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Abstract: This research describes and assesses a terahertz metamaterial absorber (TMA) with a
simple and easy-to-produce structure consisting of gold-silicon (optical)-gold design as a refractive
index sensing. Due to the high field limitation in the detection regime, electromagnetic (EM)
wave’s absorption reaches 99.40% at a frequency of 3.719 THz, including a significant quality
factor (Q-Factor) of 65.77 and a figure of merit, FoM, of 21.49. The TMA has a remarkable
sensitivity of 1.215 THz/RIU and can be used as a refractive index sensor (RIS). The proposed
metamaterial absorber-based sensor is susceptible to refractive index changes (1.00 to 1.05) in the
surrounding medium. For the physical absorption mechanism, the fundamental absorption peak is
mainly due to the simultaneous occurrence of electric and magnetic dipole resonances. The
proposed absorber has the feature of being an excellent RIS due to its sensing and detection
applications.

Algilama Uygulamalar icin Yiiksek Hassasiyet ve Kalite Faktoriine Sahip Terahertz

Metamalzeme Sogurucu Tabanh Kirllma indeks Sensérii

Anahtar
Kelimeler
Sogurma,
Polarizasyon-
bagimsiz,
Kirilma-
indeksi,
Algilama,
Sensor

Oz: Bu arastirma, kirilma indisi algilamasi olarak alt-silikon (optik)-altin tasarimindan olusan
basit ve liretimi kolay bir yapiya sahip terahertz metamalzeme sogurucuyu (TMA) tanimlamakta ve
degerlendirmektedir. Tespit rejimindeki yiiksek alan sinirlamasi nedeniyle, elektromanyetik (EM)
dalganin emilimi, 65,77'lik 6nemli bir kalite faktorii (Q-Faktorii) ve 21,49'luk bir bagar1 rakami olan
FoM dabhil olmak iizere, 3,719 THz frekansta %99,40'a ulasir. TMA, 1,215 THz/RIU'luk makul bir
hassasiyet sergileyen bir kirilma indisi sensorii (RIS) olarak kullanilabilir. Metamalzeme sogurucu
tabanli sensor, ¢evredeki ortamdaki kirilma indisi degisikliklerine (1,00 ila 1,05) karsi hassastir.
Sogurma mekanizmasi igin, temel sogurma zirvesi esas olarak elektrik ve manyetik dipol
rezonanslarmin eszamanli olusumundan kaynaklanmaktadir. Onerilen sogurucu, algilama ve tespit
uygulamalari nedeniyle mitkemmel bir RIS olma 6zelligine sahiptir.

which are very difficult to obtain by natural means, their

1. INTRODUCTION

Since materials extracted from nature rarely interact with
terahertz (THz) frequencies, artificial metamaterials are
critical in interacting with electromagnetic (EM) waves
at THz frequencies. Thanks to their exclusive features,
such as excellent absorption/transmission and stealth,
metamaterials reveal an extensive range of potential
uses, such as sensors [1-6], absorbers [7-9], and imaging
[10-12]. It has excellent potential in chemistry and
medicine, such as biomolecular sensing, metamaterial
devices, and diagnostic devices for cancer and infectious
diseases. Metamaterial structures attract the attention of
researchers due to their new and distinctive properties,

excellent performance, especially in sensing, and their
broad application capabilities.

In a TMA structure, absorption performances (peaks)
can be adjusted by altering certain structural parameters.
Thus, TMAs can be sensors in numerous applications
[13-16]. Biosensors [17-19] and temperature sensors
[20,21] are designed as sensing applications. It is also
clear that thickness and temperature sensing are not the
only areas of use of terahertz metamaterials. In this
regard, the use of TMAS in sensing the refractive index
of the medium surrounding the sensor is available in the
literature. In studies on detecting the refractive index
(RI) of the encircling medium, quality factor (Q-factor),
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a figure of merit (FoM), refractive index range under
examination, and step size (refractive index unit) are
important parameters. Table 1 lists some studies in the
literature based on these parameters.

