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ABSTRACT Terahertz (THz) polarization converter with high purity of linear polarization conversion,
broader conversion band and near-unity conversion efficiency is one of the main research interests in
the photonic field. Based on a tri-layer structure of Au, parylene-C and Au, a high purity broadband
near-unity THz converter is successfully achieved, and the relative bandwidth (RBW) with polarization
conversion ratio (PCR) greater than 98% (90%) can reach about 64.782% (73.094%). The ellipticity is
close to zero and the polarization azimuth angle is almost equal to £90° within the frequency range of
1.818~2.631 THz. These performances originate mainly from the hybridization of the electric excitations
and strong coupling effect among the three resonant modes. Besides, the dependencies of conversion
performances on the material’s electromagnetic parameters and structural parameters are discussed in detail.
By selecting metal material with high conductivity and dielectric material with small real and imaginary
permittivities, the conversion performances of the proposed converter can be well improved. Meanwhile,
the conversion performances are highly robust when the structural parameters change slightly near the
optimized value. Finally, the influences of the incident angle and the polarization angle on the conversion
performances are also investigated, and the results show that the proposed converter has the characteristics
of wide incident angle and polarization angle dependent switching performance. The simple geometry and
the better performances make the proposed linear polarization converter a potential candidate in the area of
sub-wavelength scale polarization converters, filters, sensors, switches, and so on.

INDEX TERMS High purity, broadband, polarization converter, switching characteristics.

I. INTRODUCTION far behind the microwave and optical technologies. In THz

Over the past decade, terahertz (THz) radiation has attracted
considerable attention in areas of industrial, security, and
biomedical applications [1]-[3]. One of the reasons is that it
can easily penetrate into objects while posing little destructive
risk. However, the development of THz technology is lagging
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science and technology, due to the lack of suitable natural
materials, devices based on metamaterials (MMs) are partic-
ularly attractive. Naturally, MMs are composed of a layer of
metasurface (MS), a layer of dielectric spacer, and a layer
of metal substrate. The MS layer is often considered as a
two dimensional structure formed by a periodically arranged
metal pattern array with sub-wavelength scale, which has
also drawn intense interest owing to the highly controllable
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electromagnetic (EM) response and the excellent perfor-
mances. Until now, the different types of MSs have been
studied extensively in the photonic field. Although numer-
ous THz devices are available, the devices with good per-
formances and low costs, such as absorbers, modulators,
optical imaging devices, sensors, polarization converters,
photodetectors and thermal emitters, are still worth studying.
Specially, THz polarization converters with superior perfor-
mance are highly expected in advanced sensors, polarization
reconfigurable antennas, high sensitive detection, high reso-
lution imaging, liquid crystal display, and many other optical
devices.

Using the chirality and anisotropy of MSs, some THz
polarization converters operating in reflection (MMs with
metal substrate) or transmission (MMs without metal sub-
strate) mode are proposed [4]-[13]. They have the advan-
tage of miniaturization comparing with the conventional
polarization converters, such as lenses [14], axicons [15],
optical gratings [16], Michelson interferometer [17], pho-
toelastic modulators [18], biasing four-contact photoconduc-
tive antenna [19], dichroic crystals [20], and birefringent or
anisotropic media [21], [22], etc. However, using MMs to
develop converters with broad band and near-unity polar-
ization conversion ratio (PCR) remains a challenging task.
In general, the near-unity PCR can be obtained by manipu-
lating simultaneously the effective permittivity and perme-
ability of the MMs [23]-[25], and researchers have been
working hard to develop new design strategies or methods
to broaden the conversion band [26]-[33]. Among these
investigations, the researchers designed different structures
and demonstrated different conversion performances by using
various methods, for examples, superimposing super-unit
cells [26], [27], introducing asymmetric resonances [28],
using plasmon hybridization effects [29]-[31], replacing
metal resonators with dielectric counterparts [32], and man-
aging phase compensations and dispersion conjugation com-
pensations [33]. However, because these designs are limited
by complicated resonator structures, high-cost manufactur-
ing process, bulkier configurations, especially the choice of
materials, it is difficult to maintain a high PCR together with
a high linear polarization purity within a wide frequency
band.

In this paper, we will design a linear polarization converter
operating in reflection mode and investigate its conversion
performances based on a tri-layer structure composed of
patterned Au MS, parylene-C spacer and Au substrate. The
parylene-C is a widely used polymer with excellent flex-
ibility and great chemical and biological stability, and its
thickness can be precisely controlled by using the chemi-
cal vapor deposition (CVD). Moreover, the parylene-C has
many specific dielectric properties such as high dielectric
strength, low dielectric constant, and low loss. The results
show that the converter can not only realize simultaneously
the performances of higher linear polarization conversion
purity, broadband and near-unity PCR, but also possesses the
switching characteristics.
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Il. STRUCTURE DESIGN, THEORY, AND METHODS

