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A polarization-insensitive, square split-ring resonator (SSRR) is simulated and experimented. By investigating
the influence of the asymmetrical arm width in typical SSRRs, we find that the variation of the arm width
enables a blue shift of the resonance frequency for the 0° polarized wave and a red shift of the resonance frequency
for the 90° polarized wave. Thus, the resonance frequency for the 0° polarized wave and the resonance frequency
for the 90° polarized wave will be identical by asymmetrically adjusting the arm width of the SSRR. Two
modified, split-ring resonators (MSRRs) that are insensitive to the polarization with asymmetrical arm widths
are designed, fabricated, and tested. Excellent agreement between the simulations and experiments for the
MSRRs demonstrates the polarization insensitivity with asymmetrical arm widths. This work opens new
opportunities for the investigation of polarization-insensitive, split-ring resonator metamaterials and will
broaden the applications of split-ring resonators in various terahertz devices.
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Metamaterials have attracted much attention owing to
their unusual electric and magnetic performances,
which are not observed in nature?. They have the poten-
tial for applications in terahertz devices, such as convert-
ers?, antennae, filters™, and absorbers!®. Split-ring
resonators (SRRs) are the most commonly used cells in
frequency-selective surface metamaterials because of their
classic geometry and resonance characteristics®™. A
large number of studies have reported multiple arrange-
ments of SRRs in one-layer and multi-layerZ&2
configurations, such as edge-coupled SRRs and broadside-
coupled SRRs. A broadband multi-layer terahertz meta-
material was fabricated and tested on flexible substrates
with square SRR (SSRRs)™, and a triple-resonant meta-
material with an asymmetrical, modified SRR (MSRR)
single particle in the terahertz band was also designed
and measured?. What’s more, a new coupled mode of two
SRRs, which could sustain larger quality factors than
those of conventional SRR arrangements, has been
designed and measured?.

With the asymmetrical structure of SRRs, the distinct
resonance characteristics of the 0° and 90° polarized waves
in SSRRs have been studied2122, The SRR polarization-
dependent metamaterials have been used to control the
effective electric permittivity by tuning the polarized an-
gle of the electric field2. But the polarization insensitivity
of all polarized angles in asymmetrical, SSRRs has not
been achieved so far. In this Letter, the polarization insen-
sitivity of SSRRs with asymmetrical arm widths is pre-
sented. Detailed research on two MSRRs is presented.
Good agreement between the simulations and the experi-
ments shows that the resonance frequencies of the MSRRs
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are insensitive to various polarized angles. The polariza-
tion-insensitive  MSRRs, with their simple structure,
would broaden the applications of SRRs in various tera-
hertz devices. Compared to centrosymmetric metamateri-
als, the polarization-insensitive SRRs with various
combination and coupling schemes have the potential
for applications in multiband and wideband metamateri-
als, high gain reflect array metamaterials, high absorption
metamaterials, and so on.

The scheme of a classic SSRR unit is illustrated in Fig. 1.
The yellow area in Fig. 1 represents the aluminum coating,
which consists of arml (A;), arm2 (A,), and arm3 (Aj).
The aluminum film is 0.35 pm thick. The blue area is the
quartz substrate with a thickness of 200 pm. The relative
permittivity of the quartz layer is €, = 3.78. The dimen-
sions for the SSRR unit in Fig. 1 are P = 240 pm,
dy = 20 pm, [ = 200 pm, and d; = dy = 20 pm.

