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ABSTRACT: In this paper, a terahertz (THz) metamaterial
absorber (MTMA), incorporating surface Pythagorean tree fractal
resonators, was designed and experimentally fabricated on the
flexible substrate of polyethylene terephthalate. The design
presented two peaks with strong absorption of more than 97% at
0.49 and 0.69 THz. The dual-band absorption peaks were seen to
be shifted with the change in the refractive index of the
surrounding medium, with a corresponding sensitivity of 0.0968
and 0.1182 THz/RIU. The spectral shift of the reflection
resonance dip was utilized as an assessment index to evaluate the sensing performance of the new structure, and it was found to
be 2.08 and 2.98 for the two resonance peaks, respectively. It was observed that the proposed structure acted as an epsilon negative
material at the first resonance and as a mu negative material at the second resonance. Further investigations on the electric field,
magnetic field, and surface current distributions were carried out to elaborate on the absorption characteristics at various resonance
frequencies. The proposed sensor is a highly sensitive MTMA which can be used to investigate the interaction of matter with THz
waves.

1. INTRODUCTION
In recent years, researchers have been interested in terahertz
(THz) studies based on metamaterial (MTM) structures.
MTMs are subwavelength structures that manipulate electro-
magnetic signals, exhibiting unnatural and exotic properties.
They have effectively been used in various applications ranging
from radio frequencies to optical microscopy. Researchers have
used MTMs in cloaking,1,2 optical lenses,3,4 absorbers,5−8

antennas,9,10 polarization converters,11,12 and sensors13,14 with
great success.
In the THz frequency range, studies were conducted to

focus on continuous-wave THz imaging,15,16 THz time-
domain spectroscopy,17−19 and THz near-field imaging.20,21

The other topics of research in the terahertz regime are
absorbers,22−24 terahertz radiations,25−27 waveguides,28−30

wireless communications,31,32 and sensors.33−40 Research in
the THz sensors focuses on discriminating nanoscaled
biological or chemical samples as it is possible to measure
their structural behavior in this frequency regime. These
samples can be sensed and precisely measured by utilizing the
extraordinary features of MTMs. Saadeldin et al. proposed an
MTM absorber structure for THz biomedical sensing
applications.33 The sensor showed 99% of absorptivity at
2.249 THz with a Q-factor of 22.05. Also, it presented a
sensitivity of 23.7 GHz/μm when it was used for the
measurement of analyte thickness. Yang and Lin presented a

tunable MTM-based THz sensor consisting of two concentric
split-ring resonators.34 The tuning range of the sensor was
from 0.958 to 1.390 THz. Wang et al. analyzed a structure for
sensing applications, having two identical square patches of
unit cells.35 The proposed structure offered an absorption of
nearly 100% at 1.7780 and 2.4591 THz with respective quality
factors of 6.9156 and 296.2771. Keshavarz and Vafapour
numerically demonstrated an MTM-based THz biosensor
structure, which was produced by an H-shaped graphene
resonator on a semiconductor film.36 The proposed sensor was
able to detect three subtypes of avian influenza viruses with a
great accuracy.
A highly sensitive MTM absorber-based THz sensor was

suggested by Nickpay et al. for biomedical applications.37 The
proposed sensor structure consisted of graphene resonators,
which can be used by adjusting the graphene layer with a DC
bias voltage. The sensor had a nearly perfect absorption at 4
THz with an average Q-factor of 13.76. Furthermore, Yang et
al. developed a THz MTM sensor to distinguish the normal
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glucose concentration from the abnormal one.38 Asymmetric
metals on a silicon dioxide substrate were used to design the
sensor. Two transmission peak points were obtained at 0.26
and 0.4 THz. The sensor achieved a sensitivity of 1.22 and 0.52
THz per mol/L. Askari et al. suggested a refractive-index-based
THz sensor for the detection of crystalline sugar molecules.39

The structure exhibited narrow band characteristics at around
1.75 THz. The sensitivity of the proposed sensor was 7000 and
19.44 nm/RIU in practical applications. An all-metal MTM-
based THz biosensor was investigated by Wang et al. for
protein detection both theoretically and experimentally.40 The
experimental detection sensitivity was 72.81 GHz per ng/mm2

with a detection limit of 0.035 mg/mL.
In the current research, a new THz metamaterial absorber

(MTMA) is designed and fabricated by incorporating surface
Pythagorean tree fractal resonators on the flexible polyethylene
terephthalate (PET) substrate. The design showed two intense
absorption peaks of more than 97% at 0.49 and 0.69 THz. The
proposed sensor is specifically important to detect variations in
the refractive index of the surrounding medium, thereby
monitoring the interesting shift in the dual-band absorption
peak. The novelty of the proposed absorber is the high Q-
factor and refractive index sensing simultaneously (the trade-
off between Q-factor and refraction sensing) through having a
low profile design on the flexible PET substrate.

