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ABSTRACT: This research provides a unique design of a terahertz-frequency metamaterial absorber. The absorber shows resonance at
frequency 5.01 THz where the peak absorption is 99.5%. A staggering quality factor of 125.25 is also discovered. Since the radiation is
non-ionizing, the metamaterial absorber can function as a refractive index sensor and can be used for sensing applications. To support
the chosen design parameter values, parametric analysis was performed. The resonance mechanism has been clearly explained using the
surface current distribution plot, and the metamaterial nature of the sensor has also been justified using the impedance plot, followed
by the plot showing the permeability and permittivity at the resonance frequency. By detecting changes in the refractive index of the
surrounding medium, the proposed sensor finds application in detecting the percentage of water and percentage of methanol in alcohol
solution. Methanol and water are two prominent contaminants of alcohol. It can detect the percentage of water in alcohol with a sensitivity
of 2.105 THz/RIU and can detect percentage of methanol in alcohol with a sensitivity of 1.999 THz/RIU. This work can inspire future
research on using THz metamaterial absorbers for quality assessment of food products and beverages.

1. INTRODUCTION

etamaterials are composite structures created specifically

to exhibit unusual characteristics including optical mag-
netism, negative permittivity, and negative refractive index [1].
Its capacity to absorb incoming electromagnetic radiation is one
of its related qualities. This design of metamaterial absorbers
has gained popularity in the research field due to its diverse
application in various frequency bands [2]. Terahertz metama-
terial absorbers (TMAs) are what they are known as when they
operate in the terahertz frequency range [3]. A TMA’s absorp-
tion peaks may be adjusted by altering its material properties,
after which it can be applied to a variety of sensing tasks. In [4—
6], terahertz sensing with metamaterial absorbers has been ex-
perimentally proven for determining the analyte thickness. The
TMAs are utilized to create temperature sensors whose ab-
sorption peaks are sensitive to variations in the surrounding
medium’s temperature [7]. TMAs are frequently employed to
determine the environment’s refractive index.

A TMA-based refractive index sensor with 1450 GHz/RIU,
with concentric square and circular gold rings has been pre-
sented in [8]. A gas sensor concept with a combined hexago-
nal ring resonator that operates at 1600 GHz/RIU has been put
forth [9]. An inverted bracket-shaped refractive index sensor is
proposed in [10] with 593.04. In this proposed design, a better
Q factor is obtained, but the sensitivity being 1557 GHz/RIU is
lowered and is also unable to detect alcohol percentage. To op-
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erate in the refractive index range of 1.0 to 1.60, a folded split-
ring metamaterial graphene resonator with an extremely high
sensitivity of 851000 GHz/RIU is developed [11]. Here, a very
high sensitivity is obtained, but the quality factor has suffered.
A dual-band TMA is designed in [12] with 1121 GHz/RIU. This
design has a quality factor of 151.69 with its peak absorption at
99.068%. This is based on a combined hexagonal ring resonator
on a GaAs substrate. The design parameters of various TMAs
are summarized in Table 1. Lower sensitivity and drop in the
absorption rate have been recently an issue for terahertz TMA-
based sensors. From the above literature review, we can easily
figure out that there is an urge to have such a design as well as a
higher sensitivity. This paper’s novel use is the ability to detect
alcohol amounts using a terahertz metamaterial absorber.
Terahertz radiation can be sometimes referred to as T-rays, T-
lights, or T-waves [13]. The terahertz region encompasses fre-
quencies 0.1-10 THz and wavelengths 3 mm to 30 um. Here,
I1THz = 1ps =33cm™! = 0.3mm = 4.1 meV = 48K [14].
The terahertz gap is a frequency range in the THz region where
there are no feasible technologies for producing or detecting
radiation. The importance of overcoming the gap has been dis-
covered through the realization of THz frequency as a spec-
trum of molecular vibrations, such as crystalline photon, molec-
ular rotational, as well as inter- and intra-molecular vibra-
tions [15]. THz radiations include spectrum attributes such as
non-invasive, non-ionizing, spectral fingerprinting, polar sub-
stance phase sensitivity, a good resolution of less than 1 mm,
penetration capabilities, and coherent detection properties that
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TABLE 1. Comparison of various TMA-based sensors.

