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Manipulating light polarization with ultrathin plasmonic metasurfaces
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We analyze the design of ultrathin quarter-wave plates based on plasmonic metasurfaces. After exploring the
general theoretical possibilities offered by thin surfaces to manipulate the impinging polarization, we propose
optimal designs to realize quarter-wave metasurface plates, analyzing their frequency and angular response. Our
designs may provide a large degree of linear polarization output for circularly polarized input over a broad
bandwidth in the optical regime. The geometry may be implemented within currently available lithographic tech-
niques and easily integrated with other optical devices for polarization manipulation, detection, and sensing at the
nanoscale.
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I. INTRODUCTION

The capability of manipulating the polarization state of light
is of central interest in a variety of optical applications due to
the fact that many phenomena in the visible spectrum are in-
herently polarization sensitive. In particular, the possibility of
creating and detecting circular polarization may be of interest
for advanced optical signaling and sensors due to its inherent
robustness to scattering and diffraction. Currently, circular
polarizers and sensors may be realized using anisotropic or
chiral devices,1 but with specific thickness limitations and
quite bulky configurations. Integrating these polarizers within
an ultrathin device may be of great interest in order to combine
circular polarization information with nanophotonic devices
and advanced sensors.2 In this regard, recent progress in plas-
monics can provide unprecedented opportunities to manipulate
light polarization at the nanoscale by exploiting the strong
field localization and enhancement due to the localized light
interaction with surface plasmons.3 Recent results have shown
that crossed resonant plasmonic nanoantennas,4–6 corrugated
elliptical gratings,7 patterned metallic films,8–10 planar chiral
structures,11,12 and three-dimensional metamaterials13 may
indeed provide strong manipulation of polarization, with clear
advances over currently available technology in terms of re-
quired thickness and/or bandwidth of operation. In this paper,
we analyze in detail the potentials of plasmonic metasurfaces
to manipulate the light polarization state, and we discuss the
specific design and optimization of ultrathin quarter-wave
plasmonic plates. We propose two complementary designs
based on orthogonally patterned nanorods and a specifically
tailored form of anisotropy that introduces a phase shift of
π/2 between two orthogonal polarizations at the operating
wavelength. This concept is realized by detuning the resonance
of each nanorod by varying the individual aspect ratio, in a
fashion similar to that proposed in recent papers.5,6,9 Since the
phase of the scattered fields sharply varies with frequency
around the nanorod resonance, it is possible to tailor the
phase shift between the scattered waves of two orthogonal
nanorods by slightly changing their relative length around
the resonant one. We analyze with full-wave simulations
the overall angular and bandwidth performance of arrays
of such inclusions, highlighting their optimal performance
properties and their advantages in terms of lithographic

realization and integration with sensors and other related
technology. In the following, we present an extensive analysis
of the physical mechanism behind this operation and perspec-
tives on its potential application for practical quarter-wave
plates.

II. THEORETICAL FORMULATION

Consider an ultrathin, arbitrary planar metasurface with
subwavelength thickness d � λ0 placed on the plane z = 0.
We can define the general transmission matrix T, describing
the complex amplitudes of transmitted waves,

T =
(

Txx Txy

Tyx Tyy

)
, (1)

where the arbitrary element Tlm represents the complex
amplitude of the transmitted wave, linearly polarized in the
l direction for excitation in the m direction. We assume an
e−iωt time-harmonic dependence, and for simplicity we focus
in (1) on normal incidence illumination.

