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for Simultaneous Polarization Conversion and
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ABSTRACT: The capability to manipulate the polarization state of light at the
nanoscale is of paramount importance in many emerging research areas
ranging from optical communication to quantum information processing. Gap-
surface plasmon (GSP) metasurfaces, which provide advantages and abilities of
molding reflected fields, have been demonstrated excellently suited for
integration of multifunctional polarization optics into a single device. Here,
we establish a versatile GSP metasurface platform based on nanoscale quarter-
wave plates (nano-QWDPs) that enable efficient circular-to-linear polarization
conversion along with the complete phase control over reflected fields.
Capitalizing on the nano-QWP design, we demonstrate, both theoretically and
experimentally, how resonance and geometric phases can be used in concert to
achieve independent and simultaneous phase modulation of both co- and cross-
polarized circularly polarized (CP) waves by realizing arbitrary beam steering
of co- and cross-polarized CP channels in a broadband near-infrared range. The GSP metasurface platform established in our
work provides versatile and flexible solutions to enrich multiple functionalities for diversified metasurface-based polarization
optics exploited in modern integrated photonic devices and systems.
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he capability to control and manipulate the polar-

ization state of light, an inherent and important

characteristic of optical radiation, is significantly
important for contemporary optical instrumentation. Conven-
tional polarization optical components are typically made up of
birefringence materials (e.g., crystals and plastics) that
introduce and accumulate the phase retardation between two
orthogonally polarized electric fields when light propagates
over long distances as compared to its wavelength.' As a result,
these polarization components are inevitably bulky, intrinsi-
cally restricting the possibilities for their miniaturization and
integration into photonic systems at the nanoscale.

Optical metasurfaces, two-dimensional artificial nanostruc-
tures consisting of dense arrays of meticulously designed meta-
atoms, have earned a growing amount of attention owing to
their unparalleled capabilities for controlling optical fields with
subwavelength spatial resolutions.” ® In particular, by judi-
ciously designing anisotropic meta-atoms with specific and
distinct responses for light polarized along two orthogonal
directions, the phase and polarization of reflected and
transmitted (by metasurfaces) light can be efficiently
manipulated, thereby substituting conventional bulky polar-
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ization optics with planar, compact, and multifunctional
metasurface-based polarization optics.g_38 For example, nano-
scale waveplates enabling simultaneous polarization trans-
formation and wavefront shaping have been implemented.'”~>*
However, most up-to-date functional metasurface waveplates
have been focused on half-wave plates,'”*%**7>%3373%
only the cross-polarized light component could be manipulated
by the orientation-dependent geometric phase or dimension-
dependent resonance/propagation phase. Even though spin-
decoupled metasurfaces™"*****3* 73 exhibit excellent per-
formance, only one functionality can be achieved in the cross-
polarized channel for a specific circularly polarized (CP) input.
To increase the number of functional channels and thus the
information capacity under the CP excitation, it would be
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Figure 1. (a) Schematic of the anisotropic MIM meta-atom. (b) Calculated reflection coefficient as a function of the dimensions at the design
wavelength of 850 nm for x-polarization. Note the reflection coefficient for y-polarization can be obtained by mirroring the map for x-
polarization along the line of L, = L,. The color map shows the reflection amplitude Ir,,|, while the blue dashed lines are contours of the
reflection phase @, with a step of 90° and black solid lines indicate the meta-atoms with the phase difference Ap = ¢,, — @,, equal to 90°.

advantageous to realize similar or different functionalities for
both CP waves. Therefore, it is highly desirable to demonstrate
metasurface-based quarter-wave plates (QWPs) that utilize and
manipulate both co- and cross-polarized output channels
simultaneously.’”® ™ It is important to note that the QWPs
demonstrated thus far are typically operating in the micro-
wave’™*! or infrared* range. Functional nano-QWPs for
effective polarization transformation and complete phase
modulation are, however, rarely realized in the optical range.

In this paper, we design a set of nano-QWPs based on a gap-
surface plasmon (GSP) metasurface configuration, which
enable eflicient circular-to-linear polarization conversion
along with the complete phase control over reflected fields.
Capitalizing on the nano-QWP design, we demonstrate how
resonance and geometric phases can be complementary
utilized to achieve independent and simultaneous phase
modulation of both co- and cross-polarized CP waves under
CP excitations by realizing arbitrary beam steering of co- and
cross-polarized channels in a broadband near-infrared range.
Our proposed GSP metasurface platform strengthens the
practical applications of metasurfaces with simultaneous phase
and polarization manipulation, providing versatile and flexible
solutions to implement multifunctional meta-devices at the
nanoscale.

RESULTS AND DISCUSSION

QWP Meta-Atom Design. Let us start with the basic
principle of realizing metasurface QWPs by considering a
birefringent meta-atom with its major axes along x- and y-
directions. Generally, the response of such an anisotropic
meta-atom could be described by the Jones matrix in the linear
polarization basis:

foe O
]linear =
0 7y (1)
where 1, = Ir le”= and Ty = Iryylei‘”yy are the reflection

coefficients under x- and y-polarized excitations, which are
mainly determined by the dimensions of the birefringent meta-
atom along its two main axes. Once the reflection amplitudes
are equal (i.e, Ir,| = Ir, ) and the relative phase difference Ag
= () — Py is £90°, the birefringent meta-atom functions as a
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nano-QWP. If the nano-QWP with Ag = 90° is rotated by an
angle of @ with respect to the x-axis, the corresponding Jones
matrix can be written as

10) = ) o) o

where M(0) = ( _Cglsn% (s:t)ns‘(%) represents the rotation matrix.

