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Abstract. In this work, a new multiband terahertz metamaterial absorber is designed and characterised by
numerical simulation method. In addition, the utilisation of the proposed absorber as a sensor is also investigated. The
dielectric and thickness sensing characteristics are analysed. The proposed multiband metamaterial absorber has the
ability for utilising the terahertz region up to 2 THz. According to the results, it is found that the proposed absorber
is capable of sensing unknown materials and material thickness with any of its five absorption bands. The sensitivity
of the proposed sensor is 6.57 GHz /unit sensitivity for dielectric sensing and 7.66 GHz/pum for thickness sensing.
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1. Introduction

Metamaterials which are artificially designed materials
and have the geometric scales smaller than the wave-
length of incoming electromagnetic waves, can show
some exotic and naturally unavailable properties like
double negativity [1,2], negative refraction [3,4], invis-
ibility cloaking [5] etc. Due to these properties, there
are many studies in the literature for different frequency
ranges like gigahertz [6,7], optical [8,9] and terahertz
[10,11].

The designs engineered for utilising the terahertz
region of the electromagnetic spectrum (the so-called
terahertz gap) have attracted a great deal of interest
[10-12]. This is mainly because of the potential applica-
tion in imaging, sensing and absorbing property in this
region. Metamaterials can be used to utilise terahertz
gap region.

Absorbing property of the metamaterials will be per-
fect, when the effective impedance of the designed
absorber structure is the same as the impedance of

the empty space [13,14]. Under this condition, the
transmitted and the reflected electromagnetic radiations
minimise simultaneously.

The geometry of the metamaterial absorbers can be
modified so that a specific electromagnetic response can
be obtained at a certain frequency. These absorbers can
be used for sensing, imaging, absorber applications with
different characteristics like polarisation independent,
multiband or wideband [15-18].

Metamaterial absorbers can be good candidates in
terahertz region for chemical and biological sensing
[19-21]. When an unknown material or analyte is added,
metamaterials can analyse and investigate the unknown
material by giving response in the resonance frequency.
Because of the added unknown material, interaction
occurs between this unknown material and the metama-
terial absorber. As a result of this interaction, frequency
shifts occur. By analysing these shifts, the sensing prop-
erty can be realised [22].

In this work, a new multiband metamaterial absorber
for terahertz regime is designed and characterised by
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numerical simulation method. In addition, the utilisation
of the proposed absorber as a sensor for both dielectric
and thickness sensing are also investigated.

2. Design and simulation

The perspective and the front views (as well as the geo-
metric parameters) of the unit cell configurations of the
metamaterial absorber are presented in figures 1a and 1b
respectively. The geometric design of the structure con-
sists of a gold (Au) plate at the bottom, a quartz dielectric
spacer layer, and a gold cross resonator at the top. The
unique gold resonator arise from the combination of two
cross strips and semicircular gold patches at the edges
of each of the cross strips. The geometrical parameters
of this design are demonstrated in figure 1b. Here, x’
represents the unit cell periodicity, ‘r’ is the dimeter of
the semicircular patches, ‘t’ indicates the width of the
strips, ‘I’ represents the length of the strips. The val-
ues associated with these parameters are: x = 300 pum,
r =30pum, ! = 185 um, t = 12 um. In addition to
these parameters, the thickness of the metallic parts are
1 um and the thickness of the quartz layer is 20 wm.

The numerical characterisation of the metamaterial
absorber is performed by an electromagnetic simula-
tion software based on finite integration method. Gold
with the conductivity of 4.09 x 107 S/m, quartz with the
dielectric constant of 3.75 and loss tangent of 0.004 are
used to introduce the mentioned materials in the sim-
ulation software [23-25]. For the simulations, periodic
boundaries are used in x and y directions and in z direc-
tions open boundaries are employed in order to ensure
the periodically simulated design. The polarisation of
the electromagnetic field is given in figure 1. Through
all the simulations the wave is a transverse electromag-
netic wave.

