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A Study of FSS in Terahertz Range for Polarization
Modulation Purpose

Kejian Chen, Zhou Li, Jingjing Liu, Ruixin Duan, Yiqi Wang, Wen Zhang, Bin Cai, Lin Chen, and Yiming Zhu

Abstract— A polarization sensitive frequency selective sur-
face (FSS) composed of connected electric LC resonators is
proposed as the terahertz wave filter. The experimental results
match the simulation results well and show that the FSS has
good capability of polarization control and wavelength selection.
The tunability of FSS is also studied by investigating the relation
between the conductivity of the joint area of bent-lines and the
resonant peak position/strength. Such a device can be applied as
a flexible polarization modulator.

Index Terms— Spectroscopy, terahertz, optoelectronics, filters,
FSS.

I. INTRODUCTION

ITH the development of THz emitters and detec-
Wtors, more and more THz functional components are
being studied to promote the performance of THz spec-
troscopy/imaging system. In this letter, we focus on one
key component: THz wave filter. It can be fabricated by
utilizing the polarization dependent FSSs. Originally FSS is
widely used in microwave as a filter for freely propagating
waves [1] and now, it has become a promising candidate for
the high performance THz filters [2] and THz wave plates
owing to its ‘openness’. FSS is a two-dimensional periodic
array of resonating metallic-dielectric units, which used to
be adopted as filtering elements for free-space radiation [3].
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Fig. 1. (a) A unit of the FSS sample. (b) The photo of the real FSS sample.
(c) The surface current of FSS sample.

The basic resonating structures of the FSSs include split-
ring (SRRs) [4], electric LC (ELC) [5], cut wire, slots, bent-
lines [6], cross lines etc. The “openness” of FSS on geometry
make it easy to integrate different functional structures into
a chip to realize multi-functional resonating. In this letter,
a switchable polarization sensitive FSS THz filter is designed
and fabricated on a flexible substrate. Its filtering properties
were investigated with both simulations and experiments and
the results matched well. Furthermore, based on the results,
several potential applications of the device were also proposed.

II. THE STRUCTRUE OF THE DEVICE AND ITS
FABRICATION

The structure of the resonating units of the FSS filter is
shown in Fig. 1(a), where each unit comprises 4 square ELC
structures and 2 connecting bent-lines. To enable such device
to work in the THz range, the unit size of the FSS is set to be
200 um (Wood’s Anomaly appears around 1.3 THz), and the
widths of all the lines are set to be 7 um. The side length of
the ELC resonator square [7] is 41 um (LgL.c = WEgLc), and
the length of the stripe line (one arm of the bent-line structure)
is 74 ym (WgLc (41 um) 4+ L. (33 um)). The FSS is polar-
ization dependent with the connecting bent-lines. We defined
the polarization angle as illustrated in Fig. 1(a).

The fabrication for the FSS device is taken on a Poly-
imide (PI) substrate, which is a low cost but among best
choices for THz passive devices fabrication and would be
removed from Si wafer after fabrication with the normal semi-
conductor processing technology. In this letter, the thicknesses
of the PI substrate and the copper layer were 21 um and
2 um, respectively. A photo of the fabricated device is given in
Fig. 1(b). The whole size of the FSS device is 1 cm x 1 cm.
The fabricated FSS device is mounted on a metal holder with
a square hole at its center and the size a little smaller than the
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Fig. 2. (a) The measured transmission spectra of the FSS device.
(b) The simulated transmission spectra of the FSS device.
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proposed FSS sample (pFSSs), which make it good for THz
transmittance measurement.

III. EXPERIMENTAL SETUP AND DEVICE MEASUREMENT

A THz-time domain spectroscopy (TDS) system is applied
to characterize the pFSSs. The setup is similar to our previous
work [8], where a homemade GaAs:O [9] bow-tie antenna is
pumped by an 800 nm femto-second (fs) laser to generate THz
radiations. The wire-grid polarizer used in the measurement
set-up is tilted at a small angle to incident THz wave to
minimize the multi-reflection.

To obtain the polarization dependence of pFSSs, the trans-
mission spectra is measured with the intervals of 5 degrees
in experimental measurement. Fig. 2(a) shows the measured
pFSSs transmission spectra. The pFSSs transmission
properties are also simulated with the full-wave
electromagnetic (EM) simulation software: CST Microwave
Studio. (Note: Drude model of the copper is used
for simulation, where w, = 1.12e16 (rad/s), o, =
2.2e12 (1/s) [10]). Both the simulated and experimental results
are shown in Fig. 2, which exhibits good consistency although
with some differences in the polarization dependence, Such
consistency is more clear in the region from 0.4 to 1 THz.

The difference between the simulated and experimental re-
sults is mainly due to three folds: 1) the pFSSs is not perfectly
perpendicular to the THz beam during the measurement; 2) in
simulation, the FSS device size is assumed to be infinite, which
means it is periodically expanded without limitation. However,
the real pFSSs size is only 1 cm x 1 cm, i.e., hence the
boundary effect could not be neglected since the reflections
of evanescent wave at the edge of the sample on the surface
can make the resonate peak a little broader than the simulated
one; 3) The transmission dip around 0.75 THz and 1.1 THz
in Fig. 1(a) come from the vapor absorption.

