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Inverse design for material anisotropy and its
application for a compact X-cut TFLN on-chip
wavelength demultiplexer
Jiangbo Lyu1,2†, Tao Zhu1,2†, Yan Zhou1, Zhenmin Chen1, Yazhi Pi1,
Zhengtong Liu1, Xiaochuan Xu2, Ke Xu2*, Xu Ma3*, Lei Wang1*,
Zizheng Cao1* and Shaohua Yu1

Inverse design focuses on identifying photonic structures to optimize the performance of photonic devices. Conventional
scalar-based inverse design approaches are insufficient to design photonic devices of anisotropic materials such as lithi-
um niobate (LN). To the best of our knowledge, this work proposes for the first time the inverse design method for aniso-
tropic materials to optimize the structure of anisotropic-material based photonics devices. Specifically, the orientation de-
pendent properties of anisotropic materials are included in the adjoint method, which provides a more precise prediction
of light propagation within such materials. The proposed method is used to design ultra-compact wavelength division de-
multiplexers  in  the  X-cut  thin-film  lithium  niobate  (TFLN)  platform.  By  benchmarking  the  device  performances  of  our
method with those of classical scalar-based inverse design, we demonstrate that this method properly addresses the crit-
ical issue of material anisotropy in the X-cut TFLN platform. This proposed method fills the gap of inverse design of an-
isotropic materials based photonic devices, which finds prominent applications in TFLN platforms and other anisotropic-
material based photonic integration platforms.
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 Introduction
Integrated photonics plays a key role in optical commu-
nications  and  on-chip  optical  interconnection,  which
consists  of  various  photonics  devices.  Most  traditional
photonic  integration  devices  are  designed  by  analytical
model-based approaches1. During the optimization pro-

cess, the geometric shapes and material parameters of the
photonic devices are usually given by a priori model and
optimized  by  fine-tuning  the  individual  characteristic
parameters  after  several  runs  of  numerical  simulations2,
therefore the  dimensionality  of  the  traditional  paramet-
ric optimization problem is limited3. In recent years, the 
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development of inverse design for photonics devices has
overturned the situation4−8. Different from the tradition-
al  forward  design  approaches,  inverse  design  method
seeks the optimal  parameter  distribution of  the photon-
ics device structures in a larger parameter space through
intelligent optimization algorithms, which consume few-
er computing resources, bringing the performance of the
designed  photonic  devices  closer  to  their  limits  or  the
ideal states.  Popular  intelligent  inverse  design optimiza-
tion  algorithms  include  the  adjoint  method9, genetic  al-
gorithm10, particle swarm optimization11, and neural net-
work algorithm12−15.  These algorithms have been applied
to integrated photonic device design, for example, power
division  devices16,  wavelength  division  devices17,18, grat-
ings19,20,  and  so  on.  Inverse  design  approaches  generally
focus on optimizing the spatial  distribution of  dielectric
constants of  photonic  integrated  devices  for  better  per-
formance while maintaining a small footprint. Currently,
inverse  design  is  widely  used  in  the  design  of  photonic
integrated devices  based  on  isotropic  materials,  includ-
ing silicon-on-insulator (SOI)21, Si3N422, and Ⅲ-Ⅴ com-
pound semiconductors23.

Owing  to  the  CMOS-compatible  fabrication  process
and  excellent  properties  of  LN,  including  strong  optical
confinement  and  large  nonlinear  susceptibilities,  the
photonic  devices  based  on  thin-film  lithium  niobate
(TFLN)  have  achieved  rapid  development24.  Due  to  the
anisotropy  of  lithium  niobate  materials,  TFLN  devices
are  usually  divided  into  X-cut  and  Z-cut  types.  Within
the  past  five  years,  different  kinds  of  high-performance
photonic  integrated  devices  have  been  realized  on  the
TFLN platform. Some notable works are summarized in
a four-quadrant diagram below25−42.

