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Abstract
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In this paper, a novel structure of magnetized plasma spherical photonic crystals is proposed
that enables the development of sensors based on the evanescent wave principle. This sensor
structure integrates plasma with two isotropic media and applies periodic boundary conditions.
Leveraging the principle of the evanescent wave, when the incident light is perpendicular to the
interface of a medium with high optical density or thickness and the incident angle exceeds a
critical angle, the transfer matrix method is utilized to compute the sharp peaks in the
transmission spectrum. Subsequently, sensors produced using these sharp absorption peaks can
detect the magnetic induction intensity, plasma frequency, and solution concentration of serum
creatinine. The sensitivity and quality factors of these measurements are 8.35 x 1010 T,
3583, 1.5 x 10~ 2me/d) ', 2970, 3.55, and 22 824, respectively. Furthermore, a detection
limit of 9.155 02 x 10~% RIU should be taken into account to ensure the normal operation of
serum creatinine detection, satisfying the minimum requirements of biosensing.

Keywords: spherical photonic crystals, evanescent wave, magnetized plasma,

serum creatinine sensing
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1. Introduction

In physics, Yablonovitch, and John were first involved in
the study of photonic crystals (PCs) between the propaga-
tion behavior of light and the periodical dielectric structure of
materials at the end of the 18th [1, 2]. PCs are periodic struc-
tures that manipulate the propagation of light, while spher-
ical photonic crystals (SPCs) specifically refer to PCs with
a spherical geometry. SPCs inherit the properties of PCs but
also possess additional characteristics related to their spher-
ical symmetry. SPC is a material with a periodic structure that
exhibits optical properties in three-dimensional space. Unlike

! Jie Xu and Tian-Qi Zhu contribute equally to this article.

“ Author to whom any correspondence should be addressed.

1361-6463/23/505302+13$33.00 Printed in the UK

conventional optical materials, SPCs have a periodic structure
that is on the order of the wavelength of incident light. This
structure is achieved by arranging a series of spherical particles
with specific refractive indices at regular intervals [3]. The
optical properties of SPCs arise from the fundamental prin-
ciples of Bragg diffraction observed in crystalline structures
[4]. When an incident light beam traverses the SPCs, it exper-
iences diffraction phenomena attributable to the inherent peri-
odicity of the structure. Consequently, the light beam exhib-
its complete reflection or selective propagation within dis-
tinct incident angles and frequency ranges [5]. The frequency
and directionality selectivity inherent in the light propaga-
tion characteristics establish SPCs as highly desirable mater-
ials for kinds of practical applications, including optical fil-
ters, optical waveguides, and optical mirrors [6—8]. The most
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prominent characteristic of SPCs is that they have an electron
band structure similar to those in semiconductors and metals.
In the material, there exist photon bands that allow propaga-
tion through the material and photonic band gap that does not
[9]. Based on these features, the optical flow can be accur-
ately controlled, and because of the simple structure, flexible
design, small size, and other advantages, it is used to make
optical device wave absorbers, antennas, and sensors [10—12].
The research on PCs sensors is an active and rapidly develop-
ing field [13-15]. Scientists are continuously exploring new
materials, structures, and detection techniques to enhance the
sensitivity (S) and stability of these sensors for various applic-
ations. Recent studies have focused on developing PCs sensors
for detecting biomolecules, such as proteins, DNA, and vir-
uses, in biological fluids for medical diagnostics [16—18].

