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Supplementary Note 1: Simulation of the unit structure

Fig. S1(a) shows the unit structure used in the manuscript, with a fixed height
H. Fig. S3(a) shows the variation of the real and imaginary parts of the
refractive index of the Si substrate with wavelength, as used in the calculations.
When linearly polarized light is incident along the corresponding axis, the
nanopillar produces a polarization-dependent phase shift, which can be
expressed as a function of Dy and Dy. The phase and amplitude under x-linearly
polarized light and y-linearly polarized light are simulated by the finite-
difference time-domain (FDTD) method (Fig. S1(b)), it can be observed that
this structure achieves very high transmittance (close to 100% within the
simulation range) and a phase distribution of 0-2n. The wavelength is chosen
to be 1550 nm, with a nanopillar period of 600 nm and a height of H = 800 nm.
With the same parameters, the simulation results for incident light at
wavelengths of 1100 nm and 1300 nm exhibit similar trends to those observed
at 1550 nm (Fig. S2).
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Fig. S1 (a) Unit structure with a fixed height H and adjustable structural dimensions
Dx and Dy; (b) Simulated transmission coefficients (Txx, Tyy) and phase shifts (@xx, @yy)
under x-linearly and y-linearly polarized light with a wavelength of 1550 nm. The

nanopillar period is 600 nm and the height H is 800 nm

To validate the practicality of the proposed approach, while keeping other
parameters constant, we increased the thickness H of the Si substrate to 1000
nm. This relatively higher thickness can be exposed by a thicker resist as well
as high-pressure EBL. Fig. S3(b) shows the simulated transmission coefficients
and phase shifts under x-linearly and y-linearly polarized light when H is 1000
nm in the unit structure. The incident wavelength is 1550 nm, and the nanopillar
period is 600 nm. With the same parameters, the simulation results for incident
light at wavelengths of 1100 nm and 1300 nm exhibit similar trends to those
observed at 1550 nm (Fig. S4). It can be observed that this structure also
achieves very high transmittance (close to 100% within the simulation range)
and a phase distribution of 0-2zn. It also exhibits significant orthogonality
variability, indicating that nanopillars can be effectively applied in multilayer

structures.
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Fig. S2 Simulated transmission coefficients (Txx, Tyy) and phase shifts (@xx, @yy) under
x-linearly and y-linearly polarized light with wavelengths of 1300 nm (a) and 1100
nm (b). The nanopillar period is 600 nm and the height H is 800 nm



(a) (b)
E=
=%
E
£
; Sg
3574 —— n-refractive index [ 24 2 2
k-extinction coefficient H
3 5
T 3544 (&0 g
g 8 200 300 400 500 300 400
T am Lis 3 D, (nm) D, (nm)
o [a)
£ 2
3 'i - Phase under E, s Phase under E,
c s = . .
£ 348 12 2 3 T
E; I
®
3.45 08 =~ 2
900 1200 1500 1800 -
wavelength (nm) g
£
-
°8
1 I
e BN -7
200 300 400 500 200 300 400 500

D, (nm) D, (nm)

Fig. S3 (a) The real and imaginary parts of the refractive index of the Si substrate as
a function of wavelength. (b) Simulated transmission coefficients (Txx, Tyy) and phase
shifts (@xx, @yy) under x-linearly and y-linearly polarized light with a wavelength of
1100 nm and 1300 nm. The nanopillar period is 600 nm and the height H is 1000 nm
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Fig. S4 Simulated transmission coefficients (Txx, Tyy) and phase shifts (@xx, @yy) under

x-linearly and y-linearly polarized light with wavelengths of 1300 nm (a) and 1100

nm (b). The nanopillar period is 600 nm and the height H is 1000 nm



Supplementary Note 2: Propagation model

The optical diffraction connects each neuron to others in the subsequent layers.
Following the principles of Rayleigh-Sommerfeld diffraction, each diffractive
unit/neuron can be regarded as the coherent superposition of the propagated
light from each diffractive unit/neuron in the previous layer. It can also be
interpreted as the source of secondary waves, fully connected to the next layer.
The equation for light propagation between diffractive layers is expressed as

follows:

i z—zi( 1 1 j2nr
wiGe3.2) = (g ) e (57): =

where r is defined as the distance between the coordinates (x, y, z) of a point

and the coordinates (x;, y;, z;) of the i-th diffractive unit in the I-th layer, given

by:

r=ylr—x)? + & -y - z) 2)

