
the stability  of  the  material  properties,  and  the  fabrica-
tion  feasibility  should  be  considered  in  practical  design.
This type of  problem exists  in multi-layers settings with
whole  materials.  Excluding  Te  settings  in  terms  of  its
toxicity and difficulty coating over a large area, we there-
fore chose the single-layer up-case of Ge/17 nm/Ag, and
up-case of Si/86 nm/Cr, two readily achieved settings, to
experimentally  verify  the  effectiveness  of  the  inverse
design.

 Experimental verification
The  experimental  configuration  is  shown  in Fig. 7(a).
The red ray represents  the measurement light  path,  and
the blue ray (He-Ne laser) represents the indication light
path  to  indicate  the  invisible  measurement  light  path.
One output laser beam from a single longitudinal  mode
source  (Model  L850VG1  with  a  driver  LDC200CV,
Thorlabs  Inc.,  wavelength, λ =  850  nm,  bandwidth  ~
GHz, with  temperature  stabilization)  was  first  collim-
ated by a beam shaping system and then passed through
an  optoisolator  (Model  ISO850-3-1.5W,  LBTEK  Inc.).
This beam struck the cavity normally, which comprised a
designed  fixed  mirror  (Mirror  1)  and  a  commercial  Ag
reflector  (Mirror  2)  attached  to  a  piezoelectric  ceramic
(PZT, Model PA25LEW, Thorlabs Inc.), as shown in the
expanded  view  in Fig. 7(b).  After  being  deflected  by  a
splitter, the reflected beam was measured by a photode-
tector  (Model  GDT-D020V,  Daheng  Optics  Inc.).  The
movable autocollimator  was  used  to  align  the  compon-

ents  of  the  optical  cavity,  wherein  two  mirrors  were
mounted  strictly  parallel  by  a  5-axis  kinematic  mount
(Model K5X1, Thorlabs Inc.). The films, as shown in the
inset of Fig. 7(c), were coated by magnetron sputtering in
terms of the materials  and the thickness we chose.  Note
that the out-of-flatness and irregularity of the cross-sec-
tion view of the Ge film are mainly due to the extremely
large magnification  of  SEM  (>  200  K)  and  the  con-
sequent imaging  quality  degradation.  The  real  rough-
ness is smaller than one nanometer.

The incident  light  intensity  was  first  obtained  by  re-
placing  the  cavity  with  an  Ag  reflector.  The  response  is
shown  in Fig. 8(a),  whose  amplitude  was  calibrated  by
the reflectivity of the reflector. During the measurement,
the movable mirror was driven by a PZT to obtain a lin-
ear variation in the displacement with a step of  approx-
imately  11  nm  (corresponding  to  the  applied  voltage
amplitude of 0.5 V). The light-displacement responses of
two designs are depicted in Fig. 8(b), and one point rep-
resents one averaged value of the time-varying output for
each displacement.

For the sawtooth-like design, its periodic response can
be divided into two linear regions, whose R-squared val-
ues  are  0.911  and  0.949,  respectively,  as  shown  in Fig.
8(c).  The  response  was  then  normalized  to  the  average
value  of  the  incident  light  intensity  of  242.440  mV,
shown in Fig. 8(d), along with the theoretical results as a
comparison. The  experimental  result  reasonably  repro-
duced the theoretical response of the optimal Ge up-case
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setting, represented by the dashed blue line. The relative
deviation  in  the  experimental  result  with  respect  to  the
optimal theoretical result, such as the zero drift, could be
due to the errors involved in the variable parameters. For
example,  the  thickness  of  the  BF33  substrate,  shown  in
Fig. 7(c), was not perfectly 400 μm, but at a value of ap-
proximately 401 μm, and the thickness of the Ge film was
approximately  20  nm.  Substituting  these  values  (BF33
401 μm,  Ge  20  nm)  into  the  theoretical  model,  the  re-
sponse  with  a  zero  drift  was  obtained,  as  shown  by  the
dotted  line  in Fig. 8(d). Although  the  experimental  res-