As shown in Fig. 1, the photonic integrated devices in
the left half are based on the Z-cut TFLN designs, while
those  in  the  right  half  are  based  on  the  X-cut  TFLN.
From the lower to  the upper half,  representative  LN in-
tegrated  photonic  devices  based  on  traditional  design
methods and  inverse  design  methods  are  displayed,  re-
spectively.  It  is  obvious  that  fewer  photonic  devices  are
optimized  by  inverses  design  methods.  One  important
reason  is  that  previous  inverse  design  methods  cannot
deal  with the issue of  X-cut TFLN anisotropy in the x/y
plane. Currently,  various  X-cut  TFLN  devices  are  de-
veloped  with  traditional  design  methods,  as  seen  in  the
fourth  quadrant.  Yet  there  are  no  previously  published
inverse  design works  for  X-cut  TFLN devices,  as  shown
in the first quadrant. Although there are a few reports on

inverse design for Z-cut TFLN, the issue of material an-
isotropy  is  still  not  addressed.  One  of  the  key  issues  is
that the dielectric constant in anisotropic materials is not
a scalar identical in all directions as in the isotropic ma-
terials, but a tensor43, which is typically represented by a
3×3  diagonal  matrix,  in  which  traditional  scalar-based
inverse design methods are no longer feasible.

Figure 2 briefly  depicts  the  abovementioned  X-cut
type  and  Z-cut  type  of  TFLN  devices. Figure 2(a)
presents  a  schematic  diagram  of  the  three-dimensional
structure  of  X-cut  TFLN  waveguide,  typically  passive
components  are  obtained  using  the  wet  etching  process
on  the  bonded  wafers. Figure 2(b) depicts  the  refractive
index  ellipsoid  of  LN.  It  can  be  seen  that  the  refractive
index  values  are  different  along  different  crystal  axes.
Therefore,  the  spatially  distributed  dielectric  constants
are depicted  as  a  3×3  diagonal  matrix,  which  is  ex-
pressed as 

ε =
[ εx εy εz

]
, (1)

εx, εy εz
εx = n2

o εy = n2
o

εz = n2
e

where  and  respectively represent  dielectric  con-
stants along the x, y and z directions, and , 
and . Figure 2(c) shows schematic diagrams of X-
cut LN and Z-cut LN. It is noted that when light travels
along the y/z plane in an X-cut TFLN device, it encoun-
ters two different refractive indices, which is not the case
for  the  Z-cut  TFLN  devices.  As  a  result,  the  traditional
scalar-based  inverse  design  methods  can  be  applied  to
the Z-cut TFLN devices, but not to the X-cut ones.

Compared with Z-cut TFLN, X-cut TFLN modulators
can make better use of electro-optic coefficient r33 to ob-
tain  higher  modulation  efficiency44−46.  To  enhance  the
capacity of the on-chip optical interconnection system, it
is  crucial  for  the  system  to  separately  modulate  light
within  various  wavelength  bands.  In  this  scenario,
wavelength division demultiplexer devices play a pivotal
role in this system. At present, there are two ways to in-
tegrate X-cut LN modulators with high modulation effi-
ciency  and  passive  components  with  other  functions.
One is  to  use  hybrid integration technology to  combine
the X-cut  TFLN  modulator  with  inverse-designed  com-
pact  passive  devices  made  of  isotropic  materials24,47−49.
This practice  inevitably  increases  the  fabrication  com-
plexity and incurs a higher optical power loss. The other
way is to design passive components on the X-cut TFLN
platform using  traditional  design  methods,  as  such they
can  be  fabricated  on  the  same  chip  together  with  the
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tolerant grating coupler30. (g) An arrayed waveguide grating31. (h) A microring resonator for soliton microcomb generation32. (i) A tunable Mach-

Zehnder interferometer (MZI)33.  (j) An integrated electro-optic modulator34.  (k) A mode-multiplexing device35.  (l) A fundamental mode hybridiza-
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modulator.  This  reduces  the  processing  costs  but  does
not reduce the footprint of the devices.  It  is  desirable to
extend  the  inverse  design  for  X-cut  TFLN  passive
devices.

In this paper, to the best of our knowledge, we report
for  the  first  time  an  inverse  design  method  taking  into
account optically anisotropic materials  and demonstrate
its  application  in  designing  an  ultra-compact  TFLN
wavelength division  demultiplexer  device.  The  imple-
mentation  of  photonics  device  simulation  in  the  finite-
difference  time-domain  (FDTD)  method  is  achieved  by
separately handling the three-order diagonal  matrix ele-
ments of the X-cut TFLN. To validate our approach, we
conduct numerical  simulations  of  the  wavelength  divi-
sion  demultiplexer.  The  incompatibility  of  the  scalar-
based inverse design method on anisotropic X-cut TFLN
devices is investigated. We demonstrate the competency
of  our  proposed  approach  to  inverse-designing  X-cut
TFLN  devices,  and  benchmark  their  performances  with
those of isotropic Z-cut TFLN devices using the classical
method.  Additionally,  accounting  for  dispersion  in  the
waveguide,  the  device  can  achieve  less  crosstalk  and
lower insertion loss  by altering the shape of  the simula-
tion  area  while  maintaining  the  device  footprint.  This
proposed method fills the gap of inverse design of aniso-
tropic  materials  based  photonic  devices,  which  finds
prominent applications in TFLN platforms and other an-
isotropic-material based photonic integration platforms.

