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Coupling between topological
edge state and defect mode-based
biosensor using phononic crystal

Zaky A. Zaky%?3", M. Al-Dossari*, Ahmed S. Hendy?®, Yassine Bouazzi®, Attia Boudjemline®
& Arafa H. Aly?

A wealth of details regarding an individual’s state of health, like a person’s respiratory and metabolic
functioning, can be studied by analyzing the volatile molecules and atoms in human exhaled breath.
Besides, the salinity of seawater is a crucial factor in understanding its characteristics because any
variation in the salinity of seawater represents the variations in the hydrological, biological, and
chemical distributions. In this paper, a symmetrical one-dimensional phononic structure is theoretically
designed using two symmetrical crystals separated with a defective cavity. This structure has been
designed to excite a topological edge state coupled with defect mode. The coupled mode achieves

high sensitivity to NaCl concentration in an aqueous solution, seven times higher than the defective
one. By ranging the NaCl concentration from 0 to 21%, the average sensitivity is 467 and 3160 Hz/%
for defect mode and coupled modes, respectively. The bandwidth of the coupled mode of 170 Hz is
much narrower than that of the defect mode of 671 Hz for detecting salinity. For detecting the increase
in C O concentration in dry exhaled breath by ranging the C' O concentration from 0 ppm to 100
ppm, the average sensitivity is 32 Hz/ppm for coupled mode. As a result of these enhancements in

the sensitivity and bandwidth of the coupled mode, the coupled mode is recommended to be used in
different biosensing applications.
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Phononic crystals (PnCs) are synthetic materials that are formed periodically, varying their elasticity and mass
acoustic properties. PnCs can direct, control, and manipulate phonons or sound waves in liquids, gases, and
solids. Phononic band gap (PnBG), acoustic resonator (AR)!?, wireless devices®, and hypersonic PnCs are some
of the fundamental properties and applications of PnCs. PnBG stops the propagation of phonons in specific
frequency bands. ARs are designed to trap and amplify sound waves at specific frequencies, and PnCs can act
as acoustic resonators. However, unresolved issues include the creation of topological phononics and producing
sturdy, large-area samples®.

The periodic structure of one-dimensional PnCs (1D-PnCs), composed of alternating layers of various
materials with various elastic properties, provides these materials with distinct acoustic characteristics. These
crystals can be used in several industries, including soundproofing, sensing®®, and acoustic manipulation. By
separating two 1D-PnCs with a defect cavity, acoustic waves with specific energies are localized in this cavity.
Alrowaili et al.® designed a defective 1D-PnC sensor to detect pollution in water, such as heavy metals of
cadmium chloride. As a result of the changes in the acoustic properties owing to the change in the concentration
of the analyte, a shift in the AR occurs with a sensitivity (S) of 1904.25 Hz/ppm.

Topological edge states (TESs) are states of matter at a material’s boundary when external factors affect
the material’s attributes’. TES in PnCs has been found in a variety of materials and configurations, including
graphene-like PnCs®%, hexagonal PnCs’, and space-time PnCs’. Potential uses for TES include communication
and manipulation of elastic waves®. There is still much to learn about topological edge states in phononic
crystals, and there may be opportunities for advancements in materials science and acoustics. Sensors employ
TES in various ways, taking advantage of their unique qualities to improve the sensing performance. Several
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applications and discoveries pertaining to the utilization of TES in sensors have been reported, such as enhanced
sensitivity®, scanning qubit probes'!, photonic sensors'?, and experimental realization'’. These results imply
that TES is promising for improving sensor performance and sensitivity, especially for phononic and photonic
sensing applications. These TESs have unique qualities that make them attractive for the creation of next-
generation sensor systems, such as resilience to disturbances. Zaky et al.'* investigated a ternary 1D-PnC of
alternative cross-section tubes as a sensor for hazardous gases depending on the TES. Their model has figure of
merit (FoM) of 33.7 m~'.s and S of 1.58 Hz.m ™ '.s.

