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Coding metasurfaces bring photonic design into a new era for their convenience in manipulating elec-
tromagnetic waves in a programmable way. Different coding patterns can be further convoluted to give rise
to nontrivial effects such as multiple beam steering, simultaneous control of surface and space waves, and
the integration of multiple functionalities. However, previous experimental works have been limited to
low frequencies. Extending convoluted coding metasurfaces to optical frequency can significantly reduce
the size of structures, and therefore facilitate their applications in optical circuits. Here, we experimentally
demonstrate a Pancharatnam-Berry metasurface designed by convoluting two distinct coding patterns.
Such a metasurface exhibits integrated functionalities: the optical spin Hall effect and spin to orbital angu-
lar momentum conversion, which are robust over a broad visible band and a wide range of incident angles.
Our work represents an important step towards multifunctional coding metasurfaces at optical frequency
based on convolution operation.
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I. INTRODUCTION

A metasurface, composed of a monolayer of subwave-
length meta-atoms, is the two-dimensional (2D) counter-
part of a metamaterial [1,2]. The amplitude, phase, polar-
ization, and frequency of the electromagnetic wave front
as well as the modes can be manipulated by metasurfaces
with precise design [3–9]. Among various types of meta-
surfaces, the Pancharatnam-Berry (PB) metasurface has
attracted particularly intense attention due to their capa-
bility to manipulate circularly polarized (CP) waves in
an unparalleled manner [10–14]. Employing anisotropic
and subwavelength meta-atoms with identical geometric
parameters but spatially varying orientations, PB meta-
surfaces introduce a geometrical phase (PB phase) gra-
dient for local transmitted or reflected CP waves. Based
on the PB metasurface, numerous planar optical devices
have been demonstrated, such as electromagnetic wave
deflectors [15,16], vortex beam generators [17,18], and
metalenses [19–21].

Recently, the concepts of coding, digital, and
programmable metasurfaces have further promoted the
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development of metasurfaces [22–24]. By digitally coding
meta-atoms with phase sequences, coding metasurfaces
simplify the design and optimization procedures, and pro-
mote their applications in information science. Many novel
phenomena have been realized in different coding meta-
surfaces, such as anomalous reflection [25,26], random
diffusion [27,28], independent CP wave-front manipula-
tions [29], and harmonic wave generations [30,31]. Further
integration of metasurfaces through convolution operation
offers distinct opportunities to realize desired multifunc-
tional metasurfaces without mutual coupling [32,33].

Up to now, convolution operations on coding metasur-
faces have been applied at microwave frequencies, tera-
hertz band, as well as acoustic waves [34–36], and the in-
plane size of the device is in the range above millimeters,
significantly limiting their application in nanophotonics
and compact optoelectronic devices. This can be addressed
by extending the coding metasurfaces to optical frequency,
which can reduce the size of the device down to microm-
eter scale [37–39]. Moreover, there are increasing types of
novel nanomaterials with resonant energy at optical fre-
quency, such as organics, perovskites, and 2D van der
Waals materials, which are waiting to be integrated with
coding metasurfaces for novel photonic devices [40–42].
Therefore, the convoluted coding metasurface at visible
frequency is of great significance, but has not yet been
demonstrated experimentally.
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In this paper, we demonstrate an integrated coding
metasurface working at visible frequency. The phase pat-
tern of the coding metasurface is obtained by performing
a convolution operation on two plasmonic PB metasur-
faces, which support the optical spin Hall effect (OSHE)
and spin-correlated vortex beam generation, respectively.
Therefore, the orbital angular momentum (OAM) is incor-
porated into the OSHE, and the anomalous reflection of
the spin-dependent vortex beam can be achieved in the
convoluted pattern. Such a design is realized in a single
metasurface with all the parameters optimized for opti-
cal frequency. The device is systematically characterized
by microspectroscopic measurements where far-field scat-
tering patterns of metasurfaces can be directly mapped
out with information about angle, polarization, and phase
simultaneously. The device exhibits robust functionalities
in a broad visible band and a wide range of incident angles.
Our result will facilitate the development of coding meta-
surfaces at optical frequency and pave a new way for
nanophotonic devices with multiple functionalities.

