
HAL Id: hal-03582572
https://hal.science/hal-03582572

Submitted on 21 Feb 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Bandwidth Unlimited Polarization-Maintaining
Metasurfaces

Q. Song, S. Khadir, S. Vézian, B. Damilano, P. D Mierry, S. Chenot, V.
Brandli, Patrice Genevet

To cite this version:
Q. Song, S. Khadir, S. Vézian, B. Damilano, P. D Mierry, et al.. Bandwidth Unlimited Polarization-
Maintaining Metasurfaces. Science Advances , 2021, 7 (5), �10.1126/sciadv.abe1112�. �hal-03582572�

https://hal.science/hal-03582572
https://hal.archives-ouvertes.fr


  

 

 

 

Science Advances                                               Manuscript Template                                                                                           Page 

1 of 21 

 

FRONT MATTER 1 

 2 

Title  3 

 Bandwidth Unlimited Polarization-Maintaining Metasurfaces.  4 

 5 

Authors 6 

Q. Song, S. Khadir, S. Vézian, B. Damilano, P. D. Mierry, S. Chenot, V. Brandli, P. 7 

Genevet* 8 

 9 

Affiliations  10 

Université Cote d’Azur, CNRS, CRHEA, Rue Bernard Gregory, Sophia Antipolis 06560 11 

Valbonne, France 12 

 13 

Abstract 14 

Any arbitrary state of polarization of a light beam can be decomposed into a linear 15 

superposition of two orthogonal direction of the oscillations, each of which has a specific 16 

amplitude of the electric field. The dispersive nature of diffractive and refractive optical 17 

components generally affects these amplitudes significantly over a small wavelength 18 

range, tumbling the light polarization properties. Although recent works suggest the 19 

realization of broadband nanophotonic interfaces that can mitigate frequency dispersion, 20 

their usage for arbitrary polarization control remains elusively chromatic. Here, we present 21 

a general method to address broadband full-polarization properties of diffracted fields 22 

using an original superposition of circular polarization beams transmitted through 23 

metasurfaces. This concept of polarization-maintaining metasurfaces is applied to realize 24 

complex broadband wavefront shaping, including beam deflectors and white-light 25 

holograms. Eliminating the chromatic dispersion and dispersive polarization response of 26 

conventional diffractive elements lead to broadband polarization-maintaining devices of 27 

interest for applications in polarization imaging, broadband-polarimetry, 28 

augmented/virtual reality imaging, full color display, etc. 29 

 30 

MAIN TEXT 31 

 32 

Introduction 33 

Polarization, one of the key parameters of electromagnetic wave, plays a significant role in 34 

many areas, such as 3D stereoscopic displays, quantum computation, chemical sensing, 35 

etc. Conventional generation method of arbitrary polarization involves bulky optical 36 

components combining polarizers and waveplates. In recent years, metasurfaces with 37 

optically thin thickness have been proposed by locally designing subwavelength structures 38 

to control all of the parameters of the electromagnetic wave, such as phase (1, 2), 39 

frequency (3), amplitude (4), propagation direction (5, 6), and polarization (7–10), leading 40 

to various applications, including lenses (11), cloaking (12), sensing (13, 14), information 41 

security (15), etc. The manipulation of polarization state of light using metasurfaces 42 

usually relies on designing the structural properties of anisotropic (16) and chiral 43 

nanostructures (17). The superposition of two orthogonal polarizations has been proposed 44 

to generate versatile output polarization, simply by controlling the offset between the two 45 

polarization components (18, 19). However, to generate full arbitrary polarization, the 46 

amplitude difference of the two polarization components has to be precisely controlled 47 
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(20). Amplitude control has generally been performed through the nanostructure 48 

geometric sizes, at the expense of introducing a huge dispersion of the amplitude response, 49 

compromising the device broadband operation, as schematically shown in Fig. 1A and 1B. 50 

