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ABSTRACT: All forms of light manipulation rely on light−matter interaction,
the primary mechanism of which is the modulation of its electromagnetic fields
by the localized electromagnetic fields of atoms. One of the important factors
that influence the strength of interaction is the polarization of the
electromagnetic field. The generation and manipulation of light polarization
have been traditionally accomplished with bulky optical components such as
waveplates, polarizers, and polarization beam splitters that are optically thick.
The miniaturization of these devices is highly desirable for the development of
a new class of compact, flat, and broadband optical components that can be
integrated together on a single photonics chip. Here we demonstrate, for the
first time, a reflective metasurface polarization generator (MPG) capable of
producing light beams of any polarizations all from a linearly polarized light
source with a single optically thin chip. Six polarization light beams are
achieved simultaneously including four linear polarizations along different
directions and two circular polarizations, all conveniently separated into different reflection angles. With the Pancharatnam−
Berry phase-modulation method, the MPG sample was fabricated with aluminum as the plasmonic metal instead of the
conventional gold or silver, which allowed for its broadband operation covering the entire visible spectrum. The versatility and
compactness of the MPG capable of transforming any incident wave into light beams of arbitrary polarizations over a broad
spectral range are an important step forward in achieving a complete set of flat optics for integrated photonics with far-reaching
applications.

KEYWORDS: Metasurfaces, aluminum plasmonics, polarization generator, nanoantennas, background-free,
Pancharatnam−Berry phase modulation

Since its discovery in the early 19th century, polarization as
one of the key properties of an electromagnetic wave has

been used in a wide variety of applications from glare-reducing
glasses and liquid-crystal displays1 to optical signal processing,2

all of which have had a profound impact in our modern day life.
The simplest way of generating a polarized light is to use a
polarizer that functions as an optical transmissive filter to allow
light of a specific polarization pass but blocking waves of other
polarizations. Such a device generates linearly polarized light at
the expense of brightness as wave intensity contained in the
perpendicular polarization is simply lost.3 Ideally, one would
prefer a polarization generator capable of preserving as much as
possible the power intensity contained in the incident waves of
all polarizations and converting them into a beam or a set of
beams of well-defined polarizations. Such an optical component
is obviously desirable when signal strength is a matter of
concern for applications involving manipulation of polarizations
of weak electromagnetic waves oftentimes found in optical

characterization,4 sensing,5 quantum computation,6 3D imag-
ing,7 and so forth. Relative to the linear polarization (LP) where
the oscillation of its electric field lies along a single line, circular
polarization (CP) whose field rotates either clockwise or
counter clockwise is intrinsically more difficult to produce
because of the required additional phase delay between the two
orthogonally linearly polarized wave components. Conven-
tional methods, such as birefringence, all rely on phase
retardation that is gradually accumulated as light propagates
through an optical medium over a distance much longer than
its wavelength. As such, a significant thickness must be
provided in order to obtain the needed phase retardation
which dictates that nearly all optical components based on
these conventional methods of manipulating polarizations are
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inevitably bulky. In addition, these bulky devices are always
designed to perform only a single functionality; in the case of a
polarizer, it yields light output in one particular polarizing state.
Needless to say, a versatile, compact polarization generator
capable of producing multiple polarizing states is highly
desirable.
Metamaterials have been extensively explored in recent years

due to their exotic electromagnetic properties, such as negative
refraction,8 cloaking,9 Fano resonance,10 toroidal dipolar
response,11 and so on. A number of studies have demonstrated
CP light using complex three-dimensional (3D) chiral
metamaterials such as multilayer gold spirals.12,13 While these
designs are capable of polarization modulation, there are a
number of disadvantages: (1) structures are optically thick as
they still rely on light propagation in the media to accumulate
phase; (2) light output is significantly attenuated at visible
wavelengths because of the need for light to propagate through
the plasmonic metamaterials with notoriously associated metal
loss; and (3) the fabrication of the 3D structures is extremely
complex. These factors fundamentally and technically limit
their development and ultimately their scope of applications in
optical systems, especially in integrated photonics, as efficient
and compact polarizers. In contrast to 3D metamaterials, a
metasurface capable of inducing abrupt modulation of the
wavefront as it bounces off from it offers a promising alternative
for manipulating polarization.14 The phase modulation required
for generating a particular polarization is typically obtained
within a subwavelength skin depth of the metasurface in such a
reflective scheme, making it possible to achieve flat, ultrathin
polarization generators. So far a few flat optical components

