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ABSTRACT: Manipulation of polarization state is of great fundamental
importance and plays a crucial role in modern photonic applications such as
optical communication, imaging, and sensing. Metamaterials and meta-
surfaces have attracted increasing interest in this area because they facilitate
designer optical response through engineering the composite subwavelength
structures. Here we propose a general methods of designing half-wave plate
and demonstrate in the near-infrared wavelength range an optically thin
plasmonic metasurface half-wave plates that rotate the polarization direction
of the linearly polarized incident light with a high degree of linear
polarization. The half-wave plate functionality is realized through arranging
the orientation of the nanoantennas to form an appropriate spatial
distribution profile, which behave exactly as in classical half-wave plates
but over in a wavelength-independent way.
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Polarization is one of the intrinsic properties of electro-
magnetic waves and plays an important role in optical

communication, computation, imaging, and display. Traditional
methods of controlling the states of polarization usually involve
bulky optical components like mirror, crystal, and prism that
are infeasible for the miniaturization and integration of optical
systems. Recently, metamaterials composed of arrays of various-
shaped metallic or dielectric resonant structures have shown
powerful ability in controlling the polarization states of light.
Among them are arrays of planar single-layer and multilayer
chiral metamolecules,1−11 anisotropic resonators,12−19 three-
dimensional helix structures,20,21 and localized surface plasmon
(LSP) and surface plasmon polariton (SPP) based nanostruc-
tures.22−26 Linear-to-circular polarization conversion or meta-
surface quarter-wave plate, has been accomplished by
appropriately tailoring the transmission phases of the two
orthogonal field components with different resonance
frequencies.25−27 π/2 phase difference and same amplitude at
two orthogonal polarization directions generated by two
principal axes guarantee that the scattered light is circularly
polarized. Yu et al. proposed an alternative solution to make up
a quart-wave plate by utilizing V-shaped antennas with varying
distance between two set of elements, which causes the correct
phase difference for the polarization of scattered light.28−30

Pfeiffer et al. proposed the control of polarization by

introducing multilayer metasurfaces with emergent function-
alities;31−34 the collective effect of reaction between layers
provides a potential method to realize the polarization
manipulation. Besides, metasurfaces with rotated nanoantennas
have also exhibited the capability of splitting purely circularly
polarized light from any polarized incident light.35−37

Metasurface half-wave plates, however, seem to be more
challenging to realize because of the difficulties in finding the
phase difference of π in two orthogonal polarization directions.
Pors et al. proposed a reflective metasurface half-wave plate
consisting of nanopatches and gold ground mirror.38 The
coupling between the metallic ground plane and the nano-
patches in such designs increases the phase difference to π
between the two orthogonal polarization directions.39,40

Another type of metasurface half-wave plate is based on the
polarization conversion for linearly polarized (LP)
light.29,31,41,42 The incident polarization will be partially
converted to the orthogonal direction by the asymmetric
geometry of optical antennas such as V-shaped and L-shaped
antennas. Chen et al. proposed few-layer metasurface structures
to improve the efficiency of linear polarization conversion
operating either in transmission or in reflection mode.43 But the
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aforementioned metasurface half-wave plates either operate in
reflection or only permit conversion for linearly polarized
incident light with a fixed polarization direction, limiting their
practical applications in nano-optical systems. Arbabi et al.
reported a class of dielectric meta-molecule that can realize
high-efficiency total-controlling of phase, intensity, and polar-
ization, which is a new perspective to design polarization-
related metasurface. However, this type of structure is strongly
related to the physical properties and shape of the dielectric
molecule and is difficult to applicate in other frequency
regime.44

Here, we propose a general idea to design a metasurface half-
wave plate that can apply to any structure, material, and
wavelength; The function of these class of half-wave plates is
like that of the traditional half-wave plate changing the
polarization angle from θ to −θ with respect to the optical
axis for any polarizations. We then present a single-layer
refractive metasurface half-wave plates based on our theory,
whose optical axis and polarization conversion effect are
accomplished through appropriately varying the orientation of
the metallic nanorods. The conversion angle of our designing is
wavelength-independent, meaning the polarization of scattered
light maintains the same if incident polarization is fixed even if
the wavelength is varied. Rigorous theoretic analysis and
experiment demonstration indicate that our metasurface half-
wave plates contain the same function and symmetry properties
as in a classical half-wave plate. Because the presented
metasurface half-wave plates do not require resonance of
plasmonic eigenmodes, the orientation and quality of converted
polarization can be maintained well not only on single
wavelength at resonance frequency, but also over a bandwidth
where the unit particle has a response to the incident light. This

approach can also be easily generalized to other metasurface
structures and wavelengths from visible light to microwaves.