The salinity of seawater is a crucial factor in understanding its characteristics!®. Any variation in this salinity
of seawater represents the variations in the hydrological, biological, and chemical distributions. Therefore, the
salinity of seawater must be precisely measured onsite. Zhao et al.!® suggested a fiber grating with a long period
to detect salinity in seawater with a sensitivity of 0.889 nm/m™'. Zaky and Arafa designed a 1D-photonic
crystal (1D-PC) to detect the temperature and salinity depending on the Tamm resonance!”. Almawgani et al.'%.
proposed 1D-PC NaCl concentrations in aqueous solution with S of 24700 nm/RIU.

A person’s respiratory and metabolic processes can be inferred non-invasively by measuring the exceed of
the ratio of C'O3 in Dry exhaled breath (DEB)'*. Bhagya et al.?’ discussed a detector to monitor CO3 ratio
in DEB to identify different diseases such as chronic obstructive pulmonary. Oort et al.?! discussed a vital
method to analyze the DEB to monitor pneumonia detection. Mazzone et al.>* investigated the identification of
volatile organic compounds in DEB as a biomarker for lung cancer. Zarifi et al.?* presented a CO2 microwave
sensor. Fayaz et al.>! designed a high resolution, non-contact sensor using microwave resonator for detecting
the exhaustion degree of samples of beaded activated carbon used in a volatile organic compounds abatement
system.

This paper theoretically presents a multifunctional sensor based on TES using a 1D-PnC. The optimum
acoustic and geometrical parameters are selected based on performance, linearity, full width at half maximum
( F'W H M), and sensitivity. Moreover, the present results, which depend on the coupling between TES and defect
mode resonance (DM), will be compared with a similar study that depends only on defect mode resonance?.
Although Taha et al.?® designed a similar structure of a periodic symmetric 1D-PnCs separated by a defect
cavity, they focused only on DM. They ignored the coupling between the DM and TES. However, the authors’
analysis of the density and acoustic speed of salinity water relies on an equation from Ref!”. and experimental
data from Ref'8. , respectively; the authors didn’t adhere to the conditions of these data. Despite the acoustic
speed of salinity water is only accurate for salinities up to 21%, as mentioned in Ref?°. , and the experimental data
extended only up to about 26%?, Taha et al.>* expanded their study up to NaCl concentration of 60%. Also, they
did not explain the shift of peaks to lower frequencies with increasing the concentration of NaCl (with increasing
speed); however, the peak was shifted to higher frequencies in other studies?®%. In addition, they claimed that
the normalized frequency is w a/27 ¢, where c is the speed in epoxy, a is the length of the unit cell, and w is the
angular frequency, but their results clear that the normalized frequency in their study is multiplied by a factor of
about 2.18 (they mentioned that normalized frequency of 0.991893 equals 0.76706 MHz that coincides with our
calculations). Besides, the authors claimed that the peak of pure water (0% NaCl) for low concentrations study
is at a frequency of 0.76706 MHz. But, for high-concentration studies, the peak of pure water (0% NaCl) is at a
frequency of 1.698439 MHz without any apparent reason. As a result, we decided to discuss these points in this
paper. Besides, by testing the C'O- ratio in DEB, the suggested sensor has high-quality performance.

Materials and methods

The 3D configuration of the proposed detector is presented in Fig. 1. The construction is a periodic symmetrical
1D-PnCs (PnCl and PnC2) separated by a defect cavity (D). PnCl and PnC2 are Lead (Pb)/Epoxy and
Epoxy*Pb, respectively. N and S represent the unit cell numbers of PnC1 and PnC2, respectively. A, B, and D
are layers of Pb, Epoxy, and cavity layer of width di, d2, and dp. The ambient medium to the sensor is water.
The density ( p ;) and longitudinal velocity ( ¢;) of Pb, Epoxy, and water are listed in Table 1%. Pb and Epoxy
can be fabricated cheaply’®3!. Layer D will be injected with NaCl aqueous solution at room temperature. The
cavity layer is surrounded by epoxy layer. Epoxy can resists corrosion for a long time when immersed in a saline
solution®%,

Transfer matrix method (TMM) is a powerful analytical methodology employed in various fields, such
as acoustics, optics, quantum mechanics, and statistical mechanics, to simulate the propagation of acoustic
waves**~3¢. TMM is used to study an array of film dispersions in optics and acoustics, which is very important
for designing mirrors, sensors, and other devices. The TMM disassembles the structure into a series of elements
and computes the transfer matrix by multiplying the matrices. Reflectance and transmittance are obtained from
the total matrix of the system.