In general, the absorption characteristics which rely
on frequency can be obtained from eq. (1).
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Figure 1.
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Transmission + Reflection + Absorption = 1.

ey

In this relation, absorption, reflection and transmis-
sion are represented by A(w), R(w), T (w) respectively.
It is obvious from this equation that if one wants to max-
imise A(w), R(w) = |S11]? and T (w) = |S11* should
be minimised simultaneously. As the bottom metallic
plate of the proposed metamaterial absorber is suffi-
ciently thick, it behaves like an optical mirror. Therefore,
this condition ensures the elimination of transmissions
from eq. (1). Hence, the scattering parameters (Si1)
obtained from the numerical analysis will be adequate
to calculate the optical absorption response of the design
in the subterahertz regime.

3. Results and discussion

According to the simulation results, the proposed meta-
material absorber shows nine absorption peaks between
0 and 2 THz as presented in figure 2. However, only five
of these absorption peaks have absorption rates greater
than 90%. These resonances take place at 0.370THz,
1.062THz, 1.362THz, 1.670THz and 1.776 THz with
94.16%, 96.01%, 97.99%, 96.51% and 99.68% absorp-
tion levels. For simplicity, these five peaks will be used
in the analysis.

In order to show better understanding of the absorp-
tion behaviour of the design, field distributions at
resonant frequencies are obtained and presented in
figure 3. Figures 3a;—3as give the electric field distribu-
tions at f = 0.37 THz, 1.06 THz, 1.36 THz, 1.67 THz
and 1.78 THz, respectively, while figures 3b;—3bs mon-
itor the magnetic field distributions at f = 0.37 THz,
1.06 THz, 1.36 THz, 1.67THz and 1.78 THz, respec-
tively.

For the first resonance at 0.37 THz, the electric field is
mainly concentrated on and near the horizontal strip as
given in figure 3a;. The accumulation of the electric
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Geometry of the unit cell of the proposed metamaterial absorber. (a) Perspective view and (b) front view

(x =300um, r = 30um, r = 12um, I = 185 pum, thickness of the metallic parts: 1 um, thickness of quartz: 20 ym).

Incident wave polarisation is given on the right.
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Figure 2. Absorption spectrum of the proposed absorber.
f=0.37 THZ f= 1.06 THZ f=1.36 THZ f= 1.67 THZ f=1.78 THz

Figure 3. Z-component of the field distributions at resonant frequencies. (aj—as) Electric field distributions at f = 0.37 THz,
1.06 THz, 1.36 THz, 1.67 THz and 1.78 THz respectively and (b1—bs) magnetic field distributions at f = 0.37 THz, 1.06 THz,

1.36 THz, 1.67 THz and 1.78 THz, respectively.

S

Figure 4. Illustration of over-layer for sensing applications.
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field in this way, results in the separation of oppo-
site charges so that the design behaves as an electric
dipole. Furthermore, another electric dipole is also gen-
erated around the edges of the horizontal strip due to the
concentration of electric field at the opposite sides. In
figure 3bg, the magnetic field is mainly confined on the
bottom and the top sides of the horizontal strip, form-
ing a magnetic dipole. When the electric and magnetic
responses are combined, this condition provides perfect
absorption due to the impedance matching. Note that the
impedance of the design rely on the electric and mag-
netic responses (z(w) = /((u(w))/(e(w)))). Hence,
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Figure 5. Variation of absorption spectra when different
dielectric constants are used. The inserted plots represent the
zoom of the circled areas.

impedance matching condition can be fulfilled when
the electric and magnetic responses exist at the same
time. Thus, under these circumstances, zero reflection
and transmission of the incident wave can be obtained.
Note that, in order to fulfil the matching condition, the
normalised impedance should be purely real (Re(z) ~ 1
and Im(z) =~ 0) [26]. For the second resonance at
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Figure 6. Frequency shift as a function of the dielectric constant of the over-layer for the resonance at (a) 0.37 THz, (b)