Table 1. A comparison of the reported absorbers and the suggested
TMA'’s sensing parameters

Reference Q- FoM | RI’s Range Step Band
factor Size Type
(RIV)

[1] 22.05 2.94 1n=1.0-1.39 0.05 | Single
[22] 32.167 | 6.015 | n=1.1-1.90 0.20 | Single
[23] 132.05 | 8.887 | n=1.0-1.10 0.02 Multi
[24] N/A N/A 1n=1.0-2.00 0.2 Multi
[25] 7.036 2.67 1n=1.0-1.80 0.2 Single
[26] 8.5 0.85 1n=1.0-2.00 0.2 Multi
[27] 5.5 0.4 1n=1.0-1.40 0.1 Single
[28] 3536 | 94.05 | n=1.0-1.05 0.01 Single
[29] 296.3 229 1n=1.0-1.10 0.02 Dual
The 65.77 2149 | n=1.0-1.05 0.01 | Single

Proposed
Study

It is essential to highlight some critical studies in the
literature where the refractive index changes of the
encircling medium are sensitive. As of 2019, a
metamaterial absorber design with a near-perfect
absorption response for terahertz sensing applications
was projected and analyzed with a sensitivity of
300GHz/RIU [1]. In studies on biomedical samples, the
refractive index of most models is between 1.3 and 1.39,
and the sensor reported in the author's study has high
sensitivity for biomedical applications. An ultrathin
multiband TMA was proposed in another study [23].
Simulation results reported near-perfect absorption (in
the frequency range of 4.5 THz-6.0 THz). The authors
also analyzed the impact of changes in the refractive
index of the medium surrounding the absorber on the
detection performances and implications of the analyte's
thickness. They reported a sensitivity of 471 GHZ/RIU
in a narrow refractive index range (n=1.0-1.1), noting
that the presented absorber has potential applications in
photodetectors, multispectral, biosensors, and imaging.
In another study [28], a stainless-steel metamaterial
absorber operating at THz was demonstrated. In this
study, unlike metamaterial absorbers created with a
sandwich structure (metal/dielectric/metal), they are
made entirely of stainless-steel materials that do not
contain a sandwich structure (metal metamaterial and
substrate material). Thus, the authors reduced costs by
aiming to simplify the production process. According to
their results, by achieving a relatively high-quality factor
(Q =35.36) and a sensitivity of 74.18 um/RIU based on
the wavelength of resonance frequency, they presented
sensor studies with a very high sensitivity compared to
their counterparts. A dual-band TMA has been
demonstrated by Wang et al. [29] Although the quality
factor (6.9156) was too low in the first double-band
absorption peak, they obtained a quality factor of
approximately 296.3 in the second peak. It is also
highlighted that the RIS exhibits a sensitivity of
1900GHz/RIU for the second resonance peak.

We present a simple and easy-to-fabricate terahertz
metamaterial absorber with a gold-silicon (optical)-gold
sandwich structure for terahertz sensing applications.

Taking the studies given as a reference, we chose a
smaller step size (0.01) of the refractive index of the
medium surrounding the sensor. We offer an excellent
RIS for sensing and detection applications with an
acceptable high sensitivity compared to its counterparts,
1215GHz/RIU, and a high-quality factor (Q=65.77). The
study’s organization can be given as follows: first, the
structural design of the proposed RIS is presented in the
next section, and then the simulation results are reported
in Section 3. Then, the polarization dependence of the
proposed RIS is examined. A detailed discussion of the
appearance of absorption peaks concerning refractive
index changes is presented using the available scatter
plots. A parametrical analysis is additionally performed
to verify the selection of parameters, and lastly, the
absorption mechanism is addressed by simulating the
electric, magnetic field, and surface current distributions.

2. METHODS AND DESIGNATION

2.1. Absorption Method and Designation of Proposed
Structure

The metasurface consisting of gold (Au), which has a
four-armed structure and an electrical conductivity (c) of
4.561e7 S/m, forms the upper part of the sandwich
structure. The first of the arms was created as a
rectangular structure with width w and length R along
the y-axis. Afterward, this rectangular structure was
moved away from the origin point by g. An arm of the
unit cell was created by removing two identical
triangular structures from the upper edges of the
rectangular structure. After completing three more
identical components to this arm, they were positioned
on the silicon (optical) substrate material with 45-degree
angle increments clockwise. The base surface of the
substrate material was covered entirely with Gold (Au)
to obtain a sandwich structure (Figure 1).