Assume a normal acoustic wave is incident on the suggested (PnC1)™ D (PnC2)® structure. Each layer can
be simulated using the following matrix (m;)*"3%:

| mu1 mi2 .
m; = [ mar Thas },2—1, 2, and D, (1)
where,
mi11 = COS (kldl) N (2)
mio = —12;8in (kzdz) s (3)
.1,
mao1 = —i—sin (kid;) , (4)
Z;
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Fig. 1. 3D configuration of 1D-PnC consisting of Pb and Epoxy as (PnC1)" D (PnC2)%.

Pb 11,400 1960.0
Epoxy 1180 2539.5
Water 1050 1499.2
CO- 267 1.8393
Ar 319 1.6610
Os 326 1.3140
Air 343 1.2047
Na 349 1.1650

Table 1. Density and speed of used materials and pure gases in human DEB*+4>:

mo2 = COS (kzd-b) 5 (5)

where the wave number k; = ¢ / e the impedance Z; = p ;c;, the density p ;, and the longitudinal speed of

sound c;. Thus, the defect layer can be represented as®:

B cos (kpdp) —iZpsin (kpdp)
mp = —i%sin (kpdp) cos (kpdp) ’ (6)

By multiplying the matrices of Pb and Epoxy layers ( m 4 *my), each unit cell can be simulated with the following
matrix:

J— Ull U12 .

Uj = [ Us1 Uao :| ) j=12,...... R )
where,
Z1\ . )
Ui1 = cos (k1dr) cos (kadz2) — (Z_) sin (k1dq) sin (kad2) , 8)
2

Uiz = —iZscos (kidr) sin (kad2) — iZ1sin (kid1) cos (kad2) , ©)
U1 = —i(1/Z1)sin (kidy) cos (kad2) — i(1/Z2)cos (kid1) sin (kad2) , (10)
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Uss = cos (k1d1) cos (deQ) — (Zg/Zl)S’in (k1d1) sin (deg) (11)

To formulate the total matrix (M) of PnC1, Chebyshev polynomials will be employed to multiply the matrices
of N unit cell as follows:

v=| ] )
where,
My =UnpB,—08s, (13)
Mas = U2 1 — B 5, (14)
Mz =Us2 8 4, (15)
My =U2 B 4, (16)
where d = di + do,
_ sin(N£2d)
B1= Tsin(2d) (17)
_sin[(N —1)82d]
Bo= T sin(2d) (18)
n = (é) acos [0.5 (U1 + Ua22)] . (19)

Similarly, the total matrix ( ]\7[ ) of PnC2 can be represented. The final matrix ( F') of the design can be simulated

by multiplying the tree matrices M*mp* M, as the following:

F=[ L H ] )
where;

Fi1 = (Miimpi1 + Mi2mpa1) M1+ (Miimpi2 + Miampas) Mo1 1)
Fy1 = (My;mpi1 + Maompz1) M1 + (Maimpiz + Mazmpaz) Moy (22)
Fip = (M,;mp11 + Miamp21) M1z + (Miimpiz + Mizmpao) Mas (23)
Fyy = (My,mp11 + Maompa1) M1z + (Maimpiz + Maampao) Mas (24)

Finally, the transmittance (T) is:
T (%) = 100 * 2o 2 (25)

(Fi1 + F1220) Zo + (Fao1 + Fa2Zp)

where Zjy denotes the impedance of the surrounding medium. The band structure of a unit cell is represented
using Bloch equation as follows:

cos (Kd) = cos (kidy) cos (kad2) — %(% + %)sm (k1dy) sin (kads) (26)
2 1

where K is the Bloch vector. Band structure representation will be used to determine the TMM’s accuracy.Based

on experimental results?®?’, the p and c of the aqueous solution with different NaCl concentrations (1) will be
simulated as the following:

P (%) = 0.0266277 1 2 + 6.88666 1) + 997.261 (27)
m
c (;) =11.3527 7 + 1495.3 (28)

where 1 is expressed in %. Depending of density on salinity in (2) is accurate for salinities from 0 to 21%2°, and
(1) is a fitting to experimental data up to 26%?’, so the present study will focus only on salinities from 0 to 21%.
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Figure 2 clear acoustic density of NaCl aqueous solution as a function of NaCl concentration using the proposed
fitting compared with the experimental data?” and the fitted equation®.
The DEB of a typical person is made up of a combination of Oz (16%), N2 (78%), CO2 (5%), and Ar (1%).

