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Abstract

In this study, we present a new, unique fourcross shaped metamaterial terahertz (THz) filter
fabricated from both gold thin films and YBa,Cu30;_4 high 7. superconducting thin films. A
commercial electromagnetic simulation software, CST Microwave Studio, is used to design and
optimize the metamaterial filter structures. The proposed fourcross shaped rectangular filter
structure consists of periodic metallic rings where strip lines are located at the sides of the ring.
Fourcross metamaterial filters are fabricated by using e-beam lithography and ion beam etching
techniques. Terahertz time-domain spectroscopy measurements validated the design predictions
for both the center frequencies and bandwidths of the resonances due to the fourcross structures.

The resonance switching of the transmission spectra was investigated by lowering the
temperature below the critical transition temperature. This resonance switching effect is not
observed in filters made up of metals. This novel fourcross rectangular resonator with a
temperature-dependent resonance behavior holds great potential for active, tunable and low loss

THz devices for imaging, sensing, and detection applications.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Terahertz (THz) radiation is a part of the electromagnetic
spectrum lying between microwaves and the infrared. This
region covers frequencies ranging from 0.3 to 10 THz and
wavelengths from 1 to 0.03 mm. Organizations involved in
military and defense are requesting the development of many
technologies such as hand held THz radar systems that work in
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this frequency range to remotely detect the presence of explosive
materials, poison gases, ceramic weapons, and biological war-
fare agents like viruses and bacteria [1-6]. In addition, the
medical community has shown that THz waves can detect the
presence of cancer, viruses, bacteria, and other diseases instantly
without surgery, biopsies, or other expensive procedures making
this an ever more important area for further research and
development [7]. These coupled with a large variety of possible
applications from pharmaceuticals to agricultural research is
feeding the demand to develop compact and tunable coherent
THz devices. The frequency range between 0.1 and 10 THz is
usually called the THz gap as it is difficult to develop devices
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which can interact, generate or detect radiation since bulk
materials typically do not exhibit a strong electromagnetic
response in this region. There are notable attempts aiming to fill
this vacancy in the spectrum [8—12].

For THz applications, metamaterials which can be designed
with a specific functionality have a crucial role in the fabrication
of artificial optical components since they have electromagnetic
properties which could not be achieved by their natural bulk
material counterparts. In its most basic form, the metamaterial
structure can be thought of as electrical circuits much less in size
than the wavelength that replace atoms as the basic unit of
interaction with electromagnetic radiation. This field has seen a
notable progress in recent years [13, 14] where studies have led
to the development of electromagnetic metamaterials which
exhibit novel properties such as magnetic response at terahertz
and optical frequencies, negative index of refraction, and huge
chirality [15, 16]. The emergence of THz metamaterials has
given rise to electromagnetic properties and functionality that can
not be attained by already existing natural materials permitting a
whole new family of metamaterial based devices namely, elec-
trically small resonators, compact high selective THz filters,
superlenses, cloaks, chiral devices, electromagnetically induced
transparency applications and modulators. Consequently, the
theoretical and experimental study of THz metamaterials has
attracted great attention [17-19]. Conventional THz metamater-
ials are typically fabricated from either dielectrics or normal
conducting metals. While sub-wavelength structures based on
these conventional materials have shown low insertion loss at
microwave frequencies, substantial losses exhibited in the ter-
ahertz frequency range have been one of the key limitations, and
this remains a driving force to explore novel structures based on
novel materials to minimize losses. Other factors which can
effect the performance include the conductivity of the metama-
terial which imposes a severe limit on the device performance in
the THz frequency range (the degree of Ohmic loss can be
measured by the quality factor Q of the resonance) [20].

In contrast to normal conducting metals, electromagnetic
properties possessed by superconductors can be utilized for the
purpose of producing almost ideal and novel metamaterial
structures. If metallic structures are replaced by superconducting
structures losses can be greatly reduced [21]. The complex
conductivity of superconductors intrinsically depends on the
applied magnetic field and temperature in comparison to metals.
This allows the possibility to directly control the conductivity of
the superconducting element without inserting additional ele-
ments i.e. an active metamaterial structure [22, 23]. Moreover,
superconductors show superior conductivity at low temperatures
and have the potential to integrate elements exhibiting quantum
behavior. In these materials, values of the surface resistance at
microwave frequencies are also small [24].