The resonance characteristics for a classic SSRR are
determined by utilizing the finite-difference time-domain
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Fig. 1. Classic SSRR structure.
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method. In the simulations, a unit cell model is con-
structed using two floquet ports and a periodic boundary
on the four sidewalls. The simulated S,; curves from 200 to
600 GHz for a SSRR excited with 0°, 30°, 60°, and 90° po-
larized waves are given in Fig. 2(a). The difference in the
resonance frequencies between the 0° and 90° polarized
waves is obvious. The resonance frequency for the 0° po-
larized wave is f, = 322.8 GHz. However, there are two
resonance frequencies for the 90° polarized wave, f; and
fa, located at 140.6 and 410 GHz, respectively. When the
polarized angle changed from 0° to 90°, the resonance fre-
quency shift from f;, to f, and f; gradually emerged. The
resonances at 30° and 60° contributed to two individual
orthogonal electric resonances [see Fig. 2(a)]. A greater
difference between the resonance characteristics for the 0°
and 90° polarized waves leads to the SSRR becoming more
sensitive to differently polarized orientations. Thus, when
the resonance frequencies for the 0° and 90° polarized
waves are identical, the resonator will be more polariza-
tion insensitive. The SSRR samples are fabricated by
photolithography, which uses light to transfer a geometric
pattern from a photomask to a light-sensitive chemical
photoresist on the substrate. A series of chemical treat-
ments then engraves the exposure pattern into the
material underneath the photoresist. The samples are
characterized by terahertz-pulsed spectroscopy (TPS-
3000, Teraview company) with a frequency resolution of
approximately 0.006 THz and a dynamic range of around
80 dB. The terahertz time-domain data, R(t) and S(t), of
the reference and sample spectra, respectively, are ob-
tained by averaging the results of repeated measurements.
Finally, the frequency-dependent complex transmission
coefficient of the sample is determined from T(w)=
S(w)/R(w), where S(w) and R(w) are the time-domain
data of the sample and reference spectra, respectivelyZ.
All the experiments are illuminated by linearly polarized
waves. By rotating the array sample in the zy plane, the
resonances for differently polarized waves are obtained.
Figure 2(b) shows that the experimental results for a
SSRR with differently polarized angles agree well with
the simulations.

Figure 3 illustrates the influence of d; and d, on the res-
onance characteristics for the 0° and 90° polarized waves.
In the simulations, both the lengths of the period (P) and
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Fig. 2. Sy; curve for a SSRR with excitations in differently
polarized orientations. (a) Simulated results. (b) Experimental
results.

—a—f, for 0° polarized wave (a)
600 o 1, for 90° polarized wave b
= —A—f, for 90° polarized wave
jan)
<)
= 400 ]
Q
5 I\ME/J
Q
3
=y
=4
o
200 - 4
‘___‘___‘___A’A—‘r/‘
10 20 30 40 50 60 70
d, (pm)
l+f0 for 0° pollarized wave (b)
600 o 1, for 90° polarized wave
< —a— f, for 90° polarized wave
jan)
<)
> 400
Q
=
Q
=
=3
=4
=

10 20 30 40 50 60 70
d, (um)

Fig. 3. Influence of d; and ds on the resonance characteristics for
the 0° and 90° polarized waves: (a) with different d; values
(dy =20 pm), (b) with different dy values (d; = 20 pm).

the arms (I) are fixed, while the values of d; and d, change
from 10 to 70 pm. It is obvious that the changes of d; and
d, have little influence on the first resonance for the 90°
polarized wave. In Fig. 3(a), with the increase of dy, the
resonance frequency for the 0° polarized wave almost re-
mains unchanged, while for the second resonance of the
90° polarized wave, the frequency increases from 387.6 to
520.2 GHz. Figure 3(b) shows that, with the increase
of dy, the resonance frequency for the 0° polarized wave
increases from 279.4 to 634.2 GHz, while for the second
resonance of the 90° polarized wave, the frequency only
increases from 411.4 to 464.8 GHz. According to the sim-
ulation results, d; has a larger effect than d, on the second
resonance for the 90° polarized wave, while d, has larger
effect than d; on the resonance for the 0° polarized wave.
In addition, the influence of dy on f, is much greater
than f.