Fig. 1(a) schematically shows the 3D structure diagram of the
proposed polarization converter. The top MS layer is an array
of L- and C-shaped resonators made of Au with thickness 77,
the dielectric spacer is a thin parylene-C with thickness 7>,
and the bottom layer is an Au substrate with thickness 73. The
incident wave and the selected coordinate are also marked
in Fig. 1(a). Fig. 1(b) is the top view of a unit cell with its
geometric parameters. The C-shaped resonator is a circular
arc with center angle of ¢, radius of r, and its wire width is wy.
The L-shaped resonator has the same arm length / and its wire
width is wy. The array period of the unit cells is denoted as
A, and s is the distance between the L-shaped resonator and
the edge of the unit cell. In this paper, the conductivity of Au
is oAy = 4.09 x 107 S/m [34]-[36], and the complex relative
permittivity of the parylene-C spacer is ¢ = er+iey = 2.42+
i0.0968 [36] within the operating frequency band. It is worth
noting that the electromagnetic parameters of materials are
constant unless stated otherwise.
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FIGURE 1. (a) Schematic diagram of the proposed polarization converter.
A THz plane wave normally illuminates to the top surface of the structure.
(b) Top view of a unit cell with all the geometric parameters. (c) Multiple
reflection and transmission processes in a Fabry-Pérot-like resonance
cavity, where ¥ and t are respectively the reflection and transmission
coefficients at different interfaces, and the superscripts and subscripts
correspond to the cases of y- and x-polarized waves. (d) Decomposition
of linearly polarized incident electric field along x- and y-axes into two
orthogonal components along u- and v-axes.

As shown in Fig. 1(a), the bottom metal layer and the
top metal pattern form a Fabry-Pérot-like resonance cavity,
where the co-polarized or cross-polarized component in the
overall reflection field will be enhanced or weakened by the
destructive or constructive interferences in the process of
multiple reflection and transmission. Hence, we can quanti-
tatively analyze the polarization conversion properties of the
proposed structure by the multiple interference theory [37].
As shown in Fig. 1(c), y(x)-polarized (pol.) waves impinging
on the top surface of the converter will be partially reflected
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back to air (marked as 1) and partially transmitted into
the parylene-C spacer layer (marked as 2). Because of the
anisotropy of the proposed MS structure, the reflected waves
can be divided into y(x)-to-x(y) and y(x)-to-y(x) components,
where the cross- and co- polarized reflection coefficients can
be expressed as ry) 11 and 7 r 115, respectively. Similarly,
the transmitted waves also have x(¥)- and y(x)-polarized

components, and the corresponding transmission coefficients

~y, 1 ~y,12 :
can be expressed as L2 2 and7 Ivv 12> Tespectively. The trans-

mitted waves will continue to propagate in the parylene-C
spacer, and will be totally reflected at the bottom metal sub-
strate, then arrive at the top air-converter interface. During
the processes, complex phase factors exp(i28) and exp(irr)
will be added due to the existence of the parylene-C spacer
and the bottom metal substrate, where 8 = /ekoT>/ cosa,
and ko is the wavenumber in free space, « is the refraction
angle. At the top interface, the y- and x-polarized waves are
partially transmitted into air with transmission coefficients
’ig %i Ffij %% s ?;‘ 2211 nd T 21 , and partially reflected back
again into the parylene- C spacer with reflection coefficients
~)Q 21 ~yy,21 ~yx,21 xx,21 .
L e and 7 r 21 , and the above process will
be repeated. Thus, the electromagnetic waves will shuttle
between the top metal pattern and the bottom metal substrate,
forming multiple reflection roundtrips, where a roundtrip is
marked with a rectangular pink dashed line in Fig. 1(c).
The overall reflections for the y(x)-to-x(y) and y(x)-to-y(x)
polarizations can be calculated by the superposition of all
reflection roundtrips. For each roundtrip, the corresponding
cross-polarized reflection coefficients can be in turn written
as:

el 0 ~axy,12

\x 0 yx,12°
~x} 1 ~yy, 12
yxl = (lxx,IZ

~xy,2 (.12
ryx,2 (txx,]2 ’

F 21 ~xy,l2 7 21 i2p
Tl Ty vv21> (=€),
~xy,21 CFE 21 ’\yy,12 ~)) 21 ?xy 21
rvx 21 yy o 1 w12 " T2 yx,21

7 21 | ~ay,12 PO 21)

~xy,12
: y} 21 + tvx 12° yx,21

+ tyx,12 :

~yx 21
xy 21

~xx,21
Tyy.21
. (_ei2ﬁ )2’

~x}3 _ <~yy,12 ~xp,21 ~xx,21 ~x,21

ryy 21 ° tyy,Zl
~yx 21 ~ay,21
xy 21 ° tyx,21
~xy,21  ~xx,21
r)x 21 " yy,21
~yy,2l .Aocy,Zl
xx 21 “yx,21

yx 3 lxx,12 ’ ryx,21 ’
I
+ R
+ T
+ T

~xy,21
ryx,21 :
~yy,21
rxx,21 :
~yy,21
xx,21 " t

. ~xx 21 ~xx,21
yy,21

yy 21 °
~yx,21  ~xy,21
xy,21 : tyx,Zl
~xy,21  ~xx,21
: ryx,2l : tyy,2l
~yy,21  ~xy,21
r))c)))c},Z] 'ty))c},Zl) :