ult is not perfectly consistent with either of the two the-
oretical results,  it  is  likely  a  state  in  between.  We calcu-
lated the  evaluation  parameters  for  quantitative  evalu-
ation,  including  peak-to-peak  amplitude,  contrast,  and
symmetry  factor,  and  compared  them  with  those  of  the
theoretical  result  considering  tolerance,  as  listed  in Ta-
ble 2. The deviations  are  all  smaller  than 13%.  The pos-
sible interpretation of the deviation can be concluded as
the deviation of parameters between the reality and des-
ignated  value  (primarily  from  fabrication  and
alignment), especially the complex refractive index of the
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thin  film  and  variable  parameters  of  the  BF33  substrate
that drastically affect the response. In addition, the com-
mercial  Ag  reflector  usually  has  a  SiO2 protection  film
with an unknown thickness; it inevitably changes the ac-
tual response as well.

For  the  symmetric  design,  we  similarly  obtained  the
normalized  output  of  the  experimental  result,  shown  in
Fig. 8(e), as a comparison to the optimal theoretical res-
ult  and  the  theoretical  result  considering  tolerance.  The
experimental  result  perfectly  reproduced  the  peak-to-
peak amplitude  and  the  contrast  of  the  theoretical  res-
ults.  The  evaluation  parameters  included  in Table 2 in-
dicate that the symmetry of the experimental result is ex-
cellent, which fully  attests  to  the robustness  of  the sym-
metric design.

Two types of cavity-based transducers were proven to
have high reliability by performing the repeatability test,
as demonstrated by Fig. 8(f), wherein three separate tests
gave almost  the  same light-displacement  responses.  The
tiny  difference  could  be  mainly  due  to  the  nonlinearity
and hysteresis of PZT.

The  compact  design,  good  optical  contrast  ratio,  and
tunable responses make the cavity a strong candidate for
displacement  measurement.  More  importantly,  the
agreement of the theoretical results with the experiment-
al  results  for  two entirely  different  designs  confirms the
validity of  the  inverse  design,  further  proving  applica-
tions with diverse requirements.

 Conclusions
In this  work,  we  demonstrate  optical  cavity-based  dis-
placement  transducers  with  diverse  performances  that
make use of a self-built inverse design methodology. The
cavities  achieve  a  designated  sawtooth-like  light-dis-
placement response with high optical contrast and a suf-
ficiently large  linear  range,  and  a  highly  symmetric  re-
sponse with  high  contrast.  Moreover,  the  presented  in-
verse  design  flow,  which  combines  the  characteristic
matrix method, mixed-discrete variables optimization al-
gorithm and  Monte  Carlo  method-based  tolerance  ana-

lysis,  allows  for  arbitrary  response  tuning  of  a  stratified
system. Although  the  ideal  performance  cannot  be  per-
fectly  achieved  due  to  the  limitation  of  manufacturing
and alignment,  this  methodology  has  been  experiment-
ally proven to yield reasonable robustness in terms of tol-
erance analysis. The mined compact cavity designs from
tremendous  parametric  space  undoubtedly  serve  as
promising  candidates  for  displacement  measurement,
whilst  we  believe  the  methodology  has  become of  more
paramount  importance.  This  allows  a  specific  analysis
and design of an optical cavity and allows for the univer-
sal  design  of  high  performance  nanophotonic  devices
with improvements in fabrication technology.

References
 Balle TJ,  Flygare  WH.  Fabry-Perot  cavity  pulsed  fourier  trans-
form  microwave  spectrometer  with  a  pulsed  nozzle  particle
source. Rev Sci Instrum 52, 33–45 (1981).

1.

 Liang WJ, Bockrath M, Bozovic D, Hafner JH, Tinkham M et al.
Fabry-Perot  interference  in  a  nanotube  electron  waveguide.
Nature 411, 665–669 (2001).

2.

 Luo XG,  Tsai  DP,  Gu  M,  Hong  MH.  Subwavelength  interfer-
ence  of  light  on  structured  surfaces. Adv  Opt  Photonics 10,
757–842 (2018).

3.

 Munkhbat  B,  Canales A,  Küçüköz B,  Baranov DG, Shegai  TO.
Tunable  self-assembled  Casimir  microcavities  and  polaritons.
Nature 597, 214–219 (2021).

4.