Here, we propose a general method to maintain the full polarization state of diffracted 51 

signal, essentially over an unlimited wavelength range, by using appropriate superposition 52 

of orthogonal circular polarization (CP) (see schematic in Fig.1C and 1D). We also prove 53 

that our approach is compatible with basic chromatic dispersion compensation using a 54 

simple metasurface doublet (see schematic in Fig.1E and 1F), thus demonstrating for the 55 

first time a broadband white-light holographic image with broadband polarization-56 

maintaining performances. The control of polarization helicity, i.e. left CP (LCP) or right 57 

CP (RCP), and the direction of the scattered light are controlled through an arrangement of 58 

spatially oriented birefringent geometric-phase meta-structures. This peculiar method to 59 

address wavefront ranging from basic beam deflection to complex holographic field 60 

distribution (21–28), relies on replication and rotation of a unique nanostructure. In 61 

general, the intrinsic dispersive modal response of the nanostructure creates strong 62 

dispersive response, but in this contribution, we report an interesting superposition regime 63 

for which the dispersive contribution of the antenna does not comprehend the overall 64 

polarization response. The method consists in superposing: a) diffracted fields with the 65 

same handiness of CP to control the output light amplitude, essentially relying on simple 66 

interference condition and b) an additional phase retarded diffracted field oscillating on 67 

the opposite handiness, to access full polarization of the output light. Previously, vectorial 68 

meta-hologram able to address the problem of polarization dependent image projection 69 

has been proposed, increasing the design degrees of freedom to enable polarization 70 

multiplexing (29–34). A reflective meta-hologram based on diatomic metasurface has 71 

been proposed for the full polarized meta-hologram at oblique incidence (35, 36). Full 72 

polarized meta-hologram can also be realized by combining geometric phase and 73 

propagation phase, which suffers from narrow bandwidth (37–39). In this manuscript, we 74 

applied our concept of polarization-maintaining metasurfaces to encode complex phase 75 

profiles with geometric phase gradient metasurfaces and experimentally demonstrated 76 

arbitrary polarization holographic images with broadband characteristics. 77 
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Results  78 

Design method of polarization-maintaining metasurfaces 79 

Our general concept of the proposed broadband-polarization addressing metasurfaces is 80 

illustrated in Fig. 1C and compared with respect to the dispersive design in Fig. 1A. A 81 

1µm-thin GaN film on the x-y plane is etched to form rectangular pillars suitably disposed 82 

and oriented to acquire the desired geometric phase and shape a given incident CP into a 83 

deflected beam with opposite helicity. The excitation input light beam propagating along 84 

the -z direction is chosen to be linearly polarized in the x-direction, and can thus be 85 

decomposed into two CP beams with equal amplitude and phase. Noted that the incident 86 

light can be arbitrary polarization except for two pure CP beams (see more details in 87 

Supplementary Note 3 and Note 4). As considered in the literature (22), a single PB phase 88 

gradient array is able to direct the two incident CP beams into deflected beams with 89 

opposite helicity accordingly to their incident polarization spin. In this first example Fig. 90 

1A, the dispersive case, the first meta-structures line in the bottom of the metasurface is 91 

arranged counterclockwise with an orientation angle increment of δd to deflect the incident 92 

RCP into an LCP beam propagating at an angle of  arcsin /td d P   , where λ is the 93 

operating wavelength and P is the period of the meta-structures. The complex 94 

transmission of LCP beam is    1 2
1

L
i ia e e
   

 (see Supplementary Eq. S3) with starting 95 

rotation angle (SOA) of L , where the conversion efficiency  1a   and propagation 96 

phase  1   are usually dispersive and related to the size of the bottom meta-structures, 97 

while the geometric phase -2 L  is only related to the rotation angle of the meta-structures. 98 

The additional meta-structures disposed in the top line of the metasurface are arranged 99 

clockwise with the same angle increment of d  to convert the LCP into an RCP beam 100 

propagating at the same angle of td . The transmitted RCP has the complex amplitude of 101 