For the right-handed circularly polarized (RCP) incident light
with E, = %(—11)’ the output field becomes linearly

polarized (LP) and the angle of linear polarization (AoLP) is

0+ n/4
cos(ﬁ + E)
i0 4

sin(@ + E)
4 (3)

Additionally, the LP light gains an additional phase modulation
of ¢,, — 0. Meanwhile, the LP light can be decomposed into
two CP components in the circular polarization basis, which is
written as

1 o +5) 1 1 (o —%) -6 1
= Il @D | 4 Sl e
2 i) 2 i (4)

— .=
E . = Ir le"=e

E

out —i
Equation 4 indicates that the reflected field contains two
components; where the first part stands for the copolarized
reflective wave that maintains the same helicity as the incident
RCP wave, whereas the second part is the cross-polarized wave
with the reversed helicity [i.e., left-handed circularly polarized
(LCP)]. Here we define the copolarized and cross-polarized

. . V2 i z
reflection coefficients = Tlrxxle’("'m""*)

as r and

co

V2 i(p —7—-20) . . L .
e = —Ir, |e'(¢’“ 720 in the circular polarization Dbasis,
2 XX

respectively. Thus, the phase of the copolarized CP beam
Peo = Pux + 7/4 is only associated with the resonance phase,
while cross-polarized CP phase distribution ¢, = ¢,, — 7/4—
20 is determined by both resonance and geometric phases,
which depends on the meta-atom’s dimensions and orienta-
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Figure 2. (a) Schematic of the GSP gradient MS1 for circular-to-linear polarization conversion and beam steering under RCP excitation. (b)
SEM image of the fabricated MS1. The inset shows the layout of one MS1 supercell with each meta-atom rotated by an angle of 22.5° with
respect to the x-axis along the counterclockwise direction. (c) Simulated (solid lines) and experimental (markers) diffraction efficiencies of
different orders as a function of wavelength for RCP incident light. The inset shows the optical image of the diffraction spots at the
wavelength of 850 nm. (d) Simulated (dark cyan solid line) and experimental (dark cyan star markers) polarization state diagrams of the
steered beam within +1 diffraction order for RCP incident light at the wavelength of 850 nm.

tions, respectively. As a result, the co- and cross-polarized CP
channels can be dependently or independently manipulated.
To design the anisotropic meta-atom that functions as a
nano-QWP, we use a typical metal—insulator—metal (MIM)
GSP resonator™ as the fundamental building block. As shown
in Figure la, the MIM unit cell consists of a gold (Au) cross-
shaped nanoantenna, a silicon dioxide (SiO,) spacer layer, and
a continuous Au film. The periodicity of designed MIM unit
cells is A = 400 nm, which is much smaller than the design
wavelength of 4 = 850 nm to eliminate the high-order
diffraction. The thickness of the middle SiO, spacer layer is
optimized to f, = 100 nm, ensuring high reflection efficiency
and sufficient resonance phase coverage. The thickness and
width of topmost Au antennas are ¢, = 40 nm and w = 50 nm,
respectively, while the lengths (ie, L, and L,) of the two
rectangle constituent bars are varied. The thickness of the
bottom Au layer is d = 100 nm, which is thick enough to block
light transmission. We implemented three-dimensional (3D)
full-wave simulations with the commercially available software
Comsol Multiphysics (version 5.5) to calculate the complex
reflection coeflicients of the meta-atoms under x- or y-
polarized incident light. In the simulation, L, and L, are varied
while other geometrical parameters are kept constant. The
relative permittivity of Au is described by the Drude model
fitted with the experimental data,"* and SiO, is taken as a
lossless material with a constant refractive index of 1.45. An air
domain is added above the meta-atom and truncated with a
perfectly matched layer to minimize any reflection. An x- or y-
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polarized plane wave is normally impinging on the MIM unit
cell with periodic boundary conditions employed in both x-
and y-directions. Figure 1b shows the calculated reflection
coefficient of the meta-atom with varying L, and L, at the
targeted wavelength of A = 850 nm under x-polarized
excitation, where nano-QWP candidates with A¢ matched to
90° are marked with black solid lines. Meanwhile, the available
resonance phase of nano-QWPs (i.e., ¢,,) can cover a wide
range up to 300°. To maintain broad operation bandwidth and
high efficiency, four nano-QWPs (red circles) with a phase step
of Ag,, = 90° are selected to comprise a meta-atom library,
which enables simultaneous circular-to-linear polarization
conversion and potential wavefront shaping. The geometric
parameters and corresponding serial numbers of selected nano-
QWPs are shown in Table S1. As a final comment, it is worth
noting that the amplitudes of these four nano-QWPs are not
perfectly equal, which may slightly affect the performance. To
increase the reflection amplitudes of selected (poorly
reflecting) meta-atoms, their widths can be propitiously
designed (Figures S1 and S2, and Table S3 in the Supporting
Information).