The unique properties of superconducting materials allow
them to be utilized in a number of ways for THz device appli-
cations. Momentarily, Josephson based metamaterials propose a
lot of important and attractive opportunities for novel metama-
terial structures. The nonlinear response of these materials can
allow for parametric amplification [25] of photons and also
reduction of losses. Moreover, in accordance with the changes in
the Josephson inductance, superconducting meta-atoms can

display an intrinsic tunability of their resonance frequency by
magnetic field and temperature. The suppression of the super-
conducting order parameter, i.e. the density of Cooper pairs leads
to the tunability. In superconductor metamaterials, the quality
factor of the resonance can also be altered by tuning the reso-
nance frequency. Measurement of a field-induced nonlinear
response of metamaterials and unpatterned films made out of the
low-T.. conventional superconductor NbN has been reported by
Zhang et al [26]. Here, the gap frequency (f;) of NbN is given by
fe = 2A¢/h, where A is the energy gap at 0K and £ is the
Planck constant at 1.18 THz [27]. In contrast, high-7, super-
conductors are more appropriate for a broadband response since
they have a larger energy gap. High-7, cuprate superconducting
materials exhibit metallic behavior for currents flowing in the
Cu-O planes, and possess dielectric-like properties for light
polarized in the c-direction. Moreover, they have higher transition
temperatures, which ensure conduction of electrical current
without resistance at liquid nitrogen temperatures—the require-
ment to create and maintain a cryogenic environment being the
main disadvantage of superconductors.

Measurement of the nonlinear THz transmission through
films composed of the high-7, superconductor YBa,Cu;O,
(YBCO) has been performed by Glossner ez al [28]. In a similar
fashion Orenstein et al [29] measured the nonlinear transmission
of BSSCO at modest field strengths finding a characteristic cur-
rent scale for the nonlinearity on the order of the intrinsic
depairing current for Bi,Sr,CaCuOg,, (BSSCO) that can be
calculated from well-known parameters. Latter works con-
centrated in minimizing the material losses, by cautiously
designing metamaterial structures to match impedances between
propagation in different media. Wire structures are useful in
tuning the negative permittivity while structures such as split-ring
resonators have been shown to be useful where temperature
dependent tuning of the negative permeability in the super-
conducting structure can be implemented [16, 30].

In this study, the aim was to design superconducting
metamaterial filters with a unique geometry which operates in the
THz frequency band. Both normal conductive metallic films and
high T, superconductor YBCO thin films were employed in the
patterning of the structures. By modifying the geometrical
parameters of the structure and temperature dependent super-
conducting properties it is shown that both the resonance fre-
quency and transmittance at resonance of the metamaterial
structure can be tuned. These properties provide the means to
fabricate very efficient and compact metamaterial-based filters
with a high selectivity. These type of highly particular filters can
be used to delete undesirable transmitted signals in pre-defined
frequency bands and have potential applications in the field of
THz diagnostics.

2. Design and fabrication of fourcross metamaterial
filters
2.1. Design and background theory

A unique geometry that can be used as a terahertz filter which
operates in the sub THz frequency range has been designed. In
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Figure 1. (a), (b) Front and perspective view of gold fourcross filter design with the unit cell dimensions; the width of the unit cell (W) was
128.29 pm, the length of the square-loop (L) was 100.67 um, and the width of the strip line (M) was 8.79 ym. (c), (d) Front and perspective
view of YBCO fourcross filter design with the unit cell dimensions; the width of the unit cell (W) was 172.23 pm, the length of the square-
loop (L) was 135.97, and the width of the strip line (M) was 9.06 um.

figure 1, the design of the filter structure is presented in detail.
The structure of the metamaterial, namely a fourcross rectangular
resonator, has a rectangular shape where strip lines are located at
the sides of the ring on a dielectric substrate (figures 1(a), (c)).

The proposed design has not split rings or evident
capacitance elements. This is the combination of square ring
with quadruple strips. In general, for metamaterial structures,
LC equivalent circuit model can be used to predict the reso-
nance behavior of the metamaterial design. The simplified
form of the equivalent circuit of the proposed design is given
in figure 2(a). For the given structure, the inner gap between
the strips behaves as capacitor where the metallic parts behave
as inductors. In addition, C represents the capacitance formed
by the gap between the mutual strips.

The total capacitance can be calculated by the parallel
plate capacitance formula [31]:

G = KWeo2In %, (1)
g — 1
G = KWep——, 2
s
C=G+ . (3)

Here K = n%, €, 1s the free space permittivity, &
represents the dielectric constant of the substrate A is the
thickness of the substrate. The values and the placement
of the symbols used in the equations (1)-(3) (H, W, §) is given
in the figure 2(b). Total inductance can be calculated by using
the formula [32],

T P E A A
L= 27 [ln(b) + 2 + 31 2412]’

where the length and the width of the metallic strips are given
by the symbols / and b respectively.

