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We present the design specifications and in-depth analysis of
a terahertz (THz) broadband cross-polarization converter
composed of a single-layer metasurface. This device can
convert linearly polarized light into its cross-polarization
in transmission mode. Different from other polarization
conversion devices, this effect results from the suppression
and enhancement for different electric components. The
broadband characteristic is also achieved by specific partial
symmetries designed in the structure. The proposed polari-
zation converter can aid in the development of novel plas-
monic polarization devices, and can help to overcome
certain limitations of the customary designs that have been
proposed thus far. © 2015 Optical Society of America

OCIS codes: (160.3918) Metamaterials; (240.6680) Surface

plasmons; (040.2235) Far infrared or terahertz.
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Since the development of efficient terahertz (THz) sources
and sensitive detectors in recent years, THz technology has
garnered tremendous attention in the scientific community.
Today, unprecedented THz applications have been studied
widely in relation to security screening, communications, sens-
ing, etc. [1]. However, further applications are restricted by the
lack of effective THz manipulation devices—such as polariza-
tion rotators, lenses, and phase modulators [2,3]. The polari-
zation state of THz waves is conventionally controlled by using
dichroic crystals or birefringent materials [4,5], which leads to a
very narrow response waveband because of the crystal-based
properties; this also results in difficulties in THz system minia-
turization and integration.

Recently, polarization modulation using plasmonic metasur-
faces or metamaterials has made considerable developments in
the form of artificial planar and three-dimensional chiral

structures [6,7], spiral bull’s-eye structures [8], planar nonchiral
metamaterials [9], and multi-layer structures [10,11]. For ex-
ample, Li et al. proposed an L-shaped nanostructure to manipu-
late the polarization state of the incident light [12]. However,
mechanisms of this kind of design are based on charge transfer
in the corner of the structure, which limits the potential for
polarization conversion, and can rotate only the polarization
angle of incidence by no more than 45°.

More recently, many multi-layer structures have been pro-
posed to realize high-efficiency polarization manipulation.
Most of these plasmonic polarization modulators operate in
reflection mode [13–15]. This is caused mainly by the effective
interactions among the electromagnetic waves and the modu-
lators that occur in reflection mode. However, polarization
modulation in transmission mode is preferable because of
its intrinsic convenience for experimental and commercial
utilization.

One way to achieve polarization conversion in transmission
mode is by placing the nanostructure between two orthogonally
oriented gratings [16]. However, such polarization rotators
are multi-layer structures, which complicates the fabrication
process and frustrates efforts toward the nanoscale integration
of such devices. Another method for achieving a large polari-
zation rotation angle in transmission mode is combining the
surface plasmon polaritons (SPPs) with localized surface plas-
mon (LSP) resonances [17]. However, this method leads to an
inherently narrow band because the combination of the two
effects requires stringent conditions that are not satisfied easily
under certain superposition conditions. Thus, a broadband
single-layer cross-polarization converter in transmission mode
is a fascinating prospect, and has not been realized in the
previous works.

In this Letter, we present the design specifications and in-
depth analysis of a THz broadband cross-polarization converter
in transmission mode composed of a single-layer metasurface.
We show that if the LSP resonances of the metasurface can be
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stimulated well and form an electric-field phase change of π in
the horizontal direction (i.e., parallel to the incident polariza-
tion) and a phase change of 0 in the orthogonal direction, a
nearly 90° rotation would be realized with one single layer.
Moreover, the partial symmetry of the structure is responsible
for the broadband THz cross-polarization behavior. The pro-
posed mechanisms may have a profound impact on polarization
conversion devices, as a new platform for integrated subwave-
length systems.

A schematic diagram of the designed cross-polarization
converter is illustrated in Fig. 1(a). The x-polarized transverse
electromagnetic (TEM) wave irradiates the subwavelength
structure, and y-polarized emergent light is observed. The
proposed converter is composed of two rotationally symmetric
“F” shapes with the central line connected. The unit cell of the
structure is shown in Fig. 1(b), in which the thickness of the
thin metallic film is 200 nm.

The structure is designed based on the following principles.
On the one hand, the overall asymmetry of the structure is
required to achieve polarization manipulation [18]. More
specifically, the symmetry broken structure interacts with the
incident light leading to charge transfer, which generates an
electric component of light perpendicular to the original one.
On the other hand, the partial symmetry of the structure is
also necessary to improve the incident frequency tolerance,
which will be stated in detail in the following discussion. The
finite element method (FEM)-based software COMSOL
Multiphysics [19] was used to design and optimize the polari-
zation rotator. In the simulation, the gold was characterized
with a conductivity σdc � ε0ω

2
pτ, where ωp � 2175 THz is

the plasma frequency, and τ � 24.5 fs is the scattering relax-
ation time [20]. Periodic boundary conditions were imposed in
the x- and y-directions to characterize the periodic structure,
and the scattering boundary condition was set as a source. The
polarization of the incident light is x-polarized in all our sim-
ulations.