II. DESIGN OF PB CODING METASURFACES

The PB metasurface is an ideal tool for manipulating
CP waves. By manipulating the pattern of the meta-atom
arrays, PB metasurfaces with different functionalities can
be achieved, providing an ideal platform to apply the idea
of a coding metasurface [43,44]. In this paper, we focus
on a plasmonic PB metasurface working in the reflection
manner, as it allows ease of fabrication and works in broad
ranges of wavelengths and incident angles.

A schematic of the meta-atom is shown in Fig. 1(a), and
it consists of three layers: gold bar on top, SiO2 spacer in
the middle, and gold substrate on the bottom. The CP wave
reflected by such an anisotropic meta-atom will obtain an
additional geometric phase, which is opposite for light with
left circular polarization (LCP) and right circular polariza-
tion (RCP). To verify that, we consider linearly polarized
(LP) light with normal incidence. The amplitude and phase
of the reflected beam as a function of wavelength are plot-
ted in Figs. 1(a) and 1(b), respectively. The responses to
LP light with polarization along the x and y axes are
plotted by the red solid line and black dashed line, respec-
tively. In such a broad visible band from 600 to 800 nm,
the amplitudes of the reflected wave for the two LP light
polarizations are almost equivalent, except in the range of
plasmonic resonances, as indicated by the dips in Fig. 1(a).
Moreover, the phase difference between them is close to
180◦ in this range, as shown by the blue dotted line in
Fig. 1(b). Therefore, the meta-atom works as a half-wave
plate in the reflection manner for the incident light. The
imperfect phase difference and the unequal amplitudes of
the x- and y-polarized light will make an impact on the
conversion efficiency of the metasurface [45,46].

In Fig. 1(c), we show that the geometric phase, also
known as the PB phase, induced by such a meta-atom for
the waves with LCP and RCP are opposite, and the phase
difference can be continuously tuned by the orientation
of the meta-atom. Such a phase gradient is the key ele-
ment to manipulate the CP light and can be digitally coded
for programmable design of the metasurface. We imple-
ment the idea of coding the metasurface in three structures,

(a) (b) (c)

FIG. 1. Simulated normalized amplitude (a) and phase responses (b) of the x- and y-polarized (red solid and black dashed lines)
waves reflected from a meta-atom under normal illumination. The inset in (a) is a schematic of the proposed meta-atom. The length,
width, and thickness of the top gold bar are 190 nm, 60 nm, and 60 nm, respectively. The thicknesses of SiO2 film and gold substrate
are 70 nm and 100 nm, respectively. The blue dotted line in (b) is the phase difference between x- and y-polarized waves. (c) The phase
response versus the rotation angle (�ϕ) of the top nanorod of meta-atoms for 632.8 nm with LCP and RCP under normal incidence.
The top panel in (c) is a schematic of a supercell, where the lattice constant is 258 nm and the rotation angle �ϕ between adjacent
nanorods is 20◦.
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discussed in the following, where a supercell consists of
nine meta-atoms represented by digits from 0 to 8, as
shown in the top panel of Fig. 1(c).

III. RESULTS

A. OSHE in a metasurface with linear phase gradient

A PB metasurface with a linear phase gradient shown in
Fig. 2(a) can be used to implement the OSHE, referring to
transverse splitting of wave vectors of photons with oppo-
site spin. It results from spin-orbit interaction of photons
induced by a metasurface, where a spin-dependent refrac-
tive index gradient plays the role of a photonic magnetic
field [47,48]. A PB metasurface with linear phase gradi-
ent covering 2π phase can provide a spin-dependent PB

phase to realize the OSHE. According to the generalized
Snell’s law [49,50], the OSHE can also be understood as
an anomalous reflection induced by the PB metasurface,
which can be calculated by

sin(θrx) = sin(θix) ± 2�ϕ

pk0
, (1)

where θrx is the reflection angle, θix is the incident angle,
k0 = 2π/λ represents the free-space wave vector, and p
is the periodicity of the meta-atom. The phase gradient
induced by the metasurface for CP light is ±2�ϕ, where
the positive and negative signs correspond to LCP and
RCP, respectively. As indicated by the equation, the shift in