0

(Unit Cell)
Electric

29

Gold (Au

Gold (Au

Gold (Au)  oase

Figure 1. (a) Array of unit cell, (b) bird’s eye view with design
parameters, (c) lateral view, and (d) simulation medium

Silicon (optical) material, selected from the CST
Microwave Studio program library and containing data
in the 350-1500THz frequency band with a 10"-order
model with a dispersive epsilon value and a magnetic
permeability of 1, was used as the substrate material
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[30]. The design parameters are shown in Figure 1b, and
the unit cell structure is depicted in lateral design views
(Figure 1c). Furthermore, the design parameters in
micrometers, resulting in the best absorption peak, are
listed in Table 2. In order to conduct simulations, the
suggested sensor creation is configured as metal-
substrate-metal. The layered structure's upper surface has
been covered with lossy Au, which has an electrical
conductivity of ¢ = 4.561x107 S/m and a thickness of
0.1 pm, regardless of frequency. In the simulations, the
bottom surface of the DBMA structure is covered with
the same metal, which has a thickness of 0.4 um. The
finite Integration technique (FIT) was used for
absorption performance simulations of the designed
absorber. The unit cell receives illumination at normal
incidence from a planar electromagnetic (EM) wave,
where the x-axis represents the electric field (E-field)
during the simulations. Perfectly matched layers are
applied along the z-axis, and periodic boundary
conditions are utilized in the x- and y-directions. (Figure
1d).

Table 2. Design parameters of the best performing TMA
g h P,=P, R t [ towe w
1 45 100 52 01] 04 4

Metamaterial surfaces absorb EM waves based on the
theory of impedance matching. Part of the EM waves
will be transmitted, and some will be reflected when they
reach the metamaterial absorber surface. Hence, it
follows that in order to guarantee optimal absorption, the
transmission and reflection coefficients must be as low
as feasible. For the best absorption results, the free space
wave and the metal array's surface impedance must
coincide. The following formula provides the
metamaterial’s absorption rate when there is a matching
impedance between the air and the absorber [31]:

A(w) =1—R(w) — T(w) 1)
=1—1511(@)* = 1S21 (@)

A(w) implies absorption, while R(@) and T(w) represent
reflection and transmission, respectively. As known,
S1(@) and Szi(m) (as a function of frequency scattering
parameters) obtained from the simulations yield R(®)
and T(w), respectively. Simultaneous reflection and
transmission coefficients can achieve the highest
possible absorption rate. The thickness of the metallic
surface on the substrate is such that T(@) = 0, which
means that the incoming wave cannot be transmitted.
The rate of reflection is the primary factor influencing
the metamaterial absorber's absorption property. Perfect
absorption is attained in these circumstances, with a
reflectance of about zero (R). Thus, the absorption
formula, which is independent of the transmission
parameter and solely reliant on reflection, can be stated
as follows:

Al@) =1-R(w) =1— S (o) 2

3. RESULTS AND DISCUSSION
3.1. Outcomes

Simulations using CST Microwave Studio (2023) were
used to determine the absorption and assess the
scattering characteristics (S11 and S21). Figure 2 displays
the results that were achieved. The normalized input
impedance of the proposed TMA is obtained with the
following formula:

7 =4 1 +5,)2-55 3)
N (1 - 511)2 - 5221

For TE Mode under Normal Incidence
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Figure 2. (a) S-parameters, (b) absorption spectra under normal
oblique incidence angle, and (c) normalized impedance
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A nearly perfect absorption at the operating frequency
region can be achieved when the impedance matches
between free space and a metamaterial absorber. It is
valid if the normalized impedance of the free space (Z) is
equal to 1 and equal to the normalized input impedance
of the absorber. From Figure 2c, it is obviously seen that
the condition of Z =Z,=1 is obtained at the resonance
frequency of 3.719 THz. The absorption is 99.4% when
the surrounding medium's refractive index is the same as
the free space's refractive index (n=1).

The absorption peak of 99.4% at 3.719 THz was
obtained at the normal polarization angle (0 deg.) of
incidence. To check the suitability of the proposed RIS
for practical applications, it is plotted for various
polarization angles from 0° to 90° in 15° increments,
taking into account the normal incidence of the incident
plane wave, as shown in Figure 3. All absorption
resonance points have a high absorption rate of over
99.4%. In addition, there is no significant change in the
absorption resonance points in the spectrum when the
polarization angle rises significantly, showing that the
presented absorber sensor is not sensitive to polarization
and is suitable for practical applications [32]. It should
be noted that this is an expected result due to the
symmetrical structure of the geometry. In addition, it
was observed that the absorber presented was sensitive
depending on the oblique angle of incidence. Assuming
that the angle of incidence is not vital for sensor
applications, the absorption results based on the oblique
incidence are not included here.

