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Abstract—We report a straightforward way to design
polarization-insensitive broadband bandstop filters in terahertz
range by fabricating identical metal patterns on both sides of a di-
electric substrate with one layer rotated 90° to the other. The unit
cells used in such designs are the well-studied split-ring-resonators,
hence the frequency range of the stop band can be easily tuned by
varying the dimensions of the unit cell structures. Through sim-
ulation analysis, we show that such fabrication method requires
no alignment in lithography step and works with common dielec-
tric substrates. Two types of substrates, 1-mm-thick quartz and
100-pm-thick polyethylene terephthalate, were used as a demon-
stration. The transmission level stayed below 12% for a stopband
of 0.42-THz frequency range. Lastly, we reasoned with simulation
results that the proposed broadband filters give consistent perfor-
mance regardless of the gap location in the unit cell, which will
further extend their use in practical applications.

Index Terms—Broadband filter, metamaterials, polarization res-
onance, terahertz.

I. INTRODUCTION

ETAMATERIALS are artificial composite materials de-
M signed to realize different optical properties and applica-
tions. They have attracted increasing research interest in the past
decade for the many exotic phenomena they brought about, such
as negative refractive index [1]-[3], perfect lens [4] and invisi-
ble cloaking [5], [6]. These unique properties and applications
rely on the constituting structural elements to interact with ex-
ternal electromagnetic (EM) field and sustain resonances. One
such element is a split ring resonator (SRR), first proposed and
analyzed by Pendry et al. [7]. Such structures resonate to the
incident EM wave at specific designed frequencies, and its first
order resonant frequency can be easily calculated by model-
ing the structure as an inductor-capacitor (LC) circuit [8]. Due
to their simplicity, extensive studies have been done to form
a complete picture regarding the application of SRRs in var-
ious designs of metamaterials, e.g. how the resonances relate
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to structural dimensions [9], the coupling effect between the
SRRs [10]-[16] and the influence on the resonances by the
gap locations [17]-[19]. Moreover, their applications have been
further extended by microelectromechanical systems (MEMS)
technologies [20]-[26] and other tuning mechanisms [27]—[28].

On the other hand, there is an increasing demand for
polarization-insensitive broadband filters to give more tolerance
to manufacturing errors and allow multi-frequency operations
[29]. SRRs have not been a desirable candidate for such use due
to the narrowband and polarization-dependent characteristics
of their resonances. Instead, isotropic patterns like metal patch
[29], [30], cross patterns [31], [32] and closed rings [32], [33]
were chosen as unit cell structures. These designs often have
multiple layers stacked closely together and hence place strin-
gentrequirement on layer thickness [29] and alignment accuracy
of each layer [30], [32]. Moreover, the stacking of lossy dielec-
tric layers may also give rise to high transmission loss. In this
work, we base our method on the well-studied SRR structures
and report a simple method to fabricate polarization-insensitive
broadband bandstop filters in THz frequency range. We show
that our method places minimal requirement on substrate ma-
terial type and thickness. Additionally, alignment accuracy in
lithography steps is of little importance to device performance.
Lastly, we also demonstrate through simulation that such a de-
vice is insensitive to the gap location in the SRR, making the
design process even more flexible and hence broadening the
scope of its applications.

II. SIMULATION DEVELOPMENT AND EXPERIMENTAL DETAILS

Our device consists of two metal layers fabricated on the two
sides of a dielectric substrate. The metal patterns are identical
except that one layer is rotated 90° with respect to the other.
The fabrication process flow is shown in Fig. 1. There are two
types of substrates used in this work, 1-mm-thick quartz and
100-pm-thick polyethylene terephthalate (PET). The process
was almost the same for both substrates except for the pho-
toresist; AZ1512 was used for quartz and ultra-i 123 was used
for PET [34], [35]. The fabrication starts with spincoating the
respective photoresist on the substrate, at 2000 r/min for 1 min
for AZ1512 and 800 r/min for 2.5 min for ultra-i 123 (step 1).
After that, optical lithography was done to define negative SRR
template on the photoresist (step 2). We then evaporated 200-
nm aluminum (Al) onto the substrate using a thermal evaporator
Edwards FL 400 (step 3). The first metal layer is completed with
a final lift-off step by sonicating the sample in acetone for 2 min
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Fig. 1. Tllustration of the process flow for fabricating the broadband filters
which consist of two metal layers patterned on both sides of a dielectric substrate.

(step 4). The patterned side of the substrate was protected using
a tape by enclosing the entire metal pattern inside with a spacer
in between in order to prevent possible metal transfer onto the
adhesive tape. Then, the process is repeated on the other side
of the substrate (step 5-8). Eventually, removing the protective
tape, the device was fabricated (step 9).

The metal patterns used in this work are modified SRRs with
a split donut insert in the gap of conventional SRRs [8], as il-
lustrated in Fig. 2(a). The period of the unit cell (P) is 120 pm.
The side length (a) of the ring, line width (), outer diameter
of the donut (d) and the gap width (g) are 80, 6, 30, 4 um,
respectively. Depending on the distance of the donut to the side
(s), we designed symmetric and asymmetric unit cells for the
proposed broadband filters, with s being 25 and 8 ;m, respec-
tively. Fig. 2(b) and (c) show the unit cell of a symmetric and
an asymmetric double-layered device, respectively. It is worth
noting that in Fig. 2(c), the metal patterns on both sides are
identical when both are viewed from the same direction. But if
the device is to be fabricated, different masks should be used in
step 2 and 6. The location of the donut in the two mask designs
should be at the left bottom and right bottom of the square ring,
respectively.

For comparison, we also studied and fabricated single-layered
devices on both substrates as well following process steps 1 to
4. The EM responses of all devices were characterized using
terahertz time domain spectroscopy (THz-TDS, TeraView TPS
3000) in transmission mode with normally incident THz wave.
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Fig.2. (a) Schematic of the SRR pattern used to construct the proposed filters
with dimension parameters labeled; (b) and (c) show the unit cells for symmetric
and asymmetric double-layered devices.

TABLE 1
DEVICES STUDIED IN SIMULATION

Devices Unit cell Single/double substrate metal
metal layer
Device 1 symmetric single 50-p1m-thick 500-nm-
quartz for all thick Al for
4 devices all 4 devices
Device 2 symmetric double
Device 3 asymmetric single
Device 4 asymmetric double
TABLE II
DEVICES FABRICATED AND CHARACTERIZED
Devices Unit cell Single/double substrate metal
metal layer
Device A symmetric single 1-mm-thick 200-nm-
quartz for thick Al for
A&B all devices
Device B symmetric double
Device C symmetric single 100-pm-
thick PET
for C&D
Device D symmetric double

A commercial FDTD solver, CST Microwave Studio was used
to calculate the transmission spectrum as well as to find out elec-
trical field distributions in the devices under various conditions.
In simulation, 500-nm Al on 50-pm-thick quartz was used. The
devices fabricated and simulated are further summarized in Ta-
bles I and II.
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Fig. 3. Simulated transmission spectra for Device 1 and 2 with 0°- and 90°-

polarized incidence. For Device 2, the two spectra are identical and overlap.

III. RESULTS AND DISCUSSIONS
A. Symmetric Devices

Device 1 and 2 were first characterized using simulation soft-
ware CST Microwave Studio. Two incident polarizations were
studied in simulation, where one is parallel to the gap in the
unit cell and the other is perpendicular to the gap. For the ease
of description, they will be referred to as 0°- and 90°-polarized
incidence hereafter. Therefore, a y-polarized incidence for De-
vice 2 is defined as 0° with respect to the front layer and 90° to
the back layer, where the x-y coordinate is defined in Fig. 2. For
simplicity, only the polarization angle with respect to the front
layer is stated when referring to double-layered devices.

The transmission spectrum for Device 1 and 2 under 0°- and
90°-polarized incidences are presented in Fig. 3. Itis evident that
the single-layered Device 1 behaves as a polarization-sensitive
narrowband bandstop filter like conventional SRR devices [8], as
it couples to the external EM field at specific frequency depend-
ing on the incident polarization. More specifically, it resonates at
0.76 and 1.00 THz for a 0°- and 90°-polarized incidence, respec-
tively. For Device 2, as the substrate thickness is greater than the
attenuation length of the resonant electromagnetic modes [36],
[37], there is negligible coupling between the two metal layers.
When a y-polarized light transmits through Device 2, it effec-
tively gets filtered by the front metal patterns as a 0°-polarized
incidence at 0.76 THz, attenuates by the substrate, and gets fil-
tered again by the back metal layer as a 90°-polarized incidence
at 1.00 THz; while an x-polarized light experiences exactly the
same in a reverse order. In other words, Device 2 is essentially
the same as connecting two pieces of Device 1 in series with one
rotated 90° to the other, except for that it has only one dielectric
layer and hence transmission loss is minimized. This explains
why the stop band of Device 2 starts at 0.736 THz and ends at
1.015 THz, extremely close to the two resonant frequencies of
Device 1. On the other hand, as both filters do not have sharp
transitions at band edges and the difference between their res-
onant frequencies is comparable to their 3-dB bandwidths, the
superposition of their spectra, i.e., the spectrum of Device 2
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Fig. 4. Electrical field distributions at the resonant frequency for (a) Device
1 when illuminated by 0°- and 90°-polarized incidences, as well as (b) at the
beginning and end of the stopband for Device 2. The resonating metal layer in
Device 2 is outlined in red.

has a broadband nature. Moreover, as the polarization azimuth
of any randomly polarized light can be decomposed into x-
and y- direction, such a device is also polarization-insensitive.
The fact that the frequency range of the stop band is essen-
tially determined by the resonant frequencies of the narrowband
single-layered device makes previous studies on SRR devices
relevant and applicable to such broadband filters, which gives
the design process a great advantage as compared to using other
unconventional shapes as the unit cell.

The electrical field distributions for Device 1 at the two res-
onances and for Device 2 at the beginning and end of the stop
band are also examined to provide further theoretical support to
the design principle of such a double-layered broadband filter.
The simulation results are shown in Fig. 4. Under differently po-
larized incidences, different parts of the metal pattern resonate
to the external EM field. For 0°-polarized incidence, it is the side
of the SRR containing the donut and the arm opposite (L, ) to the
donut; for 90°-polarized incidence, it is the gap in the donut and
the left and right sides of the SRR (L; and L, ), as shown in Fig. 4
(a). Following this, the previously discussed “series-connected
filters” can be more intuitively viewed in Fig. 4(b). At0.736 THz
with y-polarized incidence, the front metal layer resonates. No
energy transmits to the back layer and hence it is not excited at
all. At 1.015 THz, the front filter is less effective evidenced
by the weaker electrical field excited in it. The transmitted
energy is further filtered by the resonating back metal layer.
The filtering processes for an x-polarized incidence is just the
same but in reverse order, as expected.

As the simulation results suggest, there is little coupling be-
tween the two metal layers in Device 2, the thickness of the
substrate and the alignment of the unit cells are therefore not
important in fabricating a double-layered broadband filter. Fol-
lowing the steps described in Section II, we fabricated Device
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Fig.5. Measured transmission spectrum of single- and double-layered devices
on (a) 1-mm-thick quartz substrate and (b) 100-zm-thick PET substrate with 0°-
and 90°- incident polarization. The inserts are microscopic images of Device B
and Device D respectively. The scale bars on both images are 100 pm.

A to D with no effort to align the unit cells in double-layered
devices in the second lithography step. The transmission spectra
of the fabricated devices were then measured using a THz-TDS,
and normalized to that of a bare substrate with no metal patterns,
shown in Fig. 5. The measured results agreed with simulation
well. A polarization-insensitive stop band was achieved with
both Device B and Device D, regardless of the substrate mate-
rial and thickness. The transmission level stays below 12% from
0.68 to 1.01 THz for Device B, and from 0.71 to 1.13 THz for
Device D.

B. Asymmetric Device

To study the effect of the gap location in the unit cell of the
single and double-layered devices, we simulated the transmis-
sion spectra for Device 1 to 4. In particular, we studied each
entry in the Jones Matrix T [38], [39], where

tmxtmy
T = (D

tyalyy

and T is a parameter linking the magnitude of the transmitted
(T;) and incident electrical field (/;) in x or y direction in

T, I,

=T . )
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Fig. 6. Simulated transmission spectra of Device 1 to 4. f; stands for the
transmission level of j-polarized light with an i-polarized incidence, with x-y
coordinate defined in Fig. 2.
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Fig. 7.  Electrical field distributions in Device 4 at 0.736 THz and 1.015 THz
when illuminated by 0°- and 90°-polarized incidences with the resonating metal
layer outlined in red.

The entries #; in Jones Matrix are parameters relating the
incident (E™) and the transmitted electrical fields (E™) in terms
of linearly polarized components in the expression [40]

E" =t;;E}" (3)

The simulation results of the transmission spectra are pre-
sented in Fig. 6. We found that for single layered devices, De-
vice 3 with asymmetric unit cell is able to induce cross-polarized
transmission, i.e., a significant non-zero t, and t,,; but such
cross-polarized transmission is not seen in single layered Device
1 with symmetric unit cell, and is suppressed in both double-
layered devices. Device 2 and 4 have almost identical spectra
despite the symmetry difference in their unit cells.

While the reason why asymmetric unit cell induces cross-
polarized transmission is still under investigation, in this pa-
per, we focus mainly on the interesting property of the double-
layered device that the transmission spectrum is invariant with
the gap location in the designed SRR. To understand this, the
electrical field distributions at the beginning and end of the stop
band were also simulated for Device 4, as shown in Fig. 7. Since
the single layered device is not an effective filter even at reso-
nant frequencies with asymmetric unit cell, the transmitted light
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through the front metal layer changes its polarization state to
orthogonal direction and excite the back layer as well. In Fig. 7,
this is most obvious at 0.736 THz for y-polarized incidence and
at 1.015 THz for x-polarized. The back layer that is not excited
at these frequencies in Device 2 is now resonating in the same
manner as the front layer. The y-polarized incident light is at
0° to the front layer, and after polarization conversion, is at 0°
again to the back layer, therefore the donut and L, in both layers
are excited. Similarly, under x-polarized incidence, both layers
see 90°-polarized light, and L, L,, and the gap in the donut are
excited. These results show that in practical applications, sym-
metric and asymmetric SRRs are equally good candidates to be
the unit cell and can be chosen at ease according to restrictions
in the actual process.

IV. CONCLUSION

In conclusion, we have reported a simple design method to
fabricate polarization-insensitive broadband band stop filters in
THz range. The design rules follow the well-studied SRR-based
narrowband filters through which the stop band can be easily
tuned by varying unit cell structural dimensions. The fabrica-
tion process poses minimal requirement on the substrate and
alignment accuracy in lithography step. Moreover, the device
is insensitive to the asymmetry in the unit cells. With these ad-
vantages, the cost and complexity in broadband filter design and
fabrication can be significantly reduced. We have thus opened up
anew door to filter designs that will greatly improve production
efficiency.
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