2. DESIGN OF THE UNIT CELL MODEL
The proposed MTM’s unit cell is based on the Pythagorean
tree fractal design, as shown in Figure 1. The proposed

absorber was designed using a commercial full-wave finite
integration technique (FIT) based on a high-frequency
electromagnetic solver, CST microwave studio. Nowadays,
CST makes it possible to use very difficult numerical
calculations in the electromagnetic field through a number of
software packages. Thus, the MTM characteristics can be
determined using a number of numerical calculations. During
the simulation phase, very complex and long calculations can
be easily performed, and the behaviors of large-scale and very
different shapes of MTM structures, under the selected
frequency range and selected boundary conditions, can be
demonstrated. Scientists have had the opportunity to test
electromagnetic materials in the laboratory under various
boundary conditions. In numerical analysis, various boundary
conditions were used to analyze structures, such as PEC/PMC,
PEC, free space, periodic arrays, and unit cells. In order to
obtain the effective dimensions of the proposed structure and
to simplify the simulation processes, a unit cell was assigned in

the x-/y-directions, while an open add space was assigned to
the z-direction. Figure 1a shows the schematic of a proposed 4
× 4 metamaterial array with a Pythagorean tree fractal shape,
which is illuminated by a normally incident plane wave.
The model has a three-layered structure with aluminum

metal on the top and bottom layers, while a dielectric spacer
made of PET is used in the middle. The conductivity of
aluminum is 3.56 × 107 S/m, and the dielectric spacer’s
thickness was h = 10 μm. The top and bottom aluminum layers
were 0.2 μm thick. The bottom aluminum layer was sufficiently
thick to prevent the transmission of electromagnetic waves. For
a perfect absorption, the top metal layer has to be
appropriately designed to match its impedance with that of
the incident medium, which is the free space. With a high
impedance match, the reflected electromagnetic energy is
minimum, and hence a maximum power can penetrate and
continue to propagate in the medium (PET). The required
dimensions for metamaterial design unit cell are denoted by Px
= Py = 150 μm, l1 = 40 μm, l2 = 25 μm, l3 = 15 μm, and g = 20
μm (Figure 1b). The absorption coefficient (A) can be
calculated from the following equation:

A S S1 11
2

12
2= | | | | (1)

where S12 is the transmission coefficient (T), and s11 is the
reflection coefficient (R). A strong absorption mechanism
needs high electrical and/or magnetic losses to absorb traveling
waves. These losses stem from the imaginary parts of the
relative permittivity and/or permeability. In addition, the
metallic layer at the bottom prevents the transmission of the
waves, and hence, one can neglect the transmission (T). The
structure was excited using a plane electromagnetic wave
incident on the top plane, and then the absorption character-
istics were obtained, as shown in Figure 2.

It is observed from the figure that there are two absorption
peaks at 0.49 and 0.69 THz, with a peak absorption of more
than 97%. Designing the proposed unit cell model involves
using a split-ring resonator and adding additional square
patches until the desired absorption characteristics are
achieved.
In this next step, we performed a comprehensive

optimization process through variation of the resonator
lengths, substrate thicknesses, and types of substrate materials,
as well as from the modification of the substrate types and
dielectric constants. These are significant differences between
our work and the literature, where only fixed unit cells with
different resonators have been investigated. Hence, the
advantage of the proposed work is to employ a flexible PET
substrate followed by using optimized Pythagorean tree fractal

Figure 1. Images of a (a) 4 × 4 array proposed design and (b) unit
cell of the MTM based on the Pythagorean tree fractal design, where
the dimensions are denoted by Px = Py = 150 μm, l1 = 40 μm, l2 = 25
μm, l3 = 15 μm, and g = 20 μm.

