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S1. Material properties used for the simulation  

Figure S1 shows the measured refractive index of amorphous Si used in this work. 

 
 

Figure S1. Refractive index of amorphous Si. Measured real (blue solid curve) and imaginary 

(green dash curve) parts of the refractive index (n and k) as a function of wavelength. 
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S2. PB phase introduced by nanobrick 

 The single nanobrick is an anisotropic scatterer. Then, the Jones matrix for this nanobrick 

with the in-plane orientation θ can be expressed as(1) 

 𝑇(𝜃) = 𝑅(−𝜃)𝑇0𝑅(𝜃) = 𝑅(−𝜃) [
𝑡𝑙 0
0 𝑡𝑠

] 𝑅(𝜃) .   (1) 

where 𝑡𝑙  and 𝑡𝑠  are the complex transmission coefficients for incident light linearly polarized 

along the long or short axes of the nanobrick, respectively; 𝑅(𝜃) is the rotate matrix.  

 From Eq. (1) we can deduce the expression of the transmission field:   

 𝐸𝑡 = 𝑇(𝜃)𝐸𝑖 = 𝑇(𝜃) [
1
±𝑖

] =
𝑡𝑙+𝑡𝑠

2
[
1
±𝑖

] +
𝑡𝑙−𝑡𝑠

2
𝑒𝑖2(±𝜃) [

1
∓𝑖

], (2) 

where ±  correspond to right- (RCP) and left-circularly polarized (LCP) beam, respectively. 

Therefore, a silicon nanobrick with a rotating angle will introduce the geometric phase ±2𝜃 for 

opposite spins. The ratio between the optical power of the transmitted light with opposite spins 

and the incident optical power is defined as conversion efficiency, which is calculated by 

(𝑡𝑙 − 𝑡𝑠) 2⁄ . The numerical demonstrations of phase changes for the RCP incident beam are shown 

in Fig. S2.  

 According to Eq. (2), the conversion efficiency is restrained by the magnitudes and phases 

of the complex transmission coefficients  𝑡𝑙  and 𝑡𝑠  which are defined by  �⃗� 𝑡
𝑙/𝑠

�⃗� 𝑖
𝑙/𝑠

⁄ . The 

transmission field can be expressed as �⃗� 𝑡
𝑙/𝑠

= �⃗� 𝑖
𝑙/𝑠

+ �⃗� 𝑠𝑐𝑎
𝑙/𝑠

 , where �⃗� 𝑠𝑐𝑎
𝑙/𝑠

 is the scattered field of 

induced multipole by the Si nanobricks. Therefore, to achieve the conversion efficiency, the 

detailed optical characteristics of the Si nanobrick are analyzed.  

Here we use the Cartesian multipole analysis to calculate the response the Si nanobrick 

array with same orientation(2)-(4). Figure S3 shows the simulated optical responses for the incident 

beam with linear polarization along long-axis (a, b, c) and short-axis (d, e, f) of Si nanobrick. 
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Multipole decomposition is performed, showing that the electric dipole (ED) and magnetic dipole 

(MD) modes are excited in the Si nanobricks, as shown in Fig. S3 (a, d) with the corresponding 

phases of ED and MD shown in Fig. S3 (b, e). Figures S3 (c, f) show the amplitudes and phase 

changes of the simulated transmission. These simulations demonstrate that there is a different 

response to the incident beam with linear polarization along long-axis and short-axis of the Si 

nanobrick. When the polarization of incident beam is along long-axis of the Si nanobrick, the 

magnitude of  �⃗� 𝑠𝑐𝑎
𝑙  is comparable to that of  �⃗� 𝑖

𝑙, which causes �⃗� 𝑡
𝑙 to be sensitive to the amplitude 

and phase of the ED and MD. When the ED and MD have equal amplitude and the phase difference 

of  π, the second Kerker condition(4),(5) is fulfilled resulting in the transmission dip. Moreover, due 

to the compositions of the ED and incident beam, the phase changes of �⃗� 𝑡
𝑙   are inversely 