From the equations (1)—(4) the values for K, C;, C; and L
are obtained as follows

“

K =105.19,
G =194 x 107F,
1.59 x 10718 F,

0

L=1.6x10""TH.
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Figure 2. (a) Equivalent circuit of the proposed design. (b) The
placement of the symbols used in the equations (1)-(3), (H, W, S).

The resonance frequency depends on the total capaci-
tance and the total inductance of the circuit and it can be
calculated using the relation:

1 1
h=s\ta o ®)

The resonance frequency obtained from the calculations
is fo = 0.90 THz which is very close to the experimental
resonance at 0.92 THz.

The fourcross resonator is designed in accordance with the
fact that the observed resonance takes place in the low frequency
THz range which is approachable with the small energy gap
observed in high-T, superconducting materials. In order to
investigate the transmission profile and provide an optimal
design, CST Microwave Studio software frequency domain
solvers are used. After these steps the devices are patterned on
the selected dielectric substrates and measurements are per-
formed using THz time domain spectroscopy (THz-TDS)
technique.

Initially the simulations are carried out using 130 nm thick
patterned gold layer and 80nm thick patterned YBCO layer
deposited on 900 pm thick fused silica and 500 pm thick sap-
phire substrates respectively. These substrates are commonly
used to fabricate filter structures since they show negligible loss
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Figure 3. The simulated transmission spectrum of gold fourcross
filters with designed parameters (solid line).

at THz frequencies. For the simulations, the electrical permittivity
values are extracted by THz-TDS measurements of the fused
silica and sapphire substrates in the THz region. Electrical
permittivity and loss tangent for fused silica are €, = 3.98, tan
6 = 0.05 whereas for sapphire they are ¢, = 9.6, tan 6 = 0.05.
Gold fourcross filters have been designed with the following
mesh parameters; the width of the unit cell (W) was 128.29 um,
the length of the square-loop (L) was 100.67 um, and the width
of the strip line (M) was 8.79 um as shown in figures 1(a) and
(c). The numerical results for terahertz wave transmittance of the
gold metamaterial filter on 900 um fused silica are shown in
figure 3, where the initial simulated results for the band-stop filter
design give the terahertz wave minimum transmittance peak at
0.92 THz. In contrast to gold fourcross filters, YBCO fourcross
filters can be tuned by varying the temperature. To investigate the
temperature-dependent resonance behavior and confirm the
measurements, simulations are carried out at temperatures above
and well below T..

The tunable characteristics of THz transmission principally
originates from the temperature-dependent conductivity in the
superconductor material. Using the two-fluid model, the change
in the density of superconducting and normal carriers leads to
the change in the conductivity of the material [33]. An increase
in the temperature of the superconductor decreases the density of
superconducting Cooper pairs with respect to the normal con-
duction electron population which takes place up to state where
the Cooper pair density goes to zero at T, governing the con-
ductivity of the superconductor.

For YBCO, under the two-fluid model, the normal state
carriers whose motion obeys the Drude model contributes to
the real part of the conductivity o,, on the other hand the
imaginary part o; is determined by the superconducting
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carriers, which obeys the London equation hereby the con-
ductivity of the superconducting carriers can be described as
0y = i(nse?) / (m*w) where ny is the Cooper pair carrier den-
sity, e is the charge of carriers, m™ is the effective carrier
mass, and w is the frequency of operation [34]. It is important
to emphasize that the conductivity resulting from the Cooper
pairs is purely imaginary and consequently the resistivity of
the YBCO below T, is also almost imaginary, and this fact
gives rise to an inductor type behavior under the applied THz
field. As it is well known; the absolute value of the imaginary
conductivity is three orders of magnitude less than the real
part, in the THz regime, and thus at temperatures higher than
T, the real part of conductivity is superior [35]. Furthermore,
several K under T, the imaginary conductivity value
increases rapidly with decreasing temperatures and then the
total conductivity is dominated by o;.

Using this model the complex conductivity of the
superconductor material for different temperatures is calcu-
lated as a function of frequency using the equations given
below. Using calculated conductivity values and thickness of
the metamaterial, the surface impedance of the super-
conducting thin film is obtained and fed into the simulation
program to simulate the transmission of the THz waves
through the fourcross YBCO filters [36].