Gradient Metasurfaces for Broadband Circular-to-
Linear Polarization Conversion and Beam Steering.
After designing the four nano-QWPs, we first design gradient
metasurfaces that enable simultaneous circular-to-linear polar-
ization conversion and beam steering under LCP and RCP
incident light. In this case, the co- and cross-polarized CP
channels are molded only by the resonance phase and thus
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Figure 3. (a) Schematic of the GSP gradient MS2 for generating two spatially separated LP beams with different AoLPs under RCP
excitation. (b) SEM image of the fabricated MS2. The inset shows the layout of one MS2 supercell with each nano-QWP rotated by 45° or
135° along the counterclockwise direction in the first and second rows, respectively. (c) Simulated (solid lines) and experimental (markers)
diffraction efficiencies of different orders as a function of wavelength for RCP incident light. The inset shows the optical image of the
diffraction spots at the wavelength of 850 nm. (d) Simulated (dark cyan/violet solid line) and experimental (dark cyan/violet star markers)
polarization state diagrams of the steered beam within +1 diffraction orders for RCP incident light at the wavelength of 850 nm.

steered to the same direction. Specifically, the meta-atoms
comprising the metasurface supercell are all rotated with the
same angle of 6@, Therefore, the corresponding phase
gradient along the x-direction is given as

o, _

dx Ox

g, (x,y) + 6ip0)  Ag, 27
= = Mppr——

N-A A (5)
where («, y) indicates the coordinate of each meta-atom, N is
the number of identical meta-atoms duplicated in a supercell,
myp represents the diffraction order for the LP reflection field,
and A, represents the total period of one supercell. Figure 2a
schematically illustrates the working principle of the first
gradient metasurface (MS1) that converts and steers the CP
(e.g, RCP) incident light into an LP wave with a spin-
determined AoLP within +1 diffraction order. As shown in
Figure 2b, MS1 is made up of four selected nano-QWPs that
are all duplicated to make an 8-element supercell to enlarge the
periodicity along the x-direction, thereby decreasing the
diffraction angle of the steered light within the collection
angle of the objective. Within the supercell, each meta-atom is
rotated with an angle of ;p, = 22.5° with respect to the x-axis
along the counterclockwise direction. As such, each meta-atom
will convert the RCP (LCP) incident light to a secondary LP
wave with a fixed AoLP of 67.5° (—22.5°). Additionally, the
secondary LP wave gain a linear phase gradient along the x-
axis, thereby forming the reflected LP light in +1 diffraction
order.

18535

To validate the performance, we first simulated the MS1
supercell and plotted the calculated diffraction efliciencies
(solid lines in Figure 2c) of different orders from m = —1 to +1
as a function of wavelength for RCP incident light. It is worth
noting that the damping rate of Au here is increased by a factor
of 3 to account for additional losses in terms of surface
scattering, grain boundary effects, and increased damping
related to the 3 nm titanium (Ti) adhesion layer between Au
and SiO, layers. As expected, the total reflectivity is restricted
to 48% because of the increased ohmic loss, and the incident
light is exclusively reflected into +1 diffraction order with a
theoretical reflectivity of ~40% at the design wavelength of 850
nm under RCP incident light; however, the other diffraction
orders are strongly suppressed. In addition, the simulated
polarization state diagram (dark cyan solid line in Figure 2d) of
the steered beam within +1 diffraction order indicates the
excellent circular-to-linear polarization conversion at the
wavelength of 850 nm, with the degree of linear polarization
(DoLP) approaching 99.19%. After full-wave simulations, the
designed MS1 was fabricated using the standard thin-film
deposition, electron beam lithography, and lift-off techniques
(see the Methods section for details). The scanning electron
microscopy (SEM) image of MSI is shown in Figure 2b,
whose overall size is around 20 X 20 um’. Generally, the
fabricated sample well replicates the designed meta-atoms in
terms of shapes and dimensions despite the surface roughness
and rounded corners. After fabrication, the sample was
characterized using a custom-built optical setup shown in
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Figure 4. (a) Schematic of the GSP gradient MS3 composed of identical meta-atoms with different rotation angles for steering of co- and
cross-polarized CP waves to 0 and +1 diffraction orders. (b) SEM image of the fabricated MS3. The inset shows the layout of one MS3
supercell composed of identical meta-atoms with different rotation angles. (c) Simulated (solid lines) and experimental (markers) diffraction
efficiencies of different orders as a function of wavelength for RCP incident light. The inset shows the optical image of the diffraction spots
at the wavelength of 850 nm. (d) Simulated (dark cyan/magenta solid line) and experimental (dark cyan/magenta star markers) polarization
state diagrams of the steered beams within 0 and +1 diffraction orders for RCP incident light at the wavelength of 850 nm.

Figure S4. From the optical image of the diffraction spots in
the inset of Figure 2c, we could see that almost all the incident
light has been reflected into +1 diffraction order, demonstrat-
ing the excellent capability of beam steering. The performance
of our fabricated MS1 was further measured by determining
the corresponding diffraction efficiency in each order. As
displayed in Figure 2c, in general, the simulated and
experimental diffraction efficiencies coincide fairly well.
Specifically, the total reflectivity is close to 50% and the
diffraction efficiency of +1 order is ~40% at A = 850 nm under
RCP incident light in the experiment. The measured (dark
cyan star markers) reflectance as a function of the orientation
of the analyzer in front of the CCD camera for +1 diffraction
order under RCP excitation also presents great consistency
with the simulation result at the design wavelength of 850 nm,
as shown in Figure 2d. In particular, the measured DoLP is
99.42%. Meanwhile, the MS1 enables efficient circular-to-linear
polarization conversion and beam steering in a broadband
spectrum ranging from 800 to 900 nm (Figure SS). Once the
incident light is switched to LCP, an LP beam with the AoLP
of —22.5° is generated and routed to +1 diffraction order
(Figure S6).

