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Abstract — In order to achieve both adjustable wideband
and high Polarization Conversion Rate (PCR) of the
transmitted waves, a novelty tri-layered structure is
proposed for terahertz applications. The Rhombus
Hollow Square (RHS) is built up by top and bottom gold
gratings on Silicon Dioxide and Polyamide substrate
with graphene strips. The proposed polarizer broadens
the bandwidth and has well performance. As chemical
potential increases, the bandwidth is also broadened by
adjusting the graphene. From 0.5 THz to 3 THz, the PCR
is greater than 90%, and the relative bandwidth up to
142.9%. The transmission and absorption of polarizer are
analyzed at the oblique incidence with chemical potential
0.1leV. By simulating and analyzing the performance,
a new result of maintaining broadband and high
transmittance in oblique incidence is obtained.

Index Terms — Graphene, Terahertz, transmitting
polarizer, ultra-wideband.

I. INTRODUCTION

Usually, terahertz (THz) wave is a length of 3000
to 30 um, and the frequency is 0.1 to 10 THz. The
application of terahertz technology in the field of
electromagnetics is a hot topic now [1-2]. Terahertz is
used in fields such as high-temperature superconducting
materials, semiconductor materials properties research,
and broadband communication [3], microwave device
[4-6] and so on. Currently, there are mainly three types
of polarizers used in the terahertz band liquid crystal
polarizers [7], carbon nanotube polarizers [8], and metal
wire grid polarizers [9]. Metal wire grid polarizers can
be obtained mainly through precision machining, laser
direct writing technology, photolithography and other
processing methods. This is also the most widely used
terahertz polarizer.

Generally, metal is fine material to design
metamaterials and which is designed for reflective [10-
12] and transmitting polarization converters [13-18].
For some non-adjustable materials, such as dielectric
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materials and metal materials, which dynamic control
becomes more inconvenient, and its application is
limited. However, there are many advanced technologies
for terahertz/mid-infrared tunable polarizer. In particular,
the transmittance of the polarization control is adjustable.
The bandwidth is broadened by adjusting the parameters
of graphene to design the structure. This research
provides a unique idea for the controllable polarization
conversion rate in the research [18].

At the same time, the graphene has high electron
mobility, the electrical grating or doping level of
graphene can be adjusted to make it conductive [19-30].
For example, the absorbers [19] are tunable graphene
based with polarization insensitive [20]. Light efficiently
into graphene surface plasmon can be captured by the
graphene sheet [21]. The graphene frequency selective
surface achieves tunable polarization rotation of the
transmitted wave and controllable bandpass response
[23]. Graphene can be combined with other materials,
which performance and bandwidth will enhance [24].

The conductivity of graphene is used to control
by voltage [25]. According to design the polarization
converter, the electron scattering time characteristic of
graphene ranges from ps to sub-ps, which can vary in a
wide range of frequency. MMW/IR beam synthesizer
based on graphene infrared window, used for MMW/IR
compound Compact Antenna Test Range (CATR), solves
the infrared transmittance in the MMW/IR compound
target simulation system [26].

We propose an original cross-polarized tri-layered
structure metamaterial converter, which is a new
transmission type, based on graphene to optimize the
conversion rate and widened the operating frequency.
We validated transmitting rate and high polarization
conversion rate by full-wave numerical simulations. The
physical mechanisms of the divice are also discussed.

I1. DESIGN OF TRANSMITTING
POLARIZER BASED ON GRAPHENE
A schematic diagram of the unit structure of a
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metamaterial cross-polarized transmission converter
based on graphene strip, in which a vertically incident x-
polarized waves are transformed to cross-polarized
waves. The RHS patch, which arranged at a diagonal
of 45° in Fig. 1 (a). The dielectric spacers are silicon
dioxide and polyamide, with the RHS and graphene strip
between them. The top and bottom of the polarizer are
gratings. The gold grating wire width and periodicity
both are w, and the thickness of the grating is 0.1um. The
gratings are respectively covered on the substrates.

Silicon Vg

Dioxide () i
Polyamide grating

grating

@)
graphene graphene
h
Type A Type B
(b) ©

Fig. 1. (a) Schematic and geometric dimensions of
transmissive polarizer unit cell by graphene, (b) the RHS
of polarizer, and (c) type of the graphene strips in the
structure.

