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We design, fabricate, and experimentally demonstrate an ultrathin, broadband half-wave plate in the near-infrared range using a plasmonic metasurface.
The simulated results show that the linear polarization conversion efficiency is over 97% with over 90% reflectance across an 800 nm bandwidth. Moreover,
simulated and experimental results indicate that such broadband and high-efficiency performance is also sustained over a wide range of incident angles. To
further obtain a background-free half-wave plate, we arrange such a plate as a periodic array of integrated supercells made of several plasmonic antennas
with high linear polarization conversion efficiency, consequently achieving a reflection-phase gradient for the cross-polarized beam. In this design, the
anomalous (cross-polarized) and the normal (copolarized) reflected beams become spatially separated, hence enabling highly efficient and robust,

background-free polarization conversion along with broadband operation. Qur results provide strategies for creating compact, integrated, and high-

performance plasmonic circuits and devices.
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olarization is an important character-

istic of light. The capability of control-

ling and manipulating the polarization
states of light is of vital importance in
a variety of consumer products, science,
and high-tech applications. Conventional
methods to modulate polarizations utilize
birefringence in crystals, which causes phase
retardation between the two orthogonally
polarized wave components. In this way,
the polarization change is gradually accu-
mulated during light propagation; thus
the resulting optical components usually
suffer from specific thickness limitations
and bulky configurations, which goes against
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the general trend of integration and minia-
turization in photonics.

Recently, metasurfaces—the two-dimen-
sional (2D) version of metamaterials—have
been gaining increasing attention due
to their remarkable abilities in light manip-
ulation, versatility, ease of on-chip fab-
rication, and integration owing to their
planar profiles."? Many exotic phenomena
and useful flat optical devices have been
demonstrated, such as anomalous reflection/
refraction,> 7 surface wave coupling,® '° pla-
nar focusing lenses,"' =" and high-resolution
optical holograms.'*~'® In general, metasur-
faces can release our dependence on the
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Figure 1. Geometry and working performance of our half-wave plate. (a) Schematic of the broadband plasmonic half-wave
plate with dimensions p =600 nm, /; =390 nm, /; = 165 nm, t,,, =80 nm, t; = 110 nm, and d = 150 nm. (b) Simulated reflection for
the copolarized and cross-polarized light at normal incidence. (c) Simulated polarization conversion efficiency at normal

incidence. The incident light is x-polarized.

propagation effect by introducing abrupt phase
shifts with arrays of optical resonators, allowing spatial
control over the phase of light, which can serve as
ultrathin optical components for optical integration
with significant advances over the current available
technology.

Optical wave plates, one of the most important
optical components, have attracted constant atten-
tion, where various metamaterials- or metasurfaces-
based wave plates have been successfully investigated
and demonstrated,'”~2° thus providing unprecedented
opportunities to manipulate the polarization states
of light along a subwavelength optical path. In spite of
the success already achieved, there are still several
issues that need to be solved. For example, in some
of the designs with a single-resonator array, the phase
retardation is realized by plasmonic resonance, resulting
in a narrow operation band.'””~'° Detuning the plasmo-
nic resonator away from their resonant wavelengths
is a good approach to realize broadband polarization
conversion.”*2* Additionally, dispersion-free meta-
structures are used to broaden the operational band-
width.2>% Another important issue is the extremely low
polarization conversion efficiency of plasmonic meta-
surfaces, coming from the weak coupling between the
incident and cross-polarized fields3* To increase the
efficiency, it has been proposed to combine the electric

DING ET AL.

(symmetric mode) and magnetic (asymmetric mode)
plasmonic resonances. For instance, by combining a top
metallic resonator array with a ground metal plane, a
broadband terahertz half-wave plate with an efficiency
of up to 80% between 0.8 and 1.36 THz has been
successfully realized.?® Furthermore, by replacing the
metallic resonators with high-refractive-index silicon
structures in combination with a silver ground plane,
a dielectric meta-reflectarray-based half-wave plate
with near-unity reflectance and over 98% polarization
conversion efficiency has been experimentally demon-
strated with a bandwidth of about 200 nm.>* However,
the bandwidth of the response is sharply reduced with
increased incident angles, limiting the practical applica-
tions of the design.?* Their performance?* also comes at
a price of a substantially thicker device in comparison
to a typical plasmonic metasurface.