1.06 THz, (¢) 1.36 THz, (d) 1.67 THz and (e) 1.78 THz.

1.06 THz, the electric field distribution (figure 3aj)
suggests two dipole resonances; the first one occurs
between the two horizontal semicircular patches and
the second one can be observed on the portions of
the horizontal strips between the mid-points of the
vertical strips and the semicircular patches. However,
when the magnetic field in figure 3b, is analysed, it
can be seen that the magnetic field shows hexapolar
characteristics. Therefore, for the second resonance it
can be commented that excitation of the electric and
magnetic resonances simultaneously give rise to an
absorption resonance at 1.06 THz. For the resonance
at 1.36 THz, the half-wave resonance modes can be
seen at the upper and lower portions of the design for
electric field (figure 3a3). When figures 3a3 and 3as
are compared, it can be seen that figure 3as represents
the higher-order mode of figure 3a3. In fact, higher-
order modes arise at higher frequencies [27-31]. In
addition to the electric field, magnetic responses (fig-
ures 3bz and 3bs) show similar behaviour. Therefore,
these two resonances exhibit the same characteristics.
However, for the resonance at 1.67 THz, the electric
response is mostly generated by the vertical semicir-
cular patches and the edges of the design (figure 3a4)
which indicates the presence of octopolar electric field
distributions. For the fourth resonance, not only the elec-
tric field but also the magnetic field gives octopolar
responses.

3.1 Sensor applications

For sensor application, an unknown layer is added on the
top of the proposed metamaterial absorber and simula-
tions are carried out according to this. The illustration of
the over-layer is presented in figure 4. In order to reveal
the sensing characteristics of the absorber, the permit-
tivity of the unknown layer is altered and the variation
of the absorption spectrum is investigated. In addition
to the permittivity, the thickness of the over-layer is
also altered and the variation of the absorption charac-
teristics are examined. Moreover, the sensitivity of the
proposed metamaterial absorber sensor is calculated for
five absorption resonances.

For permittivity sensing, the dielectric constant of the
over-layer is altered between 1 and 15 with the step of
1. The loss tangent has been taken as fixed at 0.02 in
each of the cases. The thickness of the unknown layer is
assumed to be 1 um. The absorption results correspond-
ing to the variation of the dielectric constants are given
in figure 5. For simplicity, some of the absorption results
are presented in this figure. When the dielectric constant
is increased, it is observed that the resonances are shift-
ing to the left side (redshift) of the spectrum. This is
because of the change in the total capacitance of the
structure. It is also known that the resonant frequencies
are strongly dependent on the total capacitance of the
structure. When the structure is coated with an unknown
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Table 1. Normalised sensitivity of the proposed sensor at various resonance
frequencies, when the dielectric permittivity is altered between 1 and 15.

Resonance frequency (THz)

0.370

1.062 1362 1.670 1.776

Normalised sensitivity (GHz/PU) 6.940 4.440 3.040 3.860 3.700

Absorption

Frequency (THz)

Figure 7. Variation of absorption spectra when over-layers
with different thicknesses are used. The inserted plots repre-
sent the zoom of the circled areas.

layer, the capacitance of the design increases and there-
fore, the resonance frequencies shift downwards [22].

In addition, the frequency shifts as a function of the
dielectric constant of over-layer for all five resonances
are presented in figure 6. In general, all the five res-
onances exhibit linear behaviour when the dielectric
constants are between 0 and 15. In order to make dis-
tinctions between the sensitivities of the resonances,
normalised sensitivities for the five resonances have
been calculated and presented in table 1.

According to the normalised sensitivity data pre-
sented in table 1, the highest sensitivity is observed at
0.370 THz with the magnitude of 6.94 GHz /permittivity
unit (PU). Therefore, it can be stated that the use of the
first resonance will ensure more accurate results.