~xx,21
Tyy,21
~,12 ~xx,21
+ tyx 12° ryy,21 ’
~p,12  ~yx,21
+ tyx 12 " Txy,21

~y,12

+ tyx,lZ :

~yx,21
xy,21 °

Thus, the overall cross-polarized reflection coefficients can
be expressed as:

P §00 sy
i = 2 =0Ty 1t
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(b=0,1,2,3,...... ). 1

Similarly, the corresponding co-polarized reflection coeffi-
cients for the different roundtrips are:
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and the overall co-polarized reflection coefficient can be
written as:

=307 7, (v=0,1,2,3,...... ). 2)

v=0

When the destructive interference occurs between the
direct reflection term rvy ’0] and other co-polarized reflection
terms If?&,v v =1273-.----. )], the overall co-polarized
reflection amplitude [73;| may be very small or even disap-
pear. In this case, the cross-polarized reflection amplitude
|7;f}’| will get close to 1, thus the near-unity polarization
conversion can be achieved. Note that in Egs. (1) and (2) there
are twenty-four scattering parameters, each of which con-
tains phase and amplitude. These parameters can be obtained
through solving the decoupled system (the proposed structure
without metal substrate). Thus, the cross-polarized reflection
amplitude |'th;¥| and co-polarized reflection amplitude |73 |
can be theoretically calculated by using Egs. (1) and (2).

On the other hand, we can directly calculate the cross- and
co-polarized reflection amplitudes of the proposed structure
by numerical simulations. The numerical simulations are
performed in the frequency domain using the EM software
CST 2017 based on the standard finite integration technology
(FIT). In the simulations, the unit cell boundary condition is
used in x- and y-directions and the open (add space) boundary
condition is in z-direction.

After obtaining the cross- and co-polarized reflection
amplitudes of the proposed structure, the PCR can be calcu-
lated by the following formula [38]:

~X
P; (I731P) T ]2 3
PR+ 1FR) el +ap

where P; is the power of the incident EM wave. Also, in order
to describe the polarization direction of the reflected wave

PCR! =
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FIGURE 2. (a) Numerically simulated and theoretically calculated cross- and co-polarized reflection amplitudes and
(b) PCR for y- and x-polarized normal incident waves, where the inset is the partially enlarged view of the PCR of
y-polarized normal incident wave. (c) Polarization azimuth angles 0,}(' and ellipticity n,’; for the normal incident wave
polarized along y- or x-axis. (d) Simulated reflection amplitudes and phases for u- or v-polarized normal incident

wave.

and the purity of the linear polarization of the proposed
converter, we introduce the polarization azimuth angle 6 and
ellipticity 77 as follows [5], [39]-[42]:

9){ = ltan'1 |:—2|tg| COS(yAd i| = ltan'1 |:—2Re(r;y):| ,
2 1— |72 2 1— |z
“)
s T2nlsin=Ae) 1 [2Im(z)
N, = = sin —yz_—sm T on |
2 1+ || 2 1+ |zl
)

where 7 = 7;%’/7&, and Ag, = arg r;?;) — arg@R) is
the phase difference between the y(x) and x(y) components of
the reflected wave. Note that 65 and 7 are the functions of the
frequency. Thus, for a given frequency, if 6} can reach 90° or
—90°, then the polarization conversion between the incident
and the reflected wave is nearly perfect. As for 7}, in general,
when |773¥| < 10°, the reflected wave can be considered
as a linearly polarized wave [40]-[42], and the smaller |17)yc|
is, the higher the linear polarization purity of the reflected
wave is. The high degree of linear polarization conversion
purity can be used to modify the polarization state in high
demanding nonreciprocal response, EM wave isolation and
measurement, biomolecular manipulation, polarization selec-
tivity and compatibility, liquid crystal display, and coherent
laser beam.

In practice, the L- and C-shaped resonators can be pat-
terned using standard photolithography, metal evaporation
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and metal lift off. The parylene-C spacer can be fabricated
by CVD. The continuous gold substrate can be deposited by
electron-beam evaporation. Thus, the whole structure of the
proposed converter can be conveniently fabricated with the
surface micromachining processes.

Ill. RESULTS AND DISCUSSIONS
A. POLARIZATION CONVERSION PERFORMANCE

UNDER NORMAL INCIDENCE
Firstly, the conversion performances of the proposed con-
verter at normal incidence (i.e., x = 0°) are investigated.