   2 2
2

R
i ia e e
   

 according to Supplementary Eq. S3 with SOA of R , where  2a   102 

and  2   are related to the size of the top meta-structures. Therefore, the output SoP can 103 

be described as, 104 

       1 22 2
1 2

L R
i ii i

LRn a e e a e e
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The ellipticity becomes 
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 and the azimuth angle is 107 

   2 1

2
R L

   
  


   . Since  1,2a   and  1,2   are usually dispersive, the 108 

output polarization is related to the wavelength as shown in the schematic of Fig. 1B. 109 

 110 

To address this problem, we propose an interesting superposition using three lines of 111 

phase gradient metasurface as shown in Fig. 1C. The broadband polarization-maintaining 112 

design consists of controlling the diffraction of one LCP and two RCP with SOA of 1L , 113 

1R  and 2R . The key idea is to homogenize the dispersion effect utilizing a unique meta-114 
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structure, i.e. only one nanopillar with uniform size, for all lines, so that all transmitted 115 

LCP and RCP beams share the same conversion efficiency  a   and propagation phase 116 

   . According to Supplementary Eq. S3, the output polarization can be written as, 117 

           

     

1 1 2

1 1 2

2 2 2

2 2 2

L R R

L R R

i i ii i i
LRR

i i i i

n a e e a e e a e e

a e e e e

       

    

  







     

     
             (2) 118 

 119 

It can be seen that the dispersive term    i
a e

 
  factorizes, leading to the generated 120 

polarization only related to the rotation angle of 1L , 1R  and 2R , yielding to a 121 

nondispersive polarization behavior with unlimited bandwidth as shown in the schematic 122 

of Fig. 1D. It should be noted that the deflection efficiency, which depends upon the 123 

polarization conversion efficiency of the building block, changes as a function of the 124 

incident wavelength. Further efforts in designing broadband half-waveplate nanostructure 125 

could be realized to improve the device performance over much larger spectral range. 126 

Since the diffracted angles of the converted light beam θtd (Supplementary Eq. S7) of both 127 

the dispersive and nondispersive polarization design are angular dispersive, a metasurface-128 

doublet is designed to eliminate the angular dispersion as shown in Fig. 1E and 1F (see 129 

more details in Supplementary Note 5). 130 

 131 

Simulated results and dispersion analysis 132 

We performed the numerical simulation of realistic nanostructures using full-wave finite-133 

difference time-domain (FDTD). The meta-structure consists of GaN nanopillars on a 134 

sapphire substrate as shown in Fig. 2A and 2B. The period of the meta-structure is chosen 135 

to avoid spurious diffraction effects in the substrate as P = 300 nm, the thickness of the 136 

GaN nanopillar is h = 1 μm (see more simulated results in Supplementary fig. S5). To 137 

better explain the difference between our proposed broadband polarization-addressing 138 

method using a unique nanostructure size with respect to the conventional dual-139 

nanostructure reconstruction method, i.e. dispersive superposition obtained with different 140 

nanostructure sizes (20), we carried out numerical simulation for both methods as shown 141 

in Fig. 2. We first numerically calculated the polarization conversion efficiency  a   (red 142 

and black lines) and propagation phase     (blue and green lines) with two different 143 

size of GaN nanopillars as shown in Fig. 2C. As expected, one can see that both  a   and 144 

    are highly dependent on the size of the nanostructures. Thereafter, we simulated the 145 

azimuth angle and ellipticity angle of the output polarization as a function of the incident 146 

wavelength for both cases (Fig. 2D and 2F for dispersive case, calculated from Eq. 1, and 147 

polarization-maintaining case, calculated from Eq. 2, respectively) and the corresponding 148 

SoP on Poincaré sphere (Fig. 2E and 2G for dispersive and polarization-maintaining, 149 

respectively). The dispersive superposition based on two nanostructures with different 150 

sizes (Lu1 = 170 nm, Lv1 = 70 nm, δL = 0° for the bottom line and Lu2 = 220 nm, Lv2 = 120 151 

nm, δR = 0° for the top line), exhibits strong wavelength dependent SoP (Fig. 2E), since 152 

