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Single/multi-wavelength polarimetric metasurfaces  

Work Type 

Num-

ber of 

Layer 

Full-

Stokes 

Numb-

er of 

Wavel-

ength 

Polariza-

tion State 

at each 

wavelen-

gth 

Efficiency 

DOP Error 

for linearly 

polarized 

light 

[1, 2] 
Meta 

Grating 
1 ✓ 1 / 63.4% 

0.6% 

(compare with 

commercial 

polarimeter) 

[3] 
Meta 

Grating 
1 ✓ 1 / 63.4% 

0.8% 

(compare with 

commercial 

polarimeter) 

[4] 

Meta 

Grating & 

Chiral 

metasurface

s 

2 ✓ 2 same 
35%@650 

nm 

1.26%@510 

nm 

[5] Metalens 1  2 different 
12.5%@510

nm-685 nm 
4.37% 

[6] Metalens 1  6 different 10%-25% 1.2% 
[7] Metalens 1  6 different ~75% 3%-5% 

Our 

Work 

Metasurface 

Grating 
1 ✓ 2 same 

65.89%@13

10 nm 
4%@1310 nm 

Table S1. Summary of work on single/multi-wavelength polarization detection 

metasurfaces  

Table S1 summarizes the state of the art single/multi-wavelength polarimetric 

metasurfaces including dual-wavelength dielectric metasurface for full space light 

manipulation[5], metalens with six polarization states at different wavelengths[6] and 

six channel polarization-wavelength multiplexed metalens[7], and their typical 

working efficiency and degree of polarization (DOP) error for linearly polarized light 

are listed. The polarization states detected by the aforementioned multi-wavelength 

studies are limited and their wavelength-dependent response introduces variations in 
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the detected polarization states across different wavelengths. Though Ref. 4 realizes 

dual-wavelength full-Stokes polarization analysis, the established meatsurface 

consists of the metasurface grating and chiral metasurfaces, which requires tedious 

fabrication process. To overcome and implement current restriction of multi-

wavelength polarimetric detection, we propose a high precision full-Stokes dual-

wavelength polarimetry metasurface.  

 

Sample preparation 

An 800 nm silicon layer was deposited onto a 500 μm quartz glass substrate by using 

low pressure chemical vapor deposition (LPCVD). After cleaning the sample, poly 

(methyl methacrylate) (PMMA) was spin-coated onto the silicon layer and baked at 

180℃ for 120s. To prevent charge accumulation, a conductive polymer was spin-

coated onto the PMMA. Then the resist pattern was exposed by electron beam 

lithography, followed by developing in an ethyl acetate solution. Subsequently, the 

sample was immersed in a fixing solution to remove the developer. A 60 nm 

chromium (Cr) was deposited onto the sample as a hard mask via electron beam 

evaporation, while the remained PMMA regions were lift-off in an acetone solution. 

After that, the Cr hard mask was transferred to the silicon layer, and the 800 nm 

silicon layer was etched by an inductively coupled plasma etching system. The 

fabricated metasurface grating sample is characterized by the optical microscope 

(BH200MRT 3000X, SUNNY GROUP CO.,LTD) and a cold-field emission scanning 

electron microscope (S-4800, HITACHI). The total area of the metasurface grating is 

390 μm × 195 μm. 

 

Numerical Simulations 

Simulations of the transmission and phase distributions of the metasurface at the 

wavelengths of 1310 nm and 1550 nm were done by FDTD. The height of the 

nanopillar is fixed at 800 nm, with a unit cell size of 650 nm × 650 nm. The nanofin 

diameters Wx and Wy varies from 100 nm to 500 nm. For each pillar, a far-field 

monitor is placed a few wavelengths above the structure. The transmission 

{𝑡𝑥, 𝑡𝑦} and phase {𝜙𝑥, 𝜙𝑦} properties of the SiO2 nanocuboids at the 1310 nm and 

1550 nm for the 10201 elements are stored as a (MATLAB) library. The phase 

optimization at each wavelength is performed by “fun” function in Python. Python’s 

inbuilt patternsearch is employed to perform the global search. During the search 

process, for each phase profile iteration, the Fourier coefficients and the figure of 

merit are calculated by the metasurface phase and transmission profiles from the 

metasurface library. 