The transmitted light is basically elliptically polarized in the
waveband under consideration, and can be described by the
following equation:

x2

E2
x
� y2

E2
y
− 2

cos δ

ExEy
xy � sin2 δ; (1)

where δ � φy − φx is the phase difference of the transmitted
electric field components Ey and Ex . As depicted below, the
energy corresponding to the main axis of the elliptical light
dominates the total transmitted light. We use the angle be-
tween the main axis of the transmitted light and the incident
polarization direction (i.e., along the x axis) to characterize
the polarization rotation angle θ, as shown in Fig. 2. In the
range of 0.87–1.47 THz, θ is larger than 75°, and reaches
its peaks of 88° and 87° for 0.92 and 1.38 THz incidence, re-
spectively. For 1.38 THz incident light, the rotary power ρ
(which is defined by the rotation angle per unit length) reaches
4.35 × 105 degree∕mm, which is several orders of magnitude
larger than that of natural birefringent crystal [21]. Furthermore,
the response bandwidth is much larger than that of the com-
bined SPP and LSP resonances [17], which is hard to achieve
owing to the rigid coupling conditions. This remarkable charac-
teristic can also be demonstrated by the polarization conversion
rate (PCR), which is defined as

PCR � t2yx∕�t2yx � t2xx�; (2)

where tij denotes i-polarized electric transmission from
j-polarized incident light. It is clear that in the range of
0.91–1.45 THz, over 90% of the energy of the transmitted light
belongs to the cross-polarization component.

To better illustrate the quality of the emergent light, a
simulated polarizer is used to detect the transmitted light. As
the polarizer rotates from 0 to 2π, the normalized transmitted
energy varies from 0 to 1. The simulation is shown in Fig. 3(a),
in which the red line represents the ideal results with only a
y-polarized source and a polarizer, whereas the blue stars indi-
cate the results from our polarization conversion film mimick-
ing the y-polarized source; the frequency of the incident light is
1.38 THz in the x-direction. The two sets of results are close to
each other, which demonstrates that we successfully obtained
high-quality, nearly orthogonally polarized emergent light. The
electric transmittance for the x- and y-polarized components
is also shown in Fig. 3(b). The transmitted electric field in
the x-direction is suppressed as txx approaches zero. If the in-
cident light is y-polarized, the effect of polarization conversion

Fig. 1. (a) Schematic diagram of the single-layer linear polarization
converter, where yellow stands for gold and blue indicates the
substrate. An x-polarized incident beam is converted to a y-polarized
beam, and the direction of the wave vector is along the +z axis.
(b) Unit cell of the structure, which is centrosymmetric about the
z axis. Geometrical parameters include L1 � 130 μm, L2 � 40 μm,
L3 � 50 μm, L4 � 48 μm, P � 190 μm, and w � 16 μm.

Fig. 2. Dependence of the polarization rotation angle θ (red triangle
line) and PCR (blue square line) on the THz waveband. The gray zone
indicates the bandwidth corresponding to θ > 75°.
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is very weak and most of the transmitted light is also y-polar-
ized. In the simulation, the intensity of the transmitted electric
field was integrated at a distance of 200 μm away from the
metasurface, which was normalized by the incident one.

To gain insight into the nature of the polarization conver-
sion mechanism, we simulate the electric field distributions for
Ex and Ey on the bottom surface of the gold layer for 1.00 THz
incident light, as shown in Figs. 4(a) and 4(b). The aggregation
of the electric field is mainly dependent on the shape of the
holes in the metallic film, which evidences the stimulation
of LSPs [22]. Here, the Ex component in zone (1) and zone
(2) possesses a phase difference of π, thus leading to reciprocal
inhibition. With careful designs, the summation of Ex on the
top surface of the structure (one unit cell) can approach zero,
which is vital for cross-polarization conversion with a single-
layer metasurface. By way of contrast, the Ey distribution main-
tains the same phase throughout the surface, as shown in zone

(3), which results in mutual promotion. It is worth mentioning
that the electric field distribution interpreted above remains the
same throughout the entire waveband in question. On the one
hand, to generate ideal suppression for Ex, a relatively symmet-
ric structure leading to the same electric intensity and an elec-
tric phase difference of π is required. As shown in Fig. 4(a)
[red dashed circle], the two regions with similar slot shapes
stimulate striking resemblance to LSPs with a phase difference
of π, which tremendously improves the incident frequency tol-
erance. On the other hand, the overall asymmetry is a precon-
dition for the polarization converter, as stated before. Hence, a
broadband polarization rotator is achieved with one gold layer.
This is a different way of broadband realization from the phase
compensation [23]. To get insight into the phase difference of
the excited LSPs, we plotted the phase distribution for Ex and
Ey on the bottom metasurface for 1.00 THz incidence, as
shown in Figs. 4(c) and 4(d). A phase difference of π between
zones (1) and (2) in Fig. 4(c) is apparent. The enhancement
between two zones (3) in Fig. 4(d) can be achieved. The phase
difference in a whole harmonic cycle is always unchanged.