The notation w}(x,y,z) in Eq. (1) represents the complex-valued field that
propagated to each diffractive unit located at (x, y, z) in the (I+1)-th layer. This
propagation is achieved by utilizing the i-th diffractive unit located at (x;, y;, z;)
in the I-th layer as the wave source, with a wavelength of A, which is 1550 nm.
We use u! to represent the light field function of the I-th layer's i-th neuron

during the propagation process, and it can be expressed as:
ui(x,y4,2;) = Z W (v z) ey z) o wiT (yez), (3)
JEN
where N represents the number of diffractive units/neurons on the diffractive
layer. The notation t!(x;, y;, z;) represents the modulation of the optical field

complex amplitude by the Ith diffractive layer and can be expressed using the

following equation:

t'(xy, yi,2) = a'(x;, i, 2) - expljdt (x;, i, 2], (4)



where the parameters a' and ¢! represent the amplitude and phase coefficients,
respectively, at the (x;,y; z;) coordinates of the I-th layer. These two
parameters can be continuously adjusted through deep learning. Each neuron's
transmitted amplitude and transmitted phase values in the diffractive network

are optimized during training.

Considering the substantial computational burden of solving the conventional
D?NN model using the Rayleigh-Sommerfeld diffraction formula, we utilize
Fresnel scalar diffraction to reduce the computational effort. Given the specific
layer spacing conditions under consideration, the Rayleigh-Sommerfeld
diffraction formula can be interchangeably employed with the Fresnel scalar
diffraction theory in the obtained results. Here, we employ the Fresnel scalar
diffraction theory to construct the forward propagation model of our diffractive
neural network. This approach not only reduces computational burden but also
enables more efficient and accurate modeling of the beam's complex amplitude
throughout the network. The complex amplitude u! of the beam for the I-th

layer's i-th neuron can be expressed as follows:

ut(x, y) = FHF[wl ™ (g, y) - 670, v0) - H(fe £)] - 5)
Here H(fx, fy) is the transformation function in the frequency domain during
beam propagation, given by:

H(fe fy) = explik(z — 2)] - exp[—jan(z — 2)(£Z + /)], (6)

where k = 2m/A representing the wave number. In Eg. (5), F and F!
represent the fast Fourier transform and inverse fast Fourier transform,

respectively.

The training process of D?NN primarily utilizes methods such as

backpropagation and gradient descent to optimize results.



Supplementary Note 3: Two-input wavelength router

We implemented two two-input wavelength routers capable of routing electric
fields with wavelengths of 1300 nm and 1550 nm while maintaining
polarization. Under the same polarization conditions, the two-input wavelength

router can route electric fields with wavelengths of 1550 nm and 1300 nm.

Under X-linearly polarized light, the three-input wavelength router is depicted
in Fig. S5(a). Port A can input light with wavelengths of 1550 nm or 1300 nm.
When light with wavelengths of 1550 nm, or 1300 nm is input at port A, it
undergoes propagation processing by the diffractive layers and is respectively

output at ports B, or C.
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Fig. S5 Schematic diagram of two-input wavelength router. (a) and (b) depict the cases
when the electric field is X-linearly polarized light and Y-linearly polarized light,
respectively. A represents the input port of the input layer, while B and C represent the two

output ports located at the output layer



As illustrated in Fig. S6(a), when X-linearly polarized light with a wavelength
of 1550 nm is input, there is no electric field data in the 1300 nm channel. In
the 1550 nm channel, the electric field amplitudes in Channel 1 and Channel 2
at input port A are both 1, with phases of 0. Hence, the input electric field is X-
linearly polarized light with a wavelength of 1550 nm. After propagating
through the diffractive layers, the electric field amplitudes in Channel 1 and
Channel 2 at output port B are close to 1, with phases of x/2, resulting in X-
linearly polarized light. In Fig. S6(b), when X-linearly polarized light with a
wavelength of 1300 nm is input, only the 1300 nm channel has electric field
data. After propagation through the diffractive layers, the electric field
amplitudes in Channel 1 and Channel 2 at output port C are both close to 1,
with phases of 7/2, resulting in X-linearly polarized light. The insertion loss of
the trained wavelength router is 0.01 dB, and the extinction ratio reaches 25.39
dB.
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Fig. S6 The training results of the two-input wavelength router under X-linearly
polarized light. The images demonstrate the amplitude and phase distribution of the input
and output electric fields in the polarization and wavelength channels. Specifically, it
depicts the scenario when the input light has a wavelength of 1550 nm (a), or 1300 nm (b).
The final electric field is output at ports B (a), or C (b), respectively