Here, the optimized structural parameters are taken as A =
58 um, r =22.4 um, wy = 2.3 um, ¢ = 140°, s = 4.3 um,
wy =2.1pum,/ =29 um, Ty = 0.5 um, Tp = 21 pum, and
T3 = 0.4 um, respectively.

The numerical (Num.) simulation and theoretical (Theor.)
calculation results under normal incidence are presented
in Figs. 2(a) and 2(b). One can find that the simulation
result is in good agreement with the theoretical prediction.
Moreover, it can be clearly seen that [F| is equal to [F|,
[7Y] is equal to [Fy|, and PCRY is equal to PCR,, which
means that the results for the y- and x-polarized waves
are the same. So we only choose the y-polarized incident
wave in the following discussion. From Fig. 2(a), it can
be found that the cross-polarized reflection amplitude |7
is more than 82.613% in a broad frequency region from
1.495 THz to 2.928 THz, and the co-polarized reflection
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amplitude 77| is below 12.296%. It is worth noting that the
curves of reflection amplitudes have three distinct resonant
peaks located at 1.578 THz (mode f1), 2.151 THz (mode f>),
and 2.810 THz (mode f3), respectively, which predicts the
presence of resonant modes. Particularly, the co-polarized
reflectances [77|? are respectively 0.244%, 0.033%, and
0.170% at the three resonant modes. This means that there
is only x-polarized component in the whole reflected waves.
In other words, within the frequency band considered, most
energy of the y-polarized incident wave is converted to the
cross-polarization wave, and the rest is dissipated by the
dielectric and metal losses. Fig. 2(b) illustrates the PCR of
the incident wave. One can see that, in the frequency range
of 1.495 ~ 2.928 THz, the PCR is higher than 98% and
even reaches nearly 100% at the three resonant modes. This
indicates that the proposed converter can operate at a high
conversion efficiency with a wide frequency band. Simul-
taneously, the relative bandwidth (RBW) [43] of the PCR
greater than 98% (90%) can reach about 64.782% (73.094%).
Thus the proposed converter exhibits the characteristic of
broadband near-unity cross-polarization conversion with high
purity. To the best of our knowledge, this result is optimal in
the THz frequency band [5], [44]-[47], [50].

The polarization azimuth angle 6} and ellipticity n} given
by Egs. (4) and (5) are shown in Fig. 2(c). One can find that in
the frequency range of 1.818 ~ 2.631 THz the ellipticity 1y}
is less than 6.464° and greater than —7.443°. Comparing with
the results in the literatures [5], [48]-[50], the range of ny is
reduced by more than two times, and the linear polarization
purity is obviously improved. Especially, the reflected wave
is a pure linearly polarized wave (i, ~ 0) at 1.578 THz,
2.151 THz, and 2.810 THz. Moreover, the polarization
azimuth angle 6; is near —90° in the frequency ranges of
1.893 ~ 2.044 THz and 2.150 ~ 2.571 THz, and is close
to 90° around the frequency ranges of 1.495 ~ 1.893 THz,
2.044 ~ 2.150 THz, and 2.571 ~ 2.928 THz. Thus,
in the frequency range of 1.495 ~ 2.928 THz, the cross-
polarization conversion is always near perfect and is superior
to that reported in [5], [10], [12], [48]-[50]. And the compar-
isons are shown in Table 1. Consequently, the proposed con-
verter can convert the linearly y(x)-polarized incident wave
to the linearly x(y)-polarized reflected wave in a broadband
range with high degree of purity.

In order to better understand the linear polarization con-
version mechanism, we decompose the incident electric field
and the corresponding reflected field into two orthogonal
components along 45° directions off y-axis, i.e., u and v axes
shown Fig. 1(d). In this way, the y(x)-polarized incident field
can be decomposed as:

C_wy i(—koz—owt
E, =Ele e

2 iy ~
— “/T_Ege“—koz—w”(ew +6,). (6)

Similarly, the reflected field can be written as:

E, = Eruei(koz—wt)é\u + Ervei(koz—wt)/e\v
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TABLE 1. Performance comparisons of the proposed polarization
converter with previous works.

References ~ PCRY Can 03 stay more

closer to £90° ?

Ranges of 03

[5] > 90% —20.3° < ny < 23.6° Yes
[10] > 90% No discussion No
[12] > 80% No discussion No
[44] > 80% No discussion No discussion
[45] > 90% No discussion No discussion
[46] > 80% No discussion No discussion
[47] > 80% No discussion No discussion
[48] > 85% —22.5° < n¥ <29.8° Yes
[49] > 88% —20.9° < p¥ < 15.1° Yes
[50] > 85% —20.1° < n¥ < 20.2° Yes

This work always maintained at —7.443° < n¥ < 6.464°  Yes

above 98% with RBW
of 64.782%
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FIGURE 3. Distributions of the induced surface current and the electric
field E; along the top and bottom metal layers at (a) the mode f;, (b) the
mode f,, and (c) the mode f5 for the y-polarized normal incident wave,
where pe is the equivalent electric dipole moment, E is the induced
electric field, the signs ‘+' and ‘-’ indicate the positive and negative
charges, and the arrows in (a4), (b;) and (c;) denote the current direction
on the bottom layer. Here, the parameters are the same as in Fig. 2.