1.0 T T

T
—0— §=0°, A(f)=3.719 THz
—&— §=15°, A(f)=3.716 THz
—a— =30", A(f)=3.715 THz

084 ) =
—v— =45, A(f)=3.715 THz
—— §=60°, A(f)=3.715 THz
0.6 —— §=75", A(f )= 3.715 THz
):

—— §=90°, A(f)=3.716 THz

Absorption

0.4 4

0.2+

0.0 T T
3.6 3.7 3.8

Frequency (THz)

Figure 3. Absorption of the proposed sensor on different polarization
angle

In sensing applications, the sensor is considered to be
entirely surrounded by the encircling medium. When the
medium thickness is much larger than the consistent
length of the light wave arriving at the sensor, this
thickness can be considered infinite [33]. The variation
of absorption peaks according to the refractive index 'n'
is given in Figure 4. There is a significant shift in the
absorption peaks in the refractive index of the medium
surrounding the sensor. The shift feature shows that the
proposed absorber (PA) has acceptable high absorption
peaks even with a slight change of 0.01 in the refractive
index. Thus, it shows that the PA acts as an outstanding

RIS. Additionally, the peak values of the absorption
peaks according to the n changes are given in Table 3.
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N \' _:-I . T
RN —1=1.00
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Figure 4. The absorption distributions of the proposed design based on
changes in refractive index (1) of the encircling medium

Table 3. The absorption percentages based on the 1, refractive index of
the encircling medium

Refractive 1.00 1.01 1.02 1.03 1.04 1.05
Index (1)

Absorption | 99.20 | 98.60 | 99.00 | 98.77 | 98.00 | 97.75

By observing simulation results from Figure 2b, 99.2%
absorption rate was reached by the structure at a narrow
absorption peak located at 3.719 THz. As is well-known,
the quality (Q-) factor can be determined from the
equation of Q=f / FQHM [33], where FWHM is defined
as the full width at half maximum and f is the resonance
frequency of EM waves. The FWHM of the PA is found
to be 0.06264 THz, while the resonance frequency of
EM waves is 3.719 THz. According to the quality factor
formula, the Q is obtained as 65.77.

In Figure 5, the resonance frequencies (fo) as a function
of the m are analyzed to understand the sensing
performance according to the narrow absorption
properties. The provided structure broadens the detecting
region to obtain a noticeable sensing impact and
reinforces the coupling of EM waves to produce a
significant absorption effect. The obtained data from the
resonant frequencies versus the refractive index is
plotted with the linear fit of the data in Figure 5. The
relationship between the resonant frequencies and the
refractive index is determined by linear fitting as given
in the equation of f, = —1.2n + 4.922.

Sensitivity is a critical factor to consider when assessing
a sensor’s ability to sense. As shown below, the ratio of
the evolution in the resonance frequency (f;) to the
change of refractive index (n) can be used to determine
sensitivity (S)[28]:

Af;
§=— 4

An (4)
where Af, and An are the changes in the resonant
frequency values and the refractive index, respectively.
Thus, the sensitivity of the proposed RIS is
approximately 1215 GHz/RIU.
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Figure 5. (a) The simulated resonant frequency distributions versus the
refractive index (the red line shows the functions of the linear fit of the
distributed data)

The ratio of sensitivity to FWHM of the absorber, called
FoM, is another crucial parameter used to compare the
detection performances of designed sensors. In our
design, FoM was found to be 21.49. The high-quality
factor, sensitivity as well as high FoM value make our
design a high-quality RIS [33].

FoM = (5)

FWHM

A parametrical investigation is provided in Figure 6 to
justify the design parameters. From Figure 6a-c, the
geometric parameters of the metasurface structure were
analyzed at different values to obtain the best optimum
absorption results.

The best optimal results are given above in Table 1.
Finally, the proposed structure was designed in diagonal
two-arm shapes to simulate absorption. As can be seen
from Figure 6d, the best absorption results are possible
when a symmetrical structure is obtained. To vividly
understand the physical mechanism of the absorption
generated by the PA, the electric and magnetic field
distributions at the frequency (f=3.719 TH2z)
corresponding to the absorption peak are calculated,
respectively. While Figure 7a represents the electric field
distribution on the upper surface (xoy-plane) of the
presented absorber structure, Figure 7b shows the
magnetic field distribution on the upper surface of the
presented absorber. Figure 7c and d show the electric
and magnetic field distributions in the xoz-plane,
respectively. Figure 7a shows strong electric field
distribution with regional charge accumulation in the
absorber structure’s arms. It can be concluded that the
local charge accumulation in the arms leads to the
fundamental dipole’s excitation. It means that there
exists a robust electrical resonance [28].
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Absorption
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0.0 T T T

Frequency (THz)
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0.0 T T
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Frequency (THz)

Absorption

0.0 T T
3.6 3.7 3.8

Frequency (THz)