 1,2a   and  1,2   have different dispersive responses according to Fig. 2C. While, our 153 

design with a uniform size of GaN nanopillars (Lu2 = 220 nm and Lv2 = 120 nm), oriented 154 

at different starting angles to address the chosen SoP eliminates dispersion even in the 155 
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presence of strong nanostructure dispersive response as shown in Fig. 2F and 2G with δL1 156 

= 0°, δR1 = 22.5°, and δR2 = 22.5°. 157 

 158 

Full-polarization generation 159 

Our superposition design not only addresses nondispersive polarization properties, but it 160 

can also generate arbitrary and full-polarization with uniform size of the meta-structures. 161 

To simplify the discussion, we propose to refer as LRR configuration (the design using 162 

one LCP and two RCP) as shown in Fig. 3A, consisting of phase-gradient supercells with 163 

controllable SOA of 1L , 1R , and 2R . Since the output polarization is related to the 164 

relative phase difference between these three components, we fix 1L  as zero. According 165 

to Eq. 2, the dispersive term    i
a e

 
  factorizes, so the output SoP becomes 166 

 1 2
2 2

R R
i i i

LRRn e e a e  


         , where a  and   are the amplitude 167 

and phase of  1 2
2 2

R R
i ie e  . Therefore, the ellipticity becomes 

2

2

11
arcsin

2 1

a

a
 







 and 168 

the azimuth angle is 
2


  . The ellipticity and azimuth angle as a function of 2R  are 169 

shown in Fig. 3B and 3C, respectively. Since 0 2a  , the ellipticity of the SoP has an 170 

upper limit of 
1 3

arcsin
2 5

 (i.e., 
1 3

arcsin
4 2 5


   ). The corresponding Poincaré sphere 171 

with 1 0R   , 30  and 60  are shown in Fig. 3D, 3E and 3F, respectively. A full 172 

azimuth angle is realized as shown in Fig. 3G by controlling both 1R  and 2R  from 0  173 

to 180 . Therefore, the generated SoPs cover the bottom sphere cap with 174 

1 3
arcsin

4 2 5


   . Likewise, the RLL configuration (one RCP and two LCP) shown in 175 

Fig. 3H-3N can generate SoPs that cover the top sphere cap with 
1 3

arcsin
2 5 4


    as 176 

shown in Fig. 3N. In this way, depending the choice of the desired diffracted state of 177 

polarization, one could choose in the LRR and RLL configurations, leading to a full-178 

polarized and broadband properties of output light. It is noted that by using twofold 179 

superposition with a uniform meta-structure, the dispersion term in Eq. 1 can also be 180 

factorized, i.e.        1 2

1 2
i i

a e a e
   

  , leading to a nondispersive property but only 181 

for linear output polarization. 182 

 183 

Unlimited bandwidth polarization-maintaining meta-hologram 184 

As a proof of principle, we design four elliptical polarizations using the above mentioned 185 

LRR and RLL configurations as shown in Fig. 4. The deflector is pixelated into pixel 186 

array containing four meta-structures in x direction and three lines in y direction, per pixel. 187 

By encoding the holographic phase profiles into pixelated metasurfaces, we are able to 188 

generate holographic images with arbitrary polarization and broadband characteristics. 189 

The details of the rotation angles and the corresponding ellipticities and azimuth angles 190 

are shown in the Supplementary Table S1. We encode the holographic phase profiles to 191 

exhibit four playing card suits of “Spade”, “Heart”, “Club” and “Diamond”. SEM images 192 
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of the fabricated metasurfaces with top and tilt view is shown in Fig. 4A and 4B. The 193 

measured holographic images illuminated with coherent laser source at λ = 600 nm are 194 

shown in Fig. 4C (see more details of fabrication processes and measurement setup in 195 

Methods and Supplementary fig. S9, S11). The measured SoP is plotted as blue dots in the 196 

Poincaré sphere as shown in Fig. 4D, which agrees well with the designed SoP denoted by 197 

the red dots. The broadband response of the polarization is demonstrated in Fig. 5. The 198 

holographic images of “Spade” with the incident wavelength ranging from λ = 475 nm  to 199 