Evanescent waves are electromagnetic waves (EWs) that
exist near the interface between two media and decay expo-
nentially away from the interface, without propagating into the
second medium [19]. They are generated when a light beam is
incident at an angle on a surface that has a higher refractive
index (RI) than the surrounding medium, and the wave pen-
etrates the surface but is reflected into the first medium. In
sensing, evanescent waves have been utilized to detect changes
in the RI of a material, which can be used to monitor chem-
ical reactions or biological processes [20]. The conditions for
the generation of evanescent waves are limited. Usually, we
can obtain the propagation of evanescent waves by adding a
prism to the design structure. By incorporating a prism into
the setup, it becomes possible to illuminate the interface at
an angle exceeding the critical angle, facilitating total internal
reflection within the prism. As a result, the evanescent waves
can propagate along the prism’s interface with the surround-
ing medium. The angle and position of the prism can be finely
adjusted to precisely control the characteristics and direction
of the evanescent waves [21]. This technique finds extens-
ive utility across various domains, including evanescent wave
spectroscopy, near-field microscopy, and surface plasmon res-
onance sensing [22-24]. Researchers leverage this method to
explore and manipulate the properties of evanescent waves,
which carry valuable insights into the near-field interactions
and surface properties of materials.

Magnetized plasma is a unique state of matter that has
garnered significant attention in the photonics community due
to its exceptional electrical, optical, and magnetic properties
[25]. It is plasma that has been subjected to an external mag-
netic field, resulting in the confinement of charged particles
along the field lines. This confinement can attribute to a vari-
ety of interesting and complex phenomena, for example, the
formation of magnetic flux tubes, the development of plasma
waves, and the generation of strong electromagnetic radiation.
Researchers in the field of photonics have been particularly
interested in the use of magnetized plasma for various applic-
ations, including plasma-based particle accelerators and mag-
netic fusion energy research [26, 27]. The solution concentra-
tion of serum creatinine (Csc) is an important marker of kid-
ney function, as it reflects the ability of the kidneys to filter
waste products out of the blood. Measuring Cgc is a common
part of routine blood testing, and it is used to help diagnose

and monitor a variety of kidney-related conditions, such as
chronic kidney disease, acute kidney injury, and kidney fail-
ure. It is also used to adjust medication dosages for drugs that
are cleared by the kidneys [28].

Previous studies have demonstrated the widespread util-
ization of PCs in sensor production. While traditional two-
dimensional PCs sensors have shown remarkable perform-
ance in areas such as non-reciprocity and biochemical sensing,
they still exhibit certain limitations and drawbacks [29, 30].
Furthermore, these challenges are constrained by the limit-
ations of structural design and cannot be fully addressed by
the integration of various physical principles alone. The most
effective approach is to extend the design structure into a three-
dimensional coordinate system, thereby expanding upon the
concepts of cylindrical PCs and SPCs [31, 32]. SPCs exhibit
several advantages over conventional two-dimensional PCs in
sensor applications. Their unique three-dimensional structure
enhances the interaction between light and matter, resulting
in a longer interaction path length and increased sensitivity.
Additionally, they possess a larger sensing volume, enabling
the detection of a greater number of analytes and improv-
ing the overall detection capabilities. The versatile design
options offered by SPCs allow for precise control over spectral
response and directionality, while also minimizing surface-
related effects, leading to improved reliability. These inherent
advantages position SPCs as a promising platform for high-
performance sensors, offering enhanced sensitivity and the
ability to manipulate light with precision.

In this paper, a multi-physical quantity sensor based on the
evanescent wave is proposed. When the light passes through
the prism to form an evanescent wave, it is inserted into the
design structure to form a sharp transmission peak for the
design of a multi-physical quantity sensor. According to the
principle of frequency modulation, after changing the sens-
ing variable, the transmission peak will generate the corres-
ponding displacement in the working frequency band, which
can meet the basic requirements of making sensors. Because
the magnetized plasma material is involved in the structure,
it can be used to detect the plasma frequency (PF) and mag-
netic field induction intensity (B). Due to the S of the structure
to RI, it can also be used to make biological detection of Cgc.
The superimposed multiple theories allow this sensor to have a
good S value, a higher quality factor (Q), and a figure of merit
(FOM).

2. Design of MPSPC

2.1. Configuration of MPSPC

The proposed magnetized plasma spherical photonic crystals
(MPSPCs) which are a multifunctional new sensing struc-
ture consisting of six layered structures and two prisms that
can measure among B, PF, and Cgc is plotted in figure 1(a).
The MPSPC is mainly composed of a unit structure consist-
ing of three media with two periodic structures. This peri-
odic arrangement is widely used in PCs sensing design due
to the advantages of phase adjustment. The unit structure con-
sists of two isotropic media A and B with RI of 2.8 (Titanium
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Figure 1. (a) The structure atlas of designed MPSPC. (b) The way magnetic fields are applied.

