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resonator which is excited by an InSb cylinder. Surface Plasmon Polaritons (SPPs) are excited on the
surface of the InSb cylinder due to an inward plane wave and propagate downward toward the cavity
and through it. Based on the radius and height of the InSb cylinder, the “high-absorption” and “high-
quality factor” sensing performance is introduced and analyzed. It is shown that nearly 98% absorption
can be achieved for all the range of refractive index [1-2] at 1.8622 THz and in the case of “high-quality
factor”, absorption reaches nearly 100% for the refractive index range of [1.5-2]. Also, by changing
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the radius and height of the cavity, absorption can be changed. Furthermore, sensitivity, quality factor,

and figure of merit in the range of 166-672 GHz per refractive index unit (GHz/RIU), 69.1-118.7 and
10.2-29.7 is achievable, respectively. A wide range of refractive index measurements besides superior
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sensing performance made this structure a good candidate for sensing applications such as medical and ~ Surface Plasmons

biological applications.

1- Introduction

Metamaterial absorbers based on Surface
PlasmonPolaritons (SPPs) have found many applications in
narrow-band refractive index sensing applications[1]. These
structures are usually comprised of metal-dielectric periodic
structures in the sub-wavelength dimensions[2]. Metals,
InSb, have been utilized for the excitation of SPPs which
usually leads to an enhancement of the quality factor of the
structure[3, 4]

The sensing performance of sensors can be evaluated by
sensitivity (S) and Figure of Merit (FoM) which are defined as
S=A4/An and FoM =S/FWHM [4],respectively.4 isthe
shift of resonance frequency induced by changes in refractive
index An. The FWHM is the full width at half maximum
of the absorption spectrum.

To date, many plasmonic metamaterial absorbers
have been proposed for sensing applications[3]. In[5], a
metamaterial absorber sensor has been proposed for a range
of refractive index[2, 3], quality factor, S, and FoM of 126,
44, and 10.5, respectively. Furthermore, S and FoM equal to
96.2 and 7.8, respectively are achieved for the measurement
range of refractive index [1-2.5] by a metamaterial sensor[6].
It should be noted that the refractive index of analytes in
biomedical applications such as cancer cell detection, blood
sugar measurement, ... are generally reported in the range of
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[1-2][2, 7] Therefore, the focus of this article is to propose
a sensor for the measurement of the refractive index in
mentioned range.

In this paper, we proposed a refractive index sensor based
on the plasmonic coaxial metamaterial absorbers. Simulation
results show that the sensitivity, quality factor, and FoM in the
range of 166-672 GHz per refractive index unit (GHz/RIU),
69.1-118.7 and 10.2-29.7 have been achieved, respectively.
Furthermore, we investigate the sensing performance of the
structure by scanning the structural parameters of the structure
and introducing “high-absorption” and “high-quality factor”
sensing performances.

This paper consists of three sections. The design and
simulation of the structure are explained in section 2. The
analysis of sensing performance is represented in section 3.
Finally, some conclusions are remarked in section 4.

2- Design and simulation of the structure

As shown in Fig. 1(a), the unit cell of the proposed
structure is comprised of a thin layer of topas [8] which is
covered by two golden sheets, in which a cylindrical tubular
cavity has been extracted from the upper golden layer. This
cavity has been excited by an incident THz plane wave while
the resonance frequency is dependent on the filled analyte in
the cavity. Therefore, the refractive index measurement of the
analyte can be attained. The geometrical parameters and their
values are presented in Table 1.

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
BY NG is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

133


https://dx.doi.org/10.22060/eej.2023.21972.5501
https://orcid.org/0000-0002-2890-0081
https://orcid.org/0000-0002-3853-9824

S. Zamani Noughabi et al., AUT J. Electr: Eng., 55(2) (2023) 133-144, DOI: 10.22060/eej.2023.21972.5501

©

Fig. 1. Unit cell of structure (a) top view of basic structure. (b) Cutaway side view. (c) the periodicity of the
structure and the direction of an incident plane wave.
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Fig. 2. Absorption graph with and without InSb cylinder.

The analysis in this paper has been done using CST
software. As shown in Fig. 1(c), periodicity in the x and y
directions of the structure is modeled by periodic boundary
conditions, and an incident plane wave opposite the z-direction
has been attained using the Flouget port. In this simulation,
S-parameters are calculated and values proportional to the
absorption are derived from the following equation:

A=1-T-R=1-|S,,|" IS, (1)

Where T and R stand for reflected and transmitted power.
Since a relatively thick golden sheet is placed in the bottom
layer of the structure, the value of 7"is assumed to be zero.