λ = 675 nm are shown in the left panels of Fig. 5A-5I. In order to characterize the 200 

polarization on a broadband wavelength range, we have selected a Thorlabs mounted 201 

Superachromatic quarter waveplate (AQWP05M-600) with rotation angle of /4 67.5     202 

and a broadband Thorlabs linear polarizer (WP25M-VIS) with rotation angle of 203 

49.07LP    which were positioned between the meta-hologram and the projector to 204 

block the holographic images of designed SoP (details of setup are shown in the 205 

Supplementary fig. S11). With this choice of waveplate/polarizer orientations, holographic 206 

images are almost totally blocked in the entire visible range as shown in the right panels of 207 

Fig. 5A-5I, thus confirming the exceptional broadband response of our polarization-208 

maintaining design approach. The viewing angle of the holographic image is related to the 209 

operating wavelength as  2arcsin / 2 hP  , where Ph is the pixel size of the hologram. 210 

Therefore, the blue holographic image has smaller size than the red holographic image. To 211 

further quantify experimentally the SoP, we projected the holographic images into a 212 

broadband polarimeter which indicated that the SoP is correctly maintained around the 213 

designed value as shown in Fig. 5J. Since the pixel size of the meta-hologram is larger 214 

than the operating wavelength, there are higher order images generated, which decrease 215 

the efficiency of the interested order as measured in Fig. 5K. It is possible to increase the 216 

efficiency by decreasing the pixel size to subwavelength scale. We have added a 217 

simulation proving that higher efficiency with subwavelength pixel size is achievable, 218 

referring to Supplementary fig. S6. It should be noted that the unlimited bandwidth of 219 

polarization-maintaining behaviour is conserved for all of the input polarization (see 220 

details in Supplementary Note 2). The only limitation of our design approach concerns the 221 

addressing of arbitrary polarization state that are realized for all of the input polarization 222 

except for two pure input CP beams (see details in Supplementary Note 4). 223 

 224 

Angular nondispersive wavefront shaping using cascaded metasurface 225 

According to Eq. S7 in the Supplementary, the deflection angle is in general subjected to 226 

the incident wavelength, i.e. in other words the deflection function of the device remains 227 

chromatically dispersive. However, such angle dependent dispersive response can be 228 

treated using appropriate combination of metasurfaces with refractive dispersive materials 229 

(40), which would resolve this issue (see more details in Supplementary Note 5). The idea 230 

to address chromatic angular dispersion is straightforward and consists in utilizing 231 

cascaded parallel metasurfaces, designed for α = 0° (see definition of α in Supplementary 232 

Fig. S7A), as shown in Fig. 6A. Thus, the transmitted angle can be described from Eq. 233 

S27 as 234 

'

arcsin d d
t

P P

 


 

 
   

 

                                                   (3) 235 

It can be seen that when the increment rotation angle of the two metasurfaces are opposite 236 

( '
d d   ), i.e. when the angular dispersive properties of each metasurfaces compensate, 237 

a constant transmission angle 0t    is obtained, leading to a perfect angular 238 
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nondispersive metasurface with unlimited bandwidth and without any additional 239 

approximations as shown in Fig. 6B. The fabrication details and results are shown in 240 

Supplementary fig. S10. The same optical setup of fig. S11 is used here to capture the 241 

angular nondispersive holographic image, but the transmitted angle of the image is zero. 242 