Figure 2. Absorption characteristics of the proposed unit cell.
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resonators. With this design, it is possible to achieve a dual-
band-based structure with high sensitivity. As such, the
proposed MTM can be specifically important for the
applications of biomedical sensing.
Based on the simulation results, the absorption spectra are

integrated around the PET layers. When the substrate layer is
incorporated with Pythagorean tree fractal resonators, the
characteristic absorption peaks are merged together to expand
the absorption bandwidth, thereby achieving three highly
resonant peaks.
The absorption tunability of this design, which is born out of

fractal arrangement of a central square patch, can be explained
from the results shown in Figure 4. Without the surface
fractals, the absorption is not significant in both of the bands.
Also, the importance of this approach can be understood from
the electric and magnetic field distributions shown in Figure 8.
At 0.49 THz, the electric field is concentrated in the outer two
square patches, whereas the magnetic field is concentrated in
the central patch and its attached patch. Similarly, at 0.69 THz,
the two outer patches contribute to the electric field
distribution, along with the edge of the unit cell, and the
magnetic field is concentrated at the second square patch on
the top. Thus, the design with surface fractals plays an
important role in the absorption.
Four different models have been created to observe the

absorption characteristics up to 1 THz, and the unit cell with
the best absorption characteristics is selected for further
analyses. The four models have different metallic arrangements
on the top, so their absorption spectra become different. The
metallic portions on the top plane have to be properly
designed to achieve the desired absorption characteristics. The
four models include an outer split-ring resonator to provide
magnetic resonance. At the center, a square patch is placed to
increase the electrical resonance. Additional small square
resonators are placed for different models to produce
additional electric or magnetic resonances. These four-unit
cell models are shown in Figure 3.
For all MTMAs, the thicknesses of the dielectric layer, the

width of the metallic strip layers, and gaps are labeled as h = 10
μm, w = 10 μm, and g = 20 μm, respectively, where t1 = t2 = 0.2
are the thickness of the ground plate and resonator layer. P1 =
l1 = 40 μm, P2 = l2 = 25 μm, and P3 = l3 = 15 μm are denoted

for the length of the square resonator of model 1, model 2, and
model 3, respectively. The absorption characteristics for the
four models are shown in Figure 4.
The absorption characteristics show that model 2 and model

4 have two absorption peaks, while model 1 and model 3 have
only one absorption peak at 0.7 THz. The similarity between
the resonance frequencies of model 1 and model 3 shows that
the added small metallic parts at the corners of the square
patch do not affect the physical characteristic of the resonance.
Model 2, with additional small square patches, offer dual-band
absorption at 0.65 and 0.7 THz. The complete analysis
requires electric and magnetic field distributions, which were
not performed for these designs as their absorption is not
significant compared to that of the proposed design. However,
our analysis is based on the absorption mechanism in the
famous split-ring resonator. Model 1 and model 3 have
identical absorption characteristics, indicating an identical
absorption mechanism. In model 1, there is a split-ring
resonator, and it is well-known that magnetic resonance is the
primary resonance mechanism in such structures.41 In model 2,
the resonance that occurs near 0.69 THz is significantly
diminished, indicating an improper magnetic resonance. Model
4 has additional square patches resulting in enhanced
resonance at 0.49 and 0.69 THz. The enhancement is due to
the increased connected aluminum part on the top layer.
Hence, it can be concluded that it is possible to create
resonance and increase the absorption by a proper design of
the top layer, and model 4 has the best absorption
characteristics.

3. RESULTS AND DISCUSSION
The surface Pythagorean tree fractal resonator was chosen as
the desired absorber structure, which is based on square shapes
of resonators with different sizes and a square split-ring
resonator to enhance the electrical and magnetic response of
the structure. The choice of the design parameters is justified
in terms of the substrate thickness (h), length of square
resonators (l), and the substrate material.