Here we demonstrate an ultrathin, broadband half-
wave plate in the near-infrared range using a plasmo-
nic metasurface. Our numerical simulations and optical
characterization results show that the polarization
conversion efficiency is over 95% with over 90% reflec-
tance across an 800 nm bandwidth. Moreover, both
simulated and experimental results indicate that this
broadband and high-efficiency performance is sup-
ported over a wide range of incident angles. By integrat-
ing several plasmonic antennas with distinct geometries
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Figure 2. Optical characterization of the plasmonic half-wave plate. (a) SEM image of part of the fabricated sample (scale bar
5 um). Local magnification is shown in the inset (scale bar 500 nm). (b) Experimental setup for the reflection measurement.
(c) Measured (left panel) and simulated (right panel) normalized cross-polarized reflection for various incident angles.
(d) Measured and simulated polarization conversion efficiency for various incident angles. The titanium (Ti) adhesion layers
between the Au—SiO, interfaces are taken into consideration in the simulations. The incident light is x-polarized.

in a supercell, which can create a linear phase shift of
the reflected cross-polarized light covering a 27 range,
a broadband, high-efficient, and background-free half-
wave plate has been experimentally realized as a
periodic array of the integrated supercells.

RESULTS AND DISCUSSION

The schematic of the broadband half-wave plate
is depicted in Figure 1a; the plate is composed of a
periodic gold (Au) brick-shape nanoantenna array and
a continuous Au film, separated by a silicon dioxide
(SiO,) dielectric layer. The topmost brick nanoantennas
are aligned along their largest dimension (u-axis in
Figure 1a), rotated counterclockwise by 45° with re-
spect to the x-direction, and periodically distributed
in both the x- and y-directions with a pitch of 600 nm.
The other parameters of the brick nanoantenna are
t,, =80 nm, /; =390 nm, |, = 165 nm. The thickness of
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the middle SiO, spacer layer is optimized (for the
broadband and high-efficiency performance) to be
110 nm, and the bottom Au layer has a thickness of
150 nm. The optimal SiO, thickness is determined
through a parameter sweep using simulations, and
further discussion can be found in the Supporting
Information, Section 1 and Figure S1.

The single-layer metasurfaces of V-shaped antennas
allow for both transmission and reflection operation
modes,>* but their polarization conversion is some-
what limited. To improve the efficiency of polarization
conversion, here we limit our design to operation in
reflection mode by coupling the Au ground plane to
the top brick resonators, therefore employing hybrid
plasmonic modes.

We implement three-dimensional (3D) full-wave
simulations using the finite element method (FEM)
to verify the performance of the broadband half-wave
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plate. In the simulation, the SiO, spacer is taken as a
lossless dielectric with a constant refractive index of
1.45.The permittivity of Au in the near-infrared range is
described by the Drude model with plasma frequency
wp =137 x 10'° s~ and damping frequency wy =
1.224 x 10" 57", which has taken the surface rough-
ness and grain boundary effects into considera-
tion.”?® Periodic boundary conditions are used in
the x- and y-directions, and a plane wave is incident
downward on the structure with the electric field
polarized along the x-direction (or y-direction) as the
excitation source. Figure 1b clearly indicates that the
incident light is converted into its cross-polarized
reflected light (R,), and the intensity of the copolarized
reflection (R.,) is almost zero in the wavelength range
from 800 to 1600 nm. The polarization conversion
rate (PCR), defined as PCR = R./(Res + Rco), is shown
in Figure 1c, which remains above 95% from 805 to
1672 nm. The relative bandwidth of the half-wave
plate, defined as WB = 2 x (4 — A5)/(4| + As), where 4,
and A are the long and short limits of a wavelength
range with PCR above 95%, respectively, reaches
about 70%.

To experimentally validate the broadband linear
polarization conversion, the plasmonic half-wave plate
was fabricated using standard electron beam lithogra-
phy (EBL) and a lift-off process. Figure 2a displays
a scanning electron microscope (SEM) image of the
fabricated sample. The overall lateral size of the sample
is about 1 mm x 1 mm, which consists of 1667 x
1667 unit cells. Details of the fabrication process are
given in the Methods section. The reflection spectra
were measured using a variable-angle spectroscopic
ellipsometer (J. A. Woollam Co., V-VASE) equipped with
polarizers (see Methods). Figure 2b shows a schematic
experimental setup for the reflection measurements.
Due to the limitation of our ellipsometer setup,
we were able to measure only the angle range with
6; + 6, > 36° for which the receiver and emitter are
well separated, with 6; and 6, being the incident and
reflection angles, respectively.