For a metasurface period sufficiently smaller than the wave-
length so that only the zeroth diffraction order can propagate
away from the xy plane, we can describe the metasurface
with its average surface admittance Ys = Yxx x̂x̂ + Yxy x̂ŷ +
Yyx ŷx̂ + Yyy ŷŷ, which relates the averaged electric field to the
induced electric polarization current density Jav = Ys · Eav.
We can neglect magnetic effects for excitation at normal
incidence since the metasurface has negligible thickness.14–18

By matching the boundary conditions on the metasurface, it is
possible to relate the surface admittance tensor to T:15,18

Ys = − 2

η0

(
1 + Tyy

(TxyTyx−TxxTyy)
−Txy

(TxyTyx−TxxTyy)
−Tyx

(TxyTyx−TxxTyy) 1 + Txx

(TxyTyx−TxxTyy)

)
. (2)

Equation (2) relates the surface admittance to its transmission
properties, allowing its design for the specific functionality of
interest. The admittance can be used as a building block in a
more complex nanocircuit19,20 or to tailor and manipulate the
impinging signal. Here we explore the fundamental limits in
manipulating the polarization state of impinging light, with
special interest in circular polarization.
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In the most general case, the transmission matrix (1) may
be written in a circularly polarized base:

TCP =
(

TLL TLR

TRL TRR

)

=
⎛
⎝ Txx+Tyy+i(Txy−Tyx)

2
Txx−Tyy−i(Txy+Tyx)

2
Txx−Tyy+i(Txy+Tyx)

2
Txx+Tyy−i(Txy−Tyx)

2

⎞
⎠ , (3)

where, similar to the notation in (1), TLR denotes the
transmission coefficient for left-handed circularly polarized
(LCP) waves for right-handed circularly polarized (RCP)
illumination, with similar definitions for all the other elements.
Using (2), we can write TCP in terms of the surface admittance,
and it is easy to verify that |TLL| = |TRR| for any lossless meta-
surface made of reciprocal materials, as Txy = Tyx for normal
incidence. By introducing absorption it may be possible to
relax this constraint and introduce small circular dichroism
that may distinguish between the two circular polarizations,21

but this phenomenon has limited bandwidth and practical
application. Similarly, by exciting at oblique incidence, we
may be able to introduce an effective nonreciprocal response,
associated with the inclusion bianisotropy.22,23 It may be
shown, in fact, that a possible inclusion asymmetry may
produce a magnetoelectric coupling effect that allows Txy �=
Tyx , introducing a difference between LCP and RCP responses
for a single metasurface.24 For an ultrathin surface, however,
this effect may be obtained only for oblique incidence, which
effectively breaks the two-dimensional (2D) symmetry of an
ultrathin surface. Usually, these effects are weak and difficult
to exploit in a practical configuration due to their narrow
bandwidth. For these reasons, we focus in the following on
manipulating the phase difference between TLL and TRR ,
rather than their amplitudes, to effectively realize ultrathin
quarter-wave plates, similar to a birefringent crystal but over a
negligible thickness. This operation may be obtained without
cross-coupling terms in T, i.e., for Txy = Tyx = 0 in a suitably
chosen reference system.

A birefringent crystal manipulates the state of polarization
by introducing a phase delay of one linearly polarized
component of the impinging field over the other. At the exit
of the crystal, if the cumulative phase difference is exactly
90◦, LCP and RCP inputs will result in linear orthogonal
polarizations. We aim at designing a metasurface operating in
the same way but over a single ultrathin surface. The required
transmission matrix

T =
(

τ 0

0 ±iτ

)

may be obtained with a surface admittance tensor (2):

Ys =
(

2
η0

1−τ
τ

0

0 2
η0

∓i−τ
τ

)
, (4)

where τ is a complex quantity τ = reiθ .

In the limit of small absorption, the real part of the diagonal
elements in (4) is zero, which may be obtained only when
θ = ∓π

4 and r =
√

2
2 , i.e.,

Ys = 2

η0

(±i 0

0 ∓i

)
, (5)

and the corresponding transmission matrix coincides with the
Jones matrix of a lossless quarter-wave plate. We also notice
that the continuity of the electric and magnetic fields on an
ideally thin metasurface require that the reflection matrix sat-
isfies R = T − I = −TT , where I is the identity matrix and the
superscript T indicates the transpose operation.25 This implies
that, when Eq. (5) is satisfied, the metasurface reflection matrix
also satisfies similar quarter-wave plate conditions and the total
transmitted power is half of the impinging one. This will be
particularly relevant in the next section, where we consider
complementary plasmonic metasurfaces. In the following, we
aim at realizing a plasmonic metasurface with an admittance
tensor given by (5), which realizes a transmission matrix
equivalent to a lossless quarter-wave plate but in an ultrathin
geometry.