Appropriate with the two-fluid model [33], the real and
imaginary parts of the conductivity are given by,

_ner fi (DT ne*sy f (DT

Ope = — = -
m* 1 + w2 m*ey 1 + wir?

X LT
P 4 w22

(6)

- _n_€2 f(Dwr? f(T)
TR W w
_ne’e| fy(Dwr? f(T)
B 1+ w22 w
o, [fn(T)m2 ]2(T):|
=wigy| B—— S 2|

P+ W w

m*e
(N

where n is the carrier density, m* is the carrier effective mass,
and 7 is the quasiparticle relaxation time. The ratio of normal
to superconducting carriers is,

L)+ [(T) =1, ®)

where f, and f; are fractions of normal (quasiparticle) and
superconducting (superfluid) carriers. The inverse relaxation
time is given by,
11 t
@) () 1+ a@ -1’

where 7 is the ratio of the temperatures and is defined as,

®

t=—

T (10)

and « is an exponent in addition + is an empirical parameter.
Using these relations the conductivity and surface impedance
of the patterned films are,

(1)

0 = Or + i0im,

1.0 T T T T T T T T T T T T T T T T T
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Figure 4. The simulated transmission spectrum of YBCO fourcross
filters with designed parameters.

Zo= R+ iXy = |0 coth (d fiwpgo).
g

Optimized design parameters of YBCO fourcross filters
are as follows; the width of the unit cell (W) was 172.23 um,
the length of the square-loop (L) was 135.97 ym, and the
width of the strip line (M) was 9.06 um. The results of the
YBCO fourcross simulations are presented in figure 4.
According to the simulations, the resonances reduced to zero
transmission both at the temperatures 20 and 40 K. With the
specified mesh dimensions, the simulated YBCO fourcross
filter design establishes a stop band at both wy (0.412 THz)
and w; (0.765 THz) for 20 K. These resonances shifted to wy
(0.410 THz) and w; (0.760 THz) at 40 K, respectively. Fur-
thermore, a resonance shift to wy (0.390 THz) and w;
(0.734 THz) at 60 K is also observed.

12)

2.2. Fabrication and measurements

A gold metal film with a thickness of 230 nm is deposited by dc
magnetron sputtering system under optimal conditions for the
gold metamaterial samples. A commercially available 80 nm
thick YBCO film grown on sapphire substrates is used for the
superconducting samples (YBCO film is deposited by Ceraco
Ceramic Coating GmbH). The transition temperature of the
YBCO films, oriented with the ab plane parallel to the surface,
was measured to be T. =~ 90 K by closed cycle He cryostat
system. Conventional e-beam lithography, and ion beam etching
techniques were used for the microfabrication of the metama-
terial filters.

E-beam lithography is a more precise technique than con-
ventional optical lithography. In UV lithography process, dif-
ferent imperfections could appear as irregularity in shape
rounding etc. And it has been shown that these variations in the
structure will affect the spectral properties of the THz filters [35].
Figure 5 shows the optical photographs of the cross-shaped
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filters fabricated from both Au and YBCO thin films and we
obtain almost perfect structures.

The transmission profile of the fourcross filters were ana-
lyzed by a home built THz-TDS system which is driven by a Ti:
Al,O; mode-lock laser. The incoming beam is separated by a
beam splitter into the generation arm and detection arm of the
spectrometer. In the first arm namely, the generation arm, by
making use of a multi-dipole photoconductive antenna a
s-polarized terahertz beam is produced. With the help of two off-
axis parabolic mirrors and two TPX"" polymethylpentene lenses,
produced THz rays are guided within the system inside the
antenna. In the detection arm, electro-optic detection method
through a balanced photodiode is introduced for the measure-
ment of THz pulse. A lock-in amplifier is provided for the
utilization of phase-sensitive detection and by making use of a
PC and data acquisition software, data is recorded. The fre-
quency data is obtained with 40 GHz resolution after applying a
Fourier transform to the time-domain data. Superconducting
patterned sample characterization was done with a closed cycle
helium cryostat that was installed inside the terahertz time
domain spectroscopy
system. The cooling system is composed of Sumitomo CH-
204SFF coldhead, Sumitomo HC-4A compressor and Vacuu-
brand RZ 14 vacuum pump. Samples were mounted onto
sample holder at the end of the cold head. Via two high quality