Absorption

0.0 T

3.6 37 3.8
Frequency (THz)

Figure 6. Parametric analysis based on (a) the width of each resonator,

(b) the gap between resonators, (c) the length of each resonator, and (d)

the number of resonators

From Figures 7b and d, the opposing charges formed
between the metallic structure on the upper surface of
the absorber structure and the layer on the lower surface
(see Figures 3 and f) excite the magnetic dipole [34]. It is
seen that a substantial magnetic field increase occurs in
the center of the structure. Briefly, the occurrence of the
fundamental absorption peak is facilitated by the
simultaneous activation of electric and magnetic dipole
resonances.
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Figure 7. (a,b) Electric and magnetic field on xoy-plane, respectively,
(c,d) electric and magnetic field on xoz-plane, respectively, (e) surface
current distributions on the top surface, and (f) surface current
distributions on the bottom surface

3.2. Equivalent Electrical Circuit Model

A method of quasi-static estimation to figure the
equivalent circuit model of frequency selective surfaces
(FSS) and metamaterial structures is known as an
equivalent circuit approach. In this approach, the
interaction of EM waves in infinite periodic arrays is
assumed as an EM wave along a transmission line to
present an array. This approach approximately
transforms a metamaterial structure into an equivalent
electrical circuit [35]. Using this technique, an
equivalent circuit of the proposed TMA has been
designed and simulated using the advanced design
systems (ADS) [36]. A single port is assigned,
considering zero transmission coefficient in the
equivalent circuit because of the metal-backed design.
Each arrow component of the PA has been considered an
LC circuit, which has been parallely connected, assigned
as LiCia through LaCss, with a series of capacitors,
assigned as C; through C4 (Fig. 8a,b). The capacitors C1a
through Caa represent the capacitance formed between
the arrow-shaped metal metasurface structures and the
ground plane, while the capacitors C1 through C, display
the capacitance formed between the arrow components.
The calculated input impedance from the equivalent
circuit of the PA is revealed in Eq. (5), while the
impedance of Z, is defined as [jwL, + 1/jwCy,1//
(1/jwC,). The input impedance value obtained using
Equation 5 is obtained with Re(Z)=371.94 ohm and
Imag(2)=0.00175 values at 3.719THz resonance
frequency. Based on this, it is understood that
mismatching is achieved between the input impedance of
the metasurface and the free-space impedance.
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Figure 8. The equivalent electrical circuit diagram on (a) top surface
view, (b) lateral view, and (c) the equivalent circuit of the PA with the
values of the components in detail

For each identical component, the inductance and
capacitance values formed between these structures and
the ground plane are calculated as follows [37-39]:

L = 2x1041[In (——) + 1.193

w++t
+0.02235(——)]
=Y anfyL ®

The S-parameter simulation of the equivalent circuit was
chosen in the same range as the frequency range in the
CST simulations. The results of the Si; parameter, as a
function of frequency, are plotted in Fig. 8c using the
electromagnetic simulation and the equivalent electrical
circuit simulation. The results are in good agreement
shown in Figure 9.

S11(dB)

= CST Simulation
= = = ADS Equivalent Circuit Model

-25 T T T T T
3.55 3.60 3.65 3.70 3.75 3.80 3.85

Frequency (THz)
Figure 9. Comparison EM and equivalent electrical circuit simulation
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4. CONCLUSION

This theoretical study presents a single-band THz
metamaterial absorber in the THz regime that can be
used as an outstanding refractive index sensor. An EM
and equivalent electrical circuit simulations are
compared regarding the Si1 reflection coefficient (in dB-
scale), resulting in a good agreement of findings by CST
microwave studio and ADS. The proposed absorber is
highly sensitive to changes in the surrounding medium's
refractive index and has a polarization-independent
property. From the analysis and the findings obtained, it
is understood that this study demonstrates the theoretical
feasibility and superior sensing performance. Theoretical
findings show that the absorber-based sensor achieves a
narrow peak absorption level of 99.20% at 3.719 THz.
Geometric parameters can specifically be used to adjust
the absorption. Further analysis reveals that electrical
and magnetic resonances made the intended structure's
efficient absorption possible. The absorber shows
significant variations in the 3.719 THZ resonance
frequency for different refractive indexes (0.01 steps size
in the range of 1-1.05), and the sensitivity of the sensor
is 1215GHz/RIU while the Q quality factor is 65.77 and
the FoM is 21.49. Our work uses the designed terahertz
metamaterial absorber as a refractive index sensor (RIS)
to detect the change in the refractive index of different
media.
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