Dioxide) and 2.1 (Zirconium Dioxide) respectively, and a
layer of P which stands for plasma is placed in the sandwich
between the two. To illustrate the practicality of plasma, it is
essential to delve into their fabrication process. It is widely
acknowledged, particularly in the context of closed-cycle mag-
netohydrodynamic generation, that seed materials like cesium
and potassium, when subjected to non-equilibrium conditions,
yield highly efficient generator performance. Therefore, in the
preparatory stages, it is advisable to initiate the process with
alkali metals or compositions containing alkali metals as seed

materials. Subsequently, helium is introduced as the working
gas. This sequential approach is preferred due to its ability
to mitigate seed ionization instability and partial ionization
issues in inert gases, thus ensuring the achievement of a stable
and uniform plasma state [33]. The media A and B are primar-
ily selected due to their favorable optical properties, including
excellent dispersion characteristics and high RIs. Additionally,
both materials possess high melting points, exhibit resistance
to high temperatures, and demonstrate good chemical stability
[34, 35]. These attributes collectively reduce the constraints on
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potential application scenarios, making them suited choices
for our research. As for the numerical setting of the effect-
ive permeability of PF, it is very special for SPCs, and spe-
cific details will be described in detail later. In the setting of
thickness, we adopt the idea of normalization to simplify the
data. Medium A, P, and B are 0.24d, 0.32d, and 0.44d, respect-
ively. For a more scientifically rigorous design of the struc-
ture, it is imperative to elucidate the application of the mag-
netic field within the proposed configuration. As depicted in
figure 1(b), two electromagnets are positioned at a tilt of 11.5
degrees each, akin to the orientation of the Earth’s north and
south magnetic poles. This arrangement serves to establish an
optimal magnetic field condition both inside and outside the
spherical structure, aligning precisely with the prerequisites
of this design.

2.2. Transfer matrix method (TMM) of MPSPCs

The computation of absorption, reflection, and transmission of
MPSPCs combined with plasma is influenced by the unique
geometric properties of the sphere, as well as the considera-
tions of trace elements and the definition of the incident angle
[36]. In this investigation, the TM waves are precisely defined
by utilizing the profile of the spherical wave and the proposed
MPSPCs aligned with the direction of wave propagation. In
this particular plane, the electric field E is perpendicular to the
plane, while the magnetic field H runs parallel to it, with the
wave vector G indicating the propagation direction. It is worth
highlighting the presence of an intersecting point between the
MPSPCs and the spherical waves. In figure 1(a), tangents are
drawn from this point of intersection to both the MPSPCs
and the spherical waves, allowing for the determination of the
angle of incidence. The EWs propagate from the plane which
perpendicular to the X-axis at an incidence angle a.. Notably,
in TM polarization, the electric field E consistently maintains
its perpendicular orientation to the wave vector G.

The differential form of Maxwell’s system of equations can
be mathematically expressed as [37]:

OH
VXE—_MOE (D
OE
Vfos()E +J ()
dJ
5+ ved = g0wpE 4 we x J 3)

where J is referred to as the polarization current density and
is a vector that decomposes along the /, «, and v directions.
The frequency of collision is denoted by v, and the plasma fre-
quency is denoted by wy,. w is the plasma cyclotron frequency,
noted as eBy/mec. Initially, normalized frequency is used in
this paper to simplify the calculation, wy = 27c/d, wp = wo,
ve = 0.0001wp, and w. = 0.