3.1. Parameter Optimization. To investigate the effect of
changing the substrate thickness on the absorption perform-
ance, the thickness (h) was increased from 0.6 to 14 μm, as
illustrated in Figure 5a. The results showed that changing the
thickness did not provide any significant changes in the second
absorption peak. The first absorption peak was located at 0.49
THz, and both of the peaks showed a high absorption value at
10 μm of thickness.
Figure 5b shows the simulated results for varied lengths of

the square resonators from 36 to 44 μm in steps of 0.2 μm.
One can see from the curve that the length of the square
resonator did not affect the second absorption peak, which
remained constant at 0.69 THz with the same absorption value
of 0.97. The decreased length (l) caused a slight shift in the
frequency of the first peak to the higher frequency with the
same absorption of 0.97. In the third case, the absorption
performance was investigated by changing the substrate types,
which are FR-4, Rogers RT5780, PET, Arlon AD 430, and
Arlon AD 410. There are several materials reported in the
literature and can be found on the market such as FR4 and
Rogers. They are mostly used as a substrate layer in various
applications. In this study, we tested FR4 and Rogers materials
for dielectric variations and their effects. In some printed
circuit board “PCB” processes, FR4 and Rogers 5870 are
difficult to apply to the terahertz frequency band. We have

Figure 3. 3D schematic plot for the MA examples and the incident
THz field polarizations.
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used the PET dielectric layer as a substrate due to its ease of
implementation in the lithographic technique for the terahertz

frequency regions. In contrast to the substrate thickness and
length of square resonators, the change in the substrate

Figure 4. Absorption characteristics of the four unit cells: (a) model 1 and model 2 and (b) model 3 and model 4.

Figure 5. Absorption spectra of the proposed design under different (a) resonator lengths, (b) substrate thicknesses, and (c) types of the material
substrates.

Figure 6. (a) Impedance plot and (b) effective permeability and permittivity plot.
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material strongly affects the achieved results. One can see from
Figure 5c that both materials, Arlon AD 430 and Arlon AD
410, provide the same absorption value for the first peak at
0.43 and 0.44 THz, respectively, whereas for the second peak,
Arlon AD 430 resulted in 0.85 absorption at 0.60 THz. On the
contrary, Arlon AD 410 has a higher absorption of about 0.87
at the frequency of 0.62 THz. The other materials, FR4 and
Rogers RT5870, offered two high absorption peaks with
absorption values of more than 0.95 at different frequencies.
The two peaks of PET material resonate at 0.49 and 0.69 THz,
whereas the two peaks obtained with Rogers RT5780 material
resonate at high frequencies of 0.59 and 0.79 THz.

3.2. Resonance Mechanism. The impedance (Z11) plot is
given in Figure 6a to explain the resonance phenomenon.
Resonance occurs when the impedance matches with the free
space impedance which is approximately 377 Ω. One can see
from the impedance plot that the first peak at 0.49 THz has an
impedance of 525 Ω, while the second peak at 0.69 THz has an
impedance of 289.8 Ω. The effective permeability (εeff) and
permittivity (μeff) are also obtained and are plotted in Figure
6b. For the first resonance at 0.49 THz, εeff is negative, and μeff
is positive, indicating that the material is epsilon negative
material (ENM) and the resonance is plasmonic in nature. The
second resonance at 0.69 THz has εeff positive and μeff
negative, implying that the material is mu negative material
(MNM) and the resonance is magnetic. The magnetic
resonance is necessary for the refractive index to be negative.
A negative refractive index can be achieved when at least the

permeability is negative. Thus, negative permeability (mu)
indicates the presence of a magnetic resonance.42 Thus, the
design has a hybrid resonance mechanism, and the material
behaves as an ENM during the first resonance and as an MNM
during the second resonance mechanism.
To better understand the physical absorption mechanism of

the proposed metamaterial absorbers, the surface current
distribution of the top and bottom layers of the proposed
design was studied. Parallel and antiparallel surface current
distribution of the top layer is seen in Figure 7a, which reveals
a magnetic dipole resonance mode. The surface currents on
the metallic layers sometimes flow in opposite directions. This
creates a magnetic flux coupling with the incident H-field. The
current distribution at the bottom is shown in Figure 7b, which
shows that current distributions are parallel, inducing the
electric resonance. Figure 7c shows the current distribution for
the second resonance mode. Antiparallel currents are observed
along with parallel current flows. In Figure 6d, circular
antiparallel current flows indicate a strong magnetic response.
In addition to the surface current distributions, electric and

magnetic field distributions are given in Figure 8 to explain the
resonance mechanism. The electric field distribution at 0.49
THz is shown in Figure 8a. The field is concentrated in the
small square patches. The electric field distribution at 0.69
THz shown in Figure 8b is strong at the edge of the unit cell.
The magnetic field distribution at 0.49 THz, shown in Figure
8c, is strongly concentrated at the center patch and those
directly connected. Finally, the magnetic field distribution at

