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Abstract We present the underlying theory, the design
specifications, and the simulated demonstration of a high
performance broadband asymmetric polarization conversion
composed of an L-shaped gold particle and a gold nanoan-
tenna array for the near-infrared regime. It can transform
linearly polarized light to its cross polarization in the trans-
mission mode for one propagation direction and efficiently
reflect the light for the opposite propagation direction.
The broadband asymmetric polarization conversion can be
attributed to the polarization-dependent reflection of the
nanoantenna array, which enhances the polarization con-
version efficiency of the L-shaped particle and makes it
asymmetric and devisable. This work offers a further step
in the development of a high efficiency broadband optical
activity device.
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Introduction

Harnessing light for modern photonic applications involves
very often the control and manipulation of light polarization.
The ability to control the polarization of light is a funda-
mental desire for people to fully control light, which has
great importance for practical applications such as photog-
raphy, liquid crystal displays, fiber communication, sensing,
and so on [1, 2]. Traditional approaches to controlling the
light polarization employ the combinations of linear polar-
izers and dielectric wave plates. However, there exist some
inherent disadvantages in the size and collimation of these
systems, resulting in difficulties in optical system miniatur-
ization and integration. Recently, realization of polarization
conversion by plasmonic metasurfaces or metamaterial has
attracted growing attention in the scientific community.
This effect is similar to Faraday rotation but requires no
magnetic field or nonreciprocal materials. Remarkable pro-
gresses have been shown in the GHz [3–5], infrared [6–8],
and optical frequencies [9, 10]. A cross polarization rotator
with high efficiency has been realized in GHz by a bilayered
chiral metamaterials with enantiomeric patterns of four-
fold rotational symmetry [4]. A cavity-involved plasmonic
metamaterial has been proposed to realize an almost com-
plete and efficient polarization conversion in transmissions
for certain linearly polarized light in near-infrared region
[6]. A near-infrared quarter-wave plate has been used to
achieve a broadband circular-to-linear polarized light con-
version by tailoring the dispersive properties of an array
of orthogonally coupled nanodipole elements [10]. Most of
these progresses rely on well-known structures: the split
ring, the nanorods, the crossed nanodipoles, the L-shaped
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and S-shaped metallic nanoparticles, and apertures. How-
ever, these designs always suffer from large optical loss
and narrow optical response, resulting in low efficiency and
limited bandwidth which separate them from the practical
applications.

Thus far, much effort has been devoted to enhance
the efficiency of polarization conversion and broaden the
response frequency range [11–18]. An ultrathin multilayer
stacked system containing twisted complementary split-ring
resonators is proposed for manipulating the linear polariza-
tion of electromagnetic waves and providing asymmetric
transmission in a wide GHz frequency range [11]. Broad-
band and highly efficient metamaterial-based polarization
converters have been realized in THz recently, which rotate
a linear polarization state into its orthogonal one [13].
Additionally, a wideband and efficient linear polarization
conversion based on plasmonic planar antenna has been
realized in mid-infrared [14]. However, these designs pro-
vide different physical mechanisms for the achievement of
a similar broadband and efficient polarization conversion in
different wavebands and do not establish a brief and sys-
tematic design methodology for the achievement of high
performance broadband polarization conversion. Moreover,
the achievement of the asymmetric polarization conver-
sion is required for extreme polarization control, and it is
also important for some applications on photonic systems.
Meanwhile, an effective method to regulate the polarization
conversion performance of the pre-existing designs is highly
desirable.

In this paper, we present the underlying theory, the
design specifications, and the simulated demonstration
of a high performance broadband asymmetric polariza-
tion conversion composed of an L-shaped gold parti-
cle and a gold nanoantenna array in the near-infrared
regime. A 1000-nm-wide asymmetric polarization con-
version for certain linearly polarized incident wave is
achieved with polarization conversion rate (PCR) more
than 0.95. We demonstrate that by using a nanoantenna
array with polarization-dependent reflection effect, we can
not only regulate the polarization conversion performance
of the L-shaped particle but also achieve an asymmetric
and broadband one.