such as waveplates15,16 and focusing lens17,18 have been
demonstrated with the use of metasurfaces patterned with
noble metals such as gold (Au) and silver (Ag). The working
wavelengths of these flat components are largely limited to
spectral regimes longer than visible in order to avoid the
substantial loss associated with the interband transitions in
these metals in the visible range. It has been suggested that
aluminum (Al) may be used as the metallic material of choice
in a range of plasmonic devices and metasurfaces, expanding
their operation into the visible and even UV regimes19,20 where
the photon energies are higher than interband transition
energies in Al so that significantly reduced absorption can be
achieved in comparison with Au and Ag, leading to the
possibility of flat optics, color printing, and hologram made of
Al metasurfaces covering the whole spectral range of visible
light.21−23

In this work we numerically and experimentally demonstrate
a metasurface polarization generator (MPG) that transforms a
linearly polarized light into six states of polarization in the
visible range with the use of Al plasmonics. It should be noted
that the functionality of the proposed MPG is obviously not
limited to this particular demonstration. In fact, the salient
feature of the MPG is its ability to generate multiple light
beams of any polarizations from a single source of any specific
polarization scattered from a single properly designed MPG
device. In this demonstration, the polarizing state of the
scattered light is fully controlled with the superposition
between CPs (see Figure 1a) of equal amplitude that undergoes
0-to-2π phase modulation by the metasurface. We have
employed the Pancharatnam−Berry (P−B) phase24 (also

Figure 1. Polarization conversion with aluminum plasmonic metasurfaces. (a) Schematic for arbitrary polarization generation with fixed incident
polarization. (b) Simulation and measurement results for the LCP-to-RCP conversion efficiency by an Al nanoantenna array deposited on SiO2/Al/
Si substrate over the spectral range of 400−1000 nm. The simulation is conducted on the nanoantenna array with the unit-cell dimensions of length
L = 170 nm, width S = 50 nm, thickness H1 = 50 nm, and period P = 230 nm that are deposited on SiO2 layer with thickness H2 = 50 nm and Al
mirror thickness H3 = 150 nm. The measurement is performed on a sample whose scanning electron microscope (SEM) image is shown in inset. (c)
Conversion efficiency and phase modulation for Al nanoantennas of equal dimensions oriented at various angles at wavelength λ = 500 nm. Each
data point represents an array of Al nanoantennas all oriented at a fix angle θ.
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referred to as geometric phase) method to realize the optimal
control of the CP phase. Unlike the commonly used phase
modulation methods in metasurfaces that rely on multi-
resonances determined by metal patterns of varying sizes
arranged along a particular orientation,25 the P−B phase
method achieves phase modulation through space-variant
optical axis orientations of the plasmonic structures of equal
dimensions.26 Because of the space-invariant structural
dimensions, such a technique offers the advantage of
decoupling the phase modulation from the amplitude
modulation for the scattered light at a fixed incident
wavelength. In addition, the P−B phase method applied to Al
plasmonic metasurfaces works independently at each wave-
length over the wide visible and UV range, making it feasible for
broadband operation. Here we demonstrated a single MPG
device with Al plasmonic structures that produces four LPs
(horizontal, vertical, +45°, and −45°) and two CPs (left-hand,
LCP and right-hand, RCP) from a single linearly polarized
source. Owing to the anomalous reflectance of the P−B phase
method implemented with phase-modulating supercells of
different lengths, all six light beams of different polarizations
split into six directions, making them convenient to be used as
subsequent light sources and easy to detect and analyze as they
emerge background free at angles different from either the
incident light source or normal reflection of the metasurface
(Figure 1a). The spatial offset between the nearby supercells of
equal length is used to induce the needed phase delay between
LCP and RCP that are reflected to the same anomalous angle
so that their superposition can produce light wave of any
desired polarization.