The absorption spectrum for the proposed structure is
plotted in Fig. 2. As shown in this Fig, a narrow absorption
spectrum is achieved whereas the maximum value of
absorption is 0.7.

To improve the peak of the absorption spectrum and
sensing performance as a result, a cylinder of InSb is placed
coaxially and on top of the tubular cavity, as shown in Fig.
1(b). In this structure, surface plasmon polaritons (SPPs) are
excited by an incident plane wave. Therefore, an enhancement
in the peak of the absorption spectrum can be expected. To
examine this, a drude model is assumed for InSb according
to[9],

— (z;p
=Ep———E 2
S(a)) & 5 ; ” ()

Here, &5 , @p, ®,and y are stands for high-frequency
dielectric constant, plasma frequency, angular frequency, and
damping constant, respectively. The values of these parameters
are shown in Table 1, according to[3]. An enhancement in the
peak of absorption can be shown in Fig. 2.

To evaluate the improvement in the absorption ratio,
the plasmonic mode of the structure has been studied more
precisely. In Fig. 3(a) and Fig. 3(b), the plasmonic modes of
the InSb waveguide and coaxial waveguides which can be
excited by the plane wave are shown, respectively. As shown
in this figure, the electric field distribution of these modes
is the same, relatively. Furthermore, the wave impedance of
these modes is plotted versus frequency in Fig. 4. As shown in
this figure for 1.862 THz, the impedance of InSb and coaxial
waveguide are 369.1 Ohm and 429.4 Ohm, respectively.
Because the impedance value of the InSb waveguide is
close to the impedance of air, it can be expected that this
waveguide is better excited by the plane wave radiation.
Due to the similarity of the spatial distribution of the electric
fields of these two waveguides, the excitation of the coaxial
waveguide will be done well by the InSb waveguide.

The peak value of absorption at the resonance frequency
and the quality factor are analyzed as a function of the radius
and height of the InSb cylinder, as shown in Fig. 5 and Fig. 6.

The values of absorption at resonance frequency depend on
the height and radius of the structure, and its maximum value
is attained for Yoyl = 18 um and hcyl =35 pm, as obvious in
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Fig. 3.The plasmonic mode of (a) InSb waveguide and (b) coaxial waveguide which can be

excited by the plane wave radiation
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Fig. 4. The wave Impedance of InSb cylindrical waveguide and golden coaxial waveguide
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Table 1. Value and unit of the parameter structure.

Parameter Value Unit
u 150 pm
r 50 pm
d 5 pum

hsubi 18 pum
hsub? 9 pum
hsubs 51 pum
O gold 4.561e+7 S/m
Esub2 2.2 F/m
£ 15.6 F/m
wp 65094527713652 rad/s
y 0.31415¢+12 /s

S/m= siemens per meter , F/m= farad per meter , rad/s= radian per second.

0.9

Absarption

0.4

20
- hei i 10
h - height of InSb cylinder (um) r - radius of InSb cylinder (um)

Fig. 5. Absorption graph with the change of radius and height of InSb cylinder.

137



S. Zamani Noughabi et al., AUT J. Electr. Eng., 55(2) (2023) 133-144, DOI: 10.22060/e¢j.2023.21972.5501

Q-factor

20
h - height of InSb cylinder (um)

15

110
100

90

40

10
r - radius of InSb cylinder (um)

Fig. 6. Q-factor of the proposed sensor for different values of radius and height of InSb cylinder.

Fig. 5. Furthermore, the evaluation of the dependence of the
quality factor on the radius and height of the InSb cylinder
shows that its maximum value is obtained for Teyl = 36 um
and hcyl =80 pm.

Therefore, based on the selected values of 7, and A,
high absorption or high-quality factor performance of sensing
can be attained. These sensing performances will be examined
in more detail below. It is worth mentioning that the above
analysis is done based on the assumption of n=1.1.

The absorption spectrum for refractive index values in the
range of [1-2] is obtained and plotted in Fig. 7. Nearly 100%
absorption is achieved for a high absorption performance
sensor, as shown in Fig. 7(a). In the same way, a nearly unit
absorption is obtained for values of the refractive index in
the range of [1.5-2] and its value decreases to 0.6 for n=1,
as shown in Fig. 7(b). Furthermore, it can be realized that the
values of the resonance frequency of the sensor in two cases of
high absorption and high-quality factor sensing performance
are the same as shown in Fig. 8. Further sensing performance
of the sensor will be analyzed in the next section.