Theoretical Analysis

Let us first consider the theoretical analysis of the high per-
formance asymmetric polarization conversion for a linearly
polarized light. The transmission of coherent light through
any dispersive optical system can be described by means

of complex Jones matrices T [19, 20]. For an incoming x-
polarized plane wave propagating along the +z direction, its
electric field can be described as:

Ei (r, t) =
(

Ix

0

)
ei(kz−ωt), (1)

where ω, k, and Ix represent the frequency, wave vector, and
complex amplitudes, respectively. The transmitted field is
then given by

Et (r, t) =
(

Tx

Ty

)
ei(kz−ωt). (2)

The general complex amplitudes of the incident field to the
complex amplitudes of the transmitted field can be related
by T matrix.

(
Tx

Ty

)
=

(
Txx Txy

Tyx Tyy

)(
Ix

0

)
= Tf

lin

(
Ix

0

)
, (3)

The superscript f and subscript lin indicate the forward
propagation (along +z direction) and a special linear base,
respectively. If the medium does not contain magneto-
optical material, the reciprocity theorem can be applied and
the transmission matrix Tb for propagation in the backward
direction (along -z direction) can be written as:

Tb
lin =

(
Txx −Tyx

−Txy Tyy

)
. (4)
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Fig. 1 An artistic rendering of the asymmetric polarization conversion
for the designed ultrathin hybrid metamaterial. The linearly polarized
light for the forward and backward propagation can be transformed to
its cross polarization and efficiently reflected, respectively
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So the relative transmitted intensity for forward and back-
ward propagation can be derived as:

tf = |Tx |2 + |Ty |2 = (|Txx |2 + |Tyx |2) · |Ix |2. (5a)

tb = |Tx |2 + |Ty |2 = (|Txx |2 + |Txy |2) · |Ix |2. (5b)

PCR is introduced as:

PCR = tyx

txx + tyx

, (6)

which is widely used to evaluate the performance of
polarization conversion. tij = |Tij |2 is the squared mod-
uli of transmission matrix elements. Obviously, the effect
of polarization conversion depends on the transmission
matrix elements |Txx | and |Tyx |. If the |Txx | and |Txy |

equal to 0, then the transmitted intensity can be derived
as:

tf = |Tx |2 + |Ty |2 = |Tyx |2 · |Ix |2. (7a)

tb = |Tx |2 + |Ty |2 = 0. (7b)

For this condition, it is obvious that the polariza-
tion conversion is only achieved for forward propagation
with a PCR equal to 1. Moreover, this condition can
be easily realized by combination of arbitrary polariza-
tion conversion devices and a nanoantenna array with
polarization-dependent reflection. It is worth mention-
ing that certain linearly polarized incident wave can be
almost completely reflected by the nanoantenna array and
has a phase difference almost equal to π with the inci-
dent wave. In this case, the distribution of the electric
field magnitude in propagating direction will be changed,
which can be used to control the interaction between the
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Fig. 2 The squared moduli tij = |Tij |2 of the T matrix of a the L-shaped particle and b the nanoantenna array
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Fig. 3 Electric field profile across a the nanoantenna array or b a
smooth gold mirror at 1400 nm wavelength for x-polarized and y-
polarized incident wave. c |Ex |/|E0| of the nanoantenna array with
or without the L-shaped particle in different position z for 1400 nm

incident wavelength. d An artistic rendering of the x-polarized elec-
tric field magnitude distribution. The L-shaped particle can be set in
different positions

polarization conversion devices and the incident wave. A
broadband asymmetric polarization conversion can be fur-
ther realized by setting the |Tyx | as a constant for the
designed waveband.

