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Section 1: Derivation process of the adjoint method for anisotropic material
For anisotropic materials, the dielectric tensor of the material is given by Eq. (S1):

£:{$x e 82}. (S1)

The bold symbol indicates its matrix form. Nonetheless, the entire system still belongs to a linear system, and the ad-
joint method can still be used to solve for the gradients of the objective function for each design variable in the optimiz-
ation region.

Assuming the target function is T (x(p),p), and the system adheres to Maxwell equations, succinctly denoted as
R(x(p),p) = 0, where x represents the electric field and p is normalized permittivity, which signifies the design para-
meters of the optimization region, the gradients of the target function for the optimization region parameters can be cal-
culated in Eq. (52)%":
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where p, is the normalized permittivity, which represents design parameter.

dx
We observe that within the expression, the most computationally demanding component is P If the Finite-Differ-

ence Time-Domain (FDTD) method is employed, its expression is denoted as Eq. (S3):

dx 1

by (% (py,) — %) . (53)
where Ap, is a small change in the k* parameter, and p s, 18 equal to p + Ap,.

From this, it is evident that a single computation of R (x (p) , p) = 0 is required to calculate x (p), along with an addi-
tional computation of R (x P),p APk) = 0 to determine x (p Apk>‘ This implies that two simulations are necessary to ob-
tain the result of a single gradient calculation. For gradients involving #n design parameters, n + 1 times simulations are
required to complete the computation of the full gradients.

However, in the adjoint method, regardless of the number of design parameters p, only two simulation computations
are required to obtain the complete gradients. The details of the adjoint method are as follows:

Since R = 0 is the steady-state solution of the system, the derivative of R with respect to the design parameter p, is

also zero,

dR  OROx OR _
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Hence, the gradients of the target function for the design parameters can be expressed as

T U1 (0R0x  OR) )
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where v is adjoint field.
Eq. (S5) can be simplified to Eq. (S6):
dr 0T ,0R oT  ,OR\ Ox
R I (e i sl S6
o (o) o 0
As can be seen from Eq. (S6), it is only necessary to find a variable v that satisfies Eq. (57):
oT .OR\ Ox
Yy ) =0 S7
(8x Y 8x> op, (57)
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This allows for the elimination of the term, enabling the complete gradients to be obtained through two simula-

tion computations.
Therefore, the equations for the two simulation processes of the adjoint method, derived from Maxwell equations and
the material equation D = ¢ E, are as follows:
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Ax=10, (S8)
OF\"
Ay = <8x> , (S9)
T
where A is Maxwell operator, denoted specifically as A = { £ (7Vt)>< *0: _V’;; } It is important to note that the vari-
t

ables in bold in the equations are in matrix form.

Section 2: Wavelength division demultiplexer with 25 ymx10 pm footprint

A 25 um x10 pum thin film lithium niobate (TFLN) wavelength division demultiplexer is obtained using the scalar-based
inverse design method and works in the spectral range of 1510-1580 nm. By default, Z-cut TFLN material is used, as
such the scalar-based isotropic inverse design method can be readily applied. A schematic of the obtained device struc-
ture is shown in Fig. S1. On the left is the input port of the broadband signal, and on the right are the four output ports.
Ports 1, 2, 3, and 4 correspond to the wavelength ranges of 1510-1520 nm, 1530-1540 nm, 1550-1560 nm, and
1570-1580 nm, respectively. Each port has a designed spectral width of 10 nm. Between each pair of neighboring ports,
there is a 10 nm isolation in the wavelength spectrum and a physical spacing of 2.5 pm between adjacent waveguide
ports. In the initialization, the design area size is set to 25 um x 10 pm. A slab waveguide is placed in the 25 um x 10 pm
design region with a thickness of 250 nm as the initial structure to transmit light waves from the input end to the out-
put ends. The mesh size is set to 50 nm and the minimum feature size is set to 200 nm.