III. PLASMONIC METASURFACE DESIGN

The ideal quarter-wave plate response (5) may be obtained
by considering a metasurface with two orthogonal symmetry
axes. Nanocrosses have been proposed to locally convert linear
to circular polarization,4 and arrays of orthogonal nanoslits
have been recently suggested to realize ultrathin wave plates.5

We explore in this context plasmonic inclusions to realize the
optimal local impedance response (5) using orthogonal arrays
of nanorods or nanoslits that are slightly off resonance. An
ideal lossless metasurface made of nanoslits in a plasmonic
thin screen provides identically zero reflection and total
transmission at resonance, with a transmission phase that
rapidly switches from 90◦ to 270◦ around this resonance. If we
interleave two arrays of orthogonal nanoslits, one operating
slightly above and one slightly below their resonance, as
recently suggested in Ref. 5, we may achieve a precise 90◦
phase shift between the two transmitted waves. We aim here
at tuning the length of the nanoslits to satisfy as closely as
possible Eq. (5), both in amplitude and phase at the design
wavelength λ0 = 650 nm.

We have used full-wave numerical simulations based on a
finite-integration technique26 to realize this optimal condition
in the geometry shown in Fig. 1 and to verify its wave-plate

FIG. 1. (Color online) Nanoslit plasmonic metasurface, its unit
cell, and the corresponding geometrical parameters.
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FIG. 2. (Color online) (a) Amplitude and (b) phase of the
transmission coefficients for linearly polarized excitations for the
optimized metasurface geometry of Fig. 1. (c, d) Similar plots for
the complementary geometry, composed of plasmonic nanorods.

operation. We assume in our simulations a silver permit-

tivity following the Drude model εAg = ε0(ε∞ − f 2
p

f (f −iγ ) ),

with ε∞ = 5, fp = 2.175 PHz, and γ = 4.35 THz.27 Each
optimized unit cell is formed by two orthogonal rectangular
nanoslits with a separation gap g = 10 nm, a vertical arm
length Ly = 160 nm, and a lateral arm length Lx = 60 nm.
Both nanoslits have a width w = 20 nm, and the screen
thickness is d = 40 nm. The lattice constants are ax = 100 nm
and ay = 180 nm. This configuration may be experimentally
realized by evaporating a thin silver film and then applying
e-beam lithography followed by reactive ion etching or by
directly writing using a focused ion beam. For now, we do
not consider the presence of a substrate in our design, which
may be required in its practical realization (ds = 0). We will
consider its effects in the following.

As shown in Fig. 2(a), this optimized metasurface shows
two distinct resonances when illuminated with orthogonal
linear polarizations aligned along the nanoslits. At the design
wavelength, the two nonzero diagonal terms of the transmis-
sion matrix have the same amplitude, |Txx | = |Tyy | �

√
2

2 , and
a phase difference [Fig. 2(b)] exactly equal to 90◦, ensuring
that its operation as an ideal ultrathin low-loss quarter-wave
plate is obtained. Even though silver has some absorption
in the visible spectrum, the transmission amplitudes satisfy
very closely the requirements of a lossless quarter-wave plate.
Indeed, we verify in Fig. 3(c) that the absorption effects are
minimal over the whole frequency range of interest, and the
transmittance and reflectance spectra are close to 50%.

As noticed above, we may also consider the complementary
geometry formed by interleaved arrays of plasmonic nanorods.
Applying Babinet’s principle28 properly extended to plas-
monic screens,29,30 we expect that the transmission properties
of a complementary array of silver nanorods with same design
parameters as in Fig. 2 may be approximately equal to the
reflection matrix of the nanoslit array R = −TT at the design
wavelength. Since −TT also satisfies the ideal quarter-wave
plate conditions, the complementary design may provide a
similar optical response. Because silver has finite conductivity,
we do not achieve an exact complementary response, but we
have verified that by slightly modifying the design of the
complementary array (Ly = 140 nm, Lx = 65 nm), we achieve
the quarter-wave plate condition at the design wavelength of
650 nm. The corresponding results are shown in Figs. 2(c)
and 2(d), which indeed show complementary transmission
properties compared to the nanoslit geometry and identical
response at the design wavelength.