 Methods
The workflow of the proposed inverse design method is

shown  in Fig. 3. Figure 3(a) illustrates  the  workflow  of
the  inverse  design  algorithm  for  anisotropic  materials,
with  the  dielectric  constant  tensor  serving  as  a  pivotal
parameter  in  this  process.  After  initializing  the  model,
this  tensor  undergoes  normalization.  Subsequently,  the
normalized  epsilon  is  input  into  the  FDTD  simulation
with forward and adjoint simulation. During each itera-
tion, both  a  forward  simulation  and  an  adjoint  simula-
tion are required. In this phase,  adjustments to the nor-
malized dielectric constant tensor are made based on the
gradients magnitude until either the iteration upper lim-
it is met or optimal results are achieved. During binariza-
tion,  the  Heaviside  filter  transforms  the  linear  mapping
into  a  step  function.  During  the  iteration  process,  there
exists a criterion to determine the completion of binariz-
ation,  known  as  ‘discreteness’. Discreteness  is  determ-
ined based on the average value of all normalized dielec-
tric constants in the optimization region. When the dis-
creteness reaches the predefined threshold value, usually
0.999, the  binarization  process  is  regarded  to  be  com-
pleted, implying that there are only waveguide dielectric
constants and background dielectric constants within the
optimization  area.  This  leads  to  the  final  optimization
outcome.

Currently, the topology optimization method is widely
used in  inverse  design,  which  realizes  the  isotropic  in-
verse  design  of  photonics  devices50−52.  Generally,  this
method uses the spatial distribution of the dielectric con-
stant  as  the  object  of  optimization.  By  doing  so,  this
method can lead to devices with better performances, be-
cause  it  can  provide  more  optimization  parameters  by
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virtue  of  greater  degrees  of  freedom  and  larger  design
space.  However,  compared  with  the  traditional  design
methods, topology optimization requires more computa-
tional resources and runtime.

To  improve  the  computational  efficiency,  the  adjoint
method was introduced to the process of numerical sim-
ulation in  topology  optimization53. Compared with  oth-
er  intelligent  optimization  algorithms,  this  method  can
obtain  the  gradients  of  all  design  parameters  in  object
function with  two  simulations,  thus  reducing  computa-
tional  complexity  and  resource  consumption  to  a  large
extent,  as  shown  in Fig. 3(b) and 3(c). A  brief  descrip-
tion of the adjoint method is as follows53.

R (x, p) = 0

Assuming  the  system under  consideration  consists  of
linear  materials,  as  shown  in Fig. 3(b) and 3(c), the  ad-
joint  method  requires  two  simulations  to  solve  for  the
gradient of  the  objective  function  within  the  optimiza-
tion region  for  the  design  variables.  The  Maxwell  equa-
tions  can be represented as Eq. (2). 

Ax = b , (2)

[
−∂tε (t) ∗ ∇×

∇× ∂tμ

]
x

[
E
H

]
[

J
−M

]

where A is the Maxwell operator, which can be formu-

lated as ;  represents the state  vari-

ables,  which  might  be  the  electric  field E or  magnetic

field H,  represented  explicitly  as ; b is  the  source

term, whether a current source J or a magnetic dipole M,

with its particular form denoted as .

The adjoint equation of the system can be represented
as Eq. (3): 

ATv =
(
∂F
∂x

)T

, (3)

v
x

p

where  is  the  adjoint  field; F is  the  objective  function,
depending  on  the  state  variable  and the  design  para-
meter .

When  simulating  photonic  devices  with  anisotropic
materials, the  spatial  distribution  of  the  dielectric  con-
stant is depicted as a diagonal matrix, which is expressed
as Eq.  (1).  And  the  bold  symbol  represents  the  matrix
form of the symbol.