The experimental results of the dispersive and nondispersive holographic images are 243 

shown in Fig. 6C and 6D, respectively Two spots observed at the exit of the doublet as 244 

shown in Fig. 6D are induced by the first layer of deflector as shown in the green light 245 

path in Fig. 6A (explaining the weaker intensity on right spot with respect to left 246 

counterpart). The holographic images are then projected at the entrance slit of a 247 

spectrometer to perform spectrum characterization at specific position along the image 248 

located at P1, P2, … P5 (which is chosen from left edge to the right edge of the image) as 249 

shown in Fig. 6C and 6D. As it is expected for the dispersive case, the spectrum of the 250 

hologram red shift according to the angular dispersion law for larger deflection angles, as 251 

shown in Fig. 6E. Therefore, P1 has more intensity in the blue range, while P5 has more in 252 

the red range. Note that the relative intensities in P1 to P5 are changing due to the size of 253 

the actual portion of the image considered in the experiment. Comparatively, the 254 

nondispersive and polarization-maintaining case, all spectra always remain broadband at 255 

all the positions across the image as shown in Fig. 6F.  256 

 257 

Discussion 258 

In conclusion, we have demonstrated a general method of full-polarization generation and 259 

bandwidth unlimited polarization-maintaining diffractive planar optics. It relies on the 260 

superposition of orthogonal polarizations generated by PB phase metasurfaces composed 261 

of a unique element to eliminate the dispersive response of the structures. By linear 262 

superposition of amplitude-controlled polarization handiness, using RLL and LRR 263 

configurations, full polarization generation is established over an exceptionally unlimited 264 

bandwidth, experimentally demonstrated across the entire visible range from 475 nm to 265 

675 nm. The realization of a metasurface-doublet, involving an additional beam deflector 266 

with opposite deflection properties, is shown to address both the angular as well as the 267 

polarization chromatic dispersion over an extremely large bandwidth. The capability of 268 

generating and maintaining any arbitrary state of polarization on the entire visible range 269 

would lead to a plethora of promising applications in full color displays, 270 

augmented/virtual reality display, broadband polarization camera, vector beam generation 271 

and visible light communication, etc. 272 

 273 

Materials and Methods 274 

 275 

Device fabrication 276 

The fabrication processes are shown in fig. S9 in the Supplementary. A Molecular Beam 277 

Epitaxy (MBE) RIBER system is used to grow GaN thin-film with 1 μm thickness on a 278 

double-side polished c-plan sapphire substrate. The GaN nanopillars are patterned by 279 

using conventional electron beam lithography (EBL) processes. We spin coat ~ 180 nm of 280 

PMMA resist (495A4) on the GaN thin-film and bake it on a hot plate at a temperature of 281 

125°C. The PMMA resist is exposed with designed patterns using electron beam 282 

lithography at 20 keV (Raith ElphyPlus, Zeiss Supra 40) and developed using 3:1 283 

IPA:MIBK solution. Subsequently, a 50 nm thick Ni is deposited on the sample using E-284 

beam evaporation. After lift-off process by immersing the sample into acetone solution for 285 

2 hours, a Ni hard mask is obtained. The GaN nanorods is created by reactive ion etching 286 
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(RIE, Oxford system) with a plasma composed of Cl2CH4Ar gases. Followed by chemical 287 

etching with 1:1 H2O2:H2SO4 solution to remove the Ni hard mask, revealing a GaN 288 

nanopillar array. 289 

  290 

Optical setup 291 

The optical setup for meta-hologram characterization is shown in Supplementary fig. S11. 292 

A laser beam propagates through a broadband linear polarizer (WP25M-VIS) with axis of 293 

transmission in horizontal direction to generate linear polarized input beam. It is weakly 294 

focused by an achromatic lens with a focal length of 50 mm onto the meta-hologram, 295 

which is mounted on a three-dimensional translation stage. The holographic image is 296 

projected onto a projector placed 10 cm away from the meta-hologram. A broadband 297 

quarter waveplate with fast axis at angle /4  and a broadband linear polarizer with axis 298 

of transmission at angle LP  are used to block selected images. Assume an incident beam 299 

inE
ur

  propagates through the selected quarter waveplate and linear polarizer, the output 300 

electric field outE
ur

 is described as    /4 /4out inLP LPE A A E  
ur ur

. Selected rotation 301 

angle /4  and LP  are chosen to block the specific output images (i.e. outE 
ur

 0). 302 

 303 

H2: Supplementary Materials 304 

 305 

 306 

Supplementary Materials for this article are available. 307 

 308 

Note 1. Derivation of complex transmission of CP conversion. 309 

Note 2. Unlimited bandwidth of polarization-maintaining with arbitrary input SoP. 310 