Bottom layer

. . _ vu . . _ uu
_ [|’;.’VM|ElMel(kOZ wt+¢ )’e\v + |';;uu|Eluel(koz wt+¢ )’éu]
+ [|7uv|Eivel(kOZ_wt+wuV)€u + |7vv|Eivel(koz_wl+ww)€v]
~] i 7 — uu ~ | g—
— |ruu|Etuet(k0z wt+¢ )'é“ + |rW|Eivel(k0Z wt+¢’w)’é*v
\/5 I : s UU ~ .
= E; eikoz=on) ([0 £ (7, |98, (7
Here, €, €, and € denote the unit vectors in u-axis,
v-axis, y-axis, and x-axis. ‘4’ and ‘—’ correspond to the cases
of y polarization and x polarization, separately. ® = 2nf
is the angular frequency of the incident wave. 7™, 7, 7,
and 7, are the cross- and co-polarized reflection coefficients

46509



IEEE Access

J. Zhang et al.: Methodology for High Purity Broadband Near-Unity THz Linear Polarization Converter and Its Switching Characteristics

for u- and v-polarized incidences, respectively. Note that in
Eq. (7), [7**| = 0 and |r,,| = 0 are satisfied, as can be seen
from Fig. 2(d). By defining the phase difference between u
polarization and v polarization as:

AD =g, — <PW~ (8)

Eq. (7) can be rewritten as:

2 v uu ~ ~ P )~
E = %Ege‘kww’*‘/’ (TR £ [Fle 8. (9)

From Fig. 2(d), it can be seen that, in the frequency range
of 1.495 ~ 2.928 THz, the values of [7“| and [F,,| are very
close to each other (|[7*| ~ [Fy,|), and A® is nearly £180°.
Thus, Eq. (9) can be approximately written as:

V2

~ [ i _ uu ~
B, ~ SPEL @ 3R
= [F|Ej e toe e tegr (10)

This is consistent with the results of 8 shown in Fig. 2(c).
Based on the above derivation processes, we can get three suf-
ficient conditions for converting the y(x)-polarized incident
wave into the cross-polarized x(y)-polarized reflection wave:
[F"| & [Fp] = O, 7| =~ [Fyy| > 0, and A® = 2n + D)7,
(n=0,£1,£2,------ ).

The underlying physical mechanism of the polarization
conversion can be qualitatively elaborated by the distributions
of the induced surface current and the electric field along
the top and bottom metal layers at the three resonant modes,
as shown in Fig. 3. Figs. 3(a1) and 3(a3) show the distribution
of the instantaneous induced surface current and the electric
field on the top layer at mode fi. One can see that the positive
and negative charges are mainly distributed at both ends of the
L- and C-shaped resonators, thus forming two electric dipoles
and the equivalent electric dipole moment can be denoted
as pl,. At the same time, as shown in Figs. 3(ay) and 3(as),
the induced surface current on the bottom layer will cause
another equivalent electric dipole moment pz. Then the two
equivalent electric dipole moments p! and p2 will lead to two
induced electric fields E; and E,, and as shown in Fig. 3(ay),
the combination of these two induced electric field can be
written as:

E'=(E".E") = E| + E; = (-E} - E§.E} - E}),

Obviously, one can see that the magnitude of E*! is much
larger than that of E*!. Thus, for the y-polarized incident
wave, the reflected wave at mode f; is mainly along —x-
axis, and at this time, one will have 8”(f]) &~ 90°, as shown
in Fig. 2(c).

Similarly, at modes f> and f3, the surface currents on the top
layer and on the bottom layer can cause equivalent electric
dipole moments p>, p?, pJ and p®. Their combinations will
respectively lead to the induced electric fields E and E* at
mode f>, E and E° at mode f3, as shown in Figs. 3(b) and 3(c).
But, the location and way of the accumulation of the posi-
tive and negative charges in the L- and C-shaped resonators
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are very different from those at mode f, as can be seen
in Figs. 3(b3) and 3(c3). So the directions of the currents
and the equivalent electric dipole moments are different,
as shown in Figs. 3(by), 3(cy), 3(bz) and 3(cy). In the cases,
the combined induced electric fields at modes f> and f3 can
be respectively expressed as:

E? = (B B?) = B3 + B4 = (B} + E{. B} — E}),
E* = (B, B?) = Es + Eg = (-E} - E{. B} — E}).

It is clear that the magnitude of E? (E*3) is much larger
than that of EY? (E*?). So the cross-polarization conversions
are dominant at modes f> and f3, and the corresponding
reflected waves are mainly along x- and —x-axes, respec-
tively. Therefore, at these two modes, 67(f,) ~ —90° and
0”(f3) ~ 90°, as shown in Fig. 2(c).