 Kouh T, Karabacak D, Kim DH, Ekinci KL. Diffraction effects in
optical interferometric  displacement  detection  in  nanoelec-
tromechanical systems. Appl Phys Lett 86, 013106 (2005).

5.

 Lu QB, Wang C, Bai J, Wang KW, Lian WX et al. Subnanomet-
er resolution displacement sensor based on a grating interfero-
metric cavity with intensity compensation and phase modulation.
Appl Opt 54, 4188–4196 (2015).

6.

 De Groot PJ. A review of selected topics in interferometric optic-
al metrology. Rep Prog Phys 82, 056101 (2019).

7.

 Teh PC,  Petropoulos P,  Ibsen M,  Richardson DJ.  A comparat-
ive study of the performance of seven- and 63-chip optical code-
division multiple-access  encoders  and  decoders  based  on  su-
perstructured  fiber  Bragg  gratings. J  Lightwave  Technol 19,
1352–1365 (2001).

8.

 Kimura  A,  Gao W,  Kim W,  Hosono K,  Shimizu  Y  et  al.  A  sub-
nanometric  three-axis  surface encoder  with  short-period planar
gratings  for  stage  motion  measurement. Precis  Eng 36,
576–585 (2012).

9.

 Yu HY, Chen XL, Liu CJ, Cai GG, Wang WD. A survey on the
grating based optical position encoder. Opt Laser Technol 143,
107352 (2021).

10.

 Kiesel N, Blaser F, Delić U, Grass D, Kaltenbaek R et al. Cavity11.

 
Table 2 | Parametric evaluations of the designed and desired responses.

 

Parameter Sawtooth-like design Symmetric design

Theoretical Experimental Deviation Theoretical Experimental Deviation

Peak-to-peak amplitude (normalized) 0.882 0.836 0.046 0.819 0.832 0.013

Contrast 84.71% 77.50% 7.21% 87.81% 87.15% 0.66%

Symmetry factor(→0 symmetric/→1 asymmetric) 81.18% 68.94% 12.24% 0.71% 3.53% 2.82%

Lu QB et al. Opto-Electron Adv  6, 220018 (2023) https://doi.org/10.29026/oea.2023.220018

220018-12

 

https://doi.org/10.1063/1.1136443
https://doi.org/10.1038/35079517
https://doi.org/10.1364/AOP.10.000757
https://doi.org/10.1038/s41586-021-03826-3
https://doi.org/10.1063/1.1843289
https://doi.org/10.1364/AO.54.004188
https://doi.org/10.1088/1361-6633/ab092d
https://doi.org/10.1109/50.948283
https://doi.org/10.1016/j.precisioneng.2012.04.005
https://doi.org/10.1016/j.optlastec.2021.107352
https://doi.org/10.1063/1.1136443
https://doi.org/10.1038/35079517
https://doi.org/10.1364/AOP.10.000757
https://doi.org/10.1038/s41586-021-03826-3
https://doi.org/10.1063/1.1843289
https://doi.org/10.1364/AO.54.004188
https://doi.org/10.1088/1361-6633/ab092d
https://doi.org/10.1109/50.948283
https://doi.org/10.1016/j.precisioneng.2012.04.005
https://doi.org/10.1016/j.optlastec.2021.107352


cooling  of  an  optically  levitated  submicron  particle. Natl  Proc
Acad Sci USA 110, 14180–14185 (2013).
 Hall  NA,  Okandan M,  Littrell  R,  Serkland  DK,  Keeler  GA et  al.
Micromachined accelerometers with optical interferometric read-
out  and  integrated  electrostatic  actuation. J  Microelectromech
Syst 17, 37–44 (2008).

12.

 Lu QB, Bai J, Wang KW, He SL. Design, optimization, and real-
ization  of  a  high-performance  MOEMS  accelerometer  from  a
double-device-layer  SOI  wafer. J  Microelectromech  Syst 26,
859–869 (2017).

13.

 Li CH, Benedick AJ, Fendel P, Glenday AG, Kärtner FX et al. A
laser frequency  comb  that  enables  radial  velocity  measure-
ments with a precision of 1 cm s-1. Nature 452, 610–612 (2008).

14.