 



 

Figure S1. Simulated phase shift 𝜙𝑦 for y-polarized light as a function of the length (Wy) and 

width (Wx) of the nanocuoboids at the wavelength of 1310 nm (a) and 1550 nm (c). Simulated 

transmission amplitude |𝑡𝑥|
2 for y-polarized light as a function of the length (Wy) and width (Wx) 

of the nanocuboids at the wavelength of 1310 nm (b) and 1550 nm (d). Simulated generated 

polarization states in four diffraction orders at 1310 nm (e) and 1550 nm (f). The solid line 

represents FDTD simulated results. Dashed line represents theoretical polarization state.  

 

Figure 2 (a)-(d) and Figure S1 (a)-(d) illustrate the phase and transmittance profile of 

one pillar geometry along x-/y-polarization. It can be observed that, the majority light 

is transmitted through the nanopillar with phase from -π to π as designed. 

 

Dual-wavelength Metasurface Grating Parameters 

 Phase Geometry  

Wavelength 1310 nm 1550 nm Length Width 

Element ( )x  ( )y  ( )x  ( )y  
xw  yw  

1 2.68 -2.92 -0.29 0.38 296 328 

2 3.00 -2.75 -0.15 0.59 296 340 

3 -2.72 -3.14 0.75 0.00 340 300 

4 -1.65 -2.75 2.82 0.55 472 288 

5 -1.74 2.90 2.57 -0.20 480 264 

6 -1.64 3.03 2.93 -0.43 500 256 

7 -1.77 -3.10 2.53 -0.40 480 260 

8 -0.96 2.38 -2.21 0.00 180 412 

9 -2.98 2.83 -0.56 -0.23 292 312 

10 -3.09 3.10 -0.62 -0.07 288 320 

11 2.72 -1.71 -0.68 2.72 248 500 

12 2.72 -1.71 -0.73 2.91 248 500 

13 2.07 -1.89 -0.97 3.01 496 108 

14 -1.40 -2.11 -2.43 3.95 200 224 

15 -1.80 -1.36 2.69 -3.09 396 424 

16 -1.92 -1.48 2.42 -2.95 376 436 



17 -2.07 -1.48 2.15 -2.51 352 452 

18 -2.07 2.90 1.98 -0.60 440 260 

19 -2.22 -3.13 1.72 -0.06 400 284 

20 -2.60 -2.98 0.93 0.16 348 304 

Table S2. Optimized phase and geometry parameters of the dual-wavelength metasurface grating. 

 

Dual-wavelength Metasurface grating Efficiencies 

Wavel

-ength 
1310 nm 1550 nm 

Order 

Power as fraction 

of incident power 

(%) 

Power as 

fraction of all 

orders (%) 

Power as 

fraction of 

incident power 

(%) 

Power as 

fraction of all 

orders (%) 

 Sim. Exp. Sim. Exp. Sim. Exp. Sim. Exp. 

m = -2 14.87 6.57 16.98 18.00 13.77 7.54 15.88 13.72 

m = -1 5.52 5.18 6.30 14.19 19.92 9.35 22.98 17.01 

m = 1 7.41 6.65 8.46 18.22 13.50 7.59 15.57 13.80 

m = 2 9.24 5.64 10.55 15.47 17.58 11.12 20.28 20.23 

All 

orders 
87.59 36.50 100 65.89 86.70 54.96 100 64.78 

Table S3. Simulated and Experimental dual-wavelength metasurface grating efficiency including 

efficiency of each order and total efficiency of all orders. Sim. refers to simulated result. Exp. 

Refers to experimental result. 