In addition to producing a single LP beam in the desired
direction under a CP excitation, it is interesting to
simultaneously generate more LP beams with different
AoLPs in spatially separated channels. Therefore, we design
a second GSP metasurface (MS2) capable of converting the
incident CP beam into two LP beams with orthogonal linear
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polarization states in the opposite directions (Figure 3a) by
interweaving two metasurface subsupercells along the y-
direction, where nano-QWPs are rotated by 45° or 135°
along the counterclockwise direction in the first and second
rows, respectively (Figure 3b). In particular, MS2 can convert
the RCP incident beam into x- and y-polarized waves into
respective +1 diffraction orders. Once the incident light is
switched to LCP, the reflected beams within +1 diffraction
orders become y- and x-polarized. The calculated diffraction
efficiencies of MS2 as a function of wavelength for RCP
incident light are shown in Figure 3¢, which indicate a
broadband response from 800 to 900 nm. Compared with
MS1, the zero-order diffraction slightly increases, which may
be ascribed to the enlarged periodicity of 2A = 800 nm
between identical subsupercells along the y-direction, leaving
away from the criterion of true subwavelength separation and
thus degrading the performance of individual metasurfaces.
Despite the disturbance, the desired reflectivities within +1
diffraction orders are both ~20% with the zero-order
diffraction efficiency below 5% at the design wavelength of
850 nm. Analogously, we fabricated and characterized the
sample MS2 using the same processes. Figure 3b shows the
SEM image of the fabricated sample MS2 whose overall size is
also about 20 X 20 um’. From the optical image of the
diffraction spots in Figure 3¢, we could observe that most of
the energy has been reflected to +1 diffraction orders,
manifesting the desired beam steering capability at the design
wavelength of 850 nm. Additionally, there is a reasonable
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Figure S. (a) Schematic of the GSP gradient MS4 composed of meta-atoms with different dimensions and rotation angles for steering of co-
and cross-polarized CP waves to —1 and +1 diffraction orders. (b) SEM image of the fabricated MS4. The inset shows the layout of one MS4
supercell composed of meta-atoms with different dimensions and rotation angles. (c) Simulated (solid lines) and experimental (markers)
diffraction efficiencies of different orders as a function of wavelength for RCP incident light. The inset shows the optical image of the
diffraction spots at the wavelength of 850 nm. (d) Simulated (dark cyan/violet solid line) and experimental (dark cyan/violet star markers)
polarization state diagrams of the steered beam within —1 and +1 diffraction orders for RCP incident light at the wavelength of 850 nm.

agreement between the simulated and experimental efficiencies
of different orders at A = 850 nm (simulation: ~3.00%,
~18.20% and ~23.70% for the diffraction orders of m = 0 and
+1, respectively; experiment: ~ 2.90%, ~13.60% and ~22.00%
for the diffraction orders of m = 0 and +1, respectively).
Moreover, the similar simulated (dark cyan/violet solid line)
and experimental (dark cyan/violet star markers) polarization
state diagram as a function of the orientation of the analyzer
under RCP excitation at the design wavelength of 850 nm
could be observed in Figure 3d. Importantly, the measured
DoLPs are as high as 99.54% and 99.36% for the diffraction
orders of m = + 1. The MS2 sample also exhibits reasonably
good performance at other wavelengths and the measurements
only show tiny inconsistency with simulations (Figure S7), a
feature that we attribute to imperfections in the manufactured
metasurface and some deviation during the measurement
process. Similarly, the MS2 sample could operate equally well
in the case of LCP incidence (Figure S8).

Gradient Metasurfaces for Independent Beam Steer-
ing of Co- and Cross-Polarized CP Waves. As shown in eq
4, the designed nano-QWPs enable simultaneous and
independent phase modulation of co- and cross-polarized
reflected waves in the circular polarization basis by employing
the resonance and geometric phases at the same time.
Specifically, the copolarized output channel gains a phase
term of ¢, = ¢, + 7/4 imposed by the dimension-varied
meta-atoms while the cross-polarized counterpart carries a
phase shift of ¢, = @, — 7/4—26 determined by the

18537

dimensions and orientations of meta-atoms for the RCP
incident light. Since the selected meta-atoms function as nano-
QWPs, the co- and cross-polarized channels share equal output
energy. To validate the versatility and capability of
independent beam steering in two orthogonal CP channels,
we now design two gradient metasurfaces (MS3 and MS4) that
can steer the reflected CP beams into spatially separated
channels. As such, the corresponding phase gradients that
allow to steer CP output channels are

i, _AweN+5) ag
Heo _ = =m 2T
dx Ox N-A “ Age (6)
dg, 0(%(% y) =5 = 20, y)) Ag, — 2-A0
dx Ox B N-A
2
= mCl‘OSS‘
Ase 7