Alcohol
Quality Factor Sensitivity Absorption Figure of Merit Range of Step Size

Ref No. . Percentage
(Q-Factor) (GHz/RIU) Rate (FoM) Refractive Index (RIU) .

Detection
[18] 44.00 1500 99.50% 25.000 1.34-1.39 0.005 No
[19] 92.75 1447 92.75% 36.175 1.30-1.40 0.005 No
[20] 22.05 300 99.00% 02.940 1.30-1.39 0.010 No
[21] 44.17 126 99.00% 10.500 1.00-1.20 0.200 No
[22] 40.10 834 99.50% 11.750 1.00-1.80 0.100 No
[23] 78.90 0.3537 90.00% 11.053 1.00-3.1622 0.500 No
[24] 24.73 2137 99.50% 5.36 1.00-1.60 1.100 No
[25] 481.08 1450 99.9% 301.45 1.00-1.05 0.0100 No
[26] 179.95 2372 99.80% 64.62 1.00-1.50 0.100 No
This paper 125.25 2105 99.50% 52.63 1.33-1.36 0.010 Yes

(a)

o |

(b)

Ih
{b

FIGURE 1. (a) Front view of the proposed structure and (b) side view of the proposed structure.

make the technique appealing for spectroscopy [16]. Being
non-ionizing indicates that the radiation does not ionize the
biomolecules in the tissue of interest [17], and no major tis-
sue damage occurs. THz waves’ phase sensitivity to polar sub-
stances, such as bodily fluids and water, gives higher contrast
and absorption than X-rays [13].

Alcoholic drinks have complex structures that are widely
produced and consumed in many nations around the sector.
These drinks are normally composed of an ethanol and water
mixture with really low amounts of other components such as
acids, mineral salts, sugars, and a variety of others. Due to the
increase in unemployment, alcoholic drinks may be pricey, en-
couraging individuals to ask for affordable alcohol. Methanol
and ethanol have similar physical and chemical properties. To
produce alcohol at a cheaper rate, a few non-institutional un-
lawful traders use methanol to increase the quantity of alcohol,
and in this way, the charge of alcohol decreases consequently.
Ingestion of these illegal alcoholic drinks that contain a high
amount of methanol causes danger for humans. Methanol in-
take is accountable for forming formaldehyde and formic acid
which causes serious health issues such as blindness, fatigue,
and even demise. Many countries have confronted extensive
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health issues in their population correlated to alcohol contami-
nation with methanol. The proposed sensor will detect the per-
centage of water and methanol in alcohol solution, thereby as-
sessing the quality. To the best knowledge of the authors, ex-
isting works on THz metamaterials, as summarized in Table 1,
have not attempted to detect water and methanol contamination
in alcohol solution. This is the unique contribution of this work.

The remaining sections are arranged as follows. Section 2
discusses methods. Section 3 presents results and discussion.
Section 4 closes the essay and offers suggestions for other study
areas.

2. METHODOLOGY

Figure 1 shows the structural architecture of the proposed sen-
sor. Gold covers the bottom and top surfaces and has a very
outstanding conductivity of 4 x 107 Sm~!. Gold was chosen
as the metal patch because of its reflecting and low-loss char-
acteristics. Gallium arsenide (GaAs), which has a thickness of

= 6 um, makes up the sandwich layer that sits in between
these two layers and functions as a dielectric spacer. The de-
sign’s mechanical flexibility in the terahertz regime may even
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FIGURE 2. The proposed structure’s absorption spectra.