The partial symmetry of the structure is related mainly with
the geometrical parameter L2, which strongly affects the inter-
ference of the electric field between zones (1) and (2). As shown
in Fig. 5(a), the PCR has a red shift with the increasing of L2.
The peak value and width of the PCR spectrum is optimal
when L2 � 40 μm. Comparing with other geometrical param-
eters, the thickness of the gold layer almost does not affect the
PCR, as shown in Fig. 5(b). This mainly results from the shape-
dependence of LSP excitation and the high conductivity of gold
in this waveband. To demonstrate the broadband effect arising
from the partial symmetry of the structure, we give the near-
field distributions for Ex and Ey with 1.15 THz incidence in
the insets of Figs. 5(a) and 5(b), which are similar to the results
with 1.00 THz incidence in Figs. 4(a) and 4(b).

Our proposed structure is not unique among single-layer
LSP resonance-based cross-polarization conversion devices.
We test another h-shaped metallic slot structure to support
our theory, which is illustrated in the insets of Fig. 5(c).

Fig. 3. (a) Comparison of transmission for different analyzer angles
with 1.38 THz incident light. The red line indicates the ideal result for
y-polarized incidence without the structure, whereas the blue stars
represent the computed transmission for x-polarized incident light
with the structure. (b) Calculated transmittance for x and y electric
components.

Fig. 4. Near-field (a) Ex and (b) Ey distributions for 1.00 THz in-
cident light on the bottom surface of the metasurface. The red dashed
circles indicate suppression areas resulting from the partial symmetric
structure. Zones (1)–(3) indicate excited LSP resonance areas with
different distributions of electric intensity and phase. (c) and (d) are
the phase distributions of Ex and Ey on the bottom surface for
1.00 THz incidence.

Fig. 5. PCR for different length of (a) L2 and (b) h. Insets: near-
field Ex and Ey distribution with 1.15 THz incident light. (c) txx and
tyx for an h-shaped structure. Inset: near-field Ex and Ey distribution
with 1.25 THz incident light. (d) Calculated polarization rotation
angle θ and PCR for the h-shaped structure.
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Similar to the LSP resonances in Figs. 4(a) and 4(b), the electric
field distributions also reveal a strong localized resonance with a
phase difference of π and 0 at the cross-polarization conversion
frequency 1.25 THz, which proves that the electric suppression
in x-direction and enhancement in y-direction are realized
simultaneously. The electric transmission spectra, polarization
rotation angle, and PCR are also shown in Figs. 5(c) and 5(d).
The capability for polarization conversion of the metallic slot
film decreases rapidly when the incident frequency departs
from 1.25 THz. This is mainly because of highly asymmetric
parts of the structure that correspond to zones of phase differ-
ence of π; such parts extraordinarily affect the intensity and
phase of the LSP resonances, which is in sharp contrast to
the electric distributions in Fig. 4. For experimental characteri-
zation, the proposed single-layer metasurface can be fabricated
easily through sputtering deposition, electron-beam lithogra-
phy, and reactive-ion etching techniques. The sample can be
characterized using a fiber-coupled photoconductive dipole an-
tenna based terahertz time-domain spectrometer (THz-TDS)
incorporating two polarizers, which can be configured to oper-
ate in transmission.

In conclusion, we have proposed a broadband cross-
polarization rotator composed of a single metallic slot layer
in the THz region in transmission mode. This effect results
from the superposition of electromagnetic waves generated
by LSP resonances, which is different from previous studies
on polarization conversion. With suitable design parameters,
an electric phase difference of π in one direction and zero in
the other direction, are achieved simultaneously. The proposed
polarization rotator functions very well in a broadband region
owing to the partial symmetry of the structure. Moreover, any
structure can accomplish similar effects, provided that the
stimulation conditions are satisfied. This result offers helpful
insight on cross-polarization conversion, and furthermore
suggests intriguing possibilities regarding the development of
planar vector beam devices, wavefront modulation devices in
the THz domain, as well as other regions of the electromagnetic
spectrum.
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