For thickness sensing, the analysis is carried out for
two different thickness regions; when the thickness is
lower than 5 um and when the thickness is lower than
10 pm. In both cases, the dielectric constant of the over-
layer material is assumed to be 2 with a loss tangent of
0.02. Some of the results for the absorption spectra when
various thicknesses of over-layer were used are given in
figure 7. The inserted plots in figure 7 show the zoom of
the circled areas for better sight. Similar to the results
obtained in figure 5, the absorption spectra show red-
shift when the thicknesses of over-layer are increased.
This condition can also be explained by the capacitance
increment. The little fluctuations in the absorption rates
are due to the better or worse excitation of the electric
and magnetic responses. For five absorption peaks, the

thickness sensitivity values are calculated and given in
table 2 for the mentioned cases.

Frequency shifts exhibit different characteristics
under different over-layer thicknesses. Therefore, nor-
malised sensitivity data are calculated and analysed
for two different layer thicknesess. Calculated sensi-
tivity results suggest up to 7.66 GHz/um sensitivity
at 1.67THz, when an over-layer thinner than 5 um
was used. However, the second absorption resonance at
1.362 THz provides 7.64 GHz/um which is very close
to the highest sensitivity result. Therefore, frequency
shift as a function of the thickness of the over-layer are
given for only these two resonances. Figure 8a is given
for 1.6362THz while figure 8b is for 1.67 THz. More-
over, the highest sensitivity becomes 7.64 GHz/um at
1.362 THz when an over-layer thinner than 10 xm was
used. As aresult, the sensing of unknown material in the
terahertz frequency region with desired coverage thick-
nesses can be obtained. In addition to the frequency shift,
the resonance frequencies as a function of over-layer
thicknesses are also presented within these plots. It can
be observed from figure 8 that, the frequency shift as a
function of thickness has a similar linear behaviour for
all the three plots. However, in figure 8a, the shift in the
resonant frequency is not much but for other resonances
the magnitude of the absorption peaks become smaller
as the thickness increases.

As aresult, when all the obtained results are combined
for sensitivity, the first resonance (0.37 THz) provides
the best values for dielectric sensing with the sensitiv-
ity of 6.94 GHz/PU while the resonance at 1.362 THz
provides the best sensitivity values for thickness sens-
ing. It ensures higher values for both thicknesses with
the sensitivity of 7.64 GHz/um sensitivity. In addition
to these, figure of merit (FoM) was calculated for thick-
ness sensing. It is found that the highest FoM is obtained
for the third resonance at 1.337 THz with the FoM value
of 1.50.

4. Conclusion

In conclusion, in this paper the numerical simulation of a
metamaterial absorber for absorber and sensing applica-
tion are carried out. By utilising the designed structure,
sensing in the terahertz region can be realised. In this
paper, the sensing property was analysed in two different
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Table 2. Normalised sensitivity values of the proposed sensor at various resonance
frequencies when the thickness of the over-layer is <5 um and <10 pm.

Sensitivity (GHz/pm)

Thickness (um)  0.37THz 1.062THz 1362THz 1.67THz 1.776THz

Normalised < 5 7.57 6.40 7.64 7.66 7.21

Normalised < 10 4.86 5.84 7.64 6.11 6.87
(a) (b)
= 120 1.00 ; = 140 1.00 s
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Figure 8. Frequency shift and the variation of resonance frequency as a function of over-layer thickness for the resonance at

(a) 1.362 THz and (b) 1.67 THz.

conditions for different resonant frequencies; dielectric
sensing and thickness sensing. The sensitivity results
indicate that the best sensing can be obtained when
the resonance at 0.37 THz is used for dielectric sens-
ing. In addition to this, if the thickness of the unknown
material is lower than 5 yum, the third and the fourth
resonances can be employed to obtain higher rates of
sensitivity. However, when the thickness of the unknown
material reaches up to 10 um, third resonance can be
employed. In addition to the sensing application, the
proposed metamaterial absorber can also be used for
absorber application.
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