be bent and employed for wearables based on metamaterials
when the thickness ‘A’ is valued at a suitably low level. The
ground metal plane is constructed to effectively prevent the pas-
sage of EM waves. Due to its fast electron mobility, GaAs is
a compound semiconductor that is ideal for high-frequency ap-
plications and direct bandgap, which makes absorption of light
more efficient, and there is a near-insulating zone for the sen-
sor. The loss tangent of GaAs is 0.006, and its relative per-
mittivity is 12.94. Furthermore, Gallium Arsenide possesses a
wide band gap and very high resistivity, which makes it an ideal
choice for a dielectric spacer. The bottom plane, which is con-
structed of gold, is b = 2 um thick, and the suggested square
unit cell has a length of 120 um. A Triangular Patch Resonator
(TPR) is present in the middle, with the distance from the trian-
gle’s center to each vertex being a = 10 pm, so it is an equilat-
eral TPR. An array of Strip Resonator (SR) is present surround-
ing the TPR followed by an outer square ring with a width of
w = 4 pm along with the SR.

Drude’s model of metals provides a way to characterize the
optical properties of noble metals such as gold using a complex
permittivity plot having real and imaginary parts [27]:

w2

__m 1
w? + jwy M

gs (W) =¢p —
where w represents the operating frequency in rad/s; ), repre-
sents the high-frequency permittivity (which is 12.94); m repre-
sents the plasma frequency; and -y represents the damping con-
stant.

CST Microwave Studio is used to create the proposed struc-
ture and its accompanying simulations. CST Microwave Stu-
dio solves Maxwell’s Equations in the frequency domain using
the Finite Element Method. This solution generates a discrete
frequency response with consistent steps over the bandwidth.
When testing electrically smaller structures, the frequency do-
main solver is incredibly useful for getting electromagnetic
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wave responses in any material at any frequency value. S pa-
rameters are used to determine the frequency domain solver,
and the calculation process ceases upon completion of the sim-
ulations. Although this process may take some time, results ob-
tained from this method are often far more accurate than other
methods. To ensure the accuracy of the results, Periodic Bound-
ary Conditions are enforced on each side of the unit cell, and
EM waves traveling along the negative z-axis are considered to
impact upon the top surface of the suggested sensor.

To calculate the structure’s absorption, the reflection and
transmission of the incident plane wave must be removed. The
absorbance for an effective terahertz MA is given by [28]:

Aszl_Ts_Rs (2)

where Ag, Ts, and R, are the absorption, transmission, and
reflection coefficients, respectively. Because EM wave trans-
mission is inhibited, Eq. (2) shows that the reflection coeffi-
cient should be low to optimize absorption. Figure 2 shows
that at 5.01 THz, near-perfect absorption of 99.5% is observed,
and the full-width half-maximum (FWHM) is calculated to be
0.04 THz, indicating the narrow absorption bandwidth neces-
sary for sensing applications. A sensor’s quality factor (Q-
factor) is a critical indication for any sensing application. It
is the ratio of the resonant frequency to the FWHM and is pre-
sented in the following equation:

B Resonant frequency (f)
~ Full Width Half Maximum (FW H M)

Q 3)

The suggested design’s Q-factor is determined using Eq. (3),
and it is 125.25. It is an important parameter for proving the
sensor’s performance, and an elevated value is always pre-
ferred.

3. RESULTS AND DISCUSSIONS

From the impedance plot shown in Figure 3, we see that the real
part is close to the free space impedance (377 §2) at resonance.
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FIGURE 3. Impedance plot.
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FIGURE 4. Effective Permittivity and permeability plot.
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FIGURE 5. Surface current distribution plot.

The imaginary part is zero at resonance, so we say that we have
impedance matching at resonance. Thereafter, the imaginary
part becomes negative to positive which indicates that the reac-
tance is capacitive to inductive. The input impedance at reso-
nance frequency is 340— ;201 €2, and its magnitude is 394.97 €2,
which is near 377 Q2 in free space.