proportional to wavelength, where some fluctuations are observed near 600 nm because of the 

effect of MD. However, when the polarization of incident beam is changed to short-axis, the 

magnitude of  �⃗� 𝑠𝑐𝑎 
𝑠  is far below that of  �⃗� 𝑖

𝑠, which causes the small dip of transmission and a less 

phase change of �⃗� 𝑡
𝑠. The aforementioned magnitudes and phases of 𝑡𝑙 and 𝑡𝑠 provide two peaks of 

conversion efficiency as shown in Fig. S3 (g). 
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Figure S2. Simulation results of a periodic Si nanobrick array. (a) Phase profiles of transmitted 

light with opposite spins through a periodic Si nanobrick array varying with in-plane orientation 

angle (from 0° to 162° with an equal interval of 18°) along x in one period. The plane wave with 

circular polarization incident from the z-direction and the working wavelength is selected as 488 

(left), 532 (middle) and 633 nm (right) sequence. All phase profiles from z = 0(where the bottom 

surface of the nanobrick is located) to z = 1.5 μm show tilting phase profiles, implying that the 

transmitted lights have additional gradient phases introduced by Si nanobricks with the in-plane 

orientation angle varying. Because the introduced geometric phases are wavelength-independent, 

the tilting angles are increased with increasing working wavelength. (b) Top views of power 

distributions of a periodic Si nanobrick array at plane z = 0.5h for 488 (top), 532 (meddle) and 



 S7 

633 nm (bottom). All power distributions show that the power is strongly confined around the 

nanobricks.  

 
Figure S3. Optical characteristics of the Si nanobrick array with same orientations. Optical 

responses to the incident beams with linear polarization along long-axis (a, b, c) and short-axis (d, 

e, f) of the nanobrick. (a, d) Multipole decomposition calculations of the scattering cross sections, 

σscattering, for the ED, MD, MQ and EQ modes. Inset: Gray rectangle is a nanobrick and double 

arrow is the polarization of incident beam. (b, e) Individual phases of the excited ED and MD, as 
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retrieved from the multipolar decomposition. (c, f) The amplitudes and phase changes of the 

simulated transmission. (g) Simulated conversion efficiency. The conversion efficiency is defined 

as the ratio between the optical power of the transmitted light with opposite handedness and the 

incident optical power, which is calculated by (𝑡𝑙 − 𝑡𝑠) 2⁄ .  
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S3. Dispersion relationship 

The phase function 𝜑(𝑥0, 𝑦0) of metasurface is defined by the in-plane orientations of the 

nanobrick array, which means that the designed metasurface is able to provide the same phase 

profile for different incident wavelengths. When a beam illuminate this metasurface, the E-field 

distribution of transmission wave is 𝑈0(𝑥0, 𝑦0) = 𝑒𝑖𝜑(𝑥0,𝑦0). The diffraction field in Fresnel zone 

can be calculated by the Fresnel diffraction expression. 

   𝑈(𝑥, 𝑦) =
1

𝑖𝜆𝑧
𝑒𝑖𝑘𝑧 ∬ 𝑈0(𝑥0, 𝑦0)𝑒

𝑖
𝑘

2𝑧
[(𝑥−𝑥0)2+(𝑦−𝑦0)

2]𝑑𝑥0𝑑𝑦0
+∞

−∞
. (3) 

If we consider the E-field intensity distribution, the Eq. (3) can be rewritten as  

  |𝑈(𝑥, 𝑦)| = |
1

𝑖𝜆𝑧
| |𝑒𝑖𝑘𝑧| |∬ 𝑈0(𝑥0, 𝑦0)𝑒

𝑖
𝜋

𝜆𝑧
[(𝑥−𝑥0)2+(𝑦−𝑦0)2]𝑑𝑥0𝑑𝑦0

+∞

−∞
|. (4) 