(a) (b) (c)

(d) (e) (f)

FIG. 2. (a) Linearly periodic gradient phase pattern along the metasurface x direction. The color bar represents the coding number
of the phase gradient. (b) SEM image of the fabricated sample. (c) Schematic of the OSHE derived from the linear gradient meta-
surface and its corresponding coordinate system. (d) The degree of circular polarization (DOCP) of the far-field scattering signal for
wavelengths ranging from 600 to 800 nm under normal incidence. (e) The corresponding simulation result. The color bars in (d) and
(e) represent the DOCP defined in the main text. (f) Normalized angle-resolved reflection spectrum for 632.8 nm LP laser incidence
with different angles. From top to bottom in (f), the incident angles range from −40◦ to +40◦. The LCP and RCP reflections are shown
on either side of the white dotted circles that represent the specularly reflected plane waves. The color bar represents the normalized
intensity of the spectrum. The handedness of the light is denoted by color, with blue and yellow corresponding to RCP and LCP,
respectively.
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(a) (c) (d)

(e) (f)(b)

FIG. 3. (a) The spiral-like phase pattern with OAM mode |l| = 1. The color bar represents the coding number of the phase gradient.
(b) The SEM image of the fabricated sample. (c) Experimental measurements of RCP (left panel) and LCP (right panel) vortex
beams generated by the metasurface in panel (b), under normal incidence of LCP (left panel) and RCP (right panel) light at different
wavelengths. The color bar represents the normalized intensity of the spectra. The handedness of the vortex beam is denoted by color.
(d) Sketch of the interferometric setup. The far-field interference between the scattering beam from the sample and the LP reference
beam is detected by the CCD of a spectrometer. (e),(f) The interference patterns of the generated CP vortex beams (top panels) with
the LP reference beam of 632.8 nm. The interference patterns around the central hollow of the RCP and LCP vortex beams show
forklike fringes with two branches and opposite directions, which reveal that the reflected beams possess OAM of l = −1 and l = 1,
respectively.

direction of the reflected beam can be reversed by changing
the handedness of the incident CP light.

Such a digitally coded phase gradient in Fig. 2(a)
can be realized by a metasurface, whose SEM image is
shown in Fig. 2(b). The OSHE in such a metasurface is
verified experimentally with the configuration shown in
Fig. 2(c). Under normal incidence of white light that is lin-
early polarized along the x axis and covers wavelengths
from 600 to 800 nm, the reflected light is detected by a
home-built spectroscopic setup, where the angle, wave-
length, and polarization can be resolved. The DOCP of the
reflected light is defined by (ILCP − IRCP)/(ILCP + IRCP),
where ILCP and IRCP are the intensities of reflected beams
with RCP and LCP components measured separately. The
DOCP is color coded in Fig. 2(d), with blue and yellow
corresponding to RCP and LCP, respectively. The DOCP
is close to 100% within the broad band from 600 to 800
nm. The linear dispersion of the reflected beam indicates
that the anomalous reflection angle induced by the meta-
surface is larger for light with longer wavelength, which
agrees with Eq. (1).

The experimental result is also well reproduced by the
numerical simulation shown in Fig. 2(e). Compared with
the simulation, the measured spectrum in Fig. 2(d) exhibits
broader linewidth in the dimension of angle, as a result of
angular broadening of the incident beam induced by the
imperfect collimation of the white light source. Next, we
further confirm the robustness of the OSHE over a broad

range of incident angles. The wavelength of incident light
is fixed at 632.8 nm, and the incident angle of the LP light
is tuned in the range between −40◦ and 40◦. The reflected
beam is shown in Fig. 2(f), where the LCP and RCP com-
ponents are depicted in yellow and blue, respectively. As
a reference, the white dotted circles represent the specular
reflection of incident light, which is located in the mid-
dle of each pair of reflected beams with opposite circular
polarizations.