The effective speed ( cmiz) and density sound in the gas mixture ( p ,,,,,.) at different ratios ( « ) is simulated as
follows*%41;
S aip,Ci
Cmic = S=—, (29)
Z @ ip,;

P mix :Z Qip g, (30)

where 7 is for each gas sample.
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Fig. 2. (A) The density of NaCl aqueous solution as a function of NaCl concentration, where experimental
data from Ref?’., Fit. datal from Ref?, and Fit. data2 is the present fitting, and (B) the speed and density of the
DEB mixture at different ratios of C'Os.
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Results and discussions
The physical principle of 1D-PnC sensors is based on manipulating phonon propagation through periodic
variations in velocity and density. This periodic structure affects or prevents the transmittance of phonons at
specific frequencies (PnBG). Creating a narrow and sensitive peak of DM using a cavity inside the structure
enables the structure to behave as a sensor that detects changes in the acoustic velocity and density as a result
of the concentration of the present-specific substances or biomarkers. The structure’s sensitivity to any change
in the analyte is influenced by the defect cavity’s acoustic and geometrical properties that affect the defect mode
within the PnBG. This principle has been applied in various sensor designs for detecting gases, organic materials,
and biomarkers, showcasing the potential of 1D-PnCs in sensing applications.

To establish suitable (acoustic and geometrical) conditions for the proposed sensor, the parameters in Table 1
are used*?. The thicknesses d1, d2 and dp are 1.0 mm, 0.5 mm, and 0.5 mm. N and S equals 2 unitcells.

Figure 2A clear acoustic density of NaCl aqueous solution as a function of NaCl concentration using the
proposed fitting compared with the experimental data in Ref?”. and fitted equation in Ref?®. The density and
speed of sound in the mixture of DEB with exceed ratio of C'Oz is clear in Fig. 2B, according Eqgs. 29 and 30.

The transmittance and band structure for both (PnC1)® and (PnC1)?(PnC2)%are examined, as clear in
Fig. 3A,B. Both (PnC1)®and (PnC2)° creates two PnBGs in the range of concern with a nonzero localization
factor. At nonzero localization factor, the acoustic wave propagation is attenuated with a coefficient of e~*
On the other hand, the incident acoustic wave propagates within the periodic configuration at zero localization
factor®?, as clear in Fig. 3A. The first and second PnBGs extend from 0.345426 MHz to 0.921855 MHz and
from 1.08446 MHz to 1.79438 MHz, respectively. The first and second PnBGs widths are 0.576429 MHz and
0.70992 MHz, respectively. The PnBGs are broad due to the high contrast between the acoustic responses of
Pb and Epoxy. For (PnC1)?(PnC2)?, without a defect layer, a TES is excited in the second PnBG due to the
localization of specific frequency ( fres = 1.32433 MHz) at the interface between the two PnCs with high
transmittance of 99.9% and FW HM 2.91 x 10~* MHz.

Salinity sensor
In Fig. 4A, the transmittance of (PnC1)? D (PnC2)®using pure water (0% NaCl). Due to the existence of
D layer, a pure DM at a frequency of fpas = 0.767194 MHz is excited in PnBG1. Besides, resonant peak
at a frequency of fpay/par = 1.36319 MHz is excited in PnBG2 due to the coupling between the TES and
DM (TES/DM). These modes are due to trapping the acoustic waves in the D layer. DM and TES/DM have
high transmittance (99.3% and 99.2%). As clear in Fig. 4B, by increasing the NaCl concentration from 0 to 3%,
6%, 9%, 12%, 15%, 18%, and 21%, the DM is shifted from 0.767165 MHz to 0.766163 MHz, 0.765000 MHz,
0.763689 MHz, 0.762240 MHz, 0.760665 MHz, 0.758974 MHz, and 0.757173 MHz, respectively. For TES/
DM, increasing the concentration of NaCl from 0 to 3%, 6%, 9%, 12%, 15%, 18%, and 21% shifts the TES/DM
from 1.36318 MHz to 1.37174 MHz, 1.38060 MHz, 1.38979 MHz, 1.39929 MHz, 1.40910 MHz, 1.41922 MHz,
1.42964 MHz, respectively. It is noted that increasing the concentration of NaCl increases the speed and density
(increasing the impedance) and shifts the peak to lower frequencies when the localization factor is negative and
shifts the peak to higher frequencies when the localization factor is positive, as clearly in Fig. 3A, Fig. 4B, and
Fig. 5A. Figure 4B and Fig. 5A prove that the TES/DM shift is far better than the DM shift.