3- Analysis of the sensing performance of the structure
Three basic parameters are defined for the characterization
of the sensing performance of sensors. The first one, the
quality factor which describes the frequency-selecting ability
of the sensor is studied and represented in Fig. 9(a). As shown
in this figure, higher-quality factors are attained in nearly all
the refractive indices [1-2] for the selection of high-quality
factor sensing performance. Since the absorption spectrum
in high absorption sensing performance remains constant for
the refractive index in the range of [1-2], it is expected that
a relatively constant quality factor is also attained, as shown
in Fig. 9(a). Similarly, due to the reduction of the absorption
peak by increasing the refractive index of high-quality
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factor sensing performance, the quality factor is expected to
decrease, which is evident in Fig. 9(a). Hence, the Sensitivity
(S) for both sensing performances is relatively the same, as
shown in Fig. 9(b). In fact, sensitivity represents the response
level of the sensor to the external factors to be measured.
Furthermore, the Figure of Merit (FoM) for both sensing
performances is also relatively the same, as shown in Fig.
9(c). FoM is defined as the ratio between the sensitivity and
the full width at half maximum (FWHM) of the absorption
peak and is a comprehensive parameter to evaluate the
performance of an absorptive sensor[7].

In Fig. 10, the absorption diagram for 7= 1.1 for different
values of height and radii of the analyte is drawn. As it is
known, the best values to achieve maximum absorption can
be attained from this figure.

The absorption spectrum for n=1.1 is examined for
different values of the polarization angle of an incoming plane
wave, as plotted in Fig. 11. Since the structure is symmetrical,
a polarization-insensitive nature is expected, as shown in Fig.
11.

The performance comparison of the proposed structure
with previous works is given in Table 2. As can be seen in this
table, higher quality factor, Sensitivity, and FoM in a wider
range of refractive indices are attained.

The distribution of exciting electric fields in the structure
by the incoming plane wave is given in Fig. 12. As shown
in this Fig, SPPs are excited on the top surface of the InSb
cylinder (Fig. 12(a)). Then, it propagates downward from
the perimeter of the structure (Fig. 12(b)), and the electric
fields of the cylindrical cavity will be excited (Fig. 12(c)),
and propagate down the cavity (Fig. 12(d)) .Finally, the
electric fields enter the topas layer and propagate toward
the axis of the structure (Fig. 12(e)). It is worth mentioning
that this simulation is done for #=1 and f =1.8622 THz.
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Fig. 7. Absorption graph for various refractive indices of the analyte. (a) high absorption and (b)
high-quality factor sensing operation.
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Fig. 10. Absorption graph with the change of radius and Height of analyte.
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Fig. 11. Absorption of the sensor for different polarization angles of the incident incoming wave.
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Table 2. Comparison between the performance of the work

Reference refrl:::;%z ;)Ifdex (GHz/RIU) O-factor FoM
[10] 1-14 55 0.4
[6] 125 96.2 i 78
[11] 1.333-1.464 23.08 i i
[12] 1-1.8 834 40.1 11.75
[13] i 187 32.167 6.015
[5] 12 126 44.17 10.5

This work 12 166-672 69.1-116.2 10.2-29.7

Furthermore, Fig. 12(a), Fig. 12(b), Fig. 12(c), Fig. 12(d)
and Fig. 12(e) are attained for 0, 45°, 90°, 100° and 135°,
respectively. It should be noted that the maximum of the field
inside the structure is about 2dB less than the amplitude of the
imping plane wave.

4- Conclusion

In this paper, a metamaterial absorber has been introduced
which is comprised of a cylindrical pipe cavity engraved in
the upper layer of gold — topas — gold substrate. The sensing
performance improvement of the structure is realized by
adding a cylinder of InSb coaxially with the cavity. In the
proposed structure, the excited SPPs on the surface of InSb
propagate downward toward the cavity and through it. Based
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on the dimensions of the InSb cylinder, “High absorption”
and “High-quality factor” sensing performance is defined
and analyzed. It is shown that “high absorption” sensing
performance is characterized by a relatively 100% absorption
for measurement of the refractive index in the range of [1-
2]. In the same way, the higher quality factor and nearly
100% absorption are achieved for the refractive indices in
the range of [1.5-2], while absorption decreases to 60%
if n=1 in “High-quality factor” sensing performance.
Nearly 100% absorption, a wide range of refractive
index measurements, and superior sensing performance
besides the simplicity of the structure made this structure
a good candidate for medical and biological THz sensing
applications.
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Fig. 12. Electric field propagation for different phases (a) 0°, (b) 45 °, (¢) 90 °, (d) 100 °, and (e) 135 °.
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