 Berkovic G, Shafir E. Optical methods for distance and displace-
ment measurements. Adv Opt Photonics 4, 441–471 (2012).

15.

 Sun B, Wang YP, Qu JL, Liao CR, Yin GL et  al.  Simultaneous
measurement of pressure and temperature by employing Fabry-
Perot interferometer based on pendant polymer droplet. Opt Ex-
press 23, 1906–1911 (2015).

16.

 Lu QB, Wang YA, Wang XX, Yao Y, Wang XW et al. Review of
micromachined  optical  accelerometers:  from  mg  to  sub-μg.
Opto-Electron Adv 4, 200045 (2021).

17.

 Dai P, Wang YS, Hu YQ, De Groot CH, Muskens O et al. Accur-
ate  inverse  design  of  Fabry-Perot-cavity-based  color  filters  far
beyond  sRGB  via  a  bidirectional  artificial  neural  network.
Photonics Res 9, B236–B246 (2021).

18.

 Berreman DW.  Optics  in  stratified  and  anisotropic  media:  4×4-
matrix formulation. J Opt Soc Am 62, 502–510 (1972).

19.

 Monzón JJ, Sánchez-Soto LL, Bernabeu E. Influence of coating
thickness  on  the  performance  of  a  Fabry-Perot  Interferometer.
Appl Opt 30, 4126–4132 (1991).

20.

 Monzón JJ, Sánchez-Soto LL, Csilling Á. Method for coating op-
timization  in  a  Fabry-Perot  interferometer. Appl  Opt 32,
4282–4284 (1993).

21.

 Monzón  JJ,  Sánchez-Soto  LL.  Reflected  fringes  in  a  Fabry-
Perot  interferometer  with  absorbing  coatings. J  Opt  Soc  Am A
12, 132–136 (1995).

22.

 Kim  Y,  Neikirk  DP.  Design  for  manufacture  of  micromachined
Fabry-pérot  cavity-based  sensors. Sensors  Actuat  A:Phys 50,
141–146 (1995).

23.

 Tian JJ, Jiao YZ, Fu Q, Ji SB, Li ZG et al. A Fabry-Perot inter-
ferometer strain sensor based on concave-core photonic crystal
fiber. J Lightwave Technol 36, 1952–1958 (2018).

24.

 Wang ZY, Clark JK,  Ho YL,  Vilquin B,  Daiguji  H et  al.  Narrow-
band  thermal  emission  realized  through  the  coupling  of  cavity
and Tamm plasmon resonances. ACS Photonics 5, 2446–2452
(2018).

25.

 Molesky S, Lin Z, Piggott AY, Jin WL, Vucković J et al. Inverse
design in nanophotonics. Nat Photonics 12, 659–670 (2018).

26.

 Ma W, Liu ZC, Kudyshev ZA, Boltasseva A, Cai WS et al. Deep
learning for the design of photonic structures. Nat Photonics 15,
77–90 (2021).

27.

 Wiecha PR, Arbouet A, Girard C, Muskens OL. Deep learning in
nano-photonics:  inverse  design  and  beyond. Photonics  Res 9,
B182–B200 (2021).

28.

 Liao MH, Zheng SS, Pan SX, Lu DJ, He WQ et al. Deep-learn-
ing-based  ciphertext-only  attack  on  optical  double  random
phase encryption. Opto-Electron Adv 4, 200016 (2021).

29.

 Mur  G.  Absorbing  boundary  conditions  for  the  finite-difference
approximation of  the  time-domain  electromagnetic-field  equa-
tions. IEEE  Trans  Electromagn  Compat EMC-23,  377–382
(1981).

30.

 Moharam MG, Gaylord TK. Rigorous coupled-wave analysis  of
planar-grating diffraction. J Opt Soc Am 71, 811–818 (1981).

31.

 Shi Y, Li W, Raman A, Fan SH. Optimization of multilayer optic-
al films  with  a  memetic  algorithm  and  mixed  integer  program-
ming. ACS Photonics 5, 684–691 (2018).

32.

 Zhang ZY, Huang BJ, Zhang Z, Cheng CT, Liu HW et al. Highly
efficient vertical fiber interfacing grating coupler with bilayer anti-
reflection cladding and backside metal mirror. Opt Laser Techn-
ol 90, 136–143 (2017).