In the case of Y-linearly polarized light, the wavelength router is depicted in
Fig. S5(b). The computational process is similar to that under X-linearly
polarized light, with the only difference being the polarization. When Y-
linearly polarized light with a wavelength of 1550 nm is input, as shown in Fig.
S7(a), the final electric field is output at port B. Similarly, when Y-linearly
polarized light with a wavelength of 1300 nm is input, as illustrated in Fig.
S7(b), the final electric field is output at port C. This router exhibits a low
insertion loss of 0.004 dB, crosstalk of -22.52 dB, and achieves an extinction
ratio of 22.51 dB, which closely resembles its performance under X-linearly
polarized light. Moreover, it demonstrates high output signal efficiency and
significant differentiation between signal and noise, indicating excellent

performance of the two-input wavelength router.
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Fig. S7 The training results of the two-input wavelength router under Y-linearly
polarized light. The images demonstrate the amplitude and phase distribution of the input
and output electric fields in the polarization and wavelength channels. Specifically, it
depicts the scenario when the input light has a wavelength of 1550 nm (a), or 1300 nm (b).
The final electric field is output at ports B (a), or C (b), respectively



Supplementary Note 4: Three-input wavelength router under Y-
linearly polarized light
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Fig. S8 Schematic diagram of three-input wavelength router under Y-linearly
polarized light. A represents the input port of the input layer, while B, C, and D represent

the three output ports located at the output layer

Under Y-linearly polarized light, the three-input wavelength router is depicted
in Fig. S8. Port A can input light with wavelengths of 1550 nm, 1300 nm, or
1100 nm. When light with wavelengths of 1550 nm, 1300 nm, or 1100 nm is
input at port A, it undergoes propagation processing by the diffractive layers
and is respectively output at ports B, C, or D.

As illustrated in Fig. S9(a), when Y-linearly polarized light with a wavelength
of 1550 nm is input, there is no electric field data in the 1300 nm and 1100 nm
channels. In the 1550 nm channel, the electric field amplitudes in Channel 1
and Channel 2 at input port A are both 1, with a phase of 0 in Channel 1 and a
phase of w in Channel 2, the input electric field is Y-linearly polarized light with
a wavelength of 1550 nm. After propagating through the diffractive layers, the
electric field amplitudes in Channel 1 and Channel 2 at output port B are close
to 1. The phase in channel 1 is n/2, while the phase in channel 2 is -n/2, resulting
in Y-linearly polarized light. In Fig. S9(b), when Y-linearly polarized light with
a wavelength of 1300 nm is input, only the 1300 nm channel has electric field
data. After propagation through the diffractive layers, the electric field
amplitudes in Channel 1 and Channel 2 at output port C are both close to 1. The



phase in channel 1 is n/2, while the phase in channel 2 is -n/2, resulting in Y-
linearly polarized light. Similarly, in Fig. S9(c), when Y-linearly polarized light
with a wavelength of 1100 nm is input, only the 1100 nm channel has electric
field data. After propagating through the diffractive layers, the electric field
amplitudes in Channel 1 and Channel 2 at output port D are both close to 1. The
phase in channel 1 is n/2, while the phase in channel 2 is -n/2, resulting in Y-
linearly polarized light. The insertion loss of the trained wavelength router is
0.014 dB, and the extinction ratio reaches 20.16 dB, which closely resembles

its performance under X-linearly polarized light.
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Fig. S9 The training results of the three-input wavelength router under Y-linearly
polarized light. The images demonstrate the amplitude and phase distribution of the input
and output electric fields in the polarization and wavelength channels. Specifically, it
depicts the scenario when the input light has a wavelength of 1550 nm (a), 1300 nm (b), or
1100 nm (c). The final electric field is output at ports B (a), C (b), or D (c), respectively



Supplementary Note 5: Four-input polarization-wavelength
composite router

In the four-input polarization-wavelength composite router, the four input
electric fields comprise X-linearly polarized light with wavelengths of 1550 nm
and 1300 nm, as well as Y-linearly polarized light with wavelengths of 1550

nm and 1300 nm.