In the scalar-based inverse design process, the targeted values of refractive index in the design area are optimized
between the waveguide refractive index and the cladding refractive index and eventually binarized. We first set the up-
per and lower limiting refractive index values to 2.21 and 1.44, respectively. We then set the target transmittance of the
TE mode optical signal as 1 for each port.

Design region: 25 pmx10 pm

|

3

- [25pm|

Scalar-based isotropic X-cut LN
inverse design Background
Fig. 81| (a) Schematic of a TFLN four-port wavelength division demultiplexer obtained using the scalar-based inverse design method with 25 pm
x 10 ym footprint.

For the default structure, spectral response from four output ports is shown in Fig. S2(a) to serve as a benchmark. The
spectral response of the same structure after setting the material to the tensor form of X-cut TFLN is shown in Fig.
S2(b). Results show that the traditional scalar-based inverse design method is not suitable for anisotropic materials (X-
cut TFLN). The performance of the X-cut TFLN device designed by our proposed inverse design method (Fig. 6) is
comparable to that of the Z-cut TFLN device obtained by classical method.
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Fig. S2 | (a) Spectral response of Z-cut TFLN wavelength division demultiplexer obtained by the scalar-based inverse design method. (b) Spec-
tral response of the same structure after setting the material to the tensor form of X-cut TFLN.

Section 3: Intermediate results during optimization
During optimization process (Fig. S3), the FOM of port 2 and port 3 drop quickly while FOM of 1 and 4 stays the same.
After some iteration, the FOM of 1 and 4 starts to drops.
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Fig. S3 | Four intermediate results during the optimization of a 16 pm x16 pm wavelength division demultiplexer at iteration 0, iteration
49, iteration 95 and iteration 200, respectively.

Here is the explanation for this phenomenon:

This phenomenon is related to the adjoint method, which is widely recognized as a classical approach for conserving
computational resources. When calculating the gradients of objective function with respect to the design variables, all
gradients within the optimization region can be obtained through two simulations: a forward simulation and an adjoint
simulation.

In the forward simulation, the light enters waveguide and the mode overlap integral is calculated at the output wave-
guide. After completing the forward simulation, based on its results, an adjoint light source is generated at the output
waveguide, and the adjoint simulation is conducted. As mentioned above, in the adjoint simulation, the light propag-
ates in the reverse direction, which requires to solve the solution of the adjoint field to reduce computational demand
and to compute the complete gradients of objective function with respect to the design variables. However, in the ad-
joint simulation, the value of the adjoint sources is related to E field of monitors in forward simulation. The different
values of the adjoint sources lead to a different optimization order of these ports.

Given that the initial structure is a planar waveguide, it is foreseeable that the adjoint sources generated at ports 2 and
3 will be larger than those at the other two ports. This leads to ports 2 and 3 being the first to be optimized during the
optimization process. In subsequent iterations, the transmittances of ports 2 and 3 will gradually increase. When the
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changes of the design parameters cannot enhance the performance of ports 2 and 3 anymore, ports 1 and 4 begin to be
optimized, and the adjoint source terms for these ports also gradually increase. This process continues until the al-
gorithm converges to a local optimum, at which point the iteration is terminated.

Here, we take the optimization process of 16 pm x 16 um wavelength division demultiplexer based on scalar-based
inverse design method as an example. In Fig. S3, we show four intermediate results during the optimization at iteration
0, iteration 49, iteration 95 and iteration 200, respectively. At the beginning of optimization, the design region is a
planar waveguide, so the value of epsilon is uniform, and the light is freely transmitted within the region. At iteration 49,
the shape of the waveguides route to port 2 and port 3 can be seen from the epsilon distribution map, while the wave-
guides route to port 1 and 4 have not yet started to be optimized. After iteration 60, the waveguide route to port 1 star-
ted to be optimized. After iteration 100, the waveguide route to port 4 started to be optimized. At iteration 200, the pro-
totype of the final design device can be seen from the epsilon distribution map.
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