■ THEORETICAL ANALYSIS ON THE OPTICAL
ACTIVITY OF ANISOTROPIC NANOANTENNAS

To freely design the single-layer refractive metasurface half-
wave plates, we first propose the theoretical analysis on the
optical activity of anisotropic nanoantennas. Anisotropic
nanoantennas have distinct optical responses for incident
light linearly polarized in the two orthogonal directions. The
mirror effect we proposed here is an alternative description of
anisotropic nanoantennas in the presentation of circular
polarizations. We denote left circularly polarized (LCP) and

right circularly polarized (RCP) light as | ⟩ = −
⎡⎣ ⎤⎦L i

1 and

| ⟩ = ⎡⎣ ⎤⎦R i
1 , where the entries in the vector represent the

complex amplitude in the x and y direction, respectively. The
total transmission process for LCP and RCP incident lights can
be discribed as35,45−47

φ α β| ⟩ = | ⟩ + | ⟩ φ−P L L R( ) e i2
(1)

φ α β| ⟩ = | ⟩ + | ⟩ φP R R L e( ) i2
(2)

where φ is the polarizing direction (or orientation) of the
nanoantenna, and α and β are the transmission amplitudes with
α + β = 1 after normalization. For LCP incident light, part of it
will be converted into RCP light with an additional phase of
−2φ. Unlike conventional optical elements that introduce
phase changes through optical path differences, the additional
phase here is induced by the Pancharatnam−Berry geometric
phase.48,49 Specifically, when the polarization of a beam
traverses a closed loop on the Poincare sphere, the final state

Figure 1. Geometry description of the polarization conversion process of our paired anisotropic nanoantennas. (Upper panel) P(φ1) and P(φ2)
represent the anisotropic nanoantennas with orientation φ1 and φ2. Red arrows represent the polarization direction of the object light (or incident
light) linearly polarized at angle ψ; blue arrows are the converted image light (or scattered light) due to the nanoantennas P(φ1,2), which are
symmetric to the object polarization with respect to the orientation of antennas. (Bottom panel) The response of a nanoantenna pair. When two
antennas are added together, object light will be transformed to the image light polarized at φ1 + φ2 − ψ, which is the vector superposition of the
individual images and is symmetric to the object with respect to the bisector of two nanoantennas.
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differs from the initial state by a phase factor equal to half of the
area which is encompassed by the loop on the sphere. For
linearly polarized (LP) light, the mirror effect of the anisotropic
nanoantenna can be derived by implementing eqs 1 and 2, from
which we obtain

φ φ

α β

| ⟩ = | ⟩ + | ⟩

= | ⟩ + | ⟩

ψ
ψ ψ

ψ φ ψ

−

−

⎡
⎣⎢

⎤
⎦⎥P P e L R( ) LP ( )

1
2

1
2

e

LP LP

i i

2 (3)

where |LP⟩ψ denotes linearly polarized light with a polarization

angle ψ, and has the expression of
ψ
ψ| ⟩ =ψ

⎡⎣ ⎤⎦LP cos
sin . Equation

3 indicates that the outgoing light has two linear polarization
components: one maintaining its polarization angle and the
other rotating its polarization angle to 2φ − ψ. These two
polarization angles have mirror symmetry with respect to the
nanoantenna orientation φ, so we denote |LP⟩ψ the object with
amplitude α and |LP⟩2φ−ψ the image with amplitude β.
Based on this property of anisotropic nanoantenna, in the

following we describe the design of a half-wave plate consisting
of nanoantennas pairs schematically shown in Figure 1. The
first nanoantenna has its orientation angle φ1 with respect to
the x-axis, where the object light polarized along the red arrow
direction (upper-left panel in Figure 1) is partially converted to
image light polarized along the blue arrow direction. The
second nanoantenna is orientated at φ2 with respect to the x-
axis, resulting in image light polarized along the blue arrow
direction shown in the upper-right panel of Figure 1. If we
combine these two nanoantennas forming a nanoantenna pair,
we can find that the expression for the final polarization state is