In the adjoint method, the dielectric constant is calcu-
lated  using  the  transpose  of  the  diagonal  matrix  in Eq.
(1), and A is represented as Eq. (4):  [

ε(−t)T ∗ ∂t ∇×
∇× −μ∂t

]
. (4)

The  forward  simulation  and  adjoint  equation  of  the

system are Eq. (5) and Eq. (6), respectively: 

Ax = b , (5)
 

ATv = ∂FT

∂x . (6)

Therefore,  the gradients of  the target  function for the
design parameters can be expressed as Eq. (7): 

dF
dp =

∂F
∂pk

− vT ∂R
∂pk

, (7)

pkwhere  is kth design parameter.
While the dielectric constant does not affect the com-

putational  complexity  of  FDTD  simulation,  the  process
of  gradients  calculation  is  different.  Instead  of  a  single
element, it addresses three elements on the diagonal of a
third-order matrix,  tripling the computational complex-
ity. In the scalar-based inverse design method, the Poyn-
ting  vector  and  the  wave  vector  are  aligned.  However,
when  anisotropic  materials  are  involved,  the  Poynting
vector and k direction are no longer parallel to each oth-
er  in  general54,55. Our  proposed  method  effectively  re-
solves  the  issue  by  introducing  a  third-order  diagonal
permittivity  tensor  of  anisotropic  materials  in  three-di-
mensional  full-vector  beam propagation  method during
the simulation.

 Results and discussion
In this section, we demonstrate four types of wavelength
division  demultiplexers  using  the  scalar-based  inverse
design method and the proposed inverse design method
for anisotropic materials,  respectively.  The function of a
wavelength  division  demultiplexer  is  to  decompose  the
input composite  optical  signal  into  its  constituent  sig-
nals of individual wavelengths. These optical signals with
different center wavelengths can then be separately pro-
cessed or routed to different waveguides.

A  four-channel  wavelength  division  demultiplexer,
working in  the  wavelength range of 1510 nm–1580 nm,
is shown in Fig. 4(a). The left channel serves as the input
channel of the broadband signal, and on the right are the
four output channels.  Ports  1,  2,  3,  and 4 correspond to
the  wavelength  ranges  of 1510 nm–1520 nm, 1530
nm–1540 nm, 1550 nm–1560 nm,  and 1570 nm–1580
nm,  respectively.  Each  channel  has  a  designed  spectral
width of 10 nm. Between each pair of neighboring chan-
nels, there  is  a  10  nm  isolation  in  the  wavelength  spec-
trum  and  a  physical  spacing  of  4  μm  between  adjacent
waveguides. The refractive index of LN material is relat-
ively small, which implies a weaker ability to refract light
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as  compared  to  silicon-based  materials.  As  a  result,
wavelength division devices made of LN material tend to
have larger dimensions than their silicon-based counter-
parts. In the initialization, the design area size is set to 16
μm × 16 μm. A slab waveguide is placed in the 16 μm ×
16  μm  design  region  with  a  thickness  of  250  nm  as  the
initial structure  to  allow light  transmission from the in-
put  end  to  output  ends.  The  mesh  size  is  set  to  50  nm
and  the  minimum  feature  size  is  set  to  200  nm  in  both
the scalar-based  inverse  design  method  and  the  pro-
posed  inverse  design  method  for  anisotropic  materials.
Besides,  four  frequency  monitors  are  set  as  figures  of
merit (FOMs)  over  the  four  output  ports,  which  de-
crease  and  converge  to  a  fixed  value  as  the  iteration
number  increases.  It  should  be  noted  these  simulation
settings are applied throughout this manuscript.

In the  scalar-based  inverse  design  process,  the  tar-
geted values of refractive index in the design area are op-
timized between the  waveguide  refractive  index  and the

cladding  refractive  index  and  eventually  binarized.  We
first set the upper and lower limiting refractive index val-
ues  to  2.21  and 1.44,  respectively,  because  the  refractive
index of  LN material  in  TE mode is  2.2151.  We then set
the target transmittance of the TE mode optical signal as
1 for each port.  Here the FOM is the power coupling of
guided modes56, as shown in the equation below:
 

F =

(
1

λ2 − λ1

w λ2

λ1
|T0 (λ)|Ldλ

)1/L

−
(

1
λ2 − λ1

w λ2

λ1
|T (λ)− T0 (λ)|Ldλ

)1/L

, (8)

T0

λ1 λ2

T

where  is  the forward transmission of  the target  light;
 and  are  the  lower  and  upper  limits  of  the

wavelength  points;  is  the  actual  mode  expansion
power transmission; and L is the value of the generalized
p-norm.