Design of the Metasurface Polarization Generator.
The basic building blocks of MPG are Al nanoantennas of equal
size. When they are all arranged parallel along a fixed direction,
an incident wave of LCP can be converted to that of RCP and
vice versa. Figure 1b shows the optical characteristic of Al
nanoantennas of equal dimensions of 170 nm × 50 nm × 50
nm patterned with the period of 230 nm × 230 nm along the
same orientation on a SiO2 layer over a 150 nm thick Al mirror
deposited on a Si substrate. The SiO2-layer thickness is
optimized for high conversion efficiency while minimizing co-
polarization reflectance and absorption27 of the Al nano-
antenna/SiO2/Al film structure (see Supporting Information
(SI), part 1). To achieve polarization conversion for circularly
polarized light in a wide range of wavelength, the Al
nanoantenna needs to exhibit two fundamental resonances
that are separated far apart in wavelength, one along its long
axis and the other short axis, acting as a half-wave plate28 (see
SI, part 2). According to our simulation, the conversion
efficiency for either LCP-to-RCP or RCP-to-LCP remains
above ∼50% over the visible region of 400−700 nm when the
SiO2-layer thickness is chosen to be 50 nm. For longer
wavelengths beyond 700 nm, interband transitions in Al begin
to induce significant loss23,29,30 and cause conversion efficiency
to drop. To extend its operation into the infrared, other metals
such as Ag or Au can be considered with Ag holding some
advantage over Au for being of lower loss but suffering from
oxidization which can limit its functionality.
We then employed the P−B phase method by rotating the

orientations of nanoantennas gradually with a constant step size
of θ from 0 to π to create a supercell as shown in Figure 1c.
Each orientation angle change of θ will result in a 2θ phase

Figure 2. Simulated conversion efficiency and angle of reflection associated with incident wavelength and level number of phase gradient.
Conversion efficiency and angle of reflection by (a) a MPG with a fixed supercell length (Lx = 230 nm × 8 = 1840 nm) for a range of incident
wavelengths; (b) a MPG of different lengths designed with different level numbers of phase gradient under the illumination of a single wavelength (λ
= 500 nm). Peak conversion efficiency as a function of (c) incident wavelength with the level number of phase gradient fixed at 8 and (d) level
number at the fixed incident wavelength of λ = 500 nm obtained from panels a and b, respectively. All of the incident waves are polarized along the
horizontal x-axis.
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change for the impinging CP light, resulting in 0-to-2π phase
modulation. Because of the equal dimensions of these
nanoantennas, the conversion efficiency mostly determined
by the amplitude modulation remains unchanged with respect
to the various locations in the supercell. As a result,
metasurfaces made of these supercells have the ability to
modulate phase without significant relative amplitude mod-
ification at different positions, which forms the underlining
design principle of our MPG device. To demonstrate this, we
have simulated the phase modulation and conversion
efficiencya measure of amplitude modulation for eight
periodical arrays, each made of Al nanoantennas of equal
dimensions arranged in a particular angle θ, as illustrated in
Figure 1c. Indeed, 2π-phase modulation can be achieved, and
the conversion efficiency for each set of antennas at a fixed
orientation is reasonably flat at about 73% at the wavelength of
500 nm. A subsequent construction of a supercell with 8 Al
nanoantennas each orientated with the augmenting angle step
of π/8 (the number of Al nanoantennas in a supercell is also
referred to as number of levels for the phase modulation)
should produce the needed 2π-phase modulation without the
amplitude modulation. A MPG device can be designed and
fabricated by arranging such supercells in various patterns
(Figure 1a) at different locations of the metasurface to achieve
the necessary phase gradients for the desired polarization light
beams to be scattered into predetermined anomalous reflection
angles.
According to the generalized Snell’s law,31 the angle of

anomalous reflection θr from a MPG can be determined by the
incident wavelength λ in free space and supercell length Lx, as
θr = sin−1(λ/Lx) under a normal illumination. For example,
when the length of supercell is fixed (i.e., the number of Al
nanoantennas in a supercell is fixed since each nanoantenna
occupies a fixed unit area of 230 nm × 230 nm in our design),
the angle of anomalous reflection becomes larger when the
incident wavelength is longer, as shown by simulation in Figure