B. Vortex beam generated by a metasurface with
spiral-like phase gradient

Vortex beam with OAM can be achieved by rearranging
the PB meta-atoms in a spiral-like phase coding sequence.
The phase evolution around the propagation direction of
a vortex beam can be described by ejlϕ , where l is the
topological charge number and ϕ is the azimuthal angle
[51,52]. In general, the generation of a vortex beam can be
realized by introducing an azimuth-related helical phase
into the optical field. Theoretically, a two-dimensional
spiral-like phase distribution can be expressed as [53,54]

�(x, y) = lϕ = l arctan(y/x), (2)

where x and y are the coordinates of meta-atoms along the
x and y axes of a metasurface. Accordingly, a spiral-like
phase profile on a two-dimensional surface is obtained as
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(a) (b) (c) (d)

(e) (f) (g)

(h) (i)

(i)

FIG. 4. (a) Coding pattern with OAM mode |l| = 1. (b) Coding pattern with linear gradient sequence. (c) Mixed coding pattern
formed by superimposing the coding patterns of panels (a) and (b). The color bar represents the coding number of the phase gradient.
(d) The SEM image of the convoluted coding metasurface. (e) Experimentally measured RCP (left panel) and LCP (right panel)
far-field scattering patterns for LP light with different wavelengths under normal incidence. (f) Normalized angle-resolved reflection
spectra for 632.8 nm LP laser incidence with different angles. From top to bottom in panel (f), the incident angles range from −40◦
to +40◦. The white dotted circles represent the specularly reflected beams. The color bar represents the normalized intensity of the
spectra. The handedness of the light is denoted by color. (g),(h) The interference patterns between the generated CP vortex beams (top
panels) and LP reference beam of 632.8 nm. (i),(j) Phase distribution extracted from the two interference patterns in the area marked
by the red boxes in panels (g) and (h), respectively. The color bar represents the phase.

shown in Fig. 3(a), which is divided equally into nine sec-
tions with constant phase increment (2π/9). Similar to the
linear phase gradient, such a spiral phase gradient can also
be encoded by the digits from 0 to 8, and realized by a
metasurface with oriented meta-atoms. Under normal inci-
dence of CP light, the reflected beam will obtain an OAM,
i.e., such a PB metasurface will enable the spin selectivity
of the OAM.

We fabricate such a metasurface designed at optical fre-
quency, as shown with the SEM image in Fig. 3(b). We
characterize the device by sending CP light vertically to
the metasurface and detecting the reflected light beam. As
shown in Fig. 3(c), the wavelength of the incident beam
varies from 600 to 800 nm and the two CP components
are detected separately. The reflected beams show a typical
ring-shaped profile with a hollow in the center, indicat-
ing the generation of vortex beams. In order to further

characterize the OAM carried by the reflected light, a far-
field interference experiment is carried out between the
vortex beam and the reference beam with LP, as schemat-
ically shown in Fig. 3(d). The interference patterns are
presented in Figs. 3(e) and 3(f), where the two branches
of fork fringes with opposite directions are formed near
the centers of the vortex beams, indicating that the OAM
carried by the LCP and RCP vortex beams are +� and −�,
respectively.

C. Convolution operation on two coding metasurfaces

The above two PB metasurfaces demonstrate flexible
manipulation of the electromagnetic field in the visi-
ble band with different degrees of freedom, where lin-
ear momentum and OAM are coupled with spin angular
momentum (SAM) of the photon in the first and second
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devices, respectively. By combining the functionalities of
both metasurfaces, all tuning degrees of freedom will be
integrated into a single metasurface. This can be realized
by performing a convolution operation on the coding pat-
terns of the two metasurfaces, as we show in the following
discussion.