As dictated by the design principles detailed in Equations (1) and (4), the metasurface 

grating design is based exclusively on the relationship between phase and 

polarization.  The key constraint condition (Equation (5)) for searching desired 

structure depends solely on phase and amplitude, and is irrelated to both material 

platform and operating wavelength. Therefore, the absolute efficiency, defined as the 

transmission, is not of general concern. Here, as shown in Table S3, we use the ratio 

of power in the four designed orders to incident power (power as fraction of incident 

power) and the ratio of power in the four designed orders to total transmitted power 

(power as fraction of all orders) to evaluate efficiencies of the dual-wavelength 

metasurface grating. It can be observed that, the power in the four innermost orders 

with respect to all other diffraction orders are 65.89% at 1310 nm and 64.78% at 1550 

nm, indicating most of the energy are constrained to the designed ±1 and ±2 orders. 

Additionally, the power is approximately uniformly distributed across these four 

orders at both wavelengths, in agreement with the optimization scheme. 

 

Instrument Matrix Calibration 

Generally, the working performance of the metasurface grating is not perfect, multiple 

effects conspire to its deviation from ideal properties. Therefore, before polarimetric 

measurement, it is crucial and essential to do the instrument calibration to obtain the 



real ground-truth properties of the metasurface grating, i.e., calculating the instrument 

matrix A. Since the setups for fully polarized and partially polarized light detection 

differ, two calibration protocols are required. 

Fully polarized light  

Instrument matrix A can be written as A= [A0 A1 A2 A3], where the first three column 

correspond to the linear polarization state, while the last column determines the 

circular polarization component. Previously, the calibration for full polarized light 

detection includes linear polarization calibration (i.e., A0 A1 A2), and circular 

polarization calculation (i.e., A3 calculation). To obtain A3, it requires production of 

perfect circular polarization which is challenging in lab condition. Thus, we come up 

with a so called “elliptical calibration” procedure to avoid generating perfect circular 

polarized light to improve the instrument matrix calculation accuracy.  

The same optical system shown in Figure 3(a) is used for elliptical calibration. The 

linear polarizer 1 (LP1) adjusts the laser source to be y-axis polarized. An x-axis-

oriented half waveplate (HWP) and a quarter waveplate (QWP) are placed in front of 

the metasurface grating to produce elliptical polarized light. After passing through the 

HWP, the stokes vector of the incident light becomes 𝑺 = [1 1 0 0]𝑇 . The 

addition of the QWP transforms the Stokes vector incidence on the metasurface 

grating 𝑆𝑖𝑛
⃑⃑ ⃑⃑  ⃑ to be:  

 𝑆𝑖𝑛
⃑⃑ ⃑⃑  ⃑ = 𝑴𝑸𝑾𝑷𝑺 (1) 

where MQWP is the muller matrix of the QWP. When the QWP is oriented at the angle 

of α: 

 𝑀𝑄𝑊𝑃 = [

1 0 0 0
0        cos2 2𝛼 𝑠𝑖𝑛2𝛼𝑐𝑜𝑠2𝛼 𝑠𝑖𝑛2𝛼
0 𝑠𝑖𝑛2𝛼𝑐𝑜𝑠2𝛼 sin2 2𝛼 −𝑐𝑜𝑠2𝛼
0 −𝑠𝑖𝑛2𝛼 𝑐𝑜𝑠2𝛼 0

] (2) 

Then the 𝐴𝑆𝑖𝑛
⃑⃑ ⃑⃑  ⃑ = 𝐼  can be written as:  

 𝑨𝑴𝑸𝑾𝑷𝑺 = 𝐼  (3) 

The calibration is done by changing the angle of the QWP in 5° increments. At each 

step, the camera captures the intensity image of the four diffracted orders. 

Consequently, we can get four I-α sinusoidal curves. By fitting the curves to the 

functional form of Equation (3), the instrument matrix A is obtained. When do the 

calibration, both 1310 nm and 1550 nm light illuminate simultaneously on the 

metasurface grating, and the instrument matrix A at each wavelength is calculated 

respectively.  