HEIIEIAES
fines

E SEERREE L)
Figure 5. (a) Optical microscope images of fabricated gold fourcross filters given with measured dimensions. (b)—(d) Optical microscope
images of fabricated gold and YBCO fourcross filters which is taken with different magnifications.
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Figure 6. THz time-domain measurements of two identical gold
fourcross filters (Fourcross(Au)01-dashed red line- and Fourcross
(Au)02-dashed blue line), plotted with simulation results(solid
black line) on the same graph.
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Figure 7. (a) The THz transmission of unpatterned 80 nm thick
YBCO film at 20, 40, 60, 65, 70, 75, 80, 85, 90, 95, 100, 120 and
298 K. (b) The THz E-field peak values versus temperature curve is
plotted in order to determine the critical temperature of the
superconducting YBCO film (blue curve). R—T measurement of the
film is also plotted on the same graph (red curve).

quartz windows the THz radiation is focused through the
samples.

3. Results and discussion

Figure 6 present the measured transmission spectra for two
different gold fourcross samples given together with the
simulation results on the same graph (Fourcross(Au)0l and
Fourcross(Au)02). The measured electromagnetic properties
of the metamaterials are consistent with that of the simulation
results. Resonance frequency of this structure is at 0.92 THz
according to the simulation results. As seen from figure,
sample 1 has a resonance at 0.9 THz, sample 2 has a reso-
nance at 0.92 THz according to THz TDS measurement. As
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Figure 8. THz time-domain measurement of YBCO fourcross filter
taken from 298 to 20 K.
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Figure 9. THz time-domain measurement of YBCO fourcross filter
at 20 K, plotted with simulation result on the same graph.

expected from numerical analysis, the metamaterial structure
consisting of rectangular resonator exhibits bandstop
characteristics.

The terahertz transmission of unpatterned single layer
80 nm thick YBCO film at 20, 40, 60, 65, 70, 75, 80, 85, 90,
95, 100, 120 and 298 K is shown in figure 7(a). Below the
critical temperature YBCO layer presents metallic character-
istics and the transmitted signal power is very low. The THz
E-field peak values versus temperature is plotted in order to

determine the critical temperature of the superconducting
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YBCO film. The graph in figure 7(b) is similar to a super-
conducting phase transition curve obtained by the R—T mea-
surement of the film which is also plotted on the same graph.
These show that the critical temperature of the sample is
approximately 90 K.

The THz transmission amplitude spectra for the fabri-
cated YBCO metamaterial filter structure at various tem-
peratures are presented in figure 8. In the metamaterial
transmission spectra given by the graph, two resonance peaks
are observed at wy (0.4 THz) and w, (0.75 THz). The pat-
terned structure exhibits powerful resonances observed at
temperatures below 7., namely, 20 K which is implied by the
sharp THz transmission dip w; with a minimal transmission
amplitude of 0.05 at wy (0.61 THz). In the figure it is seen
that; with a decrease in temperature one observes increase in
resonance strength and also a resonance shift to higher fre-
quencies. With the increase of temperature (from 20 K up to
T. and the room temperature) resonance frequency is blue-
shifted and it is observed that the resonance strength
decreases as a broadening and reduction in amplitude of the
transmission dip. THz transmission measurement and simu-
lation result of YBCO fourcross filter at 20 K, which is much
lower than T, is shown in figure 9 on the same graph. The
metamaterial filter exhibits a strong resonance w; at 20K
when compared to other temperatures. A redshift of the
resonance frequency w (7%) is observed as the temperature
increases and approaches 7, The THz transmission amplitude
of the band stop filters changes from 26% at 20 K to 53% at
90 K, exhibiting about a 51% change in the amplitude for
the wi.

For normal conducting metal films, with respect to the
temperature changes, the resonance strength and frequency
have very small tunability in comparison with the YBCO
metamaterials. In a previous study, it is shown that the
metamaterials fabricated from thinner YBCO super-
conducting films will have a lower resonance frequency and
will be more efficient in resonance switching and frequency
tuning [36].

4. Conclusion

A unique metamaterial based on a fourcross patterned above
metallic gold films and thin high temperatire superconducting
YBCO films has shown that it can be used as an active band-
stop filter in the THz frequency region. Resonance switching
and frequency shifting are observed in YBCO fourcross filters
as a function of the temperature. Simulated results and THz-
TDS measurements exhibit that a significant spectral tun-
ability of the resonance can be achieved using YBCO
fourcross filters under the critical temperature. These inves-
tigations clearly prove the possibility of temperature swit-
ched, low loss, THz active devices based on YBCO
metamaterials. The THz metamaterial filters fabricated from
the high temperature superconductors, integrated with low
cost cooling technology, can be used to build and develop
THz sources and detectors.
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