The simulated conclusions above could be used to
modulate the polarization insensitivity of SSRRs. By
choosing suitable values for d; and d, to synchronize
the resonance frequencies of the two modes mentioned
above, a method to improve the polarization insensitivity
of SSRRs is proposed. As f, = 322.8 GHz while f, =
410 GHz in the SSRR with identical arm widths, there
is a remarkable blue shift of f; by increasing d,. A red shift
of fy can be achieved by decreasing d;.

In order to understand the effects of d; and d, on the
resonances, we investigate the two induced current distri-
butions and paths for the 0° and 90° polarized waves in a
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SSRR. The resonance frequency can be obtained using
f =1/22VLC. Depending on the LC resonance circuit
theory, the equivalent capacitance (C) comes from the
interactions between the formed dipoles induced in the
SSRRs. The equivalent inductance (L) arises from self-
inductance in the arms when currents pass through
them®2, The equivalent inductance of the arms increase
with the length and decrease with the width22, C,, L,
and C}, L, are the equivalent capacitances and inductan-
ces for the two resonances in Figs. 4(a) and 4(b), respec-
tively. In Fig. 4, the contributions of the equivalent
capacitances C, and (), to the two resonance modes with
the variations of d; or dy are not strong. According to the
LC resonance theory and the results shown in Fig. 3, ds
has larger effect on L, than d; for the resonance excited
with the 0° polarized wave. Thus, the equivalent induct-
ance of Ay contributes more to L, of the resonance excited
with the 0° polarized wave than A; and Aj. In contrast, for
the 90° polarized wave, d; has larger effect on L; than ds,
and the equivalent inductance of A; and Aj contributed
more to L, than A,.

For the 0° polarized wave, the electric field is parallel to
arm A, and the dipole resonance comes into being on the
two arms of A,. Thus, the energy of the electromagnetic
resonance concentrates on A,. In Fig. 4(a), the average
induced current density of A, is much stronger than those
of A; and Aj, while in Fig. 4(b), the average current den-
sities of A; and Aj are slightly stronger than that of A,. By
the comparative analysis above, the average induced cur-
rent density in the arm is approximately proportional to
the relative value of the equivalent inductance in the arm
at the LC resonance. Thus, the relative equivalent induc-
tances could not only be determined by the length and
width of the equivalent inductance, but also by the aver-
age induced current densities in the arms.

Two modified SSRRs with asymmetrical arm widths are
designed, fabricated, and tested using terahertz time-
domain spectroscopy; they display almost the same reso-
nance frequencies for all polarized angles.

The first MSRR (MSRR;) is fabricated by photolithog-
raphy, as shown in Fig. 5. The bright part and the dark
part of the sample are aluminum film and quartz sub-
strate, respectively. The MSRR; and simulated Sy; results

Fig. 4. Surface-induced current distributions of the SSRR (a) for
the 0° polarized wave at 322.8 GHz, (b) for the 90° polarized
wave at 410 GHz.
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Fig. 5. (a) Photograph and (b) microscope image of MSRR;.

for polarized angles of 0°, 30°, 60°, and 90° are illustrated
in Fig. 6(a). The design of MSRR; corresponds to the
crossover point in Fig. 3(b), where d; remains at 20 pm
and dj increases to 40 pm. The simulated resonance dips
for the polarized angles of 0°, 30°, 60°, and 90° are
—43.6 dB at 436 GHz, —39.7 dB at 435 GHz, —35.6 dB
at 436.6 GHz, and —34.4 dB at 438.8 GHz, respectively.
In Fig. 6(b), the experimental resonance dips for the
polarized angles of 0°, 30°, 60°, and 90° are —33.2 dB at
440 GHz, —29.24 dB at 440 GHz, —26.9 dB at 443.6 GHz,
and —25.45 dB at 443 GHz, respectively. By comparing
Figs. 2 and 6, one can see that the performance of the res-
onance of MSRR, is not sensitive to the polarization angle.
The resonance frequencies and losses in the experimental
results are greater than those in the simulation results.
The larger losses in the experiments are likely caused
by small differences in the metal films and substrates used
in the fabricated sample and simulation model?’. In
Fig. 6(b), the values of d; and dj for the fabricated MSRR,
are around 22.4 and 42.6 pm, respectively (measured with
a microscope). From the results above, the increments of
d, and d, result in small blue shifts of the resonance
frequencies obtained from the experiments shown in Fig. 6
for both the 0° and 90° polarized waves.