The middle part of the transmitting polarizer is
composed of graphene strip and a metal resonator layer
RHS in Fig. 1 (b), which is located on the bottom 20um-
thick substrates. The unit is arranged in a periodic array
structure of constant p. The structural parameters of the
graphene strips are p and s, respectively. The two types
of graphene strips are along the x-axis and rotated
45 degree with the unit diagonally, respectively. The
thickness of the graphene strips and RHS are 100 nm.
And the tri-layered structure substrate uses Silicon
Dioxide thickness of h and Polyamide thickness of hl
respectively. Table 1 shows the optimized parameters of
the structure. In order to excite the metal resonator RHS,
the polarization field is applied along the -z-direction
when the terahertz waves are normally incident.
Simultaneously, graphene strips are located under the
RHS transmitting polarizer to proactively modulate the
near-field coupling effect of terahertz waves.
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Table 1: The optimal parameters of the polarizer
Parameters |p |[c |s|b |w]|h |hl]a
Value(um) | 60|20 |5[25|4 |20][12 |67

In the research, the structures were numerically
investigated through frequency domain solver by CST
Studio Suite 2020 of commercially available full-wave
electromagnetic simulator software. The unit calculation
is shown in the Fig. 2. The periodic boundary structure
is unit cell and floquet ports on the top and bottom. In
the terahertz band, the three-layer metal-graphene-metal
layers realize the controllable characteristics of linear
transmission and perfect polarization conversion.

Fig. 2. The model of numerically investigates.

Two polarizers in the form of graphene are analyzed.
Type A is a horizontal graphene strip and Type B which
graphene with 45° angle in the horizontal direction. The
graphene layer is shown in Fig. 1 (c), which is isolated
by Silicon Dioxide with a dielectric constant £=3.9 and
Polyamide with a dielectric constant of 3.5. Introduce the
conductivity of the graphene strip according to the Kubo
formula, which is mainly intra/inter-band [27]:
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where the kB and T represent Boltzmann's constant and
temperature. Parameters e and ¢ are the electron charge
and Planck's constant, respectively. In addition, t and
u refer to the relaxation time and chemical potential,
namely Fermi energy Eg. The z=1ps, meanwhile T=300K.
Therefore, o=1/27 represents the frequency of collision.

Before analyzing the design, it is necessary to
consider the selectivity structure of the polarizer. In
the first design, use graphene strips instead of whole
graphene sheets. Then, the polarization of the transmitted
wave with the applied voltage between the graphene strip
and the gold grating is investigated. The permittivity of
graphene [2] can be obtained by ¢ =1+(id,)/(s,@At) in



the CST Studio Suite 2020. The carrier density and the
position of the pic among the strips can be restrained with
the bias voltage, and the phenomenon is dynamically.
Formula (4) gives an approximate expression related to

e and Vg:
V
E, = u ~hv, /% (4)

The parameters g and g respectively represent the
dielectric constant of vacuum and silicon dioxide. The
parameter Vg is bias voltage. The parameters e and
V; are the electronic charge and the Fermi velocity at
1.1x108 m/s in graphene, respectively. The t=20nm is the
thickness of the insulating layer between the graphene
and the electrode. Novel polarizer we designed, the
maximum bias voltage of 100V is adopted. Calculated
by the formula, as the external load voltage increases, the
chemical formula gradually increases. The adjustment
range of the Er is between O0eV-1leV, which requires
range 5V to 75V bias voltage.

I11. SIMULATION RESULTS AND
DISCUSSIONS

The original unit structure of we proposed in Fig. 1
with the Cartesian coordinates of x-y-z axis. The periodic
unit can be designed as a polarizer. If the incident and
transmitted wave are E' and E, respectively. The both
forward and backward propagation of the transmission
polarizer can be used as a four-port transmission system
with the two ends as input and output. Then the positive
propagation and opposite propagation can be indicated
as the equation of electric field [28].