Note 3. Evolution of the output SoP by changing the incident SoP with fixed configuration 311 

of metasurface. 312 

Note 4. Full polarization generation with arbitrary fixed input SoP except two pure CP 313 

beams. 314 

Note 5. Angular nondispersive design with prism. 315 

Fig. S1. Schematic of the light path passing through the single layer metasurface. 316 

Fig. S2. Output SoP of the metasurface with fixed configuration under arbitrary input SoP. 317 

Fig. S3. Ellipticity angle as a function of 0a  when 00 1a  . 318 

Fig. S4. Output SoP of the metasurface under arbitrary input SoP. 319 

Fig. S5. Simulation results of the 1-μm-thick GaN nano-pillars on sapphire substrate with 320 

period of P = 300 nm at the wavelength of 600 nm. 321 

Fig. S6. Simulation results of the 1-μm-thick GaN nano-pillars on sapphire substrate with 322 

the period of P = 150 nm. 323 

Fig. S7. Angular nondispersive design with prism. 324 

Fig. S8. Simulated results with sapphire as the material of the prism. 325 

Fig. S9. Fabrication processes of metasurface. 326 

Fig. S10. Fabrication details of cascaded metasurfaces for angular nondispersive 327 

applications. 328 

Fig. S11. Optical setup for the measurement of meta-hologram. 329 

Table S1. SOA of the three lines and the corresponding ellipticity and azimuth angle of 330 

the four metasurfaces design in Figure 4. 331 

 332 
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Caption of Figures 459 

 460 

Fig. 1. Linear superposition of circular polarization beams using phase gradient 461 

metasurfaces. (A) A linear superposition of RCP and LCP with different size of 462 

meta-structures. (B) Schematic representation of the dispersive polarization 463 

response of the traditional polarization controlling metasurfaces. (C) Broadband 464 

polarization-maintaining design consisting in combination of RCP, LCP and LCP 465 

(or RCP, RCP and LCP) realized with a uniform size meta-structure. (D) 466 

Schematic representation of the broadband polarization-maintaining metasurfaces. 467 

(E) Angular nondispersive design with metasurface-doublet. (F) Schematic 468 

representation of the angular nondispersive metasurfaces. 469 

 470 

Fig. 2. Numerical simulation of the metasurfaces. (A) Top view and (B) perspective 471 

view of one meta-structure. P = 300 nm and h = 1000 nm. (C) Simulated results of 472 

the polarization conversion efficiency  a   (red and black lines) and propagation 473 

phase     (blue and green lines) with two different size of GaN nanopillars. Red 474 

and blue curves: 1uL  = 170 nm, 1vL  = 70 nm. Black and green curves:  2uL  = 220 475 

nm,  2vL  = 120 nm. (D) Calculated azimuth angle and ellipticity angle of the 476 

output polarization and (E) the corresponding SoP on Poincaré sphere as a 477 

function of incident wavelength from 475 nm to 675 nm with dispersive 478 

superposition consisting of two different size of GaN nanopillars with zero SOA, 479 

indicating that the traditional linear superposition of opposite polarization leads to 480 

dispersive polarization response. (F) Calculated azimuth and ellipticity angles of 481 

the output polarization and (G) the corresponding SoP on Poincaré sphere as a 482 

function of incident wavelength from 475 nm to 675 nm with the proposed 483 

nondispersive superposition consisting of uniform size of GaN nanopillars with 484 

2uL  = 220 nm, 2vL  = 120 nm, 1 0L   , 1 22.5R   , and 2 22.5R   , indicating 485 

that an assembly of a generic building block could realize broadband polarization-486 

maintaining behavior with unlimited bandwidth. 487 

 488 

Fig. 3. Design of full-polarization pixels using geometric-phase metasurface. (A) One 489 

supercell of the metasurface consists of one LCP and two RCP beams. (B) 490 

Ellipticity angle and (C) azimuth angle of the output light as a function of rotation 491 

angle δR2 for fixed δL1 = 0°. Black curve: δR1 = 0°, red curve: δR1 = 30°, blue curve: 492 