Figure 7. Surface current distribution of the proposed metamaterial design (a) at 0.49 THz on the top, (b) at 0.49 THz on the bottom, (c) at 0.69
THz on the top, and (d) at 0.69 THz on the bottom.
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0.69 THz in Figure 8d shows a strong concentration along the
diagonal at the top edge of the unit cell. The distribution
nature of the electric and magnetic fields in the aforemen-
tioned plots is attributed to the current flow distributions

whether they are in a parallel flow or in an antiparallel flow.
The parallel flow can induce an internal magnetic field which
opposes the externally exposed one (H-field) and vice versa.
The graphics in Figure 7 and Figure 8 were obtained via the

Figure 8. Color map of the field distributions of proposed metamaterial structure: (a) electric field at 0.49 THz, (b) electric field at 0.69 THz, (c)
magnetic field at 0.49 THz, and (d) magnetic field 0.69 THz.

Figure 9. (a) Absorption spectrum dependence on the variation of refractive index for the surrounding environment and (b,c) resonance frequency
peak with the linear fit of the two frequencies versus the refractive index.
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CST microwave studio program, in which the values were
normalized in the settings panel. For a better view angle and
understanding of the plots, the setting values were changed
accordingly.

4. SENSING PERFORMANCE
The effect of the index of refraction on the absorption was also
investigated. We considered the thickness of the analyte layer
to be 10 μm in the numerical software, as shown in Figure 9.
The resonance frequency value was shifted to the left when the
refractive index was increased. Only a small change was
observed in the absorption values of the proposed structure.
For the first peak, the absorption was reduced with the increase
in the refractive index. The reverse phenomenon was observed
for the second peak. Thus, the design can help in sensing the
refractive index of the surrounding environment. The
sensitivity of the absorber was calculated numerically from
the linear fit shown in Figure 9b,c. The resonance frequency
was plotted as a function of the refractive index, and the
sensitivities were measured from the linear fit of Figure 9b,c.
The sensitivity was found to be 0.0968 THz/RIU for the first
peak and 0.1182 THz/RIU for the second peak. In addition, it
has been observed that the R2 values are close to unity,
indicating that refractive index change has a significant impact
on resonance frequency shifts.
Figure 10 shows the effect of analyte depth on the

absorption characteristics and frequency shift in the first and
second resonance peaks. One can see that the absorption was
above 90% in all of the cases. A major change in the resonance
frequency occurred when the thickness was increased from 15
to 20 μm. In Figure 10b,c, the resonance frequencies for
different analyte thicknesses were examined separately for the
first and second peaks. Alteration in the resonance frequency
for both peaks occurred at similar rates. The spectral shift (SF)
of the reflection resonance dip was employed as an assessment
index to evaluate the sensing performance of the MTMA,

which is calculated by SF = ( f − f 0)/f 0 × 100%. Here, f and f 0
are central frequencies of the reflection dip with and without
the analyte, respectively. The value of SF for the first peak and
second peak was found to be 2.08 and 2.98, respectively. The
presence of ripples in the curves of the frequency shift with the
change of analyte thickness can be attributed to the
nonuniform distribution of the electromagnetic energy within
the analyte.

5. EXPERIMENTAL PROTOTYPE AND RESULTS
As shown in Figure 11, the proposed design was manufactured
using a 10 μm thick “PET” layer with a 2 μm coated aluminum
film. Ethanol and acetone were first used to clean a 3 mm
quartz wafer. Tweezers were then used to delicately lay the
cleaned PET−aluminum film onto the wafer’s surface. Because
acetone volatilizes quickly, pressing the two layers fast and
accurately was required to minimize air between the substance

Figure 10. (a) Absorption spectrum dependence on the variation of the analyte depth and (b,c) frequency shift versus different analyte depth.