1550 nm - XN i
{ s 1300 nm
N :“-\\
1300 nm - M—» o o [l

1 I
1 3 ~J)
i . O - S & ¢
] : e Y (sl c\_-
\ \  .ee TN
1550 nm - ¥ . V] / ili 2
’ ’ ‘D\Nl
!

1300 nm-Y 1300 nm -~
1550 nm

input L, Ly Output

Fig. S10 Schematic diagram of four-input polarization-wavelength composite router.
A represents the input port of the input layer, while B, C, D, and E represent the four output

ports located at the output layer

Fig. S10 illustrates the schematic diagram of the four-input polarization-
wavelength composite router, with port A designated as the input port and ports
B, C, D, and E as the output ports. Port A can input four types of electric fields.
When X-linearly polarized light with wavelengths of 1550 nm, or 1300 nm is
input at port A, it is modulated by the diffractive layer and output at ports B, or
C, respectively. When Y-linearly polarized light with wavelengths of 1300 nm,
or 1550 nm is input at port A, it is modulated by the diffractive layer and output

at ports D, or E, respectively.

When X-linearly polarized light with a wavelength of 1550 nm is input at port
A, as shown in Fig. S11(a), there is no electric field data in the 1300 nm channel.

In the 1550 nm channel, the electric field amplitude for both channels 1 and 2



at input port A is 1, with phases of 0. Therefore, the input electric field is X-
linearly polarized light with a wavelength of 1550 nm. After propagating
through the diffractive layers, the electric field is ultimately output at port B,
with both channel 1 and channel 2 having electric field amplitudes close to 1
and phases around m/2, resulting in X-linearly polarized light. Fig. S11(b)
illustrates the electric field distribution in each channel when the input is X-
linearly polarized light at 1300 nm, with the electric field ultimately output at
port C as X-linearly polarized light. When Y-linearly polarized light with a
wavelength of 1300 nm is input at port A, as illustrated in Fig. S12(a), only the
1300 nm channel has electric field data. The electric field amplitude at input
port A for both channels 1 and 2 is 1, with a phase of 0 in channel 1 and a phase
of m in channel 2. After propagating through the diffractive layers, the electric
field with a wavelength of 1300 nm is ultimately output at port D, with both
channel 1 and channel 2 having electric field amplitudes close to 1. The phase
in channel 1 is ©/2, while the phase in channel 2 is -7/2, resulting in Y-linearly
polarized light. When Y-linearly polarized light with a wavelength of 1550 nm
is input at port A, as depicted in Fig. S12(b), only the 1550 nm channel has
electric field data. After propagating through the diffractive layers, the electric
field is output at port E, with both channel 1 and channel 2 having electric field
amplitudes close to 1. The phase in channel 1 is 7/2, while the phase in channel

2 is -m/2, resulting in Y-linearly polarized light.

After training, the four-input polarization-wavelength composite router
exhibits an insertion loss of 1.34 dB, and an extinction ratio of 10.15 dB. Its
performance is comparable to that of the six-input polarization-wavelength

composite router.
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Fig. S11 The training results of the four-input polarization-wavelength composite
router. The images demonstrate the amplitude and phase distribution of the input and
output electric fields in the polarization and wavelength channels. Specifically, it depicts
the scenario when the input light is X-linearly polarized with a wavelength of 1550 nm (a),
or when it is X-linearly polarized with a wavelength of 1300 nm (b). The final electric field

is output at ports B (a), or C (b), respectively

During each computation of the router, only the signal is output at the target
port, while the output at other non-target ports is considered noise. We calculate
the crosstalk (CT) by evaluating the ratio of the optical intensity at non-target

output ports to the total input optical intensity:

[ .
CT = 101log;, ( “I"‘Se), (7)
in

where I,,ise represents the optical intensity of the non-target output ports. And

I;,, 1s the total input optical intensity, and in the calculation process, the optical

intensity of each input type is the same.

The crosstalk values for the polarization router, two types of two-input
wavelength routers, two types of three-input wavelength routers, four-input and

six-input polarization-wavelength composite routers are as follows: -8.65 dB, -



25.40 dB, -22.52 dB, -18.98 dB, -20.18 dB, -11.74 dB and -13.26 dB,

respectively.
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Fig. S12 The training results of the four-input polarization-wavelength composite
router. The images demonstrate the amplitude and phase distribution of the input and
output electric fields in the polarization and wavelength channels. Specifically, it depicts
the scenario when the input light is Y-linearly polarized with a wavelength of 1300 nm (a),
or when it is Y-linearly polarized with a wavelength of 1550 nm (b). The final electric field

is output at ports D (a), or E (b), respectively
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