where (x, y) is the rotated angle of each meta-atom, A6 is the
relative angle between two differently sized meta-atoms, m,,
and M, represent the respective diffraction orders for co- and
cross-polarized reflection fields, respectively. For MS3, it will
reflect RCP incident light to copolarized (RCP) and cross-
polarized (LCP) channels toward the 0 and +1 diffraction
orders, respectively, as shown in Figure 4a. By substituting m,,
= 0, M = 1, and N = 2 into the above equations, we get the
solutions of A@,, = 0 and A8 = —xz/4 with a metasurface
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supercell composed of 8 elements. Therefore, we only need to
choose one nano-QWP from our meta-atom library and rotate
each meta-atom accordingly to fulfill the geometric phase
requirements. Considering the reflection efficiency, meta-atom
No.4 is selected and distributed to make a supercell, where
meta-atoms are rotated with angles 6(x, y) of —45°, —45°,
—90°, —90°, —135°, —135°, —180°, and —180°, respectively
(Figure 4b). Such a design could be constructed by
sequentially placing the 8 elements with a center-to-center
distance of A = 400 nm and subsequently decrease the first-
order diffraction angle to 15.4°. As expected, almost all the
incident RCP light is reflected into 0 and +1 diffraction orders
and —1 diffraction order is strongly suppressed (approaching
0) in a wider spectrum range from 750 to 950 nm (Figure 4c),
which is ascribed to the broadband nature of the geometric
phase. Compared with MS1 and MS2, MS3 features a higher
total reflectivity since only one highly efficient nano-QWP is
involved. At the design wavelength of 850 nm, the reflected
electric fields at two orthogonal CP states assemble well-
defined wavefronts (Figure S9a,c). Based on the same setup,
the diffraction efficiency of each order can be resolved in the
investigated spectrum range. Overall, reasonable agreement is
observed between the measured and calculated diffraction
efficiencies, verifying the broadband beam steering for both co-
and cross-polarized CP light. Specifically, the measured
diffraction efficiencies of 0 and +1 orders are ~37% and
~32%, respectively, at the design wavelength of 850 nm, which
is clearly seen from the optical image of two bright diffraction
spots in Figure 4c. After validating the capability of steering CP
waves in two spatially separated channels, it is important to
verify their polarization states. As such, we plot the simulated
(dark cyan/magenta solid line) and experimental (dark cyan/
magenta star markers) polarization state diagram as a function
of the orientation of the analyzer for 0 and +1 diffraction
orders at A = 850 nm in Figure 4d. In general, the measured
polarization diagrams well assemble circular shapes with the
degrees of circular polarization (DoCPs) above 93.70% and
—92.40% for the diffraction orders of m = 0 and 1, respectively,
which are consistent with the simulated values of 99.60% and
—99.30%. More simulated and experimental results at other
incident wavelengths under RCP excitation are shown in
Figure S9b,d.

As a more general case, MS4 can steer the reflected co- and
cross-polarized CP waves into —1 and +1 diffraction orders,
respectively (Figure Sa). Thus, we substitute m., = —1, #1 =
1, and N = 2 into eqs 6 and (7) and select four nano-QWPs
with different dimensions and rotation angles to form an 8-
element supercell, which provides resonance and geometric
phases simultaneously. As shown in the inset of Figure Sb, the
8 elements are distributed in a certain order (i.e., meta-atoms
No.1, No.1, No.4, No.4, No.3, No.3, No.2, and No.2) and the
corresponding rotation angles O(x, y) are —15°, —15°, 75°,
75° 165°, 165° 255°, and 255°, respectively. Illuminating
MS4 with an RCP wave at normal incidence, we measured
diffraction efficiencies of orders Iml| < 1, as shown in Figure Sc.
In general, reasonable agreement is observed between the
measured and calculated diffraction efficiencies, verifying the
desired steering capability, albeit with some discrepancies
regarding the zero-order diffraction, particularly at short
wavelengths. Compared with MS3 composed of spatially
oriented identical meta-atoms to supply geometric phase, MS4
can only work in a narrower bandwidth since more meta-atoms
are involved and each meta-atom has its individual operating

bandwidth. At the design wavelength of 850 nm, the
experimental diffraction efficiencies for —1 and +1 orders are
found to be ~32.00% and ~23.50%, respectively (Figure Sc).
In addition, the simulated (dark cyan/violet solid line) and
experimental (dark cyan/violet star markers) polarization state
diagrams are in good agreement with each other at 4 = 850 nm,
as shown in Figure Sd. Quantitatively, the measured DoCPs
are around 90.30% and —92.00%, indicating that co- and cross-
polarized CP waves have been successfully steered into —1 and
+1 diffraction orders, respectively. As expected, the reflected
electric fields at two orthogonal CP states exhibit tilted planar
wavefronts (Figure S10a,c). The simulated and experimental
results at wavelengths of 800 and 900 nm under RCP incident
light could be seen in Figure S10b,d, validating the broadband
nature of the implemented MS4.

CONCLUSIONS

In this paper, we have demonstrated a set of GSP nano-QWPs
for efficient circular-to-linear polarization conversion along
with the complete phase control over reflected fields. Based on
the nano-QWP design, we have achieved independent and
simultaneous phase modulation of both co- and cross-polarized
CP waves under CP excitations by realizing arbitrary beam
steering of co- and cross-polarized CP channels in the
broadband near-infrared range. Specifically, we experimentally
demonstrated two GSP gradient metasurfaces (MS1 and MS2)
that employ only the resonance phase for efficient circular-to-
linear polarization conversion and beam steering of two CP
channels in the same direction. In addition, independent beam
steering of co- and cross-polarized CP channels in separated
channels has been further implemented with MS3 and MS4
that utilize the geometric phase modulation. As an additional
comment, we want to emphasize that the efliciencies of
considered metasurfaces could further be enhanced by
employing differently wide nano-QWPs allowing for larger
reflection amplitudes (Figure S2b) and/or using single-
crystalline Au with lower absorption in the metasurface
fabrication to reduce the metasurface damping (Figure S11).
Finally, we would like to emphasize that the designed four GSP
metasurfaces operate equally well in the case of the LP
excitation (Table S4), which could further enrich the
applications. The proposed versatile GSP nano-QWP platform
established here strengthens the practical applications of
multifunctional integrated metasurfaces with simultaneous
phase and polarization manipulation, which can be combined
with amplitude manipulation to further extend the information
capacity.45’46