Design and Characteristics

To satisfy the above-mentioned condition and achieve a
high performance broadband asymmetric polarization con-
version, we designed an ultrathin hybrid metamaterial com-
posed of an L-shaped gold particle and a gold nanoantenna
array. Figure 1 is an artistic rendering of the asymmet-
ric polarization conversion, which transmits the x-polarized
wave into the opposite polarization for forward propagation
and completely reflects the wave for backward propagation.
The periods of the two-layer unit-cell were all P = 650 nm

in the x and y directions. The L-shaped particle designed
380 nm in length (L1) and 100 nm in width (W1). The
nanoantenna array designed 480 and 550 nm in length
(L2 and L3) and 50 nm in width (W2 and W3), while the
distance between two nanoantenna with different lengths
was s = 50 nm. The thickness of two gold nanostructures
was t1 = 30 nm, and the thickness of the dielectric spacer
between them was t2 = 300 nm.

In order to study this ultrathin hybrid metamaterial, we
have conducted numerical simulations, which were carried
out by using CST microwave studio [21]. In our simulations,
the dielectric function of gold is defined by Drude mode
with plasmon frequency ωp = 1.37×1016s−1 and damping
constant γ = 4.08 × 1013s−1 [22]. To account for surface
scattering, grain boundary effects in the thin gold film and
inhomogeneous broadening, we used a three times higher
damping constant than bulk [23, 24]. We firstly do not con-
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Fig. 4 a |Ex |/|E0| of the solitary nanoantenna array as a func-
tion of the position z for 1400 nm incident wavelength and |Tyx | of
the ultrathin hybrid metamaterial when put the L-shaped particle in
the corresponding position. b |Ex |/|E0| of the solitary nanoantenna
array and |Tyx | of the ultrathin hybrid metamaterial for the different
wavelengths when the L-shaped particle is located at 300 nm in -z
direction

sider the presence of the dielectric spacer and substrate in
our design (the permittivity of the dielectric is 1), which may
be required in its practical realization. We will further con-
sider its effects in the following discussion. Periodic bound-
ary conditions were set in x and y directions representing
a periodical structure, and open (perfectly matching layer)
boundary is defined in z direction for the light incidence and
transmission, while the excitation source is an x-polarized
plane wave.

To study the polarization conversion effect of the ultra-
thin hybrid metamaterial in transmission mode for x-
polarized incident wave, we firstly calculated the tij of
the L-shaped particle and the nanoantenna array in Fig. 2,
respectively. Figure 2a shows the txx and tyx of the L-shaped
particle. The L-shaped particle has an apparent polariza-

tion conversion effect in transmission mode, where the tyx

is unequal to 0 from 1000 to 2000 nm wavelength. How-
ever, the tyx is much smaller than txx for a fixed wavelength,
which means the polarization conversion efficiency of the
L-shaped particle is pretty low. Figure 2b shows the txx and
tyy of the nanoantenna array. The tyx and txy are equal to
0 since the nanoantenna array has no polarization conver-
sion effect. The tyy is almost equal to 1 and txx is changed
from 0 to 0.4 with the variety of the wavelength. As txx

is quite smaller than tyy for a fixed wavelength, the reflec-
tion of nanoantenna array can be treated as polarization-
dependence, which means x-polarized incident wave will
be almost completely reflected and the transmitted wave is
y-polarized.

To show the polarization-dependent reflection of the
nanoantenna array, the electric field profile across the
nanoantenna array (thickness 30 nm, center position
z = 15 nm) or a smooth gold mirror (thickness 100 nm, cen-
ter position z = 50 nm) for 1400 nm wavelength is showed in
Figs. 3a, b. For x-polarized incident wave, the effect of the
nanoantenna array is almost the same as a smooth gold mir-
ror [25]. The incident wave is almost completely reflected.
The magnitude of the electric field near the nanoantenna
array becomes a function of the position z.