δR1 = 60°. The corresponding Poincaré sphere when (D) δR1 = 0°, (E) δR1 = 30° and 493 

(F) δR1 = 60°. (G) By controlling both δR1 and δR2 from 0° to 180°, the SoP covers 494 

the bottom sphere cap of Poincaré sphere with 
1 3

arcsin
4 2 5


   . (H) One 495 

supercell of metasurface consists of one RCP and two LCP beams. (I) Ellipticity 496 

angle and (J) orientation angle of the output light as a function of rotation angle 497 

δL2 for fixed δR1 = 0°. Black curve: δR1 = 0°, red curve: δR1 = 30°, blue curve: δR1 = 498 

60°. The corresponding Poincaré sphere when (K) δR1 = 0°, (L) δR1 = 30° and (M) 499 

δR1 = 60°. (N) By controlling both δL1 and δL2 from 0° to 180°, the SoP covers the 500 

top sphere cap of Poincaré sphere with 
1 3

arcsin
2 5 4


   . (G) and (N) indicate 501 

that the superposition of circular polarizations diffracted by array of a generic PB 502 

building block could produce any arbitrary SoP, without having to carefully 503 

engineers the meta-structure geometry for the desired application. 504 
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 505 

Fig. 4. Full-polarized meta-hologram. (A) Top view and (B) tilt view of the SEM 506 

images of the metasurfaces. The red rectangular highlight area in A shows one 507 

pixel of the meta-holograms. (C) Measured holographic images (illumination at λ 508 

= 600 nm.) of the meta-holograms. (D) Measured SoP on Poincaré sphere. Red 509 

dots: designed value, blue dots: measured value. (The scale bar in A and B is 1 510 

μm). 511 

 512 

Fig. 5. Broadband polarization-maintaining properties of the nondispersive 513 

metasurface. (A) - (I) Measured holographic images with the incident wavelength 514 

from 475 nm to 675 nm (Left panel: without analyser. Right panel: with broadband 515 

quarter waveplate at /4 67.5    and LP at 49.07LP    to block the holographic 516 

images). The holographic images in the right panels are almost totally blocked in 517 

the entire visible range, confirming the exceptional broadband response of out 518 

polarization-maintaining design approach. (J) Measured SoP at different 519 

wavelength agree well to the designed value in Fig. 2(G). (K) Measured efficiency 520 

is higher than 10% across the entire visible range. 521 

 522 

Fig. 6. Angular nondispersive wavefront shaping using cascaded metasurface-523 

doublet. (A) Schematic of angular nondispersive design using two layers of 524 

metasurfaces on both sides of a sapphire substrate. The phase gradient of the two-525 

layer metasurfaces are 
'2'

'

dd

dx P


  on the top and 

2 dd

dx P


  on the bottom with 526 

' 30d d    . A linearly broadband light is normally illuminated from the top 527 

metasurface and diffracted to the bottom metasurface. Two spots are generated 528 

from the top deflector as shown in the green optical path. (B) Transmitted angle 529 

with single layer metasurface (red curve) and double layer metasurfaces (blue 530 

curve). A nondispersive angle response is realized in unlimited bandwidth using 531 

double layer metasurfaces. Measurement results of the holographic image of 532 

“Spade” using (C) single layer metasurface and (D) double layer metasurfaces. 533 

The holograms are imaged at the entrance slit of a spectrometer for spectrum 534 

characterization. A slit with 20-μm-width is placed to select a line of the image 535 

light at specific position of P1, P2, … P5. The corresponding spectra for (E) 536 

dispersive case and (F) nondispersive case at position P1~P5, show a red-shift of 537 

the bandwidth for large angle in (E) while (F) spectrum are essentially broadband. 538 

539 
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