All of the simulated and experimental results thus far
are for different polarized waves at vertical incident angles
(along the z-direction). Figure 7 illustrates the simulated
So; of the MSRR; for the 0° and 90° polarized waves, when
the incident angles are 15° and 30°. It shows that both the
resonance frequencies for the 0° and 90° polarized waves
have a slightly red shift when the incident angle changes
from 0° to 30°. The resonance dips are all under —30 dB.
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Fig. 6. Sy; for MSRR; excited with differently orientated
linearly polarized waves. (a) Simulations. (b) Experiments.
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Fig. 7. Simulated S,; of MSRR, for the 0° and 90° polarized
waves with 15° and 30° incident angles.

Thus, the modified SRR operates quite well up to an
incident angle of 30°.

There are many combinations of d; and d, with polari-
zation insensitivities for the 0° and 90° polarized waves,
based on the abovementioned method. Figure 8 shows a
photograph and a microscope image of MSRR,, where
the array size of the sample is set to 1.5 cm? with 62 x
62 unit cells. MSRR, was designed with a narrow conduc-
tive strip width for low losses. In the design of the MSRR,,
dy is decreased to 10 pm, which reduces the resonance fre-
quency for the 90° polarized wave, while d, is increased to
35 pm, which raises the resonance frequency for the 0°
polarized wave. Finally, both the resonance frequencies
of the 0° and 90° polarized waves are around 403.1 GHz.
As shown in Fig. 9(a), the simulated resonance dips with
the polarized angles of 0°, 45°, and 90° are —42.3 dB at
407 GHz, —35.7 dB at 406.8 GHz, and —31.3 dB at
401.2 GHz, respectively. Figure 9(b) shows the experimen-
tal results for MSRR, at the polarized angles of 0°, 45°,

(b)

Fig. 8. (a) Photograph and (b) microscope image of MSRR,.
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Fig. 9. Sy, for MSRR, excited with differently orientated
linearly polarized waves. (a) Simulations (b) Experiments.

and 90°, where the resonance dips are —38.9 dB at
415 GHz, —30.5 dB at 418 GHz, and —28.9 dB at
422 GHz, respectively. The slight difference in the reso-
nance frequencies between the experiments and simula-
tions is caused by machining errors, where the d; and d,
values for the fabricated MSRR, are 11.1 and 36.6 pm,
respectively. Increasing the inductive strip widths leads
to blue shifts for the resonances excited by the 0° and
90° polarized waves. The analysis for the two MSRRs
illustrates that the experimental results agree well with
the simulation results. Furthermore, the two MSRRs
could both modulate the resonance bandwidth by control-
ling the polarized angle.

In conclusion, by analyzing the surface-induced current
distribution and paths in a typical SSRR, adjusting the
arm width has remarkable influence on the resonance
frequencies for differently polarized waves. For the 0°
polarized wave, increasing the arm width d, achieves a
blue shift of the resonance frequency, while for the 90° po-
larized wave, decreasing the arm width d; leads to a red
shift of the resonance frequency. According to the results,
two polarization-insensitive MSRRs with asymmetrical
arm widths are designed, fabricated, and tested. The
experimental results agree well with the simulations
and attest to the polarization insensitivity of the MSRRs
with asymmetrical arm widths. The research results can
be utilized for designing polarization-insensitive terahertz
metamaterials, and the polarization-insensitive MSRRs
with simple structures have extensive potential applica-
tions in enhanced-performance metamaterials devices.
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