According to Eq. (4), for the phase-modulated meta-hologram, the same phase profiles at different 

wavelengths will provide the same 𝑈0(𝑥0, 𝑦0). Because |𝑒𝑖𝑘𝑧| = 1, when 𝜆𝑧 equal to a constant, 

we will achieve the same E-field intensity distribution. Therefore, for a given metasurface formed 

by nanobricks to realize a meta-hologram, the different wavelength beams are able to reconstructed 

same images at different distances. 
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S4. Multi-wavelength Gerchberg-Saxton algorithm 

As shown in Fig. S4, this multi-wavelength Gerchberg-Saxton algorithm(6),(7) is a serial 

iterative algorithm. Because the amplitude of the target image has 3 parts for red, green and blue 

light, every loop is formed by 3 steps. Each step corresponds to one given wavelength and consists 

of Fresnel diffraction, replacement of amplitude at the observation plane, inverse Fresnel 

diffraction, and normalization at the metasurface plane. As a result, we can get an optimized phase-

only hologram, which enables the reconstruction of multi-color images at the given z-plane.  

 

Figure S4. Flow chart of the multi-wavelength Gerchberg-Saxton algorithm.   This loop is formed 

by 3 steps labelled by red, green and blue colours, which represent the phase retrieval for red, 

green and blue light, respectively. Each step corresponds to one given wavelength and consists of 

Fresnel diffraction, replacement of amplitude at the observation plane, inverse Fresnel diffraction, 

and normalization at the metasurface plane. 
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S5. Detailed illustration of phase profiles. 

Figure S5 shows the detailed illustration of the phase profiles 𝜑𝑅𝐶𝑃(𝑥0, 𝑦0)  and 

𝜑𝐿𝐶𝑃(𝑥0, 𝑦0). These two phase profiles reconstruct real image at observation plane for the incident 

light with RCP and LCP, respectively. The first phase profiles 𝜑𝑅𝐶𝑃(𝑥0, 𝑦0) (shown in Fig. S5 (a)) 

reconstructs letters “B”, “G” and “R” at the distances 𝑍𝑟𝐵, 𝑍𝑟𝐺 and 𝑍𝑟𝑅 for the red incident light. 

Similarly, 𝜑𝑅𝐶𝑃(𝑥0, 𝑦0) reconstructs these letters at 𝑍𝑔𝐵, 𝑍𝑔𝐺  and 𝑍𝑔𝑅 for the green incident light 

(or at 𝑍𝑏𝐵 ,  𝑍𝑏𝐺  and 𝑍𝑏𝑅  for the blue incident light). According to the distance condition in 

Supporting Information Section 2, the relationship of those distances should be 𝑍𝑟𝐵 < 𝑍𝑔𝐵 < 𝑍𝑏𝐵, 

 𝑍𝑟𝐺 < 𝑍𝑔𝐺 < 𝑍𝑏𝐺  and 𝑍𝑟𝑅 < 𝑍𝑔𝑅 < 𝑍𝑏𝑅 . By carefully designing the distances, the equation, 

𝑍𝑟𝑅 = 𝑍𝑔𝐺 = 𝑍𝑏𝐵 = 𝑍0, can be realized. Hence, the three different images can be reconstructed 

in the observation plane (at 𝑍0) for the red, green and blue incident lights. Using the same method, 

as shown in shown in Figure S5 (b), the second phase profile 𝜑𝐿𝐶𝑃(𝑥0, 𝑦0) reconstructs “flower”, 

”leaf” and “snowflake” patterns at the observation plane for the red, green and blue incident beams. 