Utilizing the vector relationship, decomposing equation (3)
in the three different coordinate components of /, o, and i, we
can obtain:
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(—iw +ve) Jy = eowp By + wed 4)
(—iw +ve) Jo = eow, Eo (3)
(w+ve)J, = 50w[§E¢ — wed). (6)

Combining the knowledge about determinants, the relation-
ship between J and E is formulated as [38]:
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From the above, it can be obtained that
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Under the TM polarization, the E and H are represented as:

E=e“(E,0,E,) (13)

H=¢“"(0,H,,0). (14)
The relative calculation is carried out by combining

Maxwell’s equations:
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Due to the physical characteristics of spherical waves, the
derivative of ¥ should be correction treatment. Here, the above
equation becomes:

1 0
— |——(IH,)| =1 E; +isE 1
Psina { 8q7( )} iweg (e1E;+162E, ) (18)
1[0 . .
7 &(}”Hg) = 1weg (—lszEr+€1E¢). (19)
Substitute equations (18) and (19) into equation (15)
10 OH 1 O0°H
e 2 +G°H, =0. 20
2 ol ( ol ) t isinta 092 20)
Furthermore, here
G = wcos a/oEoETm 21
e = (e1 —€3) /e (22)
and « is the incident angle. Then we define
Hy (x) =V(x)V (p) (23)

where x = GI. It is readily known that H,, fulfills the following
differential equation

i;’z +fp =0. (24)
Solving differential equation (24) yields,
U ~ P (25)
where f is a positive integer, a negative integer, and zero.
Then let,
f*=le(le+1)sin’a. (26)

Utilizing the separation of variables method, the equations
on V(x) are derived by combining equations (23), (24) and (26)

12
2
i
X ( + 2)
The boundary conditions are employed to derive the ana-

Iytic equation of V(x), which consists of standard semi-odd
order spherical Bessel equations

,d*V - dv
X—t+x—+

i ™ V(x) =0.

27

V(x) = Ajie (x) + By, (x). (28)

The solutions to the spherical Bessel equation of semi-
odd order are obtained, and the corresponding expressions are
provided below:

(29)

Meanwhile, j;.(x) and n’}.(x) are the first-order derivatives
of the Bessel functions, and the corresponding equations are
indicated as:

. T 1 /7 s
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The vector
V(x)
U(x)

is stipulated and the TMM is adopted to relate the homologous
vectors at different radius [39]

)=m( )=

To make the calculation easier, the method of taking special
values is employed. In the first place, let,

(€19
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(32
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Assign values to V(x) and U(x)

V(x0) = Ajie (X0) + Bnye (x0) = 1
U()Co) = Aj. (xo) + Bny, (X()) +XOAjlg/ ()Co) + xoBny,’ (xo) =0.
(34)

The expressions for A and B can be derived by associating
equation (31)
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Combining equations (33)—(35), the expressions for M
and M, are derived
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Similarly, assigning values to V(x) and U(x),

V(xo) =0,U(xp) = 1. (38)
Then we get:
V(x0) = Cjie (x0) + Drye (x0) = 0
Ul(xo) = iwelo [Cjie (x0) + Dy (x0) 4+ x0Cje” (x0)
+ xoDng.’ (x0)] = 1. (39

The expressions for coefficients C and D are presented
below:
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+

At this stage, the expressions for each element of the trans-
fer matrix are derived. In the study of the propagation of light,
it is common to define the incident and the outgoing waves in
positive and negative directions, which are represented by two
Hankel functions

=
=
=
=
—
L]
Nay

Jie (%) + nge (x)

1 (x) = Jie (x) — inge (x) . (43)

(44)

(45)

From Maxwell’s system of equations, the following rela-
tionship between the E and H can be realized

) WY ()
C,(e)(x) = l—|—xhlf2)( )
X

le

\ )
Cl(e)(x) =1+xL

hy ()

(46)

Within the proposed MPSPCs, the evanescent spherical
waves undergo incidence at [y and exit at rr. The reflection
coefficient r; and transmission coefficient 7; can be accur-
ately described by the elements present in the transmission

matrix M
14+ry . tq
)y P w) =M c? (%) 47
iwegry iweory d iweyry d
where,

M =M MM, ---M;M,
M-! — My My .
My My
rq and ¢4 are able to be represented by the elements in the trans-
fer matrix M. The calculate expression is written as:

(48)
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(49)
C(2) X
rd=M11+M12.167(f)~ (50
1w5frf
Ultimately get,
T= |td|2 R= |rd|2 (5D
A=1—T—R. (52)

2.3. The performance of sensor

In this paragraph, the calculation method of sensor perform-
ance evaluation is revealed. The commonly used metrics for
performance evaluation include S, O, FOM, and detection
limit (DL). The calculation formulas for these metrics are
provided below [40]:

_ 4
S= x (33)
fr
0= FWHM (4
S
FOM = (55)
FWHM
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fr

DL= S xsx0

(56)

where Af and An stand for the amount of variation in frequency
and RI, fr represents the magnitude of the peak frequency,
and FWHM is on behalf of the half-high frequency width of
the absorption peak transmission peak. A well-designed sensor
tends to have a significant S, Q, FOM, and a low DL. The val-
ues of these parameters provide a clear visual representation
of the sensing performance.

3. Initial parameter of MPSPCs sensor

To construct MPSPCs depicted in figure 1, the initial para-
meters n, = 2.8, n, = 2.1, d, = 0.24d, dy, = 0.32d, and
dp, = 0.44d are required, where d is the normalized length.
For the parameter setting of magnetized plasma, we normal-
ize frequency wy = 2wc/d, w. = 0.8wp, and collision fre-
quency v, = 0.00001w, to simplify the frequency parameter
processing. The transmission spectra under these parameter
conditions are obtained using the TMM. Due to the periodic
arrangement of MPSPCs, it is important to consider the num-
ber of periods of the unit containing magnetized plasma by
two ordinary media. Figure 2 displays the transmission spec-
trum complexity for N (on behalf of the layers of periodic
cell structure) = 2, 3, and 4. A single sharp peak with min-
imized burrs is sought for better performance as a sensor in
the operating frequency range of 16-16.6 (2zc/d). For N = 2,
a single peak occurs at 16.32 (27c/d), and the transmittance
can reach 0.9947. When N = 3, the absorption rate is 0.9238
at 16.31 (27c/d), and a peak value exists in the subsequent
working band. N = 4 results in more sharp peaks, with mul-
tiple sharp peaks stacked together at the highest peak. Figure 2
reveals a notable trend, as the number of periods increases,
more instances of frequency and phase modulation align
with the criteria for generating resonance peaks, specifically
integer multiples of half-wavelength. Consequently, the count
of observable peaks rises proportionally. Simultaneously, as
the number of propagation cycles increases, energy attenu-
ation becomes more pronounced. This augmentation in res-
onance frequency leads to enhanced transmission efficiency,
ultimately yielding sharper transmission peaks. In accordance
with the production principle of the sensor, only N = 2 can
satisfy the production demand, and thus improve the structure
design.

The optimization of the sensor infrastructure has resul-
ted in improved parameters, specifically setting w, = wq and
wc = 0.8w,. Dielectrics A and B act as two prisms respectively.
To assess the generation of evanescent waves in accordance
with the principle of high transmission due to the introduced
prism structure, a detailed examination of the magnetic field
distribution within the structure is conducted. This analysis
provides valuable insights into the influence of transmitted
evanescent waves based on fundamental physical principles.
The magnetic field intensity distribution in the z-direction
depicts the behavior of the incident TM wave’s magnetic field

(16.3,0.9262)

e
=
1

e
[ ]
1

Transmittance

0.0

16.0 161 162 163 164 165 16.6

Normalized frequency (ch/d)

Figure 2. N = 2,3, and 4, the transmission spectra in the working
frequency band are generated by the structure.

intensity at the corresponding frequency of the transmission
peak. A notable phenomenon of evanescent wave occurrence
arises when EWs penetrate the magnetized plasma layer via
the prism. The thinness of this layer allows for full reflection
to occur at the boundary between dielectrics A and B. As illus-
trated in figure 3(a), the electromagnetic field becomes con-
fined within the resonant cavities formed by dielