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Broadband terahertz polarization beam splitter based on

subwavelength grating sandwiched between silica layers
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Abstract: A broadband terahertz (THz) polarization beam splitter (PBS) was proposed. The PBS was
based on subwavelength grating sandwiched between silica layers, which could split an arbitrarily
polarized optical beam into two orthogonal, linearly polarized components, and then reflected the TE
mode and transmit the TM mode. It was shown that THz PBS could efficiently operate from 3.5 THz to
5.5 THz, with high diffraction efficiencies and extinction ratios. In the process of PBS manufacture, there
would be unavoidable deviations of the geometric parameters, which may affect its properties, i.e. the
diffraction efficiencies and extinction ratios. Therefore, some structure parameters were calculated. Those

values suggested that the designed PBS allows sufficient manufacture tolerances. When D, ranged from

1 pm to 1.2 wm and thickness D, ranged from 2.8 pm to 3 wm, the values of T:M are always more than

96.9% and those of R;E are more than 98.7%. And the values of 7, and R, were respectively kept higher
than 31 dB and 33.4 dB. These results show the PBS with a frequency bandwidth of 2 THz, a large angle
range of 10°, an extinction ratios over 20 dB and a diffraction efficiencies over 90%, is obtained. This
work may inspire related studies and achieve some potential applications in THz manipulation system.
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0 Introduction

Terahertz (THz) electromagnetic waves whose
frequencies range from 0.1 to 10 THz have attracted
extensive interests due to their broad applications,
such as advanced imaging, medical sciences, and
national security. As a result, there are rapidly
growing demands for THz devices to generate THz
waves and manipulate their propagation. Recently,
some considerable progresses have been made to

[1-3]

develop THz devices, such as THz sources , phase

[4-5] [6-7]
2

modulators lenses , beam splitters *~"! and

[16-17

detectors 1. Polarization beam splitter (PBS) is one

of the most important devices to modulate the
polarized THz wave. Conventionally, PBS can be
designed using birefringent crystals®. However, natural
crystals operating in THz frequencies are very rare
and expensive, and not conducive to actual production
view of these

and all-optical integration. In

disadvantages and the wurgent needs of terahertz
technology development, some researchers have tried
to artificially design THz PBS using microstructures
and made some achievements. Utilizing elaborately
designed liquid crystals'™!, two-dimensional photonic
crystals™ " multilayers structure™, and subwavelength
gratings ™51 different THz PBSs have been realized
and most of them can function with a broad band
around 1 THz. Here, based on the inspiration of these
work, we design a new THz PBS operating in a
broader band by combining the subwavelength grating
with the multilayer structure.

In this paper, a new PBS device is designed

based on subwavelength grating sandwiched between

Kz Ep; Lk KM

silica layers™* ! operating in THz region. Numerical
results are achieved by rigorous coupled wave analysis
(RCWA) ™! and genetic algorithm (GA) ™" methods,
showing that the PBS is a broadband device efficiently
operating from 3.5 THz to 5.5 THz. In the working
band, the PBS reaches high diffraction -efficiency
(>90%) and possesses large extinction ratio (>20 dB).
In addition, by sweeping the geometric parameters, we
find that the designed PBS

manufacture tolerance. Such a PBS device with high

allows sufficient

diffraction efficiency in a broad band may achieve

some applications in THz wave manipulation.

1 Design theory

The designed PBS is shown in Fig.1, where the
(£=837.9 -879.68i), filled
with SiO, (n=1.46) in the groove, and sandwiched by
(n=1.52) substrate. The labels
D,, D, and D, respectively represent the thickness of

grating is made of steel

two SiO, films on glass

S0, TE/TM TE
W Steel ¥
M Glass

o1

A1

™

Fig.1 Schematic description of the PBS based on steel
subwavelength grating sandwiched between silica
layers. D, is the top silica layer thickness, D, is
the groove depth, D; is the bottom silica thickness,
is the period of grating, and fA is the length

of grating
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the top SiO, layer, the grating and bottom SiO, layer; transmission  extinction ratio 7, and reflection
f, 0 and A respectively represent the duty cycle, extinction ratio R, are defined as follows:

incident angle and the grating period, where f is Crt

defined to be the length of grating divided by the T.=10logy| T 2)
grating period A. The simple multilayer and grating \  OTE ‘

structure can easily separate incident waves and Rczl()]()gm‘%‘ (3)

enhance transmission ™. If the incident wave is
polarized along the grating direction, the conduction
electrons are driven along the length of the grating
with unrestricted movement. The coherently excited
electrons generate a forward-traveling as well as a
backward-traveling wave, with the forward-traveling
wave canceling the incident wave in the forward
direction. The physical response of the grating is
essentially the same as that of a thin metal sheet. As
a result, the incident wave is totally reflected and
nothing is transmitted in the forward direction. In
contrast, if the incident wave is polarized
perpendicular to the grating and if the grating spacing
is smaller than the wavelength, the Ewald-Oseen field
generated by the electrons is not sufficiently strong to
cancel the incoming field in the forward direction.
Thus there is considerable transmission of the incident
wave. The backward-traveling wave is also much
weaker, leading to a small reflectance. Thus most of
the incident light is transmitted.

The diffraction efficiency is one of the most
important parameters to evaluate the PBS, which is

defined as:

1= Sl 1)

_|¥md
where s,, and s.;,. are the energy flux along z—axis of

the diffraction wave and incident wave, respectively.

TE ™
In this paper, we use T, and T, to represent the

transmission efficiency of TE mode and TM mode,

TE
0

™
R, and R, to represent the reflection efficiency of

TE mode and TM mode, respectively. In this way,

higher RIE and TIM correspond with lower loss and

better PBS. In addition, the extinction ratio is another

important parameter of the PBS, where the

0
where higher 7, and R, imply better performance.

Using the
(RCWA) method, we can calculate the n,, 7. and R..

rigorous coupled wave analysis
Here, we divide the system into three regions, the
incident region in air, the sandwiched grating region,
and the transmission region in substrate. In the
sandwiched grating region, to simplify the calculation
process, the dielectric film can be regarded as a
grating whose period equals to the embedded grating
but the duty cycle equals to 1.

In order to optimize the diffraction efficiency of

the PBS, we introduce the following optimization

function:
S| |
F—{ﬁ;[‘TT,Mw,-)) +(RIE(Hf>) ’
(T, (H) (R, (H)1}" @)

where H; represents the frequency, and N is the
number of frequencies in calculation. Here, we set the
frequencies spanning from 3.5 THz to 5.5 THz with an
interval of 0.02. Therefore, N equals to 100 in Eq.(4).
In this way, the smaller the F value, the better the
performance of the PBS is.

In order to optimize the PBS, we sweep the
parameters {D,, D,, Ds, f, A} from {2, 1, 0.5, 0.25, 5}
to {5, 4, 1.5, 0.45, 7} utilizing the RCWA and the GA.
Reasonable optimization range is extremely important.
The GA will randomly select a set of initial values,
and according to the objective function F in Eq.(4), it
picks out the optimal individual using the genetic
operators, i.e. select, crossover and mutation. As a
result, we finally get the optimized combination of the
geometric parameters to be {2.9, 1.91, 1.12, 0.34, 6},

as shown in Tab.1.
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Tab.1 Optimized parameter of the PBS for
H=4.5THz, 6=70°

D,/pm D,/pm Ds/pm f Alpm

2.9 1.91 1.12 0.34 6

2 Results and discussions

2.1 Simulation results

Based on the optimized geometric parameters, we
calculate the diffraction efficiencies and the extinction
ratios to examine the performance of the PBS. When
the incident angle is 70°, the diffraction efficiencies as
a function of frequencies are shown in Fig.2 (a).