φ φ α β φ φ+ | ⟩ = | ⟩ + − | ⟩ψ ψ φ φ ψ+ −P P[ ( ) ( )] LP LP cos( ) LP1 2 1 2 1 2

(4)

The image light with a transmission amplitude β is linearly
polarized at φ1 + φ2 − ψ when the incident light is linearly
polarized at ψ, and the image and object polarizations have
mirror symmetry with respect to the bisector of two
nanoantennas, as shown in the bottom panel of Figure 1.
This indicates that an array of the nanoantenna pairs can
function as a half-wave plate, with the optical axis at (φ1 + φ2)/
2 for linearly polarized incident light. Strict derivation shows
that the electric field of output light forms a Jones vector for
incident light with arbitrary polarization (see Supporting
Information):

α β φ φ| ⟩ = | ⟩ + −
Δ Δ
Δ − Δ

| ⟩

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥E E

E

1 0
0 1

cos( )
cos sin
sin cosout in 1 2

in (5)

where Δ = φ1 + φ2 is a newly introduced parameter for
simplicity. The matrix in the second term represents a half-wave
plate with the optical axis Δ/2 with respect to the x-axis, and
cos(φ1 − φ2) provides an additional amplitude modulation if
we rotate the nanoantennas. As we can see from eq 5, the
amplitudes of diffracted light are independent of the polar-
ization of incident light, which means the efficiency of the
proposed half-wave plate at fixed wavelength will be the same
for any polarizations. Different from L- or V-shaped antennas
that use resonant mode in particle to tune the phase and
manipulate polarization of scattered light, our designing does
not require any special physical property of antennas, and will
not generate extra phase directly. It essentially utilizes Berry
phase caused by rotation configuration and engineers the

Figure 2. Schematic illustration of metasurface half-wave plate. (a) Arrangement of anisotropic metal nanoantenna pairs forming a superunit cell.
The top row nanoantennas rotate in the clockwise direction, while the bottom row nanoantennas rotate in the counterclockwise direction. The green
arrows indicate the polarizing direction of the individual nanoantenna, and the orange arrows show the bisection angle of the nanoantenna pairs (φ1
+ φ2)/2, that is, the optical axis of the metasurface. (b) The transmission amplitude of the image light within the superunit-cell as a function of
position. (c) Schematic illustration of the different propagation directions of the object (purple) and image (blue) light caused by the amplitude
modulation in the metasurface.
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scattered polarization directly with amplitude modulation β
cos(φ1 − φ2).
In a uniform array of anisotropic nanoantenna pairs, the

object and image beams (respectively the first and second terms
in eq 5) propagate in the same direction. In order to create a
half-wave plate, it is necessary to separate them so that they can
propagate to different directions. For such a purpose, we
introduce the linear rotation of a series of nanoantenna pairs
forming a superunit-cell, as shown in Figure 2a. The
nanoantennas in the first row within the superunit-cell rotate
clockwise along the x-axis, while the nanoantennas in the
second row rotate counterclockwise, with their principal
polarizing axis indicated by the green arrows. The two
nanoantennas in the same column form the nanoantenna
pair. The angular bisector of the nanoantenna pairs remains
constant during the rotation, which maintains the optical axis
Δ/2 = (φ1 + φ2)/2 of the half-wave plate. However, the
transmission amplitude of the nanoantenna pairs is modulated
by cos(φ1 − φ2), which varies along the x-direction, as shown
in Figure 2b. According to eq 5, this extra variation of
transmission amplitude provides a space frequency and alters
the propagation direction of the transmitted image light just

like in a sinusoidal amplitude diffraction grating. Exerting
Fourier analysis on eq 5 shows that the transmitted image light
is along two distinct angles θ1 and θ2, as shown in Figure 2c,
given by

θ θ
λ

= ±n n
L

sin sin i2 1,2 1
0

(6)

where L is the period of the superunit-cell with nanoantennas
rotating from 0 to π, λ0 is the wavelength in vacuum, θi is the
incident angle, and n1 and n2 are refractive indices in incident
side and transmitted side, respectively. The two image beams
have the same polarization states determined by the optical axis
and incident polarization. For convenience, we set the incident
angle θi = 0° in the following discussions.

