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A reflective broadband terahertz (THz) linear-to-circular (LTC) polarization converter based on a single-layer ultra-
thin metasurface is designed and experimentally demonstrated. Two different-size rectangular ultrathin metasurface
micro-structures are proposed to realize such a broadband THz LTC polarization converter with bandwidth ranging
from 0.832 to 1.036 THz. The phase delay between two orthogonal resonance modes is ~90° & 5°. These qualities
are realized mainly by combining two separated LTC polarization conversion frequencies and the benefit of the
coupling between two different-size rectangles. The calculated results indicate that the bandwidth of the LTC
polarization converter is controlled via the dimensions and period of the structure. This kind of ultrathin broadband
THz polarization converter can be widely applied into wireless communication, imaging, and detection, and can

widen the path to designing novel functional THz devices.
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1. INTRODUCTION

Polarization converters, functional devices, have attracted much
attention in recent years due to their abilities to manipulate the
polarization states of electromagnetic waves. Conventional
polarization converters, which are based on birefringent effects,
are always determined by certain materials, including crystals
[1,2] and polymers [3]. However, the intrinsic defects of these
converters, i.e., limited available materials, large size, and nar-
row bandwidth, seriously restrict their applications, especially
in the terahertz (THz) regime.

Metamaterials, which are artificial electromagnetic media
consisting of periodic subwavelength metal-based micro-struc-
tures, have been proposed and provide a novel way to realize
ultrathin, broadband, and miniaturized polarization converters.
Many kinds of single-band [4-11], multi-band [12-15], one-
way [16], and tunable [17] linear polarization converters have
been realized via metamaterials technology. Furthermore,
highly efficient and broadband linear polarization converters
were achieved by virtue of multi-frequency superposition
[18-27] or partial symmetry structures [28]. In addition to
linear polarization converters, linear-to-circular (LTC) polari-
zation converters have also attracted considerable attention
owing to their potential applications in polarization manipula-
tion, imaging, and biological detection. Broadband circular
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polarization converters were reported originally based on
three-dimensional helical metamaterials [29,30]. The presented
LTC polarization converters were realized with a variety of
asymmetric structures, i.e., split ring slot apertures [31,32],
subwavelength nanoslits [33], cross-shaped apertures [34-37],
elliptical patch nanoantennas [38], elliptical gratings [39], and
L-shaped holes [40], where two orthogonal resonance modes
with equal amplitudes and +90° phase delay were excited at
a certain frequency, leading to LTC polarization conversion.
However, an asymmetric structure is in response to a single
frequency, resulting in narrowband polarization conversion.
Therefore, a type of metasurface that consists of two aniso-
tropic V-shaped antenna subunits was proposed [41], but
the conversion efficiency was limited because of the low
efficiency of anomalous refraction. Meanwhile, many other
types of high-efficiency and wideband LT'C polarization con-
verters were reported, such as L-shaped [42] and muldi-
layer stacked metallic wire-grid-based [43,44] broadband
LTC. However, the broadband characteristic of L-shaped
broadband LTC suffered from dispersion compensation of
the dielectric spacing layer. For the multi-layer design, it is
crucial to integrate two separated metasurface to avoid inter-
layer coupling, and more or less increase the complexity of
device fabrication.
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Here, we propose a broadband LTC polarization converter
based on a single-layer and reflective ultrathin metasurface con-
sisting of two different-size rectangular arrays. Each of the
arrays can be considered a single-band LTC polarization con-
verter at a certain resonance frequency, and the broadband
characteristic is formed by the superposition of these two sep-
arated LTC polarization conversion resonance frequencies with
optimized structure parameters. In other words, apart from the
two resonance frequencies, broadband LTC conversion is real-
ized via resonance coupling between these two different-size
rectangles, which is quite different from the above dispersion-
compensation-based LTC polarization converters. When com-
pared with multi-layer broadband LTC polarization converters,
the broadband single-layer LTC polarization converter pro-
posed in this paper precisely takes advantage of the coupling
between two different-size rectangles rather than avoiding the
coupling between different layers ([43,44]). Numerical simu-
lation and experimental results show that the LTC conversion
efficiency is about 70% over a broad frequency range (more
than 0.2 THz). We also find that the bandwidth of the device
is sensitive to dimensions of these two rectangular patterns.
Our approaches in achieving a broadband LTC polarization
converter based on a dual-band superposition mechanism
may open a new window for designing LT'C polarization con-
verters and future practical applications in many research fields,
such as imaging, detection and wireless communication.