Using the compression coordinate, we could clearly

observe the change of data. The values of RIE are

higher than 98.4% from 3.5 THz to 5.5 THz, and the

values of T:M are from 97% to 95.6% in the same

frequency range. Moreover, around the center

frequency, the values of TIM and R:E are both higher
than 96%. Figure 2(b) exhibits the relationship between
the diffraction efficiencies and frequencies. The values
of 7. are more than 28.5 dB in the frequency range
from 3.5 THz to 5.5 THz. Furthermore, R. keeps more
than 23.1 dB in this range, and even reaches 59.9 dB

around the central frequency.
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Fig.2 (a) The diffraction efficiencies and (b) the extinction ratios
versus the incident frequencies of the PBS with f=0.34,
A=6 pm, D;=2.9 pm, D,=1.91 pm, and D;=1.12 pm,

operating at 6=70°
Figure 3 (a) shows the variation of diffraction
efficiency with incident angle around 4.5 THz. The

™ TE . .
values of 7, and R, respectively maintain more than

94% and 98.2% when the incident angles range from

60° to 70°. As shown in Fig.3 (b), when incident
angle ranges from 60° to 70°, the values of 7, are
more than 29.2 dB. Meanwhile, within the angle range
from 64.8° to 73.5°, R. retains more than 20 dB, and
reaches 38.3 dB at the incident angle of 69.7°.

In addition, we calculate the simulation results in
Tab.2 and Tab.3, when the values of D, and D, are
0, the subwavelength grating sandwiched between
silica layers can be regard as an ordinary
subwavelength grating. Comparing Fig.2, Fig.3 with
Tab.2 and Tab.3, it can be clearly seen that the
transmittance and extinction ratios of the sandwich

grating are much better than ordinary grating.
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Fig.3 (a) The diffraction efficiencies (b) the extinction ratios versus
the incident angles of the PBS with f=0.34, A=6 pm,
D,=2.9 pm, D,=1.91 pm, and D;=1.12 pm, operating
at H=4.5THz
Tab.2 Results of the PBS with D=0, D;=0,

f=0.34, A=6 pm, D,=1.91 pm,
operating at 6=70°

H  3.5/THz 4/THz 4.5/THz 5/THz 5.5/THz

:M 82.51% 80.33%  78.44%  76.94%  75.96%

R 90.96% 90.32% 91.05% 92.44%  93.78%
TJdB  17.64 1675  16.56  16.81  17.24
R.J/dB 8.48 7.86 7.45 7.20 7.11

Tab.3 Results of the PBS with D=0, D;=0,
f=0.34, A=6 pm, D,=1.91 pum,
operating at H=4.5 THz

) 60° 65° 70° 75°
o 89.97% 85.63% 84.28% 82.51%
R, 98.63%  98.85%  98.85%  98.97%
7./dB 30.12 30.68 30.82 30.98
R./dB 11.16 9.15 8.68 8.13
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These results show that a frequency bandwidth of
2THz and a large angle range of 10°, with an extinction
ratios over 20 dB and a diffraction efficiencies over
90%, are obtained. This is a relatively well designed
PBS in THz region.

2.2 Fabrication tolerance analysis

In the process of PBS manufacture, there would
be unavoidable deviations of the geometric parameters,
which may affect its properties, i.e. the diffraction
efficiencies and extinction ratios. Therefore, detailed
analyses on the parameters tolerances are extremely
necessary.

In this way, contour maps in Fig4 (a) —(d)

TE
0

respectively show the variations of TOTM , R T. and R.

as a function of duty cycle f and frequency H, with the
incident angle at 70° and other parameters kept the

optimized ones. When f changes from 0.33 to 0.35, the

values of TOTM are higher than 95.2% in the operating

frequency range (from 3.5 THz to 5.5 THz), and

meanwhile, the values of RZE are more than 98.2% .
What's more, the values of 7. are kept higher than 28dB
in this frequency range and the values of R, are higher
than 21 dB. Around the optimized value of f(f=0.34), the

R. reaches its maximum values 60dB.

]
1
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Fig.4 (a) T, . (b) R, . (c) T. and (d) R. versus the incident
frequencies H and duty cycle f of the PBS whose
D=2.9 pm, D,=1.91 pm, D;=1.12 pm, and A=6 pm,

working at the incident angle 6=70°

We then calculate the diffraction efficiencies and
extinction ratios when changing the groove depth D,
from 1.8 wm to 2 pum, and fixing the other parameters.
Figure 5 shows the corresponding results from 3.5 THz

to 5.5 THz with the incident angle at 70°. As shown
in Fig.5(a) and (b), the values of TZM maintain higher

than 95.4% and those of RIE are more than 98.4%.