The reflection and PCR are measured and calculated
for three different incident angles 6; and compared
with the simulation results. Figure 2c and d confirm
that the broadband and high-efficiency performance
is sustained over a wide incident angle range, in
contrast to the previously reported dielectric metal—
reflectarray polarization converter, which appears to
be very sensitive to the angle of incidence (when the
incident angle is above 10°, the performance of polari-
zation conversion is severely degraded).?* The experi-
mental data are in reasonable agreement with the
simulated spectra considering the imperfection in
the fabricating process. The discrepancy in the reflec-
tion amplitude may be ascribed to the imperfections
and surface roughness of the topmost nanoantennas,
resulting in additional scattering and absorption.
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Figure 3. (a) Amplitude of the reflection coefficient (|S;,])
for the incident light polarized along the u (red dashed
curve) and v (blue solid curve) axes. Inset shows that the
x-polarized incident light (E;) can be divided into two
perpendicular components (E,; and E,;). (b) Reflection phase
for the incident light polarized along the u (red dashed
curve) and v (blue solid curve) axes and the corresponding
relative phase difference (black solid curve).

At oblique incidence, several guided modes with high
Q-factor at short wavelengths are excited, and the
bandwidth of polarization conversion is reduced.

To understand the underlying mechanism of broad-
band linear polarization conversion, we take the
x-polarized incident light (E) as an example and de-
compose it into two perpendicular components
(Ey and E,) to study the corresponding reflection
response. The simulated amplitude and phase of the
reflection are shown in Figure 3. When the incident
electric field is linearly polarized only in the x-direction
(or y-direction), the rotated nanoantenna supports the
detuned orthogonal electric dipoles, which are excited
by the electric field components along the u- and
v-axis. The amplitudes of the reflection coefficient
defining the detuned orthogonal electric dipoles are
almost the same in the wavelength range where the
half-wave plate works. At the same time, the relative
phase difference nearly reaches s (black curve in
Figure 3b), resulting in a 90° polarization rotation. The
high polarization conversion efficiency here is ascribed
to the superposition of the partial cross-polarized
(copolarized) reflected fields within the Fabry—Perot-like
cavity formed by the bottom Au plane and the
topmost nanoantenna array, resulting in constructive
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Figure 4. (a) Schematic of supercells containing four antennas that provide a phase shift from 0 to 2. The dimensions of
antenna 1 (nanobrick) are a = 440 nm and b = 175 nm, and the dimensions of antenna 2 (nanoellipse) are a = 275 nm and
b = 95 nm. Antennas 3 and 4 are rotated by 77/2 with respect to antennas 1 and 2, respectively. (b—d) Simulated cross-
polarized reflection magnitude, polarization conversion rate, and cross-polarized reflection phase, respectively, for an
array of four antennas as a function of incident wavelength. In all of the plots, antenna 5 is the same as antenna 1. (e—g)
Cross-polarized electric field E, distributions at 900, 1000, and 1100 nm, respectively. The x-polarized plane wave is normally

incident on the metasurface.

(destructive) interference and nearly unity (zero) cross-
polarized (copolarized) reflection.?*** Additionally,
the working bandwidth of polarization conversion is
approximately determined by the specific wavelengths
of the long-axis and short-axis resonances (Supporting
Information, Section 2 and Figure 52).2*