The term “sensitivity” (.S) describes how much a sensor responds or changes its output in response to
a change in the environment or amount of input. For a given change in the input quantity (Am), a highly
responsive detector will create a more prominent output signal or shift (A fr). In contrast, a less sensitive
device would generate a less significant change or shift in the output signal. Sensitivity is a crucial feature of
detection devices because it establishes their capacity to identify and quantify minute changes in the physical or
chemical parameter they are intended to sense, as the following:

_Afr

SiAn'

(31)

FoM is used to characterize a sensor’s overall efficacy. In order to distinguish between several detectors, this
quantitative indicator condenses several detector attributes into a single value. Depending on the detector’s type
and application, the precise F'oM may change. For instance, in some circumstances, the F'oM could contain
attributes like FW H M and S. Based on their unique needs, engineers and researchers can assess and choose
the best sensor for a given application with the help of the F'oM that can be expressed as:

S

FoM = moving

(32)

The selectivity and efficiency of a detector are gauged by its (). A greater () means that the system has a narrower
FW HM and can store energy more effectively, which enables it to discern between different frequencies or
signals more precisely, as follows*24°:
Q= Fikr (33)
FWHM
The smallest observable amount of input or analyte the detector can consistently quantify is the limit of detection

(LoD). A lower LoD indicates a higher-sensitivity device that can pick up on minute concentrations of the
desired analyte or signal.
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Fig. 3. (A) The transmittance and Bloch band structure of (PnC1)6, and (B) the transmittance of
(PnC1)?(PnC2)? without any defect.

LoD =

fr

205Q°

Real (Kd) and localization

factor

(34)

TES/DM has a very low FW HM compared with the FW HM of MD, as clear in Fig. 5B, which strongly
affects the F'oM, QQ,and LoD of the sensor, according to Eqgs. 32, 33, and 34. In Fig. 5C, the average sensitivity
of TES/DM is seven times higher than the average sensitivity of MD due to the high localization in the case of
coupling between TES and DM. By increasing the NaCl concentration from 3 to 21%, the sensitivity of DM in
PnBG1 increases from 334 Hz/% to 600 Hz/%. For TES/DM, the sensitivity in PnBG2 increases from 2850 Hz/%
to 3470 Hz/%. According to Egs. 32, 33, F'oM and Q-factor of TES/DM is very high compared with the FoM
and @ of DM, as clear in Fig. 5D,E. Also, the LoD of TES/DM is very low (from 2.2 x 1072 % t03.2 x 1072
%) compared with the LoD of DM, as clear in Fig. 5F. These behaviors are due to the inverse relation between
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Fig. 4. The transmittance of (PnC1)® D (PnC2)?, (A) using pure water (0% NaCl), and (B) for different
concentrations of NaCl.

Q and FW H M, the inverse relation between FoM and FW H M, and the direct relation between LoD and
FWHM.