33.

 Joshi S, Kiani A. Hybrid artificial neural networks and analytical
model for prediction of optical constants and bandgap energy of
3D nanonetwork silicon structures. Opto-Electron Adv 4, 210039
(2021).

34.

 Malkiel  I,  Mrejen M, Nagler A, Arieli  U, Wolf  L et al.  Plasmonic
nanostructure  design  and  characterization  via  Deep  Learning.
Light Sci Appl 7, 60 (2018).

35.

 Ginis V,  Piccardo  M,  Tamagnone  M,  Lu  JS,  Qiu  M  et  al.  Re-
mote  structuring  of  near-field  landscapes. Science 369,
436–440 (2020).

36.

 Hu  YQ,  Luo  XH,  Chen  YQ,  Liu  Q,  Li  X  et  al.  3D-Integrated
metasurfaces  for  full-colour  holography. Light  Sci  Appl 8,  86
(2019).

37.

 Estakhri NM,  Edwards  B,  Engheta  N.  Inverse-designed  meta-
structures  that  solve  equations. Science 363,  1333–1338
(2019).

38.

 Guo  DG,  Lin  RM,  Wang  WJ.  Modelling  and  optimization  of  a
Fabry–Perot  microcavity  for  sensing  applications. J  Opt:Pure
Appl Opt 6, 1027–1035 (2004).

39.

 Passaglia E, Stromberg RR, Kruger J. Ellipsometry in the Meas-
urement  of  Surfaces  and  Thin  Films:  Symposium  Proceedings
(US National Bureau of Standards, Washington, 1964).

40.

 Ciesielski  A,  Skowronski  L,  Trzcinski  M,  Szoplik  T.  Controlling
the optical  parameters  of  self-assembled  silver  films  with  wet-
ting layers and annealing. Appl Surf Sci 421, 349–356 (2017).

41.

 Johnson PB, Christy RW. Optical constants of transition metals:
Ti,  V,  Cr,  Mn,  Fe,  Co,  Ni,  and  Pd. Phys  Rev  B 9,  5056–5070
(1974).

42.

Acknowledgements
We  are  grateful  for  financial  supports  from  National  Natural  Science
Foundation  of  China  (62004166);  Natural  Science  Foundation  of  Ningbo
(202003N4062);  National  Postdoctoral  Program  for  Innovative  Talents
(BX20200279);  Natural  Science  Basic  Research  Program  of  Shaanxi
Province (2020JQ-199);  Fundamental  Research Funds for the Central  Uni-
versities (31020190QD027).

Author contributions
Q. B. Lu was responsible for formal analysis, project administration, visual-
ization, methodology and writing - review & editing; Q. X. Xiao, C. X. Liu,
Y. N. Wang and Q. X. Zhu were responsible for investigation, data curation,
and methodology; M. Z. Xu, X. W. Wang, and X. X. Wang were responsible
for conceptualization and discussion;  W.  Huang was  responsible  for  fund-
ing acquisition, project administration, resources, supervision.

Competing interests
The authors declare no competing financial interests.

Supplementary information
Supplementary information for this paper is available at
https://doi.org/10.29026/oea.2023.220018

Lu QB et al. Opto-Electron Adv  6, 220018 (2023) https://doi.org/10.29026/oea.2023.220018

220018-13

 