During the optimization, the overall FOM can be cal-
culated as follows:
 

 

0 100 200 300 400 500 600

Iteration

100

F
O

M

Figure of Merit

Total

fom1

fom2

fom3

fom4

1500 1520 1540 1560 1580 1600

Wavelength (nm)

−20

−10

 0

T
ra

n
s
m

is
s
io

n
 (

d
B

)

Port 1
Port 2
Port 3
Port 4

1500 1520 1540 1560 1580 1600

Wavelength (nm)

−20

−10

 0

T
ra

n
s
m

is
s
io

n
 (

d
B

)

Port 1
Port 2
Port 3
Port 4

−3 dB:
25.6 nm −3 dB:   

27.3 nm
19 nm

1513.3 1536.5 1556.2 1584.0 nm 1497.15   1518.85  1539.45    1567.85 nm

18.4 nm 35.4 nm

Binarization

Design region: 16 μm×16 μm
In

u
p
u

t 
ri
b

  
w

a
v
e
g
u

id
e

4 μm

Output

Port 1

Port 2

Port 3

Port 4

20.9 nm21.9 nm 35.7 nm

X-cut LN
Background

@1515 nm@1515 nm

a b

c d

Fig. 4 | (a) Schematic of the inverse design of a thin-film LN four-channel wavelength division demultiplexer device. (b) The iterative process of

FOM during the inverse design process, including the FOM for the four ports and the total FOM (blue line) of the device. (c) Spectral response of

four output ports verified in FDTD simulation of a structure designed by inverse design using isotropic materials. Inset is the electric field distribu-

tion within the design region while the center wavelength of the input optical signal is 1515 nm. (d) Spectral response of four output ports verified

in FDTD simulation of the same structure after setting the material of the structure to the tensor form of X-cut LN. Inset is the electric field distribu-

tion within the design region while the center wavelength of the input optical signal is 1515 nm.
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FOM = fom1 + fom2 + fom3 + fom4, (9)

fomiwhere  represents the transmittance of each port.
We first obtain an optimized demultiplexer device us-

ing traditional inverse design methods,  as shown in Fig.
4. During optimization process, the FOMs of ports 2 and
3  drop  quickly  while  FOMs  of  ports  1  and  4  stays  the
same. After some iterations, the FOMs of 1 and 4 start to
drops. This  phenomenon  relates  to  the  property  of  ad-
joint  method.  Specific  explanations  and  intermediate
processes can  be  found  in  the  Supplementary  informa-
tion.  After  400  steps  of  optimizations  and  200  steps  of
binarizations,  the  FOM tends  to  be  stable,  and  the  final
values  of  the  four  ports  are 0.7749, 0.7954, 0.8028,  and
0.7672, respectively.  Subsequently,  we  extract  the  calcu-
lated structure  and  export  the  GDSII  file  (refer  to  Sup-
plementary information) to perform another FDTD sim-
ulation for verification. In the verification simulation, we
set the refractive index of the inverse design structure to
2.21.  As  seen  in Fig. 4(c),  results  show  that  the  spectral
responses of  the  four  output  ports  meet  the  design  ex-
pectation.  Optical  signals  of  different  wavelengths  are
guided to four ports, and the crosstalk between the ports
is smaller than −11 dB. The output optical signals of the
four ports are spectrally spaced at about 20 nm, and the
four ports demonstrate −3 dB bandwidths of 25.6 nm, 19
nm, 18.4 nm, and 35.4 nm, respectively.  This  is  because
the  total  energy  of  all  bands  is  limited,  which  imposes
constraints on the spectral energy values of Ports 2 and 3
when dividing wavelengths. As a result, the −3 dB band-
widths obtained  by  Ports  2  and  3  are  close  to  the  de-
signed  value.  In  this  wavelength  division  demultiplexer,
there  are  no  corresponding  restrictions  on  the
wavelength  range  outside  the  separation  of  Port  1  and
Port  4.  This  leads  to  a  much  larger  bandwidth  than  the
designed parameter.