The above designed half-wave plate can achieve
high PCR over a wide wavelength spectrum. However,
the copolarized reflected light cannot be eliminated
completely. Then the converted cross-polarized light
and the remaining copolarized reflected light will merge
together in space. To separate the cross-polarized
and copolarized reflected beams spatially and route
the cross-polarized light in a designated direction, we
have integrated several plasmonic antennas into a
supercell to create a linear phase gradient of the
cross-polarized reflected wavefront, resulting in anom-
alous reflection, guiding the cross-polarized light away.
Each of those plasmonic antennas can serve as a half-
wave plate with high efficiency, which is different from
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the V-shaped antenna-based metasurfaces,>* where the
anomalous (cross-polarized) reflected/refracted beams
are weak, leading to inefficient light-manipulation
effects. To validate this concept and simplify the
design, four antennas are introduced by numerical
simulations to form nearly a 27 phase shift coverage
for the cross-polarized reflected light (Figure 4a). At a
fixed wavelength of 1000 nm, each of these antennas
achieve very similar cross-polarized reflection (above
85%) and a phase increment of about /2 between
adjacent cells; additionally, the designed metasurface
works within a wide wavelength range. Figure 4b—d
show the simulated cross-polarized reflection magni-
tude, PCR, and cross-polarized reflection phase, res-
pectively, for these four antennas as a function of the
incident wavelength between 900 and 1100 nm. It can
be observed that the designed metasurface maintains
high efficiency over a broad wavelength range of
around 200 nm as the phase gradient for all four
resonators remains approximately linear, thus enabling
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Figure 5. Characterizations of the metasurfaces containing supercells. (a) SEM image of part of one fabricated metasurface
with a supercell highlighted by light blue color (scale bar 2 um). (b) Schematic of the experimental setup for testing the
metasurface. (c) Measured normalized reflection for the gradient metasurface under the illumination of x-polarized light at
A = 1000 nm with different incident angles. (d) Anomalous reflection angle 6, as a function of the incident angle 6; at
A = 1000 nm. The solid curve is the theoretical calculation from the generalized Snell's law, and the markers indicate the

experimental data extracted from reflection measurements.

the broadband anomalous reflection for cross-polarized
reflected light.

According to the generalized Snell's law,? this metasur-
face with a phase gradient should exhibit an anomalous
reflection peak at an angle of 6, = sin~"(sin 6; + (4/5)) at
an incident angle of 6;, where s = 2.4 um is the period of
the supercell along the x-direction. To verify the broad-
band anomalous reflection, the 3D full-wave numerical
simulations were performed using the FEM. In the
simulations, an x-polarized plane wave was normally
incident on the metasurface supercell in an FEM domain
with periodic boundary conditions setin both the x-and
y-directions. The cross-polarized reflected electric fields
E, at several wavelengths (900, 1000, and 1100 nm) are
plotted in Figure 4e—g, showing well-defined wave-
fronts. In addition, the reflected beams at A = 1000 nm
and 4 = 1100 nm have less distortion, and the wave-
fronts closely resemble an ideal plane wave.

In order to validate the broadband anomalous re-
flection experimentally, the metasurface composed
of supercells was fabricated, and the corresponding
SEM image is shown in Figure 5a. The operation of
the metasurface is tested as shown in Figure 5b. The
incident ray is shown in blue, the normally reflected ray
in black, and the anomalously reflected ray of interest
in red. The sample was characterized with the same
spectroscopic ellipsometer (see Methods). In our ex-
periments, the receiver and emitter are separately
mounted on two bases, which can freely rotate within
a specific angle range, so that both 6; and 6, can be
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easily changed. Figure 5c shows the measured anom-
alous reflection intensity as a function of the reflection
angle 6, under various incident angles at the working
wavelength of 1000 nm. As depicted in Figure 5¢, we
performed the measured result only when the incident
angles are above 6°, as our experimental setup does
not allow us to carry out the measurement within the
angle region 6; + 6, < 36°, as otherwise the source and
receiver would touch each other. For normally incident
light, the calculated reflection angle is 22.02° for
A = 1000 nm, so the reflection signal cannot be
detected. Fortunately, numerical simulations show
that more than 84% of cross-polarized light under
normal incidence would be reflected anomalously with
an angle of about 22°, which is consistent with the
result calculated from the generalized Snell's law. It can
be seen that the cross-polarized reflection power (red
curve in Figure 5¢) coincides with the total reflection
power (blue curve in Figure 5c), and the copolarized
reflection power (black curve in Figure 5¢) is almost
zero, confirming the required performance. The ratio
between the power of the desired and orthogonal
polarizations is above 20 and the integrated PCR
exceeds 95%. We can further quantitatively verify the
generalized Snell's law by doing more measurements.
Figure 5d depicts the anomalous reflection angle 6,
as a function of 6; by identifying the peak positions
in the measured reflection spectra at the wavelength
A = 1000 nm. Impressively, all the experimental data
(red circles) are in excellent agreement with the
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Figure 6. Broadband functionality of the metasurface. Experimentally measured normalized total reflection (left panels) and
cross-polarized reflection (right panels) as a function of the wavelength 1 and the reflected angle 6,. The incident angles of the
input beams are (a) 10°, (b) 20°, and (c) 30°, respectively. The dashed curves in the right panels are the theoretically calculated
wavelength-dependent bending angles using the generalized Snell's law. The incident light is x-polarized.