METHODS

Fabrication. All the samples were fabricated by employing the
standard thin-film deposition, electron-beam lithography, and lift-off
techniques. First, a 3 nm Ti layer, a 100 nm Au layer, and a 1 nm Ti
layer were deposited onto a silicon substrate through thermal
evaporation successively. Then, a 100 nm SiO, spacer layer was
deposited with RF-sputtering. Next, a 100 nm PMMA (2% in anisole,
Micro Chem) layer was spin-coated on the SiO, layer, baked at 180
°C for 2 min, and exposed at an acceleration voltage of 30 keV to
define the patterns. After exposure, the wafer was developed in the
solution of methyl isobutyl ketone (MIBK) and isopropyl alcohol
(IPA) of MIBK: IPA = 1:3 for 35 s followed by 60 s in an IPA bath.
After development, a 1 nm Ti adhesion layer and a 40 nm Au layer
were deposited subsequently using thermal evaporation. Finally, top
Au nanocross antennas were formed after a lift-off process.
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Dimensions and reflection coefficients of the selected 4 meta-atoms

The dimensions of the 4 meta-atoms that function as nanoscale quarter-wave plates (nano-QWPs)
and provide effective phase modulation of the reflected fields are presented in Table S1. In addition,
the calculated phases and amplitudes of these 4 meta-atoms are also shown in Table S1, respectively.
Due to the uneven amplitudes, the performance of beam steering will be affected, resulting in

decreased efficiency and increased unwanted diffraction orders.

Table S1. Dimensions and reflection coefficients of the selected 4 meta-atoms.

No. of the meta-atom Lynm |  Lynm | pw/deg | Ap/deg | |rl
1 92 141 45.1 89.7 0.97
2 144 167 135.4 90.0 0.76
3 164 245 224.8 90.1 0.71
4 249 82 315.2 89.7 0.92




Influence of the width of meta-atoms on the performance

If the width w of the meta-atom is decreased from 50 to 30 nm, the reflection amplitude decreases
while the available resonance phase of nano-QWPs (i.e., pxx) becomes larger, covering a wide range
of > 315° (Figure Sla). Therefore, 8 meta-atoms that function as nano-QWPs providing the
appropriate phase modulation of the reflected fields can be identified (Table S2). At the same time,
elements No.4, No.5, and No.6 exhibit relatively low reflection amplitudes (< 60%), thereby seriously
decreasing the efficiency of the phase gradient metasurface (Figure S2a). Specifically, the total
reflectivity is decreased from 48% to 36% at the designed wavelength of 850 nm, and the unwanted
0-order diffraction becomes significant. In addition, the dimensions of these nano-QWPs are too close
to be realistically fabricated with an acceptable accuracy. When the width w is increased to 70 nm,
the reflection amplitude is increased, although at the expense of a rather limited phase coverage of
only ~ 180°, as shown in Figure S1b. Nevertheless, the selected 2 nano-QWPs with the width of 70
nm (Table S3) can be used to replace the low-amplitude elements shown in Table S1. For instance,
if the original element No.2 providing the reflection phase of 135° is replaced with the new element

No.2 (w="70 nm, Lx =152 nm, and Ly =183 nm), the total reflectivity is increased by 5% (Figure S2b).
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Figure S1. Calculated reflection coefficient as a function of the dimensions at the design wavelength
of 850 nm for x-polarization with the width of a) 30 and b) 70 nm. The color map shows the reflection
amplitude |7y, |, while the blue dashed lines are contours of the reflection phase gxx with a step of 90°

and black solid lines indicate the meta-atoms with the phase difference Ap = @,y — @y equal to 90°.

The other geometrical parameters are the same as those in Figure 1.



Table S2. Dimensions and reflection coefficients of the selected 8 meta-atoms with w = 30 nm.

No. of the meta-atom Lx/nm Lynm | px/deg | Ag/deg [Tex|
1 33 116 28.47 89.50 0.98
2 115 132 73.52 90.68 0.86
3 126 137 118.52 89.20 0.69
4 133 145 163.57 90.58 0.54
5 139 157 208.46 90.10 0.52
6 145 362 25343 89.83 0.57
7 154 52 298.41 90.17 0.76
8 284 114 343.52 89.97 0.94

Table S3. Dimensions and reflection coefficients of the selected 2 meta-atoms with w = 70 nm.

No. of the meta-atom Lx/nm Ly/nm | px/deg | Ag/deg [Tex|
1 83 146 44.96 90.22 0.97
2 152 183 134.57 90.69 0.86
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Figure S2. Simulated diffraction efficiencies of the GSP gradient MSI for circular-to-linear
polarization conversion and beam steering as a function of wavelength for RCP incident light. In a),
the MS1 supercell is composed of 8 elements with w = 30 nm selected from Table S2. In b), the
original element No.2 (w = 50 nm, Lx = 144 nm, and Ly = 167 nm) that provides the phase of 135° is
replaced with the new element No.2 (w = 70 nm, Lx = 152 nm, and Ly = 183 nm) while the other 3
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The simulated performance of nano-QWPs with different orientations

Figure S3 shows the simulated degree of linear polarization (DoLP) and angle of linear polarization
(AoLP) of the four designed nano-QWPs as a function of the rotation angle of 8 with respect to the
x-axis under RCP incident light at the wavelength of 850 nm. With the rotation angle 6 changed from
0° to 90°, the DoLPs stay around 0.99 and AoLPs follow the linear distribution of 8 + 45°, which is
consistent with the theoretical predictions in all cases. Therefore, our designed four meta-atoms are

not affected by the near-field coupling between adjacent cells with respect to the nano-QWP rotation,

continuing to function as excellent nano-QWPs.
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Figure S3. Calculated DoLPs and AoLPs the four designed nano-QWPs as a function of the rotation
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The custom-built optical setup