Next, from the effective permittivity and permeability plot
shown in Figure 4, we see that the real portion of the permit-
tivity is slightly positive, and the real portion of permeability
is negative at resonance. We can say that the designed meta-
material is a Mu-Negative Material (MNG), so we have ab-
sorption due to magnetic resonance. Had it been an Epsilon-
Negative Material (ENG), then the absorption would have been
due to plasmonic resonance. We can obtain the effective per-
meability, effective permittivity, and input impedance from the
s-parameters using the following equations [29]:

(14 Evy (f))2 - E3 (f)
(1—En(f)* - E% (f)

Zu (f) = 4)
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¢ 1—FE9 — Eyy
€] = y 5
o (f) jnfd (1+E21+E11> ®
c 1—FEy + Eyy
eff = 7 °
trep (f) jrfd (1+E21—E11> ©

From the surface current distribution plot shown in Figure 5,
it is clear that the the currents circulate in small loops through-
out the surface, and their concentration is maximum near the
gaps of the inner resonators. This results in magnetic resonance.
Similar results have been obtained from the effective permittiv-
ity and permeability plot as well which justifies the correctness
of the obtained results. The induced current is the outer closed
loop that is seen to have the same phase and run parallel to each
other. A magnetic behavior caused by the presence of localized
surface plasmon (LSP) is seen which produces coupling. At the
metal-dielectric interface, LSPs are charged oscillations. Nar-
row absorption peaks at resonance are produced by magnetic
coupling, which also minimizes the metallic absorption loss.
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FIGURE 6. Parametric analysis of unit cell dimensions.
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FIGURE 8. Simulation of refractive indices with different alcohol concentrations in water.

For the unit cell dimension, u, and substrate height, &, a para-
metric sweep is carried out to support the selection of the pa-
rameters. The parameter magnitude and resonant frequency are
therefore shown to have an inverse relationship. The best ab-
sorption and narrowest bandwidth are provided by a unit cell of
u = 120 pm, which leads to a higher quality factor, according
to Figure 6. Figure 7 shows that the optimal peak is obtained
when the substrate thickness is i = 6 pm. By changing the sub-
strate height, one can achieve a striking reduction in the absorp-
tion rate. When the input impedance (around 377 2) matches
the impedance of empty space (around 377 1), the metamate-
rial absorber achieves its maximum absorption rate. We detect
a decrease in the absorption rate as a result of this phenomenon
of impedance matching being disturbed by altering the magni-
tude of the substrate height.
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It is possible to acquire the absorption spectra for various
refractive index values. For accurate alcohol content in water
detection, this observation is crucial. The absorption bands are
represented in Figure 8 with a step size of 0.01 for refractive
indices which vary from 1.33 to 1.36. The shift in the bands
is noteworthy because of the tiny refractive index fluctuation,
making it extremely sensitive to the refractive index of the sur-
rounding medium. We also find the absorption rates signifi-
cantly high for each of the simulated refractive indices values
as depicted in Table 2, which further adds to the effectiveness
of the proposed sensor.

To construct an RI sensor, the material must be chosen in
such a way that the temperature and pressure do not affect the
densities so that the refractive index measure is unaffected. Fur-
thermore, it must also be insensitive to the polarization direc-
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TABLE 2. Refractive indices of corresponding alcohol percentage in water at room temperature [30] along with the absorptivity rates.

Refractive Index | Resonance Frequency | % of water in Ethanol | % of peak absorption
1.333 5.2271 100 97.45
1.3384 5.2158 90 98.56
1.345 5.2016 80 99.2
1.351 5.1895 70 99.3
1.355 5.1805 60 99.64
1.3578 5.1744 50 99.5
1.3597 5.1725 40 99.75
1.3608 5.1676 30 99.5
5.23 5.23
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FIGURE 9. Variation in resonace frequency with respect to the percent-
age of water in alcohol.

tion. The sensing application removes all barriers to achieve
optimal performance by being indifferent to such external in-
fluences. Thus in the case of sensing applications, we prefer
refractive index sensors for biomedical applications as well as
alcohol detection in blood as well as water.