https://doi.org/10.1073/pnas.1309167110
https://doi.org/10.1073/pnas.1309167110
https://doi.org/10.1109/JMEMS.2007.910243
https://doi.org/10.1109/JMEMS.2007.910243
https://doi.org/10.1109/JMEMS.2017.2693341
https://doi.org/10.1038/nature06854
https://doi.org/10.1364/AOP.4.000441
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/PRJ.415141
https://doi.org/10.1364/JOSA.62.000502
https://doi.org/10.1364/AO.30.004126
https://doi.org/10.1364/AO.32.004282
https://doi.org/10.1016/0924-4247(96)80098-7
https://doi.org/10.1109/JLT.2018.2797104
https://doi.org/10.1021/acsphotonics.8b00236
https://doi.org/10.1038/s41566-018-0246-9
https://doi.org/10.1038/s41566-020-0685-y
https://doi.org/10.1364/PRJ.415960
https://doi.org/10.29026/oea.2021.200016
https://doi.org/10.1364/JOSA.71.000811
https://doi.org/10.1021/acsphotonics.7b01136
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.29026/oea.2021.210039
https://doi.org/10.1038/s41377-018-0060-7
https://doi.org/10.1126/science.abb6406
https://doi.org/10.1038/s41377-019-0198-y
https://doi.org/10.1126/science.aaw2498
https://doi.org/10.1088/1464-4258/6/11/005
https://doi.org/10.1088/1464-4258/6/11/005
https://doi.org/10.1016/j.apsusc.2017.01.039
https://doi.org/10.1103/PhysRevB.9.5056
https://doi.org/10.29026/oea.2023.220018
https://doi.org/10.1073/pnas.1309167110
https://doi.org/10.1073/pnas.1309167110
https://doi.org/10.1109/JMEMS.2007.910243
https://doi.org/10.1109/JMEMS.2007.910243
https://doi.org/10.1109/JMEMS.2017.2693341
https://doi.org/10.1038/nature06854
https://doi.org/10.1364/AOP.4.000441
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/PRJ.415141
https://doi.org/10.1364/JOSA.62.000502
https://doi.org/10.1364/AO.30.004126
https://doi.org/10.1364/AO.32.004282
https://doi.org/10.1016/0924-4247(96)80098-7
https://doi.org/10.1109/JLT.2018.2797104
https://doi.org/10.1021/acsphotonics.8b00236
https://doi.org/10.1038/s41566-018-0246-9
https://doi.org/10.1038/s41566-020-0685-y
https://doi.org/10.1364/PRJ.415960
https://doi.org/10.29026/oea.2021.200016
https://doi.org/10.1364/JOSA.71.000811
https://doi.org/10.1021/acsphotonics.7b01136
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.29026/oea.2021.210039
https://doi.org/10.1038/s41377-018-0060-7
https://doi.org/10.1126/science.abb6406
https://doi.org/10.1038/s41377-019-0198-y
https://doi.org/10.1126/science.aaw2498
https://doi.org/10.1088/1464-4258/6/11/005
https://doi.org/10.1088/1464-4258/6/11/005
https://doi.org/10.1016/j.apsusc.2017.01.039
https://doi.org/10.1103/PhysRevB.9.5056
https://doi.org/10.29026/oea.2023.220018
https://doi.org/10.1073/pnas.1309167110
https://doi.org/10.1073/pnas.1309167110
https://doi.org/10.1109/JMEMS.2007.910243
https://doi.org/10.1109/JMEMS.2007.910243
https://doi.org/10.1109/JMEMS.2017.2693341
https://doi.org/10.1038/nature06854
https://doi.org/10.1364/AOP.4.000441
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/PRJ.415141
https://doi.org/10.1364/JOSA.62.000502
https://doi.org/10.1364/AO.30.004126
https://doi.org/10.1364/AO.32.004282
https://doi.org/10.1016/0924-4247(96)80098-7
https://doi.org/10.1109/JLT.2018.2797104
https://doi.org/10.1021/acsphotonics.8b00236
https://doi.org/10.1038/s41566-018-0246-9
https://doi.org/10.1038/s41566-020-0685-y
https://doi.org/10.1364/PRJ.415960
https://doi.org/10.29026/oea.2021.200016
https://doi.org/10.1364/JOSA.71.000811
https://doi.org/10.1021/acsphotonics.7b01136
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.29026/oea.2021.210039
https://doi.org/10.1038/s41377-018-0060-7
https://doi.org/10.1126/science.abb6406
https://doi.org/10.1038/s41377-019-0198-y
https://doi.org/10.1126/science.aaw2498