 

Partially polarized light 

The fully polarized light calibration only considers the value of DOP is 1. For 

partially polarized light calibration, it is necessary to calibrate all the values of DOP 

(i.e., DOP<1). Therefore, a different calibration approach should be applied. The 

optical system shown in Figure 5(a) is also used for calibration. When the incident 



light passes through the Mach-Zehnder interferometer part (PBSs and mirrors), its 

Stokes vector becomes 𝑺 = [1 𝑐𝑜𝑠2𝜃 0 0]𝑇(θ is the angle of linear polarization, 

which is calculated by 𝜃 = 2𝜃𝐻𝑊𝑃 ).[8] After the x-axis-oriented half waveplate 2 

(HWP2), quarter waveplate (QWP) and the metasurface grating, the Stokes vector 𝑆𝑖𝑛
⃑⃑ ⃑⃑  ⃑  

is written by:  

 𝑆𝑖𝑛
⃑⃑ ⃑⃑  ⃑ = [1 1 0 0]𝑇𝑴𝑸𝑾𝑷𝑺 (4) 

where MQWP is the muller matrix of the QWP. When the QWP is oriented at the angle 

of α: 

 𝑴𝑸𝑾𝑷 = [

1 0 0 0
0        cos2 2𝛼 𝑠𝑖𝑛2𝛼𝑐𝑜𝑠2𝛼 𝑠𝑖𝑛2𝛼
0 𝑠𝑖𝑛2𝛼𝑐𝑜𝑠2𝛼 sin2 2𝛼 −𝑐𝑜𝑠2𝛼
0 −𝑠𝑖𝑛2𝛼 𝑐𝑜𝑠2𝛼 0

] (5) 

That is:  

 𝑆𝑖𝑛
⃑⃑ ⃑⃑  ⃑ = [

1
𝑐𝑜𝑠22𝛼𝑐𝑜𝑠2𝜃

𝑠𝑖𝑛2𝛼𝑐𝑜𝑠2𝛼𝑐𝑜𝑠2𝜃
−𝑠𝑖𝑛2𝛼𝑐𝑜𝑠2𝜃

] (6) 

Since the elements of the 𝑆𝑖𝑛
⃑⃑ ⃑⃑  ⃑ should not be zero, to simplify the calibration, the angle 

of the QWP is set to be 30°. Thus, the 𝐴𝑆𝑖𝑛
⃑⃑ ⃑⃑  ⃑ = 𝐼  now is denoted as: 

 𝑨

[
 
 
 
 
 

1
1

4
𝑐𝑜𝑠2𝜃

√3

4
𝑐𝑜𝑠2𝜃

−
√3

2
𝑐𝑜𝑠2𝜃]

 
 
 
 
 

= 𝐼  (7) 

The calibration starts with rotating the angle of HWP every 1.5°. At each rotation, the 

intensity images of the four diffracted orders are recorded by the camera. Finally, four 

I-θ sinusoidal curves can be obtained. The instrument matrix A is then calculated by 

fitting these curves to the functional form of Equation (7). Similar to the fully 

polarized light calibration, both 1310 nm and 1550 nm light illuminate simultaneously 

on the metasurface grating, and the instrument matrix A at each wavelength is 

measured respectively.  

 

Fully polarized light generation 

1310 nm and 1550 nm lights are synchronously generated by a supercontinuum laser 

(YSL SC-PRO).  An aperture (AS1), a set of lenses (LS1 and LS2) and a linear 

polarizer (LP1) are used for collimating and generating linearly polarized light. By the 

combination of half waveplate (HWP) and the quarter waveplate (QWP), fully 

polarized light is directed onto the metasurface grating for polarization detection. The 

8 diffracted beams are focused by lens 3 (L3) and their intensity images are recorded 

by the InGaAs camera (HAMAMATSU C12741-03). According to our design, when 



light linearly polarized at 45° is incident, the metasurface grating produces desired 

polarization states on its grating orders. Therefore, when the metasurface grating 

works as a polarization analyzer, to keep the its orientation, a 45°-oriented LP, i.e., 

LP2 should be placed before the camera. 