2a. The result also indicates the P−B phase-based MPG made
of Al nanoantenna supercells works well across the visible
spectral range. The simulated conversion efficiency has been
plotted as a function of wavelength in Figure 2c and can be
found to reach maximum at λ = 500 nm, consistent with the
prediction from the simulation result in Figure 1b. The number
of levels (or the number of Al nanoantennas in a supercell)
employed in the phase gradient also plays a role in the angle of
anomalous reflection because higher level numbers require a
greater supercell length to implement since each Al nano-
antenna occupies a fixed unit area as shown in Figure 2b. We
have found through simulation that the maximum CP
conversion efficiency increases with the level number of
phase gradient as shown in Figure 2d. It is not difficult to see
that the higher level number offers a smoother phase gradient
across the metasurface, resulting in higher conversion
efficiency.32 But the conversion efficiency tends to reach a
plateau when the level number surpasses 8. We therefore
choose to keep the minimum level number of phase gradient at
8 as we design the MPG.
We now discuss the design principle of the MPG using the

above simulation results obtained from the Al metasurface.
Considering that the MPG reflects a LCP light beam at normal
incidence to a RCP light with its phase gradient at an
anomalous angle +θr, then a RCP at normal incidence will
result in a LCP reflection at −θr. By reversing the order of the
supercells arranged on the metasurface, we arrive at inverse
optical response from the original polarization.26 As a result, a
LP light which can be viewed as a combination of LCP and
RCP, upon impinging upon the metasurface, will create two CP
reflection beams with opposite handedness propagating in two
different directions, ±θr, simultaneously, as shown in Figure 3a.
Once LCP and RCP are produced, we can use them to generate
LP states by simply superpositioning the orthogonal LCP and
RCP through combining two supercells with opposite nano-
antenna orientations. The MPG consists of two supercells with

Figure 3. Polarization generation with superposition of CPs. Schematics for (a) circular polarization generation through intrinsic property of P−B
phase-based metasurfaces and (b) linear polarization generation through superposition of CPs under an x-polarized (LP-H) light illumination. (c)
Simulated conversion efficiency for each polarization at the incident wavelength of 500 nm. All insets present the schematic of corresponding
supercell design. The lengths of supercells Lx for RCP and LCP, LP-H and LP-V, and LP+45° and LP−45° are 2.76 μm, 2.3 μm, and 1.84 μm,
respectively.
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a position offset d, providing a phase difference between the
two CPs needed to produce LP scattered wave along a
particular direction33 (see Figure 3b). Basically, the RCP (|R⟩)
and LCP (|L⟩) waves can be respectively described in terms of
Jones vectors as

| ⟩ =
−

⎡
⎣⎢

⎤
⎦⎥R

i
1
2

1

| ⟩ =
⎡
⎣⎢

⎤
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1
(1)

The position offset d between two supercells is implemented to
yield a phase delay α = k0d sin(θr) = 2πd/Lx between the two
scattered LCP and RCP. Here, k0 = 2π/λ is the wavenumber in
free space. The superposition of these two CP waves can then
be given as

| ⟩ = | ⟩ + | ⟩αn R e Li d L( , )x (2)

where |n⟩ represents a LP wave when the position offset d is
chosen properly with a fixed length of supercell Lx. For
demonstration purposes, we have put together two supercells
with different position offsets to generate six kinds of
polarizations all from a single MPG device, including LCP,
RCP, LP along horizontal (LP-H) corresponding to x
polarization, LP along vertical (LP-V) corresponding to y
polarization, LP along +45° (LP+45°), and RP along −45°
(LP−45°). Since the angle of anomalous reflection is related to
the length of supercell which is determined by the level number
of phase gradient at a fixed wavelength, we can separate the
different polarization beams into different reflection angles by

adopting three phase-gradient level numbers: 8 for LP+45° and
LP−45°, 10 for LP-H and LP-V, and 12 for LCP and RCP,
making these different polarization beams easily separated from
one another as well as from incident and normal reflection
waves. Figure 3c shows the numerical simulation results for the
conversion efficiency of the scattering light of different
polarizations for three structural configurations. The anomalous
reflection angle of scattered light with designed polarizing state
agrees almost exactly with the generalized Snell’s law. The six
polarizing states can be observed by detecting their electric field
components generated by these three structural configurations,
as shown in Figure 3c. It is worth mentioning that the level
number of phase gradient can be chosen at will, and one can
obtain a given polarization state at any desired observation
angle.