In order to experimentally test and verify the performance of our fabricated metasurfaces, the
prepared samples are characterized using a custom-built optical setup shown in Figure S4. The fiber-
collimated near-infrared light from a tunable Ti: Sapphire laser (Laser, Spectra-Physics, Model
39008) first passes through a half-wave plate (HWP, Thorlabs, AHWP05M-980) and an attenuator
(Thorlabs, NEO1B) to adjust the intensity of the output light. Then the output light passes through a
linear polarizer (LP1, Thorlabs, LPNIR050-MP2) and a quarter-wave plate (QWP, Thorlabs,
AQWPI0M-980) to generate a left-handed circularly polarized (LCP) or right-handed circularly
polarized (RCP) beam. Then the circularly polarized (CP) beam passes through one silver mirror
(Mirror, Thorlabs, PF10-03-P01) and 2 beam splitters (BS1 and BS2, Thorlabs, CM1-BS014) which
could adjust the direction of the beam propagation and compensate for the actual phase retardance
caused by one single beam splitter. Then the CP beam is slightly focused on the sample with a spot
size smaller than the sample area by a long working distance objective (Obj, Mitutoyo, M Plan Apo,
20%/0.42 NA). The reflected signal collected by the same objective passes through BS2, a tube lens
(TL, Thorlabs, TTL200-S8, =200 mm) and then an iris (Thorlabs, ID12Z/M) that located at the first
direct image plane to select a specific area of interest in the sample. The filtered first direct image is
then imaged again by another relay lens (RL, Thorlabs, AC254-100-B-ML, f'= 100 mm) onto one
charge-coupled device (CCD1, Thorlabs, DCC1545M-GL). Note that another same CCD camera
(CCD2) could be mounted at different positions to get Fourier images, and linear polarizer (LP2,
Thorlabs, LPN1R050-MP2) is mounted between CCD2 and RL for polarization-resolved
measurement. The efficiencies and polarization properties of the reflected light are measured on the

Fourier plane, at which different diffraction orders are well separated in space.

Laser HWP Attenuator QWP Mirror

e

j—

CCD1 CCD2 LP2 RL Iris TL BS2 Obj Sample

Figure S4. Schematic of the experimental setup for characterizing metasurfaces.



Supplementary simulation and experimental data for MS1

Under RCP incident light, the simulated (dark cyan solid line) and measured (dark cyan star markers)
polarization state diagrams as a function of the orientation of the analyzer for +1 diffraction order at
wavelengths of 800 and 900 nm are shown in Figure S5, which are in good agreement with each other.
The measured degrees of linear polarization (DoLPs) are 99.56% and 99.16% at wavelengths of 800
and 900 nm, respectively, consistent with the DoLPs of 99.27% and 99.82% in the simulation.
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Figure S5. Simulated (dark cyan solid line) and experimental (dark cyan star markers) polarization
state diagrams of the steered beam within +1 diffraction order for RCP incident light at wavelengths

of'a) 800 nm and b) 900 nm.

Under LCP incident light, we include related simulations and measurements in Figure S6. Figure S6a
compares the simulated (four colorful solid lines) and measured (colorful markers) diffraction
efficiencies of different diffraction orders from m = —1 to +1 as a function of wavelength. In general,
the simulated and measured diffraction efficiencies coincide fairly well. At the design wavelength of
850 nm, almost all the incident energy has been reflected to +1 diffraction order, demonstrate the
excellent capability of steering. Quantitatively, the total measured reflected efficiency is 47.60%
(simulated value is 50.20%) and the +1-order diffraction efficiency is 36.50% (simulated value is
40.00%) at A = 850 nm. As shown in Figure S6b-S6d, there is a reasonable agreement between the
measured and simulated efficiencies at different diffraction orders: the measured DoLPs (orange star
markers) are 99.15%, 99.70%, and 99.71% at wavelengths of 800, 850, and 900 nm, respectively,
and the simulated DoLPs (orange solid lines) are 99.82%, 99.13% and 99.36% at wavelengths of 800,
850, and 900 nm, respectively.
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Figure S6. a) Simulated (solid lines) and experimental (markers) diffraction efficiencies of different
orders as a function of wavelength for LCP incident light. The inset shows the optical image of the
diffraction spots at the wavelength of 850 nm. Simulated (orange solid line) and measured (orange
star markers) polarization state diagrams of the steered beam within +1 diffraction order for LCP

incident light at wavelengths of b) 800 nm, ¢) 850 nm and d) 900 nm.



Supplementary simulation and experimental data for MS2
The simulated (dark cyan/violet solid line) and measured (dark cyan/violet star markers) polarization

state diagrams as a function of the orientation of the analyzer for +1 diffraction order at wavelengths

of 800 and 900 nm under RCP excitation are shown in Figure S7. From Figure S7, it is clear that
there is a good agreement between the simulated and measured DoLPs for different diffraction orders.
At 4 = 800 nm, the measured (simulated) DoLPs are 99.45% (99.19%) and 99.52% (99.32%) for
diffraction orders of m = £1, respectively. At 1 =900 nm, the measured (simulated) DoLPs are 99.40%
(99.50%) and 99.10% (99.52%) for diffraction orders of m = +1, respectively.
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Figure S7. Simulated (dark cyan/violet solid line) and experimental (dark cyan/violet star markers)
polarization state diagrams of the steered beams within £1 diffraction orders for RCP incident light

at wavelengths of a) 800 nm and b) 900 nm.