■ EXPERIMENTAL DEMONSTRATION OF
METASURFACE HALF-WAVE PLATE

To validate the feasibility of the theoretical proposal, we
adopted nanorod, which can be viewed as dipole, as our basic
anisotropic element. At resonant frequency, the current driven
in the rod causes large reflection and absorption for the linearly

Figure 3. Experimental validation of metasurface functioning as a half-wave plate. (a) SEM image of the metasurface half-wave plate with optical axis
along the x-axis; the nanoantenna has the length l = 200 nm, width w = 50 nm, and thickness t = 40 nm, and each nanoantenna pair maintains φ1 +
φ2 = 0. (b) Polarization angle of the image light as a function of the polarization angle of the incident light at wavelength 980 nm. Orange symbols
represent experimental measurements and the orange line indicates the behavior of a classical half-wave plate. The degree of linear polarization is
given by the blue symbols at correspondent incident polarization angles. (c) Measured transmission intensity of the image light as a function of
detection angle. The inset shows that the polarization angle is 135° for the incident light (object) and 45° for the image light. Blue and red symbols
are results when analyzer angle was set to 45° and 135°, respectively.
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polarized light with polarization along with the rod. Weak
coupling will also diminish the transmission light. For the
polarization perpendicular to the rod, incident light will not be
affected due to the high-frequency resonance. This is the
mechanism of the anisotropic property of nanorod. We
fabricated metasurfaces half-wave plate consisting of gold
nanorods on a glass substrate with length l = 200 nm, width
w = 50 nm, and thickness t = 40 nm. Electron-beam
lithography, metal evaporation, and lift-off process were used
to fabricate the metallic structures. Quartz substrates were first
cleaned and evaporated of 5 nm Cr film as conductive layer for
the following e-beam lithography. Then PMMA resist was spin-
coated onto the substrate and baked on a hot plate for 1 min.
The nanorod patterns were formed by e-beam lithography
system (JBX-6300FS) at 100 keV to reduce the proximity
effect. The 40 nm Au film was deposited onto the samples,
followed by lift-off process in acetone to get Au patterns. The
Cr layer can be removed in Ce(NH4)4(NO3)6/acetic acid
solution for 30 s, which should be well controlled to avoid
excessive removal of Cr below the metal patterns. The size of
each pattern array is 300 × 300 μm2.

As the incident light is circularly polarized light, the gold
dipole will convert part of the light to the opposite polarization
with conversion efficiency dependent on wavelength (see
Figure S3 in Supporting Information). Eight nanorod pairs
constitute the superunit-cell with a period L = 2400 nm, where
the orientation of nanorods rotates with an angle increment of
π/8 either clockwise or counterclockwise, as shown in the SEM
image in Figure 3a.The nanorod pairs are arranged so that the
optical axis is along the x-axis, that is, (φ1 + φ2)/2 = 0°.
The experiments were carried out using a custom-built

optical setup (see Supporting Information). Semiconductor
lasers were used to provide laser pulses with a central
wavelength of either 900 or 980 nm. An aperture was used
to adjust the spot diameter. A polarizer was applied to purify
the linear polarization of the incident light, which was focused
on the sample with a 20×/0.40 NIR microscope objective. For
the refractive detection, we used a concentric rotation system to
achieve independent rotations of the sample orientation and
the detection angle. The resolution of the rotation system was
0.02°. One of the rotation stages was used to adjust the sample
orientation for normal incidence. The intensity, polarization

Figure 4. Optical axis of the metasurface half-wave plates. (a−h) SEM images of samples A−H, where the optical axis varies from 0° to 78.75° at
intervals of 11.25°. The arrow in the right corner of each sample indicates the orientation of the optical axis. (i) Experimentally measured (orange
symbols) and theoretically predicted (orange line) polarization angle of the image light when the incident light is linearly polarized at 0° for samples
A−H. The degree of linear polarization (DOLP) is illustrated by the blue symbols. (j) Results of state-of-polarization analysis for samples A (red)
and E (blue) by measuring the transmission intensity after rotating the analyzer from 0° to 360°. Experimental results are given by the symbols and
the curves are obtained from analytical calculations.
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state, and transmission angle of the image light were measured
using a combination of a lens, an analyzer, and a power meter in
the rotation system. All of the optical elements, including the
microscope objective, lens, polarizer, and detector, operate in
the broadband near-infrared wavelength range. Since the two
diffracted lights from our sample have same polarization
property in theory and same characteristic in experiments, we
only analyzed one of the diffracted light for simplicity.
Figure 3b presents the polarization angle of the transmitted