 

Figure S2 Optical system for fully polarized light detection. LP1: linear polarizer 1, LP2: linear 

polarizer 2, AS1: aperture slot, AS2: aperture slot 2, L1: lens 1, L2: lens 2, half waveplate: HWP, 

quarter waveplate: QWP, Meta: Metasurface grating, ND: neural attenuator. 

 

Partially polarized light generation 

The 1310 nm and 1550 nm light are simultaneously illuminated through a linear 

polarizer (LP1) and a half waveplate 1 (HWP1).  Then the light split into parallel (p) 

and perpendicular (s) polarizations by the polarizing beam splitter (PBS1). One 

polarization component is directly transmitted to the next polarizing beam splitter 

(PBS2), while the other is reflected by a two-mirror reflection system before being 

recombined with the transmitted component. Finally, the generated partially polarized 

light is incident on the metasurface grating, passing through a 45° oriented linear 

polarizer (LP2). Similarly, LP2 is used to fix the orientation of the metasurface 

grating. As the HWP1 rotates by an angle θHWP, the polarization states of the light 

incident on the metasurface grating are changed, and the DOP value varies from 0 to 1 

according to the functional relation |𝑐𝑜𝑠4𝜃𝐻𝑊𝑃|[8]. Notably, the half waveplate 2 

(HWP2) and the quarter waveplate in front of the metasurface grating are used for 

calibration, which have no influence on the DOP. The intensity image of four different 

orders is captured by the InGaAs camera every time the angle of HWP1 changes. 

Using the obtained instrument matrix A, we can get the incident Stokes vector and 

thus the corresponding DOP at each polarization state. 

 
Figure S3 (a) The schematic illustration of the partially polarized light detection system. LP1: 

linear polarizer 1, LP2: linear polarizer 2, AS1: aperture slot, AS2: aperture slot 2, L1: lens 1, L2: 

lens 2, L3: lens 3, PBS1: polarizing beam splitter 1, PBS2: polarizing beam splitter 2, HWP1: half 

waveplate 1, HWP2: half waveplate 2, quarter waveplate: QWP, Meta: Metasurface grating, ND: 

neural attenuator.  

 

Additional Error analysis 

To evaluate the polarization detection performance of the metasurface grating 

comprehensively, we also calculate the measurement errors of Stokes vector (Stokes 



Vector error=√(𝑆1_𝑚𝑒𝑎𝑠𝑢𝑟𝑒−𝑆1)
2
+(𝑆2_𝑚𝑒𝑎𝑠𝑢𝑟𝑒−𝑆1)

2
+(𝑆3_𝑚𝑒𝑎𝑠𝑢𝑟𝑒−𝑆1)

2

3

3

. As shown in Table S4, 

for fully polarized light, the Stokes vector errors are less than 0.05, whereas for 

partially polarized light, the errors are approximately 0.7. Importantly, the Stokes 

vector errors varies only slightly between 1310 nm and 1550 nm, demonstrating the 

consistent performance of the dual-wavelength metasurface grating across both 

wavelengths. 

Polarization State 
Wavelength 

1310 nm 1550 nm 

Linear polarization 0.019 0.032 

Circular polarization 0.036 0.050 

Partially polarization 0.712 0.715 

Table S4 Measurement errors of Stokes Vector 

The dual-wavelength meatasurface grating polarization detection discrepancies 

between modeling and experimental data are mainly attributed to the design 

limitations and fabrication imperfections: (1) The multi-objective optimization 

process, used to achieve dual-wavelength functionality, necessitated a trade-off 

between satisfying the ideal phase profile and maintaining consistent polarization 

detection performance. This trade-off, coupled with the discrete nature of the structure 

library, resulted in deviations between realized and theoretical phase distributions. (2) 

The inherent limitations of electron beam lithography (EBL) lead to inevitable 

variations in nanocuboid dimensions and shapes, further causing observed 

discrepancies between theoretical and experimental results. 
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