https://doi.org/10.1088/1464-4258/6/11/005
https://doi.org/10.1088/1464-4258/6/11/005
https://doi.org/10.1016/j.apsusc.2017.01.039
https://doi.org/10.1103/PhysRevB.9.5056
https://doi.org/10.29026/oea.2023.220018
https://doi.org/10.1073/pnas.1309167110
https://doi.org/10.1073/pnas.1309167110
https://doi.org/10.1109/JMEMS.2007.910243
https://doi.org/10.1109/JMEMS.2007.910243
https://doi.org/10.1109/JMEMS.2017.2693341
https://doi.org/10.1038/nature06854
https://doi.org/10.1364/AOP.4.000441
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/PRJ.415141
https://doi.org/10.1364/JOSA.62.000502
https://doi.org/10.1364/AO.30.004126
https://doi.org/10.1364/AO.32.004282
https://doi.org/10.1016/0924-4247(96)80098-7
https://doi.org/10.1109/JLT.2018.2797104
https://doi.org/10.1021/acsphotonics.8b00236
https://doi.org/10.1038/s41566-018-0246-9
https://doi.org/10.1038/s41566-020-0685-y
https://doi.org/10.1364/PRJ.415960
https://doi.org/10.29026/oea.2021.200016
https://doi.org/10.1364/JOSA.71.000811
https://doi.org/10.1021/acsphotonics.7b01136
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.29026/oea.2021.210039
https://doi.org/10.1038/s41377-018-0060-7
https://doi.org/10.1126/science.abb6406
https://doi.org/10.1038/s41377-019-0198-y
https://doi.org/10.1126/science.aaw2498
https://doi.org/10.1088/1464-4258/6/11/005
https://doi.org/10.1088/1464-4258/6/11/005
https://doi.org/10.1016/j.apsusc.2017.01.039
https://doi.org/10.1103/PhysRevB.9.5056
https://doi.org/10.29026/oea.2023.220018
https://doi.org/10.1073/pnas.1309167110
https://doi.org/10.1073/pnas.1309167110
https://doi.org/10.1109/JMEMS.2007.910243
https://doi.org/10.1109/JMEMS.2007.910243
https://doi.org/10.1109/JMEMS.2017.2693341
https://doi.org/10.1038/nature06854
https://doi.org/10.1364/AOP.4.000441
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/OE.23.001906
https://doi.org/10.1364/PRJ.415141
https://doi.org/10.1364/JOSA.62.000502
https://doi.org/10.1364/AO.30.004126
https://doi.org/10.1364/AO.32.004282
https://doi.org/10.1016/0924-4247(96)80098-7
https://doi.org/10.1109/JLT.2018.2797104
https://doi.org/10.1021/acsphotonics.8b00236
https://doi.org/10.1038/s41566-018-0246-9
https://doi.org/10.1038/s41566-020-0685-y
https://doi.org/10.1364/PRJ.415960
https://doi.org/10.29026/oea.2021.200016
https://doi.org/10.1364/JOSA.71.000811
https://doi.org/10.1021/acsphotonics.7b01136
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.29026/oea.2021.210039
https://doi.org/10.1038/s41377-018-0060-7
https://doi.org/10.1126/science.abb6406
https://doi.org/10.1038/s41377-019-0198-y
https://doi.org/10.1126/science.aaw2498
https://doi.org/10.1088/1464-4258/6/11/005
https://doi.org/10.1088/1464-4258/6/11/005
https://doi.org/10.1016/j.apsusc.2017.01.039
https://doi.org/10.1103/PhysRevB.9.5056
https://doi.org/10.29026/oea.2023.220018
https://doi.org/10.1364/JOSA.71.000811
https://doi.org/10.1021/acsphotonics.7b01136
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.1016/j.optlastec.2016.08.001
https://doi.org/10.29026/oea.2021.210039
https://doi.org/10.1038/s41377-018-0060-7
https://doi.org/10.1126/science.abb6406
https://doi.org/10.1038/s41377-019-0198-y
https://doi.org/10.1126/science.aaw2498
https://doi.org/10.1088/1464-4258/6/11/005
https://doi.org/10.1088/1464-4258/6/11/005
https://doi.org/10.1016/j.apsusc.2017.01.039
https://doi.org/10.1103/PhysRevB.9.5056
https://doi.org/10.29026/oea.2023.220018

	Introduction
	Theoretical model
	Theoretical model
	Verification and analysis

	Inverse design process
	Inverse design flow
	Optimization and tolerance analysis of the cavity
	Sawtooth-like design
	Highly symmetric design


	Experimental verification
	Conclusions
	References