Then, the function 𝐴𝑒𝑖𝜑(𝑥0,𝑦0) = 𝑒𝑖𝜑𝑅𝐶𝑃(𝑥0,𝑦0) + 𝑒𝑖𝜑𝐿𝐶𝑃(𝑥0,𝑦0) is used to merge these two phase 

profiles together. The reconstructed images of the merged phase profile are shown in Fig. S6 and 

Fig. S7 for the incident light with RCP and LCP, respectively.  
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Figure S5. Detailed illustration of phase profiles 𝜑𝑅𝐶𝑃(𝑥0, 𝑦0) and 𝜑𝐿𝐶𝑃(𝑥0, 𝑦0). The polarization 

states of the incident light are chosen to be (a) RCP for phase profile 𝜑𝑅𝐶𝑃(𝑥0, 𝑦0) and (b) LCP 

for phase profile 𝜑𝐿𝐶𝑃(𝑥0, 𝑦0). The phase profiles 𝜑𝑅𝐶𝑃(𝑥0, 𝑦0) reconstructs letters “B”, “G” and 

“R” at the distances 𝑍𝑟𝐵, 𝑍𝑟𝐺  and 𝑍𝑟𝑅 for the red incident light, respectively. According to the 

dispersion relationship, the distances are increased with reducing working wavelength. By 

carefully designing the distances, the phase profile 𝜑𝑅𝐶𝑃(𝑥0, 𝑦0) reconstructs “R”, ”G” and “B” 

patterns at the observation plane for the red, green and blue incident RCP beams. Using the same 

method, the second phase profile 𝜑𝐿𝐶𝑃(𝑥0, 𝑦0)  reconstructs “flower”, ”leaf” and “snowflake” 

patterns at the observation plane for the red, green and blue incident LCP beams. 
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Figure S6. Reconstructed images by the right-circularly polarized (RCP) beams for different 

wavelengths.  The wavelength of incident light is 633 (a, b), 532 (c, d) and 488 nm (e, f). (a, c, e): 

schematic illustration of the metasurface. (b, d, f): simulated (top) and measured (bottom) intensity 

profiles. Z0 denotes the distance between the metasurface and reconstructed image plane.  



 S14 

 

 

Figure S7 . Reconstructed images by the left-circularly polarized (LCP) beams for different 

wavelengths.  The wavelength of incident light is 633 (a, b), 532 (c, d) and 488 nm (e, f). (a, c, e): 

schematic illustration of the metasurface. (b, d, f): simulated (top) and measured (bottom) intensity 

profiles. Z0 denotes the distance between the metasurface and reconstructed image plane.  
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S6. Experimental setup for characterization of the spin and wavelength multiplexed Si 

hologram. 

The schematic diagram of the experimental setup for the holographic reconstruction is 

shown in Fig. S8 (a). Here, three lasers, emitting at 488, 532 and 633 nm, are used. After being 

collimated by lenses, L1, L2 and L3, respectively, these laser beams from the fibers are combined 

together with two beam splitters (BSs) and directed onto the sample. There are three iris 

diaphragms (ID1, ID2 and ID3) after these three collimated beams respectively, which are applied 

as optical switches to control the incident beam. According to the wavelength of incident beam, a 

wide-band linear polarizer (P1) and a quarter-wave plate (QWP1) operating at the given 

wavelength are chosen to work as a circular polarizer. By controlling the angle between the 

polarization axis of P1 and the fast axis of QWP1, the polarization state of incident beam is tuned. 

The circularly polarized beam is normally incident on the hologram. The reconstructed images are 

formed by collecting the transmitted spin-inversed beams using a ×50 objective lens (NA=0.60), 

then filtered by another circular polarization analyzer (P2 and QWP2), and finally captured by a 

CCD camera.  
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S7.  Experimental setup for characterization of the 6-bit Metasurface. 

 To arbitrarily combine the 6 fundamental bases of the input beams, we modified the 

experiment setup as shown in Fig. S8 (b). We now place three polarizers (P1, P2 and P3) and three 

half-wave plates (HWP1, HWP2, and HWP3) after the collimated lenses, respectively. The Ps and 

HWPs are used to individually control the polarization direction of the laser beams with three 

primary colours. After being combined by the two beam splitters, the combined beams pass 

through the achromatic QWP to change the polarization from linear polarization (LP) to RCP, LCP 

or LP according to the rotation angles of the fast axis of the HWPs. The arbitrary combination of 

6 fundamental bases is realized by tuning the rotation angles of the HWPs and controlling the IDs. 

The reconstructed images are collected by an objective lens and recorded by a CCD camera. 