2. RESULTS AND DISCUSSION

As we all know, circular polarization of a light beam represents a
polarization state, where at each point, the electric field of the
wave has a constant magnitude, but its direction rotates with
time at a steady rate in a plane perpendicular to the direction of
the wave. The electric vector of the circular polarized light has
two orthogonal components (£, and E,) with equal amplitude
and phase delay of +=7/2. Therefore, we should optimize our
structure to obtain the orthogonal reflected electric fields (£,
and £) with the nearest equivalent amplitudes and phase delay
nearby +7/2. In this work (for numerical simulations), the
phase delay between the two orthogonal reflected electric fields
(E, and E)) is in the range of -85° to -95° (-90° & 5°) with
ellipticity less than -0.99 (-1 < ellipticity< - 0.99).

The schematic of such a LTC polarization converter
composed of two different-size rectangle arrays coating on
one side of the polyimide (PI) film (with gold substrate in
the backside), is shown in Fig. 1(a). The corresponding struc-
ture parameters are /; = 49 pm, /; = 56.8 pm, 4, = 78 pm,
l, =749 pm, P, =117 ym, P, =234 pm, 4 = 25 pm,
g =535 pum, g, = 34 pm, g, = 19 pm, and the thickness
of the pattern and substrate is 200 nm. When the incident
THz wave is polarized at @ = 45° [see Fig. 1(b)], each of these
two rectangles excite two orthogonal resonance modes with
equal amplitudes and quadrature phase at two separated
frequencies. These two resonance frequencies can be combined
into a broadband LTC polarization by optimizing the structure
parameters. The scanning electron microscope (SEM) image of
the fabricated sample is shown in Fig. 2(a). We fabricated the
polarization converter based on the traditional photolithogra-
phy and magnetron sputtering coating. First, the substrate

(b)

Fig. 1. (a) Schematic of the broadband THz polarization converter.
(b) The corresponding unit cell. The normal incident THz wave is
polarized at @ = 45° toward the x axis.
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Fig. 2. (a) SEM of the fabricated structure. (b) Experimental setup.

was realized by the metal coating (by magnetron sputtering)
on one side of the PI film. Then, an AZP4620 photoresist
layer was spin-coated on the other side of the PI film, and
we utilized the mask for exposure processing. After metal coat-
ing and ultrasonic stripping, the layer of gold rectangle array
was formed. In our simulation, the permittivity of the PI is
€y = 3.5+ 0.0354, and the electrical conductivity of gold is
4.561 x 107 S/m. The calculated reflection coefficients and
phase delay are shown in Figs. 3(a) and 3(c). At 0.856 THz
[the left green dashed line in Fig. 3(a)], reflection coefficient
of 0.88 with a phase delay around -90° is presented, resulting
in a right-handed circularly polarized (RHCP) THz wave. By
combining two polarization conversion frequencies with opti-
mized structure parameters, a broadband circular polarized
wave ranging from 0.832 to 1.036 THz is realized. Meanwhile,
if the incident THz wave is polarized at @ = 135° to the x axis,
a broadband of left-handed circularly polarized (LHCP) wave
will be achieved.

The reflection spectra are measured by THz time-domain
spectroscopy (THz-TDS) under reflection mode, as shown
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Fig. 3. Simulated and measured results of the broadband THz LTC

polarization converter: the reflection coefficients of (a) simulations and
(b) measurements; phase delay between two orthogonal components
of (c) simulations and (d) measurements.