However, in practice, the refractive index of X-cut LN
is not a single value. We replace the refractive index with
a tensor  form  and  conduct  another  verification  simula-
tion with the FDTD solver. As shown in Fig. 4(d), unsur-
prisingly, the results turned out to be quite different and
did not meet the design expectations.  The overall  trans-
mission spectrum is blue-shifted such that output optic-
al signal wavelengths from the ports of interest are not as
expected. As can be seen from the electric field distribu-
tion diagram in Fig. 4(d),  when the wavelength range of
the input optical signal is 1510–1520 nm, a considerable
part  of  the  light  energy  propagates  to  the  second  port,

which  is  not  desired.  The  crosstalk  between  the  three
ports on the right are −7.66 dB, −8.65 dB, −11.07 dB and
−8.84  dB,  respectively.  Therefore,  we  can  see  that  the
scalar-based inverse design is not suitable for anisotrop-
ic material systems.

Therefore,  we  turn  to  using  the  proposed  inverse
design method  for  anisotropic  materials,  which  calcu-
lates the gradients of dielectric constants in a tensor form
during the iteration process.  In each step of the calcula-
tion,  the  refractive  index  value  at  every  position  within
the  design  region  is  determined  through  parameter
passing. These parameters are stored in matrix form. By
doing  so,  the  anisotropic  material  is  taken  into  account
in the optimization process,  while the complexity of  the
FDTD simulation is not increased.

As  we  can  see  from Fig. 5(a),  after  400  iterations  and
200  binarizations,  the  FOM  tends  to  level  off  and  no
longer changes. We extract the calculated structure to the
GDSII file (refer to Supplementary information), set the
material  to  X-cut  LN,  and perform a verification FDTD
simulation, and the result is shown in Fig. 5(b). Since re-
fractive indices of LN materials in the z-axis direction are
relatively  small,  the  transmission  of  each  port  is  about
10%  less  than  that  of  structures  inverse-designed  with
isotropic  materials  in  the  same  design  region,  and  the
crosstalk values between the ports are −11.96 dB, −11.96
dB,  −11.69  dB,  and  −9.32  dB,  respectively. Figure 5(c)
visually  shows  that  input  optical  signals  in  different
wavelength ranges are propagated to their respective out-
put ports, indicating that the device meets the design re-
quirement. Figure 5(d) presents  structural  diagrams
from  two  inverse  design  methods:  the  left  depicts  a
device  using  the  scalar-based  inverse  design  method,
while the right illustrates the one using the proposed in-
verse  design  method  for  anisotropic  materials.  Notably,
the  structures  derived  from  these  two  inverse  design
methods  are  prominently  different  from  each  other.
When compared with the X-cut wavelength division de-
multiplexer  shown  in Fig. 3(d), there  is  a  marked  im-
provement in the performance of the four ports. This re-
veals  the  significant  impact  of  anisotropic  materials  in
the inverse design of photonic devices.

Moreover,  we modify the initial  design region from a
square to a rectangle, and we also used both methods to
design a 25 μm×10 μm wavelength division demultiplex-
er. For  the  X-cut  TFLN  device,  results  using  the  pro-
posed method are shown in Fig. 6,  and results using the
scalar-based  inverse  design  method  are  displayed  in
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Fig. S2(b). In our design, we consider optimizing the per-
formance  of  the  device  within  the  comparable  device
footprint.  Under  this  circumstance,  the  average  optical
power output of each port has increased by nearly 1 dB,
and the crosstalk of four ports are decreased to −17.4 dB,
−16.1 dB,  −17.5 dB,  and −16.5 dB,  respectively.  Besides,
the −3 dB bandwidths of four channels are 32.2 nm, 17.6
nm,  18.1  nm,  and  29.3  nm,  respectively.  These  results
show that  traditional  scalar-based  inverse  design  meth-
od  is  not  suitable  for  anisotropic  materials  e.g.,  X-cut
TFLN.  Furthermore,  the  performances  of  the  X-cut
TFLN  devices  designed  by  our  proposed  inverse  design
method are comparable to those of the Z-cut devices de-
signed by  traditional  method,  which  are  detailed  in Fig.
S2(a).  The  elongated  length  of  the  device  along  the
propagation  direction  amplifies  the  effect  of  dispersion
in  the  waveguide,  which  is  more  advantageous  for  the
device  to  realize  wavelength  division  multiplexing  and
demultiplexing.  Such  a  rectangular  structure  is  more
similar to the traditional MMI design structure. Simula-
tion  results  indicate  that  the  shape  of  the  initial  design
region can influence the optimization results.