Note that Fig. 3 discussed only the conversion mechanism
at the three resonant modes. In fact, our results showed that
the higher PCR can be kept in a broad frequency range,
as shown in Fig. 2(c), which means that there exists strong
coupling effects among the resonant modes. In addition,
it should be pointed out that the reason why the theoretically
calculated results are almost identical to the numerically
simulated results is that the polarization conversion in the pro-
posed converter results mainly from the electric excitations
(i.e., there is no magnetic excitation in the structure).

B. VARIATIONS OF CONVERSION PERFORMANCE
AGAINST MATERIAL'S ELECTROMAGNETIC PARAMETERS
In this subsection, we discuss the effect of electromagnetic
parameters of materials on the polarization conversion of the
proposed converter. Figs. 4 and 5 depict the numerically sim-
ulated and theoretically calculated cross- and co-polarized
reflection amplitudes (|7| and [7”]) and PCRY as well as
the ellipticity 7” and polarization azimuth angle 6”7 of the
y-polarized normal incident wave for various metals and
different real and imaginary parts of the permittivity of the
dielectric spacer layer. It is clear that the theoretically cal-
culated results (|7], [/”|, and PCRY) are in well agreement
with the numerically simulated ones.

Figs. 4(a) and 5(a) are the results for various metallic
materials taken as Cr, Al-Si-Mg alloy, Pb, Au and Ag with
conductivities 2.2 x 10> S/m, 4.09 x 103 S/m, 5.0 x 10% S/m,
4.09x 107 S/mand 6.06 x 107 S/m [34]-[36], [51]-[53]. It can
be seen from Figs. 4(a;) and 4(a3) that, with the increasing
of conductivity, the cross-polarization reflection amplitude
[7Y| will increase in different degree accompanied by the
broadening of the conversion bandwidth and the increasing
of PCR”. As for n” and 6”, with the increase of conductivity,
the frequency band with |”| < 10° and 87 =~ £90° are
increased, which means that higher purity of linear polariza-
tion conversion appeared in a wider frequency band, as shown
in Figs. 5(ay) and 5(az-ag). As a result, the metallic materials
with higher conductivities will have better broadband con-
version characteristics than those with lower conductivities,
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are the same as in Fig. 2.

and this is helpful for selecting proper metallic material in the
design of linear polarization converters with higher purity and
higher efficiency.

Figs. 4(b) and 5(b) display the results for different real
part er of the permittivity of the spacer layer. One can find
that, with the increase of g, all the curves are red-shifted.
Meanwhile, the conversion bandwidth with higher efficiency
and higher purity of linear polarization is narrower. The
results showed that, the smaller the value of egr, the better
the broadband conversion efficiency and the higher the linear
polarization conversion purity.

Figs. 4(c) and 5(c) show the results for different imagi-
nary part ¢ of the permittivity of the spacer layer. With the
increase of ¢, [F¥| decreases obviously, but [777| increases
slightly, as shown in Figs. 4(c;) and 4(cy). Meanwhile,
the values of PCRY remains almost unchanged in a wide
frequency band, as shown in Figs. 4(c3) and 4(cs). Also,
the change of ¢ has little influence on the ellipticity |5”|,
see Fig. 5(cy), but has obvious influence on the polarization
azimuth angle 6”. As shown in Figs. 5(c2-cg), the smaller the
value of ¢r, the broader the bandwidth with 67 ~ £90°. Thus,
high-efficiency broadband conversion and higher purity of
linear polarization conversion can be achieved by reducing
the dielectric loss.
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In brief, based on the above optimized design of the
higher efficiency and higher purity of broadband linear
polarization converter from the perspective of electromag-
netic properties of materials, we selected Au as the metal
layers and parylene-C as the dielectric spacer in our
design.