The findings suggest a hypothesis that the peak is moved to high frequencies with increasing the impedance for
the positive localization factor (positive imaginary part of Bloch wavenumber) and is moved to low frequencies
with increasing the impedance for the negative localization factor. For the hypothesis to be valid, it will be
applied to some published studies. In Ref?., Zaki et al. suggested a liquid sensor-based 1D-PnC with a negative
localization factor (Fig. 6A. The peak is moved to low frequencies with increasing impedance. In Ref*’. , Taha et
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Fig. 5. (A) resonant frequency, (B) F'W H M, (C) sensitivity, (D) FoM, (E) Q, and (F) LoD of DM and
TES/DM coupling versus NaCl concentration.

al. proposed a heavy metals sensor based on 1D-PnC with a negative localization factor. The peak is moved to
lower frequencies with increasing impedance. In Ref* , Zaky et al. designed hazardous greenhouse gases using
periodic tubes as a 1D-PnC with a negative localization factor. The peak is moved to higher frequencies with
decreasing impedance (Fig. 6B.
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Figure 5. (continued)

Co, in DEB sensor

The typical DEB’s density and speed are 1.2275 kg/ m® and 338.51 m/s, respectively, as clear in Fig. 2B. By
increasing C'Ox ratio higher than the normal DEB, the speed of DEB decreases, the density increases, and the
acoustic impedance slightly increases. When the DEB permeates the cavity layer, it is noticed that the TES/DM
peak disappears, and the study will focus only on the DM. The localized mode is shifted from 1.01555 MHz to
1.01490 MHz, 1.01426 MHz, 1.01362 MHz, 1.01298 MHz, and 1.01245 MHz with increasing the C'O2 from 0

ppm to 20 ppm, 40 ppm, 60 ppm, 80 ppm, and 100 ppm, as clear in Fig. 7.
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Fig. 6. The real and imaginary (localization factor) of Bloch band structure of (A) Pb/Epoxy unit cell in Ref?’.
, (B) unit cell of Ref*.

Figure 8A clear the linearity of the proposed DEB sensor. With increasing the concentrations of C'O> in the
DEB mixture, the localized peak is moved to lower frequencies due to the increasing of the impedance of the
mixture, according to Eq. 35.

frR=—-32x% 10" co2 + 1.01554 (35)
@ eoz = —3.125 x 10*fg + 3.174 x 10* (36)

Using Eq. 36, the C'O3 ratio in DEB can be predicted by knowing the localized peak. The average sensitivity is
32 Hz/ppm. In Fig. 8B, FoM slightly decreases with increasing the concentrations of C'O2 in DEB mixture
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due to the increase of FW HM. In Fig. 8C, the average @ and LoD are 1.12 x 10* and 0.145 ppm. To
calculate the sensor resolution (RS), the following relation is used*®:

RS — % (37)

The resolution of the proposed sensor changed between 84 Hz and 99 Hz for all gas samples, as clear in Fig. 8C.

In Fig. 9, different concentrations of CO2, N2, O2, Ar in DEB mixture are used to check the selectivity of
the proposed sensor. It is clear that the proposed sensor has high selectivity for Ar gas. Besides, it can distinguish
high concentrations of C'O3. On the other hand, the results of N2, Oz and low concentrations of C'O> overlab.
In general, the proposed sensor can detect the changes in the DEB.

Mehaney et al.*! discussed the use of porous silicon PnC (PSi-PnC) to detect C'O3 pollution in air. Mehaney
et al. had to cap the proposed PSi-PnC with two rubber layers because the resonant mode didn’t appear without
these two rubber layers. Our proposed structure has been marked by the ability to excite resonant mode without
adding rubber layers. In 2023, Alrowaili et al.° proposed 1D-PnC as a heavy metals sensor with small sensitivity
and very limited FoM, as clear in Table 2. Overall, it can be concluded that the proposed structure is a unique
and sensitive biosensor.

Conclusions

This study simulated symmetrical 1D-PnCs separated with a cavity to excite a topological edge state coupled
with defect mode. The coupled mode recorded an average sensitivity seven times higher than the defective
one, and the bandwidth of the coupled mode was four times lower than the defective one. The direction of
resonant peak shift depends on the sign of the Bloch wavenumber’s imaginary part (localization factor). Finally,
for sensing applications, the coupled mode is advised.
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Sensitivity

Ref. (Hz ppm™1) Type of sensor
2021%, 0.5 Hydrocarbon vapor
2021%9, 12 Formaldehyde
2021°%, 85 Trimethylamine
20222, 6 Ammonia
2022%, 0.3 Ammonia Vapor
2023%, 0.1 Formaldehyde
2023%, 0.1 Ammonia
Present study | 32.5 C O3 in DEB mixture

Table 2. Comparison study.
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