For y-polarized incident wave, the effect of the nanoan-
tenna array is quite different from the gold mirror. The
incident wave transmits it mostly instead of reflecting back.
Basing on the polarization-dependent reflection and com-
bining the nanoantenna array and the L-shaped particle, the
polarization in transmission for the ultrathin hybrid meta-
material is orthogonal with the x-polarized incident wave.
The normalized electric field distributions |Ex |/|E0| of the
nanoantenna array with or without the L-shaped particle in
different position z (see Fig. 3d) for 1400 nm incident wave-
length are showed in Fig. 3c. The corresponding positions
for the maximum and the minimum electric field magni-
tude have a good consistency. The difference between the
distributions of |Ex |/|E0| is mainly caused by the differ-
ent interaction strength between the L-shaped particle and
the incident wave. The distributions of |Ex |/|E0| are quite
different between the solitary nanoantenna array and the
ultrathin hybrid metamaterial with the L-shaped particle
in the position of the maximum electric field magnitude
(d1 = 300 nm), because the interaction between the L-
shaped particle and the incident wave is powerful and the
x-polarized electric field is largely consumed away. Since
the interaction between the L-shaped particle and the inci-
dent wave is almost zero, the distributions of |Ex |/|E0| is
exactly similar between the solitary nanoantenna array and
the ultrathin hybrid metamaterial with the L-shaped parti-
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Fig. 5 Maps of the normalized
electric field intensity
components a and b |Ex |/|E0|,
c and d |Ey |/|E0| on the surface
of L-shaped particle along x and
y axis for a and c solitary
L-shaped particle, b and d
ultrathin hybrid metamaterial,
where the wavelength of the
incident wave is 1400 nm
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cle in the position of the minimum electric field magnitude
(d2 = 700 nm). Thus, the interaction between the L-shaped
particle and the incident light can be controlled by adjusting
the distance between them.

When the distance between the nanoantenna array and
the L-shaped particle is far enough, this system will be
endowed with more physics and much different from the
coupled one. For the system without existing nonlinear
effect, the tyx of the L-shaped particle is invariable with
an increasing magnitude of the incident intensity. On the
other hand, the transmitted intensity for y-polarized wave
has a linear relation with the intensity of the x-polarized
incident wave. It has been well established that oscillating
electric current can be excited on a metallic surface upon the
surrounding electromagnetic field. The surrounding elec-
tromagnetic field is then modulated by the irradiation of
oscillating surface electric current. The relation between
the incident intensity I and the magnitude of the electric
field |E| is I ∝ |E|2, so the tyx will be changed with
the magnitude variation of the electric field surrounding
the L-shaped particle for a fixed incident intensity. Figure
4a shows the normalized electric field profile |Ex |/|E0| of
the solitary nanoantenna array as a function of the posi-
tion z for 1400 nm incident wavelength and the |Tyx | of the
ultrathin hybrid metamaterial when put the L-shaped par-

ticle in the corresponding position. The distribution of the
x-polarized electric field magnitude is the function of the
positon z induced by the polarization-dependent reflection
of the nanoantenna array (see also Fig. 3d). Therefore, the
|Tyx | of the ultrathin hybrid metamaterial will periodically
vary with the changing of the distance between the L-shaped
particle and the nanoantenna array. If the L-shaped particle
is placed at the position of the maximal electric field magni-
tude, the |Tyx | can be enhanced about two times larger than
that of the solitary L-shaped particle. According to Eq. 7,
the y-polarized transmitted intensity of the ultrathin hybrid
metamaterial will further enhance about four times for fixed
incident intensity. Figure 4b gives the normalized elec-
tric field distribution |Ex |/|E0| of the solitary nanoantenna
array and the |Tyx | of the ultrathin hybrid metamaterial
for the different wavelengths when the L-shaped particle
is located at 300 nm in -z direction (the position of maxi-
mal electric field magnitude at the incident wavelength of
1400 nm). Results show that the polarization conversion
effect can be enhanced in a broadband wavelength range.To
further show the enhancement of the polarization conver-
sion efficiency of the L-shaped particle by its surrounding
electric field, we plotted the maps of the electric field inten-
sity components on the surface of L-shaped particle in x-y
plane normalized by the incident electric field intensity |E0|
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Fig. 6 a Calculated polarized
transmittances txx and tyx of the
ultrathin hybrid, b PCR of the
ultrathin hybrid metamaterial
and the solitary L-shaped
particle; c txx and d tyx of the
ultrathin hybrid for both forward
and backward propagation
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for solitary L-shaped particle and ultrathin hybrid metama-
terial in Fig. 5, where the incident wavelength is 1400 nm.
It is obvious that the oscillating mode of the electron is not
changed for two cases. Otherwise, the oscillation intensity
of the electron is apparently enhanced.