Under LCP incident light, the simulated (four colorful solid lines) and measured (colorful markers)
diffraction efficiencies are well-matched with each other in Figure S8a. In particular, the diffraction
efficiency of +1 order is 20.80% (simulated value is 23.00%) and the diffraction efficiency of —1
order is 17.00% (simulated value is 19.30%) at A = 850 nm. As shown in Figure S8b-S8d, there is a
reasonable agreement between the measured and simulated efficiencies at different diffraction orders:
the measured DoLPs (orange/purple star markers) are 99.06%, 99.30%, and 99.26% for the +1
diffraction order and 99.10%, 99.61%, and 99.31% for the —1 diffraction order at wavelengths of 800,
850, and 900 nm, respectively; the simulated DoLPs (orange/purple solid line) are 99.73%, 99.65%,
and 99.44% for the +1 diffraction order and 99.62%, 99.35%, and 99.41% for the —1 diffraction order
at wavelengths of 800, 850, and 900 nm, respectively.
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Figure S8. a) Simulated (solid lines) and experimental (markers) diffraction efficiencies of different
orders as a function of wavelength for LCP incident light. The inset shows the optical image of the
diffraction spots at the wavelength of 850 nm. Simulated (orange/purple solid line) and measured

(orange/purple star markers) polarization state diagrams of the steered beams within +1 diffraction
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orders for LCP incident light at wavelengths of b) 800, ¢) 850, and d) 900 nm.



Supplementary simulation and experimental data for MS3

To show the capability of steering co- and cross-polarized CP channels, we plot the electric field
distributions of the reflection light for diffraction orders of m = 0 (Figure S9a) and 1 (Figure S9c) at
the design wavelength of 850 nm for RCP incident light, which indicate the well-defined wavefronts.
Figure S9b and S9d display the simulated (dark cyan/ magenta solid line) and experimental (dark
cyan/ magenta star markers) polarization state diagrams as a function of the orientation of the analyzer
at 4 = 800 and 900 nm, manifesting reasonable agreements. Specifically, the measured degrees of
circular polarization (DoCPs) (dark cyan/ magenta star markers) are 90.60% and 91.10% for 0
diffraction order and —93.40% and —90.70% for +1 diffraction order at wavelengths of 800 and 900
nm, respectively, which are a little lower than the simulated values (dark cyan/ magenta solid line) of
99.35% and 99.41% for 0 diffraction order and —99.44% and —99.65% for +1 diffraction order at 4 =
800 and 900 nm, respectively.

b RCP_Incident, =800 nm ———Sim. (m=1)
90 % Exp.(m=1)
0.5 60 = Sim. (m=0)

¥ Exp.(m=0)

270
RCP_Incident, 2= 900 nm —— Sim. (m=1)
920 % Exp.(m=1)
60 =—Sim.(m=0)
% Exp.(m=0)

270

Figure S9. Electric field distributions of the reflection light for diffraction orders of a) m = 0 and ¢)
m = 1 of MS3 at the design wavelength of 850 nm under RCP excitation. Simulated (dark
cyan/magenta solid line) and experimental (dark cyan/magenta star markers) polarization state
diagrams as a function of the orientation of the analyzer for RCP incident light at wavelengths of b)

800 and d) 900 nm.



Supplementary simulation and experimental data for MS4

For MS4, we also plot the electric field distributions of the reflection light for diffraction orders of m
=—1 and 1 at 4 = 850 nm under RCP excitation, where the well-defined titled planar wavefronts can
be clearly seen (Figure S10a and S10c). To verify the polarization state, the simulated (dark
cyan/violet solid line) and experimental (dark cyan/violet star markers) polarization polar diagram as
a function of the orientation of the analyzer at wavelengths of 800 and 900 nm are shown in Figure
S10b and S10d, respectively. Generally, there is a reasonable agreement between the measured and
simulated efficiencies at different diffraction orders, albeit with some discrepancies regarding the
DoCPs. The measured DoCPs (dark cyan/ violet star markers) are 90.24% and 92.40% for —1
diffraction order and —90.10% and —89.30% for +1 diffraction order at A = 800 and 900 nm,
respectively, while the simulated DoCPs (dark cyan/ violet solid line) are 99.66% and 99.89% for —1
diffraction order and —99.60% and —99.65% for +1 diffraction order at wavelengths of 800 and 900

nm, respectively.
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Figure S10. Electric field distributions of the reflection light for diffraction orders of a) m = 0 and ¢)
m = 1 of MS4 at the design wavelength of 850 nm under RCP excitation. Simulated (dark
cyan/magenta solid line) and experimental (dark cyan/magenta star markers) polarization state

diagrams as a function of the orientation of the analyzer for RCP incident light at wavelengths of b)

800 and d) 900 nm.



Calculated diffraction efficiencies for MS2 with the damping rate of bulk gold
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Figure S11. Simulated diffraction efficiencies of different orders as a function of wavelength for

MS2 under the RCP excitation. The damping rate of Au meta-atoms is the same as that of bulk gold.



Performance of designed metasurfaces under linearly polarized incidence
Table S4 summaries the polarization states of reflected light within different diffraction orders for the
designed four metasurfaces (MS1 to MS4) under a linearly polarized (LP) excitation at the designed

wave length of 850 nm.

Table S4. Performance of designed metasurfaces under linearly polarized incidence

Input (LP, AoLP) | Output (m=-1) | Output (m=0) | Output (m=1)
67.5° RCP
MS1 x X ¢
—22.5° LCP
0° LCP RCP
MS2 x
90° RCP LCP
0° RCP LP (0°
MS3 (0°) LCP
90° RCP LP (0°) LCP
OO LP o [¢]
MS4 (0°) y LP (30°)
90° LP (90°) LP (120°)
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