light and the degree of linear polarization (DOLP) when the
polarization angle of the incident light varies from 0 to π at the
wavelength 980 nm. The experimentally measured polarization
angles (orange symbols) are compared with the theoretical
prediction (orange line) of a classical half-wave plate with its
optical axis also along the x-axis. The experiment results are in

excellent agreement with the prediction as well as the
theoretical analysis presented by eq 4. The quality of linear
polarization of the transmitted image light is represented by the
DOLP which is defined as DOLP = 1 − Imin/Imax, where Imin

and Imax are, respectively, the minimum and maximum
intensities of the image light after propagating across an
analyzer. The experimentally measured DOLP is illustrated by
the blue symbols in Figure 3b, exhibiting values close to 1 for all
incident polarization angles. This is expected as the image light
has been split from the object light by introducing the
sinusoidal modulation of intensity as in eq 4. When the incident
light is polarized at 135°, we plot in Figure 3c the detected
intensity of the image light as a function of detection angle after
it passes through an analyzer. In our experiments, the incident
light is cast from glass (n1 = 1.5) to air (n2 = 1). When the angle

Figure 5.Wavelength-independent operation of the metasurface half-wave plates. Intensity of the transmitted image light was measured as a function
of detection angle at wavelengths 900 and 980 nm, with the analyzer aligned with the expected polarization direction (blue symbols) and its
orthogonal direction (red symbols). All the intensities are normalized to the maximum intensity in 980 nm. The peak value, representing the
diffraction angle, are about 15° and 17° for 900 and 980 nm cases, respectively, consistent with prediction of eq 6. The measurements were
performed under normal incidence. Solid curves are Gaussian fit of the experimental data.
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of the analyzer is 45°, the transmission is peaked at 17.8°,
consistent with the prediction in eqs 4 and 6; while the angle of
the analyzer is set to 135°, there is hardly detectable
transmission. The detection angle dependent transmission
intensity profile in our experiments has a relatively large full
width at half-maximum (fwhm), which is caused by the small
size of our sample as compared to the width of the incident
Gaussian beam (see Supporting Information).
We carried out additional experiments to further verify that

the optical axis is determined by the angular bisector (φ1 +
φ2)/2 of the nanoantenna pairs, through measuring the
polarization angle and DOLP in a series of metasurfaces with
different (φ1 + φ2)/2. Figure 4a−h shows SEM images of eight
metasurface half-wave plate samples (named samples A−H,
respectively), where the angular bisector of the nanoantenna
pairs (φ1 + φ2)/2 varies from 0° to 78.75° with an increment of
11.25°, while the structural parameters are otherwise the same.
The orange symbols in Figure 4I show the detected
polarization angles of the image light when the incident light
is linearly polarized at 0°, together with the predictions of
classical half-wave plates with the correspondent optical axes
(orange line). The excellent agreement proves that the bisector
of the nanoantenna pairs (φ1 + φ2)/2 solely determines the
optical axis of the metasurface half-wave plates. The high
DOLP of the transmitted image light is also maintained, as
shown by the blue symbols in Figure 4i. State-of-polarization
analysis is shown in Figure 4j for sample A with optical axis
angle 0° (red symbols) and sample E with optical axis angle 45°
(blue symbols), which were carried out by measuring the
intensity of the image light after rotating the analyzer. The red
and blue curves are obtained from analytical calculations for
linearly polarized light with polarization angles of 0° and 90°,
respectively. The good correspondence suggests again that the
transmitted image light is linearly polarized with high quality,
with the polarization angle determined by both the polarization
angle of the incident light and the optical axis of the
metasurface half-wave plate.
Our metasurface half-wave plates have the same symmetry

characteristics as in classical half-wave plates. For example,
sample C has its optical axis at 22.5° and sample G 67.5°, and
their distribution of nanorods is symmetrical to each other
about x- or y-axis. If we flip sample C with respect to either x-
or y-axis, it will become sample G. Hence, samples C and G
behave the same if the incident light is cast from the glass
substrate side for the former and the air side for the latter.
Similarly, samples B and H and samples D and F are also
symmetrical to each other with respect to x- or y-axis, and
samples A and E are self-symmetrical (see Supporting
Information).
Our metasurfaces realize the half-wave plate functionality