Figure 11. Process flow: (1,2) photolithography to define the
metamaterial geometry, (3,4) wet etching and washing of the
photoresist to fabricate the metamaterial structures, and (5)
evaporation of metallic substrate layer on another side of “PET” layer.
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and the wafer surface. The substance appeared to be adsorbed
to the wafer due to the comparatively flat surface. The sample
was then spin-coated with positive liquid photoresist RZJ-304
and baked for 90 s at 100 °C. Finally, the sample was moved to
the photolithography processing machine, where a 60 × 60
mm2 array was fabricated. The part of the altered photoresist
was washed with a developer for 30 s after processing. The
exposed metal was then etched with aluminum. The
metamaterial structures were obtained as a result of this.
Finally, acetone was used to clean the sample and remove the
remaining photoresist. Consequently, a 2 μm thick metallic
aluminum layer was produced on the other side of the PET
layer using a vacuum evaporation process. A metamaterial of
60 × 60 mm2 periodic metallic arrays with a dimension of 9 ×
9 mm2 was produced, as illustrated in Figure 12, using an

optical microscopy photograph of a section of the fabricated
absorber structure. Terahertz time-domain spectroscopy was
used to characterize the reflection spectra. The periodic
boundary condition was addressed while the sample was
irradiated by a light source with a spot diameter of 6 mm.

Figure 13 shows the simulated results and the experimental
results for the reflection coefficient and absorption spectrum.
Figure 12a presents the reflection spectrum for the proposed
structure compared with the experimental results. As can be
seen from the graph, the reflection spectra have two intense
peaks at 0.51 and 0.7 GHz. Figure 12b shows the absorption
spectrum for both numerical results and experimental results,
in which there are two peaks at 0.49 and 0.69 THz
corresponding to more than 90% absorptivity. No obvious
noises were noticed except some deviations from the simulated
results. This can be due to the reproducibility of the
experimental setup, which is in good agreement with the
numerical results, validating the design and its sensing
performance.
The Q-factor was recalculated by using this equation:43

Q
f

f
factor r=

(2)

where the resonance frequency f r is the frequency at which the
real part of the impedance reaches its maximum and Δf is the
width of the peak at its half-height. The Q values for the first
and second peaks were calculated to be 70 and 126,
respectively.
Table 1 shows the results of the proposed structure

compared with those from other published metamaterial
absorbers in the terahertz range in terms of techniques used,
shape of the unit cell, operating frequency range, substrate
materials, absorptivity, and fabricated structure. It can be seen
from the table that our metamaterial design (fabricated and
tested using lithography techniques) is very useful for the THz
devices. The results showed that the proposed structure
outperformed those reported in the literature.
Table 2 shows the comparison of the proposed meta-

materials absorber with similar works in terms of the number
of absorption band, the value of Q-factor, and sensitivity.

6. CONCLUSIONS
In this paper, a novel THz MTMA has been designed and
demonstrated experimentally, which consists of Pythagorean
tree fractals. The design offers two distinct absorption peaks at
0.49 and 0.69 THz. Investigation of the absorption mechanism
revealed that the design behaves as an ENM at the first
resonance frequency and as an MNM at the second frequency.
Thus, the structure is unique, and resonances are plasmonic
and magnetic in nature. Parametric analysis has been carried
out to justify the design parameters. The resonance peaks
shifted with the variation in the refractive index of the

Figure 12. (a) Microscopic image of the fabricated design, (b)
zoomed-in image of the proposed structure, (c) fabricated MTM
absorber inside the Al thin film, and (d) view of the sample under
yellow lamp light inside Al.

Figure 13. (a) Simulated and experimental results showed the reflection coefficient and (b) absorption spectrum for the proposed MTM absorber
simulated and test results.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06118
ACS Omega 2022, 7, 38094−38104

38101

https://pubs.acs.org/doi/10.1021/acsomega.2c06118?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06118?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06118?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06118?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06118?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06118?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06118?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06118?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06118?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


surrounding medium and with the analyte thickness. For the
refractive index, the first peak offered a sensitivity of 0.0968
THz/RIU, and the second peak offered a sensitivity of 0.1182
THz/RIU. The spectral shift of the reflection resonance dip
denoted was evaluated as an assessment index to evaluate the
sensing performance of the new structure, and it was found to
be 2.08 and 2.98, respectively. The design can be used as a
hybrid sensor for measuring the refractive index and analyte
thickness in applications of biomedical sensing. In future
works, the proposed design can be further investigated to show
the dynamic tunability of optical responses and sensing
performance in comparison to those reported in the
literature.44,45
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