Meanwhile, as shown in Fig.5(c) and (d), the values
of T, are higher than 27.8 dB and those of R, are
higher than 20.8 dB.

?-ul R!I'
55 97.14% 5.5 99.01%
5.0)
& 96.58% 98.82%
= 96.00% 98.62%
. 95.42% o 4%

1.9 2.0
D.um

Fig.5 (a) T‘TM, (b) REE, (c) T, and (d) R. versus the incident
frequencies H and the groove depth D, of the PBS
whose D,=2.9 pm, D;=1.12 pm, A=6 pm, and
f=0.34 pm, working at incident angle 6=70°

After that, we analyze the dependence of TEM, R;E,
T. and R, on the grating period A and the incident
angle 0 at 4.5 THz, while other parameters are kept
constant. When the A varies from 5.9 pm to 6.1 pum
and the 6 ranges from 65° to 75°, the corresponding

results are shown in Fig.6. Figure 6(a) and (b) reveal

the values of T;M are higher than 94.9% and those of

T{'\I
96.99%

96.31%

95.61%

o — o .

5.9 6.0 6.1
Alpm
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5% I/ - R/dB_. has good manufacture tolerances of the duty cycle,
' — . groove depth, period and the thickness of the silica
5 708 e 70 - layers. In this way, this PBS device made of cheap
. materials owning low loss can be easily fabricated.
65 2974 65 16.60
5.9 6.0 6.1 5.9 6.0 6.1
Alpm Alpm

Fig.6 (a) TUTM, (b) RUTE, (¢) T, and (d) R, versus the grating period
A and incident angles 6 of the PBS whose f=0.34,
D,=2.9 pm, D,=1.91 pm, and D;=1.12 pum, working at 4.5 THz

TE
R

, are higher than 98.4% . In the same range as
displayed in Fig.6 (c) and (d), the values of T, are
higher than 29.7 dB and those of R, are higher than
16.6 dB. Especially in the angle range from 65° to
73.5°, R, are kept higher than 20 dB.

The contour maps in Fig.7 reveal the values of
the diffraction efficiencies and extinction ratios as a
function of the thickness D, (from 1 pm to 1.2 pm)
and thickness D; (from 2.8 um to 3 wm), at 4.5 THz

with the incident angle of 70°. Figure 7 (a) and (b)
show that the values of TIM are always more than 96.9%

and those of RIE are more than 98.7%. Figure 7(c) and

(d) exhibit that of T,
respectively kept higher than 31 dB and 33.4 dB.

the values and R, are

T{“ RII
3.0 96.96% 3.0, 98.79%
g 96.95%, B 98.77%
=S =229
Q 95.94% 2 98.76%
y 94.93% 28 98.74%
1.0 1.1 1.2 1.0 1.1 1.2
DJ/um D /pm
T./dB R./AB
3122 41.96
= 3117 g 39,20
229 29
2 IR 35,34
2.8 31.05 2.8 33.48
1.0 1.1 12 ) 1.1 12
D./pm DJpm

TE
(U

™
Fig.7 (a) T,

, » () R, , (c) T. and (d) R, versus the thickness D,

and thickness D; of the PBS whose f=0.34, A=6 pm, and
D,=1.91 pm, operating at 4.5 THz with incident angle 6=70°

From the perspective above, our designed PBS

3 Conclusions

In this paper, a new PBS based on
subwavelength grating sandwiched between dielectric
layers is theoretically designed using RCWA, and
optimized by GA. This PBS has relatively simple
structure made by materials with low cost. The
designed PBS

operating well in a broad band from 3.5 to 5.5 THz,

calculation results show that the

with high diffraction efficiency and extinction ratios.
Moreover, fabrication error analysis shows that the
PBS has good tolerance in this respect. Therefore, this
PBS may achieve wide applications in THz laser

system, imaging system and polarization system.
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