A broadband and high efficiency polarization conversion
can be thereby achieved by the enhancement of electric
field. The polarized transmittances txx and tyx of the ultra-
thin hybrid as a function of wavelength are shown in
Fig. 6a. The tyx is enhanced by the electric field distri-
bution formed by the x-polarized incident and reflected
wave and the txx is eliminated by the polarization-dependent
reflection of the nanoantenna array. Consequently, a high
performance polarization conversion on a 1000-nm-wide
band at wavelength 1000–2000 nm is realized. The polar-
ization conversion efficiency of the ultrathin hybrid meta-
material is accordingly enhanced compared with that of
the solitary L-shaped particle, as shown in Fig. 6b. More-
over, the asymmetric polarization conversion can also be
achieved by the polarization-dependent reflection of the
nanoantenna array. The txx and tyx for both forward and
backward propagation as a function of wavelength are
given in Fig. 6c, d, respectively. Results show that x-
polarized wave will be transmitted into the opposite polar-
ization for forward propagation and completely reflects for

backward propagation. Menzel et al. proposed L-shaped
and striped particles to achieve a narrowband asymmet-
ric transmission for linearly polarized light in the near-
infrared [26], which is mainly caused by three-dimensional
chirality and complex resonances between the L-shaped
and striped particles. Our proposed broadband asymmetric
polarization conversion of linearly polarized light is formed
by the broadband polarization-dependent reflection of the
nanoantenna array.

In reality, the dielectric spacer and substrate needs to
be taken into account for the practical realization of the
metamaterials. By adding a silicon dioxide with relative
refractive index of 1.47, the inclusion resonance will shift
to longer wavelengths [9], so the optimal design needs to
take into account its influence. The effective wavelength
band of the nanoantenna array and the L-shaped particle
will be changed. The position z of the L-shaped particle also
needs to be varied to enhance the magnitude of the elec-
tric field in the effective wavelength band range. Figure 7
shows how the previous results are affected by such a glass
spacer and substrate by keeping the design unchanged. It is
observed that the broadband polarization conversion effect
is shifted to the longer wavelength. Furthermore, the txx

is almost 0 for the proposed ultrathin hybrid metamaterial
with the dielectric for its inherent losses, which means the
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Fig. 7 Comparison of the polarized transmittances with and without
dielectric for a the solitary L-shaped particle and b the ultrathin hybrid
metamaterial

polarization of transmission wave is entirely changed to y
direction. Obviously, a new design considering the presence
of dielectric may further improve the overall functional-
ity by optimizing the structure parameters of the ultrathin
hybrid metamaterial. Considering the shift of the inclusion
resonance caused by the dielectric spacer and substrate, a
high performance polarization conversion with a 1000 nm
bandwidth at the range of 1000–2000 nm can still be real-
ized by optimizing the parameters of the ultrathin hybrid
metamaterial with: P = 500 nm, L1 = 290 nm, W1 = 100 nm,
L2 = 300 nm , L3 = 370 nm, W2 = 50 nm, W3 = 50 nm,
s = 50 nm, t1 = 30 nm, and t2 = 250 nm. Moreover, the
practical fabrication of such ultrathin hybrid metamaterial
can be realized by using electron-beam lithography, evap-
oration deposition of gold, and plasma-enhanced chemical
vapor deposition of silicon dioxide [24].

Conclusion

In conclusion, we have proposed an ultrathin hybrid meta-
material that is composed of an L-shaped gold particle
and a gold nanoantenna array. The broadband polarization-
dependent reflection of the nanoantenna array effectively
enhances the polarization conversion efficiency. As a
result, a broadband (1000–2000 nm) and almost com-
plete (PCR>95 %) asymmetric polarization conversion
is realized. To some extent, this approach of broadband
polarization-dependent reflection provides a new way to
improve the performance of the polarization conversion.
This result offers helpful insight, and provides intriguing
possibilities to the design of devices based on asymmetric
polarization conversion.
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