The superscript p indicate positive propagation along
the —z direction of forward, and the o indicate opposite
propagation along the +z of backward:
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In that way, the transmission coefficients and
reflection coefficients of the positive (forward) and
opposite (backward) propagation in two componential
arrays are expressed by the 4x4 scattering matrix as:
ot ttot?
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The subscripts x and y denote the electromagnetic
waves state of polarization, meanwhile mark down i and

t denote incident and transmit terahertz waves respectively.

The t, indicate y-polarization transmitting from x-
polarization incidence. The ry indicate x-polarization
co-polarized reflection amplitude from x-polarization
incidence. We propose a transmitting metamaterial
linear polarizer, which transform the incident x-polarized
terahertz wave to y-polarized, which is pure cross-
polarized wave. The Stokes method is introduced to
accurately describe transmitted waves. Four parameters
with the same physical dimensions are used to determine
the polarization state:

Tr, =tg, +t7,, 8)
Tr, =t; —t7,, 9
Tr , =2t,t,, CosAg, (10)
Tr,=2t,t,sinAgp. (11)

The formula Ap= @y — du =arg (tyx) - arg (txx) is
the difference of phase between the cross-polarized
transmission coefficient t,x and opposite propagation
coefficient t°. The polarization conversion rate (PCR)
of a tunable transmitting polarizer is usually expressed in
terms of conversion efficiency. The calculation formula
is:

PCR=t} /(t2 +12). (12)

Since electromagnetic energy may be lost, the
absorption rate of the conversion rate is calculated. The
absorption rate of transmission (A;) designs formula:

A =1-t2 —rZ. (13)

The graphene-based transmitting polarizer is
designed to perform linear polarization conversion in the
transmitting mode, so the metal layer of the traditional
reflective polarizer is replaced by gratings. The double-
layered grating is shown in Fig. 1 (a). The tri-layered
structure shown plays an important role in transmitting
pure linear polarized waves. With the double-layer
orthogonal metal gratings design, the upper grating layer
will not block the incident wave, and the cross-polarized
waves can be transmitted by bottom gratings, which
reflect the co-polarized waves as the metal layer. In this
way, a pure cross-polarized wave can be transmitted,
while its reflection is prohibited, and the polarization
conversion is improved.

In addition, vertical gratings are added in front of
the RHS. The cross-polarized and the co-polarized
transmittance obtained by numerical simulations and the
phase difference with the x-polarization normal incidence
are shown in Fig. 3. The transmission simulation result
of the Type-A graphene polarizer is shown in Fig. 3 (a).
The plots give information about the condition of loading
0dB incident power, the transmitted cross-polarized
wave exceeds -3dB, which is equivalent to half of the
energy transmitted. The opposite propagation t% can be
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lower than -10dB from 1.25 THz to 2.0 THz. Between 2.0
THz and 2.7 THz, the decrease of the cross-polarization
transmittance is due to the sharp increase of the opposite
propagation. The co-polarization transmission ty (Or tyy)
and tyy are all below -30dB.

The Fig. 3 (b) plots the performance of another
device Type B. Among 1.125 THz and 2.375 THz, the
power of cross-polarization transmission exceeds -3dB,
and from 2.0 THz to 2.375 THz, it exceeds -1dB. The
opposite propagation t% in the same frequency band is

less than -10dB, at some frequency points close to -20dB.

It shows that the transmission mode linear polarization
converter of Type B has a high-performance over a
broad-band.
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Fig. 3. Cross-polarized transmittance t,, and opposite
propagation t%« are obtained through numerical
simulations with x-polarization normal incidence. (a) Type
A of graphene layout, and (b) Type B of graphene layout.

As shown in Fig. 4. (a), the PCR and the Absorption
with x-polarized at normal incidence. First, we analyze
the conversion rate of the Type A device. Between 0.5
THz and 2.75 THz the absorption ratio is kept below
20%. Between 0.75 THz and 2.8 THz the PCR is above
90%. In comparison, the performance of the Type B
polarizer is analyzed in Fig. 4 (b). Between 0.5 THz and
2.75 THz the PCR is greater than 90%. At 2.9 THz, the
PCR sudden decrease is due to the increase in opposite
propagation t° and absorption of metasurfaces. The
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parameter phase difference A¢ demonstrates the ability
to transform the linear incoming wave by 90° of
polarization. The absorption ratio of Type B decreases
with the change of the chemical potential.