The sensitivity s = ﬁ—i is the ratio of change in resonance
frequency to the change in percentage of water in alcohol so-
lution. Therefore, the sensitivity is determined to be 0.86 GHz
per percent addition of water to alcohol, by computing the slope
of the resonant frequency vs. refractive index plot in Figure 9.
Thus, the linear fit in Figure 9 produces the following equation
of straight line where the absolute value of the slope gives the
sensitivity of the sensor as follows:

f,= 0.00086p + 5.135 )

Sensitivity in terms of shift in resonance frequency per unit

change in refractive index can also be calculated from Fig-
ure 10, and the equation is given in (9).

fr =8.03—2.105n (8)

Thus, the sensitivity of the proposed sensor is 2.1 THz/RIU for
detecting the contamination of water in alcohol. The corre-
sponding FoM, which is the ratio of the sensitivity to the full-
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width half-maximum, as given by Eq. (9), is found to be 52.63.

Sensitivity (s) ©)
FWHM

In [31], the authors simulated how the refractive index
of a methanol-ethanol solution would vary as the amount of
methanol in the ethanol solution varied. This detection is made
feasible by an ultra-sensitive sensor built on dual resonance
long-period fiber gratings. This refractive index data is used
to detect the % of methanol contamination in alcohol by
observing the variation in the resonance frequency. The results
are reported in Table 3.

The sensitivity is the ratio of change in resonance frequency
to the change in percentage of methanol in alcohol solution.
Therefore, the sensitivity is determined to be 0.647 GHz per
percent addition of methanol to alcohol, by computing the slope
of the resonant frequency vs. refractive index plot in Figure 11.
Thus, the linear fit in Figure 11 produces the following equation
of straight line where the absolute value of the slope gives the
sensitivity of the sensor as follows:

fr =0.000647p + 5.159

FoM =

(10)
Sensitivity in terms of shift in resonance frequency per unit
change in refractive index can also be calculated from Fig-

WWwWw.jpier.org



Progress In Electromagnetics Research M, Vol. 126, 81-88, 2024

PIERM

TABLE 3. Refractive indices of methanol volume percentages in ethanol solution.

P t f
ercen.age © Refractive index | Frequency (THz) | Absorption rates in %
methanol in ethanol
40 1.3472 5.18182 99.6127
50 1.344 5.192 99.1941
60 1.3407 52 98.9399
70 1.3375 5.204 98.7642
80 1.3343 5212 95.9756
90 1.331 5.216 97.7738
100 1.3278 5.2222 97.089
5.23
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FIGURE 11. Variation in resonace frequency with respect to the percent-
age of methanol in alcohol.

ure 12, and the equation is given in (11).
fr="7.88—-1.999n €8))]

Thus, the sensitivity of the proposed sensor is 1.999 THz/RIU
for detecting the contamination of water in alcohol, and the
FoM is 49.98.

4. CONCLUSION

Metamaterial absorbers have lately piqued the interest of re-
searchers due to their superior performance as terahertz sen-
sors. The proposed metamaterial contains a triangular patch
resonator in the middle surrounded by an array of Strip Res-
onators followed by an outer square ring. The top and bot-
tom surfaces are made up of gold, and the layer sandwiched in
between is an ultra-thin dielectric substrate composed of Gal-
lium Arsenide which provides mechanical flexibility and high
TMS sensitivity in a terahertz frequency regime. This design
achieves near-perfect absorption of 99.5% at 5.01 THz with
a narrow FWHM of 0.04 THz. When the refractive index is
changed due to contamination of alcohol with water, the sen-
sitivity is found to be 2.105 THz/RIU, and the FoM is 52.63.
Similarly, when the refractive index is changed due to contam-
ination of alcohol with methanol, the sensitivity is found to be
1.999 THz/RIU, and the FoM is 49.98. This sensor is highly
sensitive with a higher rate of absorption, and hence it can be
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Refractive Index (n)

FIGURE 12. Variation in resonance frequency with respect to refractive
index corresponding to the % of water in alcohol.

used for contamination detection in alcohol. The suggested sen-
sor has the potential to save the lives of adults who consume
polluted alcoholic beverages and endanger their lives.
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