based on the arrangement of nanoantennas and they rely very
little on the nanoantenna resonance. Therefore, their
conversion performance can be maintained when the wave-
length of the incident light departs from the nanoantenna
resonance, which only affects the scattering coefficient β and,
therefore, the efficiency of the image light according to eq 5.
Thus, our metasurfaces can perform as half-wave plates over a
relatively wide wavelength range with high DOLP even if the
efficiency is not as high as resonance wavelength. To prove this
feature, we measured the transmission of the image light in
samples A, C, E, and G at wavelengths 900 and 980 nm. The
experimental results are shown in Figure 5, where the incident
polarization angle was set to 0°, and the intensity of the image

light was detected as a function of detection angle when the
analyzer was aligned with the theoretically predicted polar-
ization direction (blue curves) and its orthogonal direction (red
curves). Despite the difference of total intensities and
transmission angles determined by eq 6, the four samples
function well and have high values of DOLP at both 900 and
980 nm, revealing the wave-independent operation of the
metasurface half-wave plates. The minor component in
orthogonal polarization for the sample E at 980 nm incidence,
however, might be caused by either imperfect linearized
polarization of incident light or imperfect fabrication. The
inaccurate period in samples will deflect object light into the
direction with scattered image light and induce the orthogonal
component. The efficiency of the proposed metasurface (as
indicated by eq 5) can be expressed by the square of conversion
coefficient β. The maximum value of the conversion coefficient
β is about 0.44 at 980 nm (see Figure S3 in Supporting
Information). However, as the converted lights are split into
two bunches, only half of the expected efficiency can be
achieved. The efficiency can be definitely improved by
replacement of the nanorods to the other more efficient unit.
Theoretically, the maximum efficiency of the polarization
conversion of our antenna-rotation configuration can be
reached 50% if shape and material of antennas are properly
chosen.

■ DISCUSSIONS AND CONCLUSIONS
The presented metasurface half-wave plates, unlike other
metasurface-based “half-wave plates” that only support cross-
polarization conversion with incident light polarized at a
specific direction, can be used as real half-wave plates realizing
full functionality. In the present work, we chose gold nanorod
as the anisotropic optical antenna to realize metasurface half-
wave plates, which demonstrates the perfect polarization
conversion in a wavelength-independent way. The propagation
direction of image light is different from the ordinary
transmission direction and depends on the wavelength as well
as the period of the superunit-cell. From the point of view of
serving as a half-wave plate, this might be considered as a
disadvantage because some additional optical components are
necessary to align the optical path. We cannot simply tune the
polarization by solely rotating the sample, since the diffracted
light will spatially change its propagating direction as well
(though the polarization is changed as desired). It is more
pratical to be designed as a bespoke device for specific situation.
However, it can be also advantageous as the scattering angle of
the image beams can be changed by properly tuning the period
of the superunit-cell. This would make it possible to construct
multifunctional photonic devices with simultaneous polar-
ization and wavefront controls. Additionally, although we
only show the designing in optical regime, our theory can apply
to any other electromagnetism wavelengths, especially in
Terahertz, where only limited optical elements are available.
Beyond our most common prototype with gold nanorods,
optimization of the performance is quite possible by changing
the materials and shape of nanostructure. Anyway, our theory
indicates a generalized method in designing polarization
controlling system far beyond traditional optical elements.
Our designing has promising applications in photonic device
minimization, Terahertz optics, imaging, and any field with
polarization control.
In conclusion, based on the mirror effect of anisotropic

optical antennas, we theoretically proposed and experimentally
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validated metasurface half-wave plates whose optics axis is
determined by the bisection angle of counter-rotated nano-
antenna pairs. The intensity modulated scattering enables us to
split the useful converted image light from the object light, and
the image beams have a good degree of linear polarization (in
case of linearly polarized incident light) at the direction exactly
predicted by a classical half-wave plate. The metasurface half-
wave plates do not rely on the resonant response of the
nanoantennas, and can produce high degree of linear polarized
transmitted light not only on single resonance wavelength but
also over the spectrum where nanoparticles have response to
incident light. We verified the easy-implemented configuration
using nanorods metasurface. One can easily adopt other unit
particles with high efficiency and replace the nanorod with
them. This work suggests more degrees of freedom in
accomplishing broadband multifunctional photonic devices for
polarization control, wavefront engineering, and beam forming.
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