Frequency(THz)

in Fig. 2(b) (experimental setup). A THz linear polarizer is
located in front of each of the THz beam splitter and the
detector. The first polarizer (Polarizer 1) is introduced to get
a linearly polarized incident THz wave, while the other polar-
izer (Polarizer 2) is applied to measure polarization states of the
output THz wave. The measured reflection coefficients and
phase delay are shown in Figs. 3(b) and 3(d), respectively.
Two orthogonal resonance modes with equal reflection coeffi-
cient and phase difference of -90° are excited at 0.810 THz [the
left green dashed line of Fig. 3(b)], which demonstrates that the
incident THz wave with a linear polarization state is converted
into a RHCP THz wave. In the same way, RHCP with reflec-
tion coefficient of 0.80 is also achieved at 0.952 THz [the right
green dashed line of Fig. 3(d)]. Therefore, we can realize a
broadband LTC polarization converter by combining two
conversion frequencies with optimized structure parameters.
The corresponding simulation results are shown in Figs. 3(a)
and 3(c). Both the calculated and measured spectra show good
agreement, except for slight difference in resonance frequencies,
due to fabrication error.

To verify polarization states of the output THz waves, we
introduce the Stokes parameters as

So = |7 + 17,%,

Sp= 7P - 177

Sy = 2|77 | cos(a),

S5 = 2|77 | sin(@,), U]

where S is the field intensity of output THz waves. S is the
linearly polarized component along the x axis, S, is a linearly
polarized component in the direction of 45°, and 3 is a cir-
cularly polarized component. ¢, is the phase difference be-
tween the two orthogonal components (¢, = VE, - PE,>
and £, and E, are the two vertical components). Based on
Eq. (1), we can obtain the ellipticity y defined as y = S3/S,.
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Fig. 4. (a) Simulated and (b) measured ellipticity.

When y = 1, the reflected THz wave is perfecc LHCP light,
while the reflected THz wave is perfect RHCP light for y = -1.
According to the simulation result, the ellipticity is around -1
between 0.832 and 1.036 THz [shown in the gray zone of
Fig. 4(a)], resulting in broadband THz LTC polarization con-
version. The experimentally measured result, as depicted in
Fig. 4(b), also demonstrates the characteristic of RHCP light
ranging from 0.787 to 0.99 THz. The theoretical results show
good agreement with experimental results, except for a slight
mismatch due to the fabrication errors. More intuitively, the
wavefront trajectory curve is adopted to denote the polarization
state of the reflected wave. Here, we introduce the vector wave
equation as

2

2
+)/_ ~ 2xy COS(¢d) — sinz((pd), (2)

2 ab

§N| =
S

where 2 and & are the reflection amplitudes along the x direc-
tion and y direction, respectively. According to Eq. (2), the
wavefront trajectory curves of the reflected wave are given at
some frequencies, such as 0.84 THz, 0.9 THz, 0.96 THz,
and 1.02 THz (Fig. 5). The wavefront trajectory curves at these
four frequencies are circles, indicating circularly polarized light
of the reflected waves.
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Fig. 5. Normalized wavefront trajectory curves of the reflected
waves at 0.84, 0.9, 0.96, and 1.02 THz.