By comparison from Fig. 3 and Fig. 4, the Type B
polarizer has better performance than the Type A. The
device of Type B has a high-performance of 90% over
a broad-band. Next, the performance of the graphene-
loaded Type B polarizer was analyzed in detail.
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Fig. 4. The PCR and the Absorption and the phase
difference with x-polarized normal incidence. (a) Type
A of graphene layout, and (b) Type B of graphene layout.

IV. PERFORMANCE ANALYSIS

The principle of graphene-based double-layer
transmission polarizer is F-P-like cavity. The schematic
diagram of F-P-like cavity is shown in Fig. 5. In the multi-
transmission process, the interference of polarization
couplings may change total transmitted field about cross-
and co-polarized. Analyze the interference process of
waves to obtain the calculation method of transmittance.
According to the formula definition, t, (ry) represent
the y-polarized transmission ( or reflection) coefficient
of x-polarized incident on the h interface. The parameter
h is 1 and 2, which represent the top and bottom of
the F-P cavity, respectively. It should be noted that the
transmittance (or reflectance) defined is equal to its
square root, and it has nothing to do with the refractive
index of the dielectric material near the interfaces.
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Fig. 5. Schematic diagram of a graphene-based double-
layer dielectric F-P-like cavity.

According to the definition of light vector field in
electromagnetic theory, the normal incident wave of x-
polarized and the transmitted wave of y-polarized are E;
and Egyn. The letter n refers to the sequence round trip in
the cavity. Generally, the grating layer is considered an
ideal polarizer, and it can be easily calculated. Therefore,
the y-polarized transmitting phase will be calculated,
which ideal state is marked with a red line via Fig. 5.
Under ideal conditions, since the y-polarized wave is
transmitted round trip between the double-layer gratings,
the electric field after the ny round trip is Et, and the
polarization transmission usually consists of several parts.
Therefore, Emym (M =1, 2, ... 2n) is defined to explanation
each transmission part of Exy. The amplitude of Egqym
decreases exponentially with the increase of n. The
loss caused by the absorbing of the structure is directly
proportional to n. From the above analysis, the transmitting
energy will be acquired via superimposing principal of n
terms, formula is:

E ~Et y1+Et1y2+E‘tZ y3+E13y4 (14)

Next, the principle of the polarizer is discussed from
the electric field and surface current, which are shown
in Fig. 5 and Fig. 6 at 1.47THz, 1.95 THz, and 2.6 THz
when Ep=pc=0.1eV. It is important to establish the
electromagnetic coupling effect between the multilayer
transmitting polarizer in detail from the physical
principle of the F-P-like cavity.

While the terahertz wave is incoming the polarizer,
Fig. 6 (a) and Fig. 6 (b) show the surface currents on
the patch and graphene strip, respectively, where the
chemical potential Er = 0.1eV at 1.95 THz. The surface
current along the RHS in Fig. 6 (a) is the same as the
induced current on the graphene strips in Fig. 6 (b) at
1.47 THz, 1.95 THz and 2.6 THz. The graphs show that
the surface current is mainly distributed on the RHS
patch. At 1.47 THz and 2.6 THz, the surface current and
RHS are vertically downward and upward respectively.
At 1.95 THz, the surface current is downward in the RHS
direction. The direction of the surface current is different
at different frequencies, so the equivalent wavelength is
different.
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(b) The surface current diagrams of graphene strips
Fig. 6. The surface current diagrams of RHS and graphene

strips at 1.47THz (left) 1.95 THz (middle) and 2.6 THz
(right) when Ep=pc=0.1eV.

(b) The Ee= uC-O leV of graphene strlps

Fig. 7. The electric field diagrams of polarizer at
1.47THz (left) 1.95 THz (middle) and 2.6 THz (right).