theoretical result (blue solid curve), hence confirming
that the generalized Snell's law applies.

Finally, we experimentally quantify the broadband
functionality of the metasurface. The reflected field
intensity for both polarizations was measured within a
wavelength range from 700 to 1400 nm. In Figure 6a—c,
we used two-dimensional color maps to show the total
reflection (left panels) and cross-polarized reflection
(right panels) as functions of incident wavelength and
reflection angle, under illuminations with x-polarized
input light at incident angles of 10°, 20°, and 30°,
respectively. The experimental results clearly show that
the cross-polarized beam is anomalously reflected to
a wavelength-dependent reflection angle 6, follow-
ing the generalized law of reflection over a broad
bandwidth. The theoretically calculated wavelength-
dependent anomalous reflection angle is plotted
as the dashed curve in the right panels of Figure 6,

DING ET AL.

demonstrating excellent agreement with the experi-
mental results. In our calculations, the reflection phase
gradient is assumed to remain almost constant within
the wavelength range of interest. Figure 6 also shows
that the reflection angle 6, increases with increasing
wavelength at a fixed incident angle. In addition,
the anomalous reflection intensity drops to zero for
larger wavelengths (for example 6; = 30°), where 6,
approaches 90° and the incident light will be converted
into surface waves.? Yet another feature that remains
unexplained is a copolarized reflected light at large
reflection angles that appears in Figure 6a,b. These
are the high-order diffraction modes attributed to the
periodicity of the metasurface.?®

CONCLUSIONS

In conclusion, we have demonstrated an ultrathin,
broadband half-wave plate in the near-infrared range

AR
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using a plasmonic metasurface. Simulated results
show that the polarization conversion efficiency is over
97% with over 90% reflectance across the 800 nm
bandwidth. Moreover, simulated and experimental
results demonstrate that this broadband and high-
efficiency performance is sustained over a wide
range of incident angles, up to 40°. Furthermore, by
integrating several antennas with various geometries
in a supercell, which can create a linear phase shift of
the reflected cross-polarized light covering a 2.7 range,

METHODS

Fabrication of Plasmonic Metasurfaces. First, a 5 nm thick Ti
adhesion layer is deposited onto a glass substrate, followed
by evaporation of a 150 nm Au film, another 5 nm Ti adhesion
layer, and a 110 nm SiO, film using electron beam deposition.
Then, the sample was coated with a 220 nm thick e-beam resist
PMMA (4% in anisole, Micro Chem) layer. Subsequently, the
plasmonic metasurface was defined using e-beam lithography
at the acceleration voltage of 100 keV. After exposure, the
sample was developed in a solution of methyl isobutyl ketone
(MIBK) and isopropyl alcohol (IPA) of MIBK:IPA = 1:3 for 50 s.
Once the development of the resist was complete, a 5 nm Ti
adhesion layer and a 80 nm gold layer were deposited sequen-
tially using electron beam deposition. After a lift-off process
performed using acetone, the Au patterns were finally formed
on top of the SiO; film.

Optical Characterization. The reflection spectra were measured
using the scatterometry mode of a spectroscopic ellipsometer
(J. A. Woollam Co., V-VASE) equipped with polarizers. The light
source is a xenon lamp with a broadband NIR spectrum. The
diameter of the incident beam was set at 400 um. The beam
sequentially passed through a monochromator and a polarizer
and then was incident on the sample. This broadband light
source mounted on a base can be easily rotated to get
various incident angles. The outgoing beam passed through
an analyzer that filters the output at different polarizations
and was collected by a detector. To test the performance
of the metasurface composed of supercells, the detection is
completed in scatterometry mode, which covers a broad range
of scattering angles 6.
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