Experimental Characterization of Metasurface Polar-
ization Generator. The Stokes vector described below can be
conveniently used to evaluate any polarization states:
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where the Stokes parameters Si (i = 0, 1, 2, and 3) are a set of
values related to the amplitudes of polarizing states. Figure 4a
shows the optical setup to measure the Stokes parameters and
characterize the generated polarizing states of the fabricated
MPG under a LP-H wave illumination at normal incidence. A

Figure 4. Experimental verification of generated polarizations. (a) Measurement setup for the MPG characterization. (b) Theoretical (left column)
and experimental (right column) diagram of scattering intensity as a function of rotating angle of the quarter-wave plate. Here, the LP-H incident
wavelength λ = 600 nm. Middle column: corresponding SEM images with a 1 μm scale bar. Six lines display the results for six polarizations. (c)
Poincare ́ sphere experimental results (red/green/blue dots) compared with theoretical predictions (black dots) for different incident wavelengths.
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supercontinuum laser combined with an acousto-optic tunable
filter was employed to generate a series of discrete laser peaks at
a desired incident wavelength. Polarizer (P1) is used to
generate a LP-H beam from the incident laser source. Upon
impinging on the MPG, the scattered light was projected onto
the focal plane of the lens (L). Light diffracted by the MPG
then goes through a broadband quarter-wave plate (λ/4) and
another polarizer (P2) and is then collected by a sCMOS
camera. The distance between the MPG and sCMOS camera is
optimized for detecting simultaneously all six scattered light
spots with different polarizations (see SI, part 3). We
subsequently obtain a plot of signal intensity as a function of
reflection angle of fast axis φ of quarter-wave plate. The
intensity variation can be calculated by the Mueller matrix:34

φ φ φ φ= − + +I A B C D( )
1
2

[ sin(2 ) cos(4 ) sin(4 )]

(4)

where

∫π
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π
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These parameters are related to Stokes parameters as S0 = A
− C, S1 = 2C, S2 = 2D, S3 = B (see SI, part 4), and therefore all
Stokes parameters of scattered light from the designed MPG
can be obtained via the scattered intensity with respect to φ.
We have fabricated a MPG device consisting of six areas, each
made of one type of supercells responsible for generating a light
beam of a particular polarizing state into a predetermined
scattering angle. The six different areas fabricated using electron
beam lithography on a single metasurface chip are shown in the
center column of Figure 4b along with their theoretical and
experimental results for the LP-H incident wave at λ = 600 nm
where lines of different color represent different polarizations
and correspond to their SEM images of the same labeled color.
The theoretical and measured results show a good agreement.
The slight difference can be attributed to the imperfect shapes
of the Al nanoantennas, surface oxidization of Al nanoantennas,
and alignment issue in the optical measurement as well as
nonideal optical components (especially the quarter-wave
plate). These results can be plotted on the Poincare ́ sphere
for evaluation of generated polarizing states.
Implementing the Stokes parameters as the sphere’s

coordinates, the Poincare ́ sphere offers a prominent three-
dimensional space geometric representation of polarization.
Any polarizing state can be uniquely described as a point on or
within a unit sphere. It is a convenient presentation that makes
polarization transformation clear to view. Figure 4c shows the
comparison of experimental results (color dots) and theoretical
predictions (black dots) at three different wavelengths, red
(650 nm), green (550 nm), and blue (450 nm). Again, the
measured results show a good agreement with the theoretical
prediction. More experimental results are presented in the SI,

validating that the proposed MPG is indeed capable of
operating in the broad visible spectrum.