C. EFFECTS OF THE STRUCTURAL PARAMETERS ON THE
POLARIZATION CONVERSION

It is well known that MMs are structure-dependent EM
materials. Therefore, it is essential to analyze the robustness
of the structural parameters’ influence on the conversion
performances of the proposed converter. In this subsection,
as examples, we will study the influences of four structural
parameters (wy, w2, ¢, [) on the cross- and co-polarized
reflection amplitudes and PCR” for y-polarized normal inci-
dent wave, and the results are summarized in Fig. 6. The
first column of Fig. 6 shows in turn the simulated cross- and
co-polarized reflection amplitudes for different wy, wo, ¢,
and /. The right two columns are respectively the numerically
simulated and the theoretically calculated PCR”. It is obvi-
ous that, with the increase of these parameters, the resonant
mode f; or f3 will have different degrees of red-shift or
blue-shift. For examples, the resonant mode f; is red-shifted
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in Figs. 6(a;), 6(c1) and 6(d;) and the resonant mode f3 is
blue-shifted in Figs. 6(a;) and 6(b1). The result will lead to
the broadening of the conversion band. At the same time,
high PCRY can be maintained in the broadband, as shown in
the second column in Fig. 6. Furthermore, one can find that,
if the optimized structural parameters are used, i.e., w; =
2.3 um, wy = 2.1 um, ¢ = 140°, and / = 29 pum, the slight
changes with them will not cause significant changes in |7,
[7?], and PCR”. This means that the polarization conver-
sion and broadband characteristics of the proposed converter
have good tolerance and robustness to small changes in the
optimized structural parameters. However, a large deviation
from them will have different degrees of influence on the
conversion efficiency, such as the cases of wi = 5.3 and
6.3 um in Fig. 6(a), the cases of wp = 3.6 and 4.1 um
in Fig. 6(b), the case of ¢ = 150° in Fig. 6(c), and the
case of [ = 31 um in Fig. 6(d). In these cases, although the
conversion bands are wider, the conversion efficiencies have
different degrees of reduction. Thus the tradeoff between the
conversion efficiency and bandwidth is a key issue in the
optimization process of the structural parameters. In short,
the conversion efficiency and bandwidth of the proposed
converter are dependent on the structural parameters, and
each parameter of the C- and L-shaped resonators will have a
different influence on them. However, the proposed converter
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is highly robust against the minor changes of the optimized
structural parameters.

D. CHARACTERISTICS OF WIDE INCIDENT ANGLE AND
POLARIZATION ANGLE DEPENDENT SWITCHING

In the previous subsections, we investigated the polarization
conversion performances of the proposed converter for the
normal incident y-polarized wave. In this subsection, we will
study the influences of incident angle x and polarization
angle ¢ on the conversion performance of the optimized
converter.

Firstly, we discuss the influences of incident angle x on
the conversion performance as v = 0°. The numerically
simulated and theoretically calculated PCR versus x are pre-
sented in Fig. 7 for both TE and TM incident waves, respec-
tively. It can be seen clearly that the theoretically calculated
results are nearly consistent with the numerically simulated
ones within the effective conversion frequency bands. Here,
TE and TM waves correspond respectively to the cases of
the electric field along y-axis and x-axis [54], [55]. For TE
wave, as shown in Fig. 7(a), higher PCR can be maintained in
a broader conversion band when the incident angle x varies
from 0° to 20°. When x is larger than 20°, the conversion
band will split, and both the conversion efficiency and the
bandwidths decrease slightly. As for TM wave, it is more
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FIGURE 6. Influences of the structural parameters on the cross- and co-polarized reflection
amplitudes and PCRY for the y-polarized normal incident wave. (a) the wire width w; of the
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calculated result for PCRY . Here, the other parameters are the same as in Fig. 2.

insensitive to the incident angle than TE wave. The incident
angle range of broader band and higher PCR is up to 40°,
as shown in Fig. 7(b). When y is greater than 40°, the con-
version band will also split, while the conversion efficiency
can be still maintained at a high level.

In order to have an intuitive understanding for the conver-
sion band splitting, let us look back at Fig. 1(c). One can
see that, at first, the optical path of an obliquely incident
EM wave in the parylene-C spacer is larger than that of a
vertically incident wave, and it will increase with the increase
of the incident angle, leading to increasing propagating loss.
Secondly, the complex propagating phase of a roundtrip in
the spacer layer can be expressed as 28 = 2./ekoT2/ cos o,
and the superposed complex propagating phase after multiple
reflection will approximately satisfy the destructive interfer-
ence condition at the top surface of the proposed structure
when the incident angle is lager than about 20° for TE inci-
dent waves. Thirdly, the propagating phase is also greater than
that under normal incidence, which will provide additional
propagating phase and create extra resonance between the
top and bottom metallic layers, leading to the absorption of
incident TE waves. Just because these three points, the band
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splitting of PCR and conversion efficiency reduction hap-
pened at around 2 THz [56], [57]. However, one can also find
that these changes are not so obvious for TM incident waves
because we have shown that the electric resonance plays
major roles in the proposed polarization converter. In brief,
this wide incident angle characteristic is beneficial to the
practical application, and it should be pointed out that the
values of PCR are the same when ¥ = 0°, 90°, 180°, 270°,
and 360°.

In the following, we will demonstrate the polarization
angle-dependent switching characteristics under the case of
x = 0°. Fig. 8 presents the conversion properties of the
proposed converter with the varying polarization angle .
From Fig. 8(a), one can see that the cross-polarized reflec-
tion amplitude exhibits a periodic variation behavior with
the increase of . Specifically, it decreases gradually from
maximum to minimum when ¥ changes from 0° to 45°, then
increases again to the maximum as y continues to increase
to 90°. This process will be repeated. However, the peri-
odic variation behavior of the co-polarized reflection ampli-
tude is different from that of the cross-polarized reflection,
as observed in Fig. 8(b). Consequently, the change of PCR
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are the same as in Fig. 2.
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FIGURE 8. Dependence of the numerically simulated cross-polarized
reflection amplitudes (a), co-polarized reflection amplitudes (b), PCR (c),
and the theoretically calculated PCR (d) on the polarization angles for
normal incident wave. Here, the other parameters are the same as

in Fig. 2.

with the varying polarization angle is also periodic, as shown
in Figs. 8(c) and 8(d).