IV. ANALYSIS AND DISCUSSION

As mentioned above, the measurement results prove that the
FSS device has good polarization dependent characteristics.
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Fig. 3. The simulated transmission spectra of the FSS as a function of the

incident polarization angle.

When the polarization angle of the FSS device is set to
135°, one could get a reflection resonance peak at 0.57 THz
from the simulation, as shown in Fig. 2(b) and Fig. 3, and
at 0.56 THz from the experiment, as shown in Fig. 2(a)
respectively. This tiny difference is from the measurement
deviation as mentioned in section III. In addition, when the
polarization angle is changed to 45°, the resonant peak at
0.57 THz disappeared, and a new reflection resonance peak
appeared at around 0.94 THz. For normal polarization angles
(0, 90, 180 degrees.), the device has more than one resonant
peaks in the range from 0.5 to 1 THz, and all these angles
have the same transmission spectra, owing to the symmetry of
proposed device.

For the non-bent-line structure, the FSS device is polar-
ization independent, and it has only one resonance peak
at 0.94 THz in the range of 0.1-1 THz. After adding the
connecting bent-lines to the device, the congregated charges
at the two near edges of the SRRs can be combined together.
When the polarization angle is set to be 135°, the positive and
negative charges at the near edges would cancel each other
via the connections, as shown in Fig. 1(a). Therefore, there is
no resonance peak at 0.94 THz, as shown in Fig. 3. However,
the opposite charges in the two far edges of ELC resonators
still exist, which makes the separation of charges become
larger than the original. Thus a new resonant peak appears
around 0.57 THz in the spectrum and its surface current is
shown in Fig. 1 (c). When the polarization angle is set to be
45°, the charges at the near edges of those two ELC resonators
had the same sign, which could enhance the original resonance
result in a stronger resonance peak than the original one at
0.94 THz. Meanwhile, the charges at the far edges of those two
ELC resonators also had the same sign, which could not induce
resonance. Therefore there is no resonance peak at 0.57 THz
in this case.

Furthermore, the transmission effect is also simulated with
different the ELC resonator sizes The resonant peak position
moves toward lower frequency when increasing Lgrc or L.
for all polarization angles. It can be found that the position
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Fig. 4. The simulated THz wave transmissions of the designed device (inset)
as a function of frequency at various conductivity of joint areas.

shift of the first resonance peak (around 0.57 THz, refer to
Fig. 3) is more sensitive to L. change, because the changes in
L. can induce tuning effect of the resonance effective length
for nearly two times. Also, the second resonance peak (around
0.94 THz) can be modified by tuning Lgrc. One can suppose
that a device with such two resonant peaks (peak position can
be shifted by tuning Lgrc or L¢) can be used as polarization
dependent channel switcher. For example, 135 degrees is for
channel 1 and channel 2 is for 45 degrees, and 90 degrees is
for dual-channel operation, etc.

The tunability of bent-lines can also be applied for active
THz device fabrication. For example, two additional copper
lines (width: 1 gm) can be designed as electrical bias lines
and attached to the edge of the joint area of the bent-lines,
the square as shown in purple in Fig. 4 (inset). By tuning
the conductivity of the joint area one can switch the resonant
peak of FSS. Fig. 4 shows the simulation results for such
kind of active device, with the size of square area set to be
10 um x 10 um, the unit size of the designed active device
of 220 um, L, = 33 um, LgrL.c = WgLc = 30 um, and the
thicknesses of the PI substrate is 25 gm.

The most interesting thing for this active device is that the
transmission of terahertz wave (~0.64THz) decreases at 135°
when we increasing the conductivity of the square area from
0 S/m to 1E5 S/m, whereas the transmission increase at 45 °.
Therefore the transmission/reflection rate can be controlled
between the two perpendicular components of the incident
THz wave just by modifying the conductivity of the square
area on the turning point of the bent-line. Therefore a terahertz
wave (especially for reflection mode) at any polarization angle
can be obtained by combining two perpendicular polarization
components (45° and 135° as mentioned above) under the
modulation mode by such kind of active device. Normally,
1ES S/m is not easy to achieve, but this design is not difficult
to realize by depositing thin film semiconductor on those joint
areas [11] or creating cantilever legs bent structure for the
square parts [12].
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V. CONCLUSION

The scheme of applying FSS device to THz wave po-
larization dependent filtering is proposed in this letter. The
FSS device is fabricated on a flexible PI substrate with a
copper layer, and the polarization selective transmission is
achieved successfully. At 45° polarization angle, the simu-
lations show that the FSS device performed like a 4 ELC
resonators without connecting bent-line. And at 135° polar-
ization angle, a resonance peak appeared at 0.57 THz because
of the offset of resonant charges via the bent-lines. Such
characteristics of the device are verified by the experiment
as well. Furthermore, the joint areas can be inserted into the
FSS structure for an active frequency selection. The relation
between the conductivity of the joint areas and the resonant
peak position/strength is analyzed by the CST software. This
feature is useful for the fabrication of narrow band polarization
modulator.
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