When the x-polarized incident wave is proposed for
RHS, the electric field diagrams of transmitted polarizer
are shown in Fig. 7. The electric field diagrams of the
polarizer without graphene strips in Fig. 7 (a). The area
where the field strength is enhanced varies with different
frequencies. When a graphene strip at Er of 0.1 eV
is loaded in Fig. 7 (b), the field strength focusing
phenomenon at the corresponding frequency point is
more obvious. The electromagnetic field accumulation
in space among the tips of RHS resonator patches
showing the capacitance characteristic. Via changing the
Fermi energy, the impedance of the graphene strip is
adjusted, and the metasurface structure parameters are
adjusted. With the Fermi level of raise the permittivity of
graphene gets closer and closer to the characteristics of
gold. By optimizing various parameters, the proposed
RHS of the original structure satisfies the condition of
linear polarization conversion, that is, the amplitude of
the transmitted y-polarized component equivalent to
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the incident wave. Meanwhile, the phase difference is
+n+2kn approximately.

In order to analyze the performance of the RHS
with graphene polarizer we designed, the transmittance of
cross-polarization was simulated with x-polarized normal
incidence are given in Fig. 8, while Er=u. covers among
0.05eV and 1.0eV. It can be obtained that the transmitted
terahertz waves are linearly polarized waves, when its
phase difference A¢ is given in Fig. 8 (a). The Figs. 8
(b), and (c) present the transmittance cross-polarized
waves, the opposite propagation t°« and absorption of
the polarizer at different chemical potential p.. We plot
the curve with the gradual increase of p, the absorption
rate of the transmitting polarizer continues to decrease,
while the transmission cross-polarized wave gradually
increases. When p. keeps increasing, the opposite
propagation t% increases by a resonance point, so the
frequency of the PCR is also broadened.

Figure 8 (d) shows the PCR simulation curves of
graphene polarizer with different fermi energies. It can
be seen from the figure Er=pc=0.05eV, 0.1V, 0.15eV,
0.2V, 0.25eV, 0.3eV, 0.5eV and 1 eV. The PCR of the
proposed RHS are greater than 90% from 0.5 THz to
2.75THz. With the increase of Eg, the bandwidth is
broadened, especially when Er=p.=0. 5eV and 1.0eV,
the conversion rate reaches up to 99%. While it’s
transmitting polarization conversion efficiency maintains
high performance. Therefore, it is concluded that the
characteristics of the graphene strip are the key factor for
the enhancement of the bandwidth of the proposed RHS
polarizer.

0 0
2| o~
2 g -5
—=—pu=0eV =
8-10 ——B0.05eV 210
[=} 1 =0.10eV O
—v— 1 =0.15eV
g 151 ﬁzzo.zozv %’15 - pc:ge(;g i
i ——p,=0.25eV = 1=0.05¢
g 201 E}o.zozv é—ZO 1=0.1ev
=) —o—11.=0.50eV D -~ §1.=0.15eV 1 =0.2eV
s-25 —— =100V o225« u=025eV  p=03ev
jam 3 [ . 3 - 1 =0.50eV =~ pn=1.0eV
8.5 10 15 20 25 3.0 8.5 1.0 15 20 25 3.0
Frequency / THz Frequency / THz
(a) Transmittance tyx (b) The opposite propagation t%y
Lo W=0eV = - 1 =0.05eV 10 il
pn=0.1eV = pn=0.15eV —— 1. =06V
o 081 112026V — p=025ev 0.8 e 005ev
kS 1=03eV -+ 1 =050eV }154)-1 eV
B 0.6p ™ p10eV 7/ ~ 0.6 ——p=0.15¢V
= / Q 1.=0.20eV
204 A0.4 —— 1 =0.25¢V
e / 1.=0.30eV
——1.=0.50eV
<02l At 02r o
. . 0.
0 8.5 1.0 1.5 2.0 25 3.0 3.5 1.0 1.5 20 25 3.0
Frequency / THz Frequency / THz
(c) Absorption (d) The PCR