It is well known that the far-field scattering pattern
of a metasurface (f (sin θ)) can be deduced by Fourier
transforming its near-field coding pattern (f (xλ)) [55], i.e.,

f (xλ)
FFT⇐⇒ f (sin θ), (3)

where xλ = x/λ is the electric length and θ is the angle
with respect to the normal direction. According to the con-
volution theorem, such a Fourier transform relationship
also applies to the superposition of two scattering patterns,
i.e.,

f (xλ) · g(xλ)
FFT⇐⇒ f (sinθ) ∗ g(sin θ), (4)

where the convolution of two scattering patterns in the
far field (f (sin θ) ∗ g(sin θ)) can be obtained by Fourier
transforming their near-field correspondence: multiplica-
tion of the field distribution in real space (f (xλ) · g(xλ)).
Considering the exponential relationship between the field
distribution and phase, the phase pattern of the designed
metasurface can be obtained just by adding up the phase of
the individual structures, as shown in Figs. 4(a)–4(c). The
new phase profile not only inherits the spiral-like phase
gradient, but also varies linearly in the x direction. Such
a phase gradient can be realized in the fabricated meta-
surface shown in Fig. 4(d). As a result, spin-dependent
anomalous reflection of the vortex beam is expected in this
new metasurface.

Figure 4(e) shows the far-field scattering patterns under
normal incidence of LP light at different wavelengths. The
left and right CP components are resolved experimentally
and depicted in different color scales (blue, RCP; yellow,
LCP). The spin dependence of the reflection angle and the
linear dispersion indicate that the OSHE is inherited. The
robustness over a wide range of incident angles is shown
in Fig. 4(f) for a fixed wavelength of 632.8 nm. In addition
to the OSHE, the ring-shaped intensity profile indicates
that the reflected beam carries an additional OAM, which
is further confirmed by the interference measurements.
As shown in Figs. 4(g)–4(j), the fork pattern with two
branches and the extracted phase of the ring-shaped beam
demonstrate unambiguously that the reflected beams in
opposite directions carry opposite OAM with topologi-
cal charges −1 and +1. Therefore, a coding metasurface
with two functionalities is demonstrated by a convolution
operation on two distinct metasurfaces, which can be used
to generate spin-dependent vortex beams and realize their
anomalous reflection (or OSHE). Moreover, such a device

still remains robust over a broad visible band and a wide
range of incident angles.

D. CONCLUSION

In summary, we numerically and experimentally present
three PB coding metasurfaces operating in the visible band,
which exhibit robust functionality over a broad range of
wave frequencies and incident angles. As a proof of con-
cept, a third metasurface is designed by performing a
convolution operation on the coding patterns of the other
two. Accordingly, two functionalities are integrated in a
single pattern, where the OSHE incorporated with OAM
of light is observed. The combination of SAM to OAM
conversion, broad visible band, and compactness renders
this coding metasurface very attractive for application
in both classical physics and quantum sciences at opti-
cal frequency [56]. New emerging materials such as 2D
semiconductors and perovskites can be readily integrated
with the coding metasurfaces in the visible band for novel
fundamental concepts and device applications.
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APPENDIX A: SAMPLE FABRICATION

All designed metasurfaces in this work are fabricated
on silicon substrates. To ensure tight adhesion, an ultra-
thin Cr layer with a thickness of 10 nm is deposited before
depositing each gold layer. Then, gold and SiO2 layers
are successively deposited using an electron-beam evap-
orator. Finally, the top metasurface patterns are defined
by electron-beam lithography with subsequent processes
of gold deposition and lift-off.

APPENDIX B: OPTICAL MEASUREMENTS

In experiments, reflection spectra are taken using a
home-built angle-resolved spectroscopy setup. Samples
are placed on the focal plane. The incident light beam is
focused onto the sample by an objective with numerical
aperture of 0.75, which is also used to collect light scat-
tered by the metasurface. The Fourier plane (far field) at
the position of the back focal plane of the objective is
imaged onto a CCD camera. The incident light beams with
variable wavelengths in Figs. 3 and 4 are generated via
narrowband filtering of a supercontinuum laser source.
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APPENDIX C: NUMERICAL SIMULATION

In our simulation, the frequency-dependent complex
dielectric permittivity of gold is described by the Drude
model, ε(ω) = ε∞ − ω2

p/ω
2 + iγω in the visible wave-

length range, where the dielectric permittivity ε∞, plasma
frequency ωp , and collision frequency γ are set to
12, 1.37 × 1016 rad/s, and 1.05 × 1014 s−1, respectively
[57–59].
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