Figure 3 shows the amplitude and phase of the transmitted
fields and the total transmission, reflection, and absorp-
tion spectra for circularly polarized inputs in both designs.
Figures 3(a), 3(b), and 3(c) refer to the nanoslit metasurface,
while Figs. 3(d), 3(e), and 3(f) refer to the complementary
nanorod metasurface. It is seen that, as predicted, |TLL| =
|TRR| at all frequencies and both metasurfaces realize the

FIG. 3. (Color online) Amplitude and phase of the transmitted fields for circularly polarized excitations. (a) Amplitude ratio of transmitted
Ey/Ex for LCP and RCP excitation for the nanoslit metasurface of Fig. 1, (b) phase difference between Eyand Ex , (c) transmittance, reflection,
and absorption spectra for the nanoslit metasurface, and (d, e, f) similar plots for the complementary nanorod metasurface.
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desired transmission conditions, in both amplitude and phase,
around the same design wavelength. Due to frequency dis-
persion, the ideal quarter-wave plate conditions can be met
only at a single wavelength, at the point of intersection of
the transmission curves in Fig. 2. However, when the ratio
of linearly polarized components of the transmitted wave is
within the range 0.8–1.2, as shown in the shadowed region in
Figs. 3(a) and 3(c), the performance as a quarter-wave plate is
still acceptable. We define the wavelength range over which
this condition is met the amplitude bandwidth of the given
metasurface. Figs. 3(b) and 3(e) show the phase difference
of the transmitted linearly polarized components. It is found
that an acceptable range is ±10◦ for RCP and 170◦–190◦ for
LCP, as indicated by the shadowed regions in Fig. 3(b) and
3(d), which defines the metasurface phase bandwidth. The
quarter-wave plate bandwidth of operation of the metasurface
generally coincides with the minimum between these two
bandwidths, but as detailed in the following, for specific
operations one of the two bandwidths may be more relevant
and may dominate the response.

A good figure of merit to analyze the performance of these
metasurfaces, in particular for the integration with polarization
imaging sensors, is represented by their degree of linear polar-

izaiton (DOLP), defined as
√

S2
1 +S2

2

S0
, with S0,S1,andS2 being

the Stokes parameters. This quantity effectively represents
how linearly polarized the transmitted wave is for circularly
polarized inputs. In this case, the phase bandwidth is evidently
more relevant since we are not concerned about the specific
direction of linear polarization output.

Figure 4 shows the DOLP of both the nanoslit and nanorod
metasurfaces. The bandwdith over which the DOLP is nearly
unity closely corresponds to the phase bandwdith shown in
Fig. 3, which is significantly broad considered the ultrathin
features of the device. We have also calculated the angle of
polarization of the transmitted wave within the bandwidth
in which DOLP is near unity, as shown in Figs. 4(a) and
4(b). At the design frequency, as expected, both designs
provide linear polarization at 45◦, but this angle changes

FIG. 4. (Color online) Degree of linear polarization for
(a) nanoslit and (b) nanorod metasurfaces for RCP and LCP excitation
and (c, d) similar plots for oblique incidence and RCP excitation.
(a) and (b) show also the corresponding angle of linear polarization.

within the bandwidth of operation due to the dispersion of
|Txx |/|Tyy |. For the nanoslit metasurface, we obtain linearly
polarized transnmission at an angle ranging from 28◦ to 55◦
with respect to the x axis within the bandwidth of interest
(616–746 nm); with the nanorod metasurface the angle of
linear polarization (AOLP) varies from 1◦ to 86◦ within the
broader range 573–934 nm. The nanorod metasurface ensures
a broader phase bandwidth and a correspondingly larger range
over which the DOLP is unity, which spans almost the entire
visible spectrum. Using the reciprocity theorem, we expect to
obtain circularly polarized output with linearly polarized input
at the AOLP indicated in Figs. 4(a) and 4(b). For this dual
operation, the amplitude bandwidth is relevant since the fast
and slow axes of the quarter-wave plate metasurface effectively
rotate with the wavelength of operation and are not necessarily
aligned with the rods or slits.