Research Article

Vol. 35, No. 4 / April 2018 / Journal of the Optical Society of America B 953

Now, we discuss the physical mechanism of such a broad-
band THz polarization converter. Electric field distributions of
our designed device are shown in Fig. 6. At 0.856 THz, the
excited electric field is located at the vertical bounds of the large
rectangle for horizontally polarized incident THz waves [Fig. 6
(a;)], and in turn, it is focused onto the vertical bounds of the
large rectangle for perpendicularly polarized incident THz
waves [Fig. 6(a;)]. In this situation, the reflection coefficients
of the orthogonal electric fields are equal, and the phase delay
between them is -90° [see Figs. 3(a) and 3(c)]. That is, LTC
polarization conversion at 0.856 THz is mainly attributed
to the resonance of the large rectangle. Meanwhile, at 1.0 THz,
the two orthogonally incident linearly polarized THz beams
are mainly confined in two orthogonal bounds of the small
rectangle, which means that the LTC polarization conversion
at 1.0 THz relies on the resonance of the small rectangle
[see Figs. 6(c;) and 6(c;)]. At the intermediate frequency,
ie, 0.936 THz, both the large and small rectangles are
excited with phase delay of -90° and the nearest equivalent
of amplitudes between these two orthogonal components,
demonstrating the effect of LTC polarization conversion
[as shown in Figs. 6(b;), 6(by), and 3]. The electric field
distribution shown in Fig. 6 indicates that the broadband
characteristic of our LTC polarization converter is achieved
by combining two LTC polarization conversion frequencies
with benefit of dual-band superposition between two size-
different rectangles.

Since the broadband properties of the designed LTC con-
verter are determined mainly by two different-size rectangles,
we now investigate the variation of phase delay and ellipticity

of the LTC converter with different dimensions of the two
rectangular patterns. Figure 7 shows the phase delay and
ellipticity of the LTC converter under the modulation of 4.
In fact, the LTC conversion is generated from the anisotropic
of the rectangular patterns. The anisotropic is derived from
the unequal effective length of each rectangle in both the x
and y axes, i.c., the effective indices of the rectangle in the x
and y axes are not equal, thus a 90° phase shift (with equal
reflection coefficients) at a certain frequency is achieved for a
special aspect ratio of the rectangle. For example, when 4, =
49 pm and /; = 56.8 pm, perfect LTC conversion is achieved
at f = 1.0 THz. When the structure parameter 4, is diverging
from the optimized value (4; = 49 pm), the phase delay be-
tween the orthogonal electric fields also deviates from -90° as
shown in Fig. 7(a), leading to imperfect LTC conversion at
f = 1.0 THz. It should be noted that the amplitudes of two
orthogonal electric fields have changed very little for different-
dimension modulations of /4, (not shown here). Figure 7(b)
shows that peaks appear at the high-frequency regime
(nearby f = 1.0 THz) due to imperfect LTC conversion.
Figures 7(c)—7(g) show the wavefront trajectories with different
values of /; at f = 1.0 THz. They all manifest as elliptical po-
larized wavefronts, except for #; = 49 pm. In a word, for the
imperfect structure parameter of 4, (b # 49 pm), the band-
width of the LTC converter is less than 0.2 THz [see Fig. 7(b)].
In contrast, the phase delay in the low-frequency regime
(f = 0.856 THz) is fixed, which demonstrates that the phase
delay is modulated by changing dimensions of the small rectan-
gle in the high frequency regime. In other words, the LTC
conversion in the high-frequency regime is decided by

Fig. 6. Electric field distribution for two orthogonal polarized waves at (a) 0.856 THz, (b) 0.936 THz, and (c) 1.0 THz.
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(a) Phase delay and (b) ellipticity for different /,. (c)—(g) The normalized wavefront trajectories for different 4, at f = 1.0 THz with the

corresponding phase delay [between these two orthogonal electric fields (£, and Ey)] shown at points A, B, C, D, and E in (a).

the small rectangle. A similar phenomenon is also found by ad-
justing the structure parameter /.

Figure 8 illustrates the corresponding results by modulating
structure parameter 4,. Phase delay in the low-frequency regime,
i.e., f = 0.856 THz, is manipulated by changing the size of /,.
Similarily, phase delay induced by the large rectangle is also de-
flected from -90°, and 5, gradually changes from 72 to 84 pm
(hy # 78 pm), as shown in Fig. 8(a). In this situation, the
peaks appear in the low-frequency regime (f = 0.856 THz),
reducing the bandwidth of the LTC conversion [see Fig. 8(b)].
The wavefront trajectories for different 4, are shown in
Figs. 8(c)-8(g), demonstrating imperfect LTC conversion
for by #78 pm.