Discussion. The performance of the MPG is further
analyzed by measuring the extinction ratio of a given generated
polarization. This is done by examining the ratio of optical
power of the desired polarization to that of its orthogonal
counterpart. The experimental results indicate that all
generated polarizing states delivered high extinction ratios
over the wide range of visible spectrum, as shown in Figure 5.

These extinction ratios are significantly higher than those of
previously reported from either metamaterials or metasurfaces,
and the purity of generated polarization is on par with
commercial products. In addition to the high polarization
extinction ratio, the anomalous reflection beam of a given
polarizing state allowed for its background-free detection by
conveniently avoiding the experimental setup complication
arising from the incident and normal reflective signals during
the measurement. We could have easily designed the MPG to
produce elliptically polarized wave in addition to the LP and
CP waves by simply tuning the position offset d. Such MPG can
also work as a polarization-dependent beam splitter to
decompose any incident light into two orthogonal polarizations
and separate them into different angles.

Conclusions. We have demonstrated a MPG capable of
generating multiple polarization waves with a high polarization
extinction ratio in a reflective scheme. Using Al nanoantennas
of equal dimensions as the basic building blocks and achieving
phase modulation through tuning of their optical axis
orientations, we have designed and fabricated the MPG
consisting of six areas, each with a patterned array of supercells
made of Al nanoantennas arranged with an incremental step of
orientating angle to realize the 2π-phase modulation without
significant relative amplitude modification at different locations
of the metasurface. We have implemented in a supercell with
the level number of phase gradient no less than 8 to yield six
different polarization beams all with high polarization
conversion efficiency and demonstrated that the Al plasmonic
MPG can indeed operate in the wide visible spectrum. The
reflective MPG device fabricated on top of a SiO2/Al/Si ground
plate has produced a much higher conversion efficiency than
that of transmission type previously reported by other groups.
To further increase the conversion efficiency, it is desirable to
replace any metal on the MPG with patterned low-loss
dielectric features made of materials such as TiO2, GaN, and
so forth, as the active components that interact with incident

Figure 5. Polarization extinction ratio. Measured polarization
extinction ratio of the six generated polarizing states over a wide
range of visible light.
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and scattered light for polarization generation. The purity of
polarization is the highest among all reported with either
metamaterials or metasurfaces and on par with commercial
products. The low cost and ease of adaptability to various
platforms make Al plasmonic MPGs particularly promising with
low economic threshold for mass production and thus can be
made widely available for a broad range of applications. In
comparison with commercial polarization generators/modu-
lators that are available in the market, our MPG device is
optical thin, easy to fabricate, and compatible with flat optics.
With the validation of generating multiple waves of different
polarizations from a single metasurface, we demonstrate that
MPG made of Al is an effective and versatile optical component
that can be integrated in photonic circuits and potentially
expands the reach of nanotechnology.
Methods. Fabrication of MPG. All samples are prepared by

standard electron beam lithography and lift-off process. A 150-
nm-thick aluminum mirror and 50-nm-thick SiO2 were first
deposited by magnetron sputtering machine (Shibaura
Mechatronics Corp.) on a silicon substrate. The 495 K
PMMA (poly(methyl methacrylate)) photoresist was then
deposited by spin coating and baked at 180 °C for 3 min.
Before the e-beam exposure, a conductive polymer layer
Espacer, which can be directly removed by rinsing with
deionized water is spin-coated over the PMMA layer to
eliminate the charging issue. After electron beam exposure with
30 pA current, the sample was developed in a solution of
isopropyl alcohol (IPA) and methyl isobutyl ketone (MIBK) of
IPA:MIBK = 3:1 for 60 s, followed by removing Espacer with
deionized water. The sample was subsequently rinsed with IPA
and blow-dried with nitrogen gun. Aluminum with the desired
thickness was then deposited via e-beam evaporator. The
aluminum nanoantennas were consequently defined on the
substrate after the lift-off process.
Simulation. All simulation results were performed with the

commercial software CST Microwave Studio. For the case of
single cell design, a unit cell boundary condition is employed
for the simulation of reflection and phase shift in an array
structure. The refractive index of SiO2 is obtained from ref 35.
The permittivity of aluminum in the visible regime is described
by the Drude model.
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