An additional relevant aspect to consider for these ultrathin
designs is their robustness to variations in incidence angle, as
we investigate in Figs. 4(c) and 4(d). In particular, we show the
DOLP for incidence angles varying from 10◦ to 80◦ for both
nanoslit and nanorod metasurfaces when RCP light impinges
on the surface. For incidence angles up to 40◦, a relatively large
bandwidth with unity DOLP is obtained; as the incidence angle
increases further, the bandwidth of operation decreases due to
the occurrence of resonance dips caused by the coupling with
long-range surface plasmons.31

In reality, a supporting substrate needs to be taken into
account for the practical realization of these devices. By
adding a nondispersive silicon dioxide substrate, with relative
permittivity of 2.25, the inclusion resonance is shifted to
longer wavelengths,32 so the optimal design needs to take into
account its influence. In Fig. 5 we show how the previous
results are affected by such a glass substrate by keeping the
design unchanged. First, it is observed that the quarter-wave
plate operation is shifted to the longer wavelength of 704 nm.
In addition, the functionality is no longer ideal since the
phase relation between the two orthogonal linearly polarized
transmitted waves is slightly changed, as the two transmission

FIG. 5. (Color online) Comparison of (a) transmission coeffi-
cients and (b) DOLP for the metasurfaces made of slit inclusions,
with and without the presence of a substrate, and (c, d) the same for
dipole inclusions.
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FIG. 6. (Color online) Normalized normal component of the
magnetic field distribution (snapshot in time) at the metasurface
output for (a) nanoslit and (b) nanorod metasurfaces. In both cases,
the input is LCP (left) and RCP (right), and the magnetic field is
normalized to the impinging amplitude.

curves intersect with a phase difference of 83◦ instead of 90◦.
Still, the performance in terms of DOLP and AOLP is pretty
robust. Obviously, a new design considering the substrate
presence may further improve the overall functionality.

Finally, Fig. 6 shows the distribution of the normal
component of the magnetic field distribution (snapshot in time,
normalized to the impinging transverse field) at the design
frequency at the output of the two considered metasurfaces
[nanoslit, Fig. 6(a), and nanorod, Fig. 6(b)] for circularly
polarized excitation at normal incidence. The two plots in
each panel correspond to LCP (left) and RCP (right) inputs.
It is seen how the two excitations provide similar phase
distributions around the inclusions, indicating typically dipolar
polarizations for both orthogonal elements, which are in phase
or out of phase with each other depending on the circularly

polarized input. We have sketched in Fig. 6 the dipolar response
of each rod, which confirms the nanoscale physical mechanism
behind the operation as an ultrathin quarter-wave plate. Indeed,
for a circular polarization input, which is formed by two linear
polarizations 90◦ out of phase, the metausrface inclusions are
polarized in phase, ensuring linearly polarized transmitted
and reflected fields. On purpose, we show here the normal
component of the magnetic fields, which allows isolating
the metasurface response without interfering with the purely
tangential excitation fields.

IV. CONCLUSIONS

We have investigated here the functionality and design
of plasmonic metasurfaces formed by orthogonal elongated
nanorods and complementary nanoslits to realize ultrathin
quarter-wave plates. Based on a simple impedance model to
describe the array interaction, we have achieved polarization
control of the impinging light and optimized its bandwidth
of operation. Our full-wave simulations confirm the expected
response and show a rather robust performance in terms
of incidence angle and bandwidth of operation. Practical
integration of these designs within optical sensors and cameras
will be explored in future presentations to realize polarizers
and sensors for circularly polarized light.
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