Compared with the previous setup (shown in Fig. S8 (a)), a broadband QWP is used and the 

circular polarization analyzer before the CCD camera is removed, which introduces additional 

noise to the holographic projections. 

 

. 



 S17 

 

Figure S8. Experimental setup. (a) Experimental setup for the wavelength- and spin-dependent Si 

hologram imaging. The polarization state for each of the incident laser beams is tuned by 

controlling the angle between the polarization axis of a polarizer (P) and the fast axis of the quarter-

wave plate (QWP). The beams illuminate the metasurface at normal incidence. The reconstructed 

holographic images are encoded in the transmitted cross-polarized beams, which are collected by 

a ×50 objective lens with a set of QWP and P before the CCD. Three iris diaphragms (ID1, ID2 

and ID3) are used to block or transmit the laser beam at each wavelength. (b) Experimental setup 

for the measurements of the 6-bit Metasurface. Compared with (a), this setup has three polarizers 

(P1, P2 and P3) and three half-wave plates (HWP1, HWP2, and HWP3) after the collimated lenses, 

an achromatic QWP after BSs and does not have a circular polarization analyzer before the CCD 
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camera (all marked by dash lines).  The polarization of the incident beams is tuned by controlling 

the angle between the fast axis of a half-wave plate (HWP) and the fast axis of the quarter-wave 

plate (QWP) by rotating the HWP. 
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S8. Reconstruction of 63 spin- and wavelength-dependent holographic images from the 6-bit 

metasurface 

 

Figure S9. Simulation of the reconstructed intensity profile for the 6-bit metasurface encoding (26-

1) color holograms  
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Figure S10. Experimental measurements of reconstructed intensity profile for the 6-bit 

metasurface encoding (26-1) color holograms 
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S9. Pattern recognition 

Figure S11 shows the flow chat of pattern recognition procedure. In this method of pattern 

recognition, the fundamental bases of measured reconstructed images are known and labelled 

by 𝐼�̂�𝑅𝐶𝑃
, 𝐼�̂�𝑅𝐶𝑃

, 𝐼�̂�𝑅𝐶𝑃
,𝐼�̂�𝐿𝐶𝑃

, 𝐼�̂�𝐿𝐶𝑃
 and 𝐼�̂�𝐿𝐶𝑃

, which correspond to the 6 fundamental bases of the 

incident beams ( �̂�𝑅𝐶𝑃 , �̂�𝑅𝐶𝑃, �̂�𝑅𝐶𝑃, �̂�𝐿𝐶𝑃 , �̂�𝐿𝐶𝑃 and �̂�𝐿𝐶𝑃 ). The pattern recognition method is 

implemented as follows. 

Step 1) Input a reconstructed colour image which is needed to be identified. 

Step 2) Separate this colour image into red, green and blue components (𝑅(𝑥, 𝑦), 

𝐺(𝑥, 𝑦) and  𝐵(𝑥, 𝑦)). 

Step 3) Count the number of pixels NR for the red (R) component which intensity is larger 

than Ithreshold. If  NR>Nthreshold, go to step 4). Otherwise, go to step 6.4). 

Step 4) Compute correlations ( 𝐶𝑜𝑟𝑟𝑅𝐶𝑃 and  𝐶𝑜𝑟𝑟𝐿𝐶𝑃) between red component 𝑅(𝑥, 𝑦) 

and fundamental reconstructed red images 𝐼�̂�𝑅𝐶𝑃
(𝑥, 𝑦) and 𝐼�̂�𝐿𝐶𝑃

(𝑥, 𝑦). The correlation is 

the mean of the nonlinear correlation distribution 𝑁𝐶(𝑥, 𝑦) at the central region. The 

nonlinear correlation distribution is described by(8) 

𝑁𝐶ℎ(𝑥, 𝑦) = |𝐼𝐹𝑇 (|{𝐹𝑇[𝐼�̂�ℎ
(𝑥, 𝑦)]}{𝐹𝑇[𝑅(𝑥, 𝑦)]}∗|

𝑝−1
{𝐹𝑇[𝐼�̂�ℎ

(𝑥, 𝑦)]}{𝐹𝑇[𝑅(𝑥, 𝑦)]}∗)|
2
  

where ℎ = 𝑅𝐶𝑃 or 𝐿𝐶𝑃; FT and IFT respectively denote 2D Fourier transform and 

inverse 2D Fourier transform. 