The periodic variation behavior may be reasonably
explained by the instantaneous induced surface current distri-
butions. In fact, as explained in Fig. 3, when ¢ = 0°, i.e., for
y-polarized incident wave, the cross-polarization conversion
is dominant, resulting in peak PCR. The result is also valid
for the cases of v = 90°, 180°, and 270°. However, when
Y = 45°, 135°,225°, and 315°, the results will be different.
As examples, we present the simulation results for the cases

46514

i
u
X Bottom layer
1 ~ » ~
(o) & S
B AT

Al
M "'1?.;."\‘

Top layer
1 :

A T
Az
2 R

2

x

g ;’ 2
B P A7 atst 2t
I Wx10° (A/m) BT W x10° (A/m) BT W x10° (A/m) BT W x10° (A/m)
0 4.5 0 1.5 0 4.5 0 1.5

-
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respectively, and the subscripts 1 and 2 are the cases of the top and
bottom layers. Here, the other parameters are the same as in Fig. 2.

of ¥ = 45° and 135° in Fig. 9. It can be found from
Figs. 9(a%) and 9(a£) that when v = 45°, the directions of
currents [ and I, on the top and bottom layers are opposite at
mode f], thus an induced magnetic field H will be generated
due to the formation of a circulating current loop between
the top and bottom layers, which is parallel to the incident
magnetic field H;. As for the modes f> and f3, as shown
in Figs. 9(a£), 9(a%), 9(a§) and 9(a§), the induced electric
fields E; and E, are parallel to the incident electric field E;.
So there is only co-polarization conversion with PCR= 0
when ¢y = 45°. When ¢y = 135°, the physical mechanisms
at the three modes are similar to those shown in Figs. 9(a{)
and 9(a£), and one can find that the induced magnetic fields
are parallel to the incident magnetic field. So there are also
no cross-polarization conversions at this time and PCR= 0 is
valid. Besides, one can also achieve the same results analyt-
ically according to the aforementioned field decomposition
theory. However, when the polarization direction deviates
from these specific angles, the induced magnetic fields and
electric fields will have both contributions to the cross- and
co-polarizations. Therefore, with the change of polarization
angle, the behavior of PCR will change periodically, as shown
in Figs. 8(c) and 8(d).

The periodic variation of PCR indicates that the pro-
posed polarization converter has polarization angle depen-
dent switching characteristics. That is to say, the states with
PCR reaching its maximum when the polarization angle of
incident electromagnetic wave is equal to 0°, 90°, 180°, 270°,
and 360° can be regarded as ‘on’ states, while the ‘off’
states correspond to the cases when the polarization angle
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is 45°, 135°, 225°, and 315°. Consequently, the switching
performance can be achieved in a broader conversion band by
adjusting the polarization angle of the incident wave. So the
proposed converter is polarization-sensitive, and its switching
characteristic may be applied to the field of MMs switching,
which expands the application area of the polarization con-
verter and is helpful to the design of sub-wavelength MMs
devices.

IV. CONCLUSION

In summary, based on the classical tri-layer MMs struc-
ture, a linear polarization converter was proposed. The study
results have shown that the relative bandwidth (RBW) with
PCR greater than 98% (90%) can reach about 64.782%
(73.094%). The ellipticity 1} is close to zero and the polar-
ization azimuth angle 6; is very close to +90° within the
frequency range 1.818 ~ 2.631 THz. These results indicated
that the proposed converter can realize high efficient con-
version from y(x)-polarized incident wave to x(y)-polarized
reflected one with high degree of purity. These performances
can be attributed to the hybridization of the electric excita-
tions and strong mutual coupling effect between the adja-
cent resonant modes. Furthermore, the dependencies of the
conversion performances on the material’s electromagnetic
parameters and the structural parameters have been analyzed
in detail. It has been found that the higher the conductivity of
the metal materials, or the smaller the real and imaginary parts
of the dielectric materials, the higher the purity and the effi-
ciency of the broadband converter. At the same time, one can
also find that the conversion performances are highly robust
against the small variation of the optimized structural param-
eters. Finally, the influences of the incident angle and the
polarization angle on the conversion performances have also
been investigated, and the results indicated that the optimized
converter has a good tolerance to the incident angle whether
the incident wave is TE or TM polarization when the polar-
ization angle is 0°, 90°, 180°, and 270°. In addition, the pro-
posed converter possesses the polarization angle-dependent
switching characteristic. The numerical simulation results are
in agreement with the theoretical calculation results based
on multiple interference theory. The proposed structure is
simple and can be easily fabricated in practical applications,
which is helpful to construct other high efficient broadband
MMs devices, such as wave plates, optical switches, optical
isolators, absorbers, MMs antennas, and so on.
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