Phase delay(deg)

0.6 07 08 09 1.0 11 1.2

Figure 9 illustrates the phase delay and corresponding ellip-
ticity of the LTC converter with different thicknesses of the
polyimide film. The phase delay is modulated by structure
parameter d, as shown in Fig. 9(a). This can be explained quali-
tatively as follows. The reflected THz waves can be divided into
two parts: one part is reflected directly from the surface of
the rectangular patterns, while the other part is reflected from
the substrate that is sensitive to the thickness of the PI film.
Therefore, when structure parameter & diverges from the
optimized value (¢ = 25 pum), the phase delay between the
orthogonal electric fields also deviates from -90° as shown
in Fig. 9(a), resulting in a bandwidth-reduced LTC [see the
corresponding ellipticity in Fig. 9(b)].
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We also numerically demonstrate the polarization transfor-
mation performance for the model with large and small sizes.
Here, the dimension (size) of the rectangular patterns is uni-
tarily changed with the variation of the period. When the
period (p,) is changed gradually from 107 to 127 pm, the size
of rectangular patterns also becomes larger and larger.
Therefore, the resonant frequency is shifted to the low-
frequency regime, as shown in Fig. 10(b). In the meantime,
the phase delay between the orthogonal electric fields is also
deviates from -90° for unmatched pattern size, period, and
gap between the rectangular patterns [as shown in Fig. 10(a)],
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leading to an imperfect broadband LTC [also see the
ellipticity in Fig. 10(b)].

Finally, we discuss the polarization transformation property
of the designed LT'C device with different periods and a fixed-
size rectangular pattern. The centers of the big and small rec-
tangles are located in (0, 2y /4) and (0, —p},/ 4), respectively.
When the period is increased, the gap distance between these
two rectangles is also enhanced, but the dimension (size) of the
rectangles is fixed. When the period (p,) is gradually changed
from 107 to 127 pm, there are two dips near 0.85 and
1.03 THz, corresponding to the two resonance frequencies
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Fig. 11. (a) Phase delay and (b) ellipticity for different period with size-fixed rectangular patterns. L; = 56.8 pm, 5, = 49 pm, L, = 74.9 pm,
by =78 pm, and P, = 2P,. Inset is the schematic of the THz polarization converter. The centers of the large and small rectangles are located in (0,
2,/4) and (0, -p,/4), respectively. The black dots in the inset represent the centers of the rectangles.
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of the large and small rectangles, respectively. Here, these two
rectangles are fixed, and, thus, the resonance frequencies are
invariable. However, when the gap distance diverges from
the perfect value (¢ = 53.5 pm), the phase delay also deviates
from -90° (due to the mismatch of the gap distance), as shown
in Fig. 11(a), leading to a bandwidth-decreased LTC converter
[see the ellipticity in Fig. 11(b)].

3. CONCLUSION

In summary, we experimentally demonstrate a single-layer
broadband THz LTC polarization converter. Such a device
can convert a linearly polarized wave to a circularly polarized
wave in a broad frequency ranging from 0.832 to 1.036 THz.
The broadband characteristic of our polarization converters is
attributed to the combination of two separated LTC polariza-
tion conversion frequencies and the benefit of the coupling
interaction between two different-sized rectangles. LTC con-
version efficiency of over 70% can be achieved for ellipticity
around -1. Moreover, the calculated phase delay and ellipticity
in different dimensions of two rectangular patterns demon-
strates that the broadband performance is affected by the aspect
ratio of each rectangle and the period of the structure. Such an
ultrathin dual-band superposition-induced broadband LTC
converter will have great potential applications in the area of
wireless communication, imaging, and detection, and open a
new way to design novel functional THz devices.
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