Fig. 8. The transmittance of cross-polarization was
simulated vertical incidence with varying chemical
potential Er=y. (a) Transmittance cross-polarized waves
tyx, (0) transmissive co-polarized waves ty, () absorption,
and (d) the PCR.
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Finally, the transmittance of cross-polarization
was simulated with x-polarized incidence at oblique
incidence 0. As shown in Fig. 9 (a) with chemical
potential Er=u.=0.1eV. From 1THz to 2THz, the high
transmission performance can be maintained in the range
of 0°-60° with oblique incidence. The cross-polarization
transmission performance in the high frequency range
(2.1THz to 2.5THz) decreases when the oblique incidence
is 60 degrees. In Fig. 9 (b), the opposite propagation t%
gradually deteriorates and is greater than -10dB with the
increase of oblique incident. In Fig. 9 (c), that it is mainly
caused by the loss of absorption. The cross-polarized
waves can transmit through the back of gratings, which
still equivalent to a metal ground blocking the opposite
propagation t°%. The absorption rate of the polarizer is
kept below 30% as the angle of incidence increases from
0.5 THz to 2 THz. Due to the metasurface structure of
the device and graphene, as the incident angle increases,
the absorption rate increases sharply from 2THz to 3THz.
In Fig. 9 (d), from 0.5THz to 2.75 THz, the conversion
rate is greater than 90%. The widening of the frequency
is caused by the peaks in the PCR curve near 2.25, 2.75
and 2.9 THz. At these peaks, the efficiency is mainly
limited by the dielectric loss.

0 — 0
% -5 % -5 Y
Saol Ao Bl Sl B o
Sasp ff o WA SasE AN
gaof i V W 200" 5
S & 9 [~ 0=40°
sS-25 6=60 \/ 2500 o-so0
= 3 3 6=60°
) 8.5 1.0 1.5 2.0 25 3.0 8.5 1.0 1.5 2.0 25 3.0
Frequency / THz Frequency / THz
(a) Transmittance tyx (b) The %
PP L U . 1.0 v r
LOp e eerees WT\V T
\ 0.8 —=—0=10°
0.8 E~0.1eV i 8 - ——0=20°
——0=10° = 6=30°
2 0.6 —e—0=20° *5_‘0.6 —v— 0=40° \ N
Q 06=30° ‘6 ——0=50°
0.4 ——0=40° % 0.4 6=60°
—+—6-50° 2 : ;
02 6=60° 0.2 /\‘\.»._./
0. 0 i : :
'3.5 1.0 1.5 2.0 25 3.0 '8.5 1.0 1.5 20 25 3.0
Frequency / THz Frequency / THz
(c) Absorption (d) PCR

Fig. 9. The transmittance of cross-polarization was
simulated or x-polarized incidence at oblique incidence
0 with chemical potential Er=u:=0.1€eV. (a) Transmittance
cross-polarized wave’s tyy, (b) the opposite propagation
%, (C) absorption, and (d) PCR.

Compared with the other references in Table 2, the
tri-layered resonant structure transmitting polarizer loaded
with graphene is very competitive. The device achieves
tunable ultra-wideband transmission performance. It is
important that the PCR is still above 90% at large
incident angles.



Table 2: Comparison of transmission polarizer performance

OB RB
Ref. (TH2) (PCR>90%) Tunable | Ol
[17] | 0.55-1.37 85.4% No 0-45°
[18] | 0.22-1.22 133% No No
[28] | 0.23-1.17 134.3% No No
[29] 1.3-1.63 22.5% Yes 0-90°
[30] 0.2-1.97 163.3 No 0-30°
vTvg:sk 0.5-3 142.9% Yes 0-60°

OB: Operater Bandwidth; RB: Relative Bandwidth; OI: Oblique
incidence.

V. CONCLUSION

Our transmitting polarizers of graphene-based are
wide incidence angle which achieved broadband and
almost perfect polarization conversion transmission. In
this study, two polarizers in the form of graphene strips
are analyzed. The graphene strip of type B is on the
diagonal of the unit structure, which has a high-
performance over a broadband. Next, the performance of
the graphene-based Type B polarizer was analyzed in
detail, when Eg spans from 0.05eV to 1.0 eV. As the
Er increase, the bandwidth is also broadened, while its
transmittance maintains high performance. Between 0.5
THz and 3 THz the PCR is greater than 90%, and the
relative bandwidth up to 142.9%. Finally, the transmittance
of cross-polarization was simulated at oblique incidence
0 with chemical potential 0.1eV. The proposed novel

tunable polarizer has high transmittance among in 0°-60°.

The future research is the composite electromagnetic
target simulation of the CATR, which is applied to the
RF/THz composite scene simulation to cope with the
complex and changing detection condition.
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