Step 5) Compare  𝐶𝑜𝑟𝑟𝑅𝐶𝑃 and  𝐶𝑜𝑟𝑟𝐿𝐶𝑃 with 𝐶𝑜𝑟𝑟𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 

Step 5.1) If  𝐶𝑜𝑟𝑟𝑅𝐶𝑃&𝐶𝑜𝑟𝑟𝐿𝐶𝑃 < 𝐶𝑜𝑟𝑟𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is satisfied, go to Step 6.4), 

Otherwise, go to Step 5.2) 

Step 5.2) If  𝐶𝑜𝑟𝑟𝑅𝐶𝑃&𝐶𝑜𝑟𝑟𝐿𝐶𝑃 ≥ 𝐶𝑜𝑟𝑟𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is satisfied, go to Step 6.3), 

Otherwise, go to Step 5.3) 
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Step 5.3) If 𝐶𝑜𝑟𝑟𝑅𝐶𝑃 ≥ 𝐶𝑜𝑟𝑟𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is satisfied, go to Step 6.2), Otherwise, go to 

Step 6.1) 

Step 6) Confirm combination of the fundamental red image bases 

Step 6.1) R is formed by basis  𝐼�̂�𝐿𝐶𝑃
. 

Step 6.2) R is formed by basis  𝐼�̂�𝑅𝐶𝑃
. 

Step 6.3) R is formed by bases 𝐼�̂�𝑅𝐶𝑃
 and  𝐼�̂�𝐿𝐶𝑃

 

Step 6.4) R does not contain red colour  bases 

Step 7) Repeat Step 3)-Step 6) changing the component and fundamental image bases 

from red to green, to confirm the combination of the fundamental green image bases. 

Then go to Step 8) 

Step 8)  Repeat Step 3)-Step 6) changing the component and fundamental image bases 

from green to blue, to confirm the combination of the fundamental blue image bases. 

Then go to Step 9) 

Step 9) Identify the code of the input reconstructed colour image. 
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Figure S11. The flow chat of the pattern recognition procedure. 
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S10 Diffraction efficiency and signal-to-noise ratio 

 

       Here, diffraction efficiency and signal-to-noise ratio (SNR) are calculated via Fresnel 

diffraction. In this calculation, the number of units in a phase profile is fixed at 850×850. The 

Arabic numerals 1 to 7 are chosen as the reconstructed images, and working wavelengths are 

chosen from 400 to 1000 nm with step 100 nm. 

 
 

Figure S12. Average diffraction efficiency. The diffraction efficiency is defined as the ratio 

between the power of the reconstructed monochromatic image and the power of the converted 

transmitted light.(9) In this calculation, the reconstructed images of different bits are located at the 

different areas of the same plane. Noninterleaved phase profile is designed by our method and 

labelled by “Noninterleaved”. The spatial multiplexed phase profile (labelled by “Spatial 

multiplexed”) is formed by several spatial multiplexed sub-arrays, and each ith sub-array carries 

the monofunctional phase profile 𝜑𝑖  retrieved by GS algorithm. Green dotes and blue squares 

denote the average diffraction efficiency of noninterleaved and spatial multiplexed metasurfaces, 

respectively. The blue dish line corresponds to 1/N2. (10) N is the number of bit.  
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Figure S13. (a) Average signal-to-noise ratio (SNR). The SNR is the peak intensity in the image 

divide by the standard deviation of the background noise.(9) In this calculation, the reconstructed 

images of different bits are located at the same area. The phase profiles are designed by our 

method. (b) All simulated reconstructions of the 14-bit phase profile. 
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