A comparison of  device performances for the two in-
verse design methods is summarized in Table 1.

As  shown  in Table 1, wavelength  division  demulti-
plexers  using  the  inverse  design  method  for  anisotropic
materials have a better uniformity for −3 dB bandwidth,
center wavelength deviance (Δλ) and insertion loss. Not-
ably,  the  elongated  design  device  possesses  significantly
smaller crosstalk values in all ports. On the contrary, the
X-cut TFLN device obtained by the scalar-based inverse
design method possesses inferior performances on these
indicators.

In  addition,  we  compare  the  performance  of  the
wavelength division demultiplexers obtained by the pro-
posed  anisotropic  method  with  those  designed  by  the
traditional intuition-based method, as shown in Table 2.
As  a  comparison,  the  device  designed  by  our  proposed
method has a prominently 3000 times smaller footprint.
The  smaller  physical  intervals  between  adjacent  ports
contribute to the larger crosstalk in our designed device.

 Conclusions
In this work, we propose a novel inverse design method
for photonics devices made of anisotropic materials. Us-
ing this method, we design two 1×4 wavelength division
demultiplexers. By  comparing  with  the  scalar-based  in-
verse design approach,  we prove the effectiveness of  the

 
Table 1 | Performance comparison of two inverse design methods.

 

Methods Dimension Port −3 dB bandwidth Δλ Insertion loss Crosstalk

Scalar-based inverse design 16 μm × 16 μm

1 27.3 nm −17.80 nm 2.44 dB −7.66 dB

2 21.9 nm −16.10 nm 2.04 dB −8.66 dB

3 20.9 nm −15.50 nm 1.52 dB −11.07 dB

4 35.7 nm −7.10 nm 2.10 dB −8.85 dB

Our proposed method 16 μm × 16 μm

1 31.7 nm −9.15 nm 2.02 dB −11.96 dB

2 19.9 nm −0.60 nm 1.69 dB −11.96 dB

3 18.0 nm 0.15 nm 1.73 dB −11.69 dB

4 29.6 nm 3.55 nm 1.99 dB −9.32 dB

Scalar-based inverse design 25 μm × 10 μm

1 18.6 nm −17.85 nm 1.99 dB −12.33 dB

2 17.5 nm −17.15 nm 1.68 dB −9.39 dB

3 20.8 nm −19.00 nm 1.60 dB −11.33 dB

4 36.8 nm −9.7 nm 0.96 dB −15.11 dB

Our proposed method 25 μm × 10 μm

1 32.2 nm −5.40 nm 0.97 dB −17.40 dB

2 17.6 nm 0.20 nm 1.08 dB −16.10 dB

3 18.1 nm −0.25 nm 1.00 dB −17.50 dB

4 29.3 nm 4.85 nm 0.82 dB −16.50 dB

 
Table 2 | Performance comparison of devices between metamaterial-assisted intuition-based method and anisotropic inverse design.
 

Method Dimension Channels Bandwidth Insertion loss Crosstalk Reference

Model-based method 2100 μm × 20 μm 4 12.1 nm (−3 dB) 0.72 dB −18.0 dB 37

Model-based method 2800 μm × 300 μm 4 16.5 nm (−1 dB) 0.80 dB −22 dB 39

Our proposed method 25 μm × 10 μm 4 17.6 nm (−3 dB) 1.08 dB −16.1 dB This work
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proposed inverse design method for  anisotropic materi-
als. It should be noted that we do not take the impact of
fabrication errors  into  account,  and  this  method  inevit-
ably  demands  a  computational  complexity  three  times
greater than the traditional scalar-based approach in the
process of data processing. Besides being applied to LN-
based material, this novel approach can also be extended
to  other  optically  anisotropic  materials  with  enhanced
simulation accuracies.  It  not  only  provides  a  more  pre-
cise prediction of light propagation within these materi-
als in  FDTD  simulations,  but  also  ensures  optimal  per-
formance  of  designed  devices  to  a  large  extent.  This
method fills the gap of inverse design in anisotropic ma-
terials and lays a solid foundation for the development of
anisotropic  optoelectronic  and  photonic  devices.
Moreover, photonics devices developed using this meth-
od  might  play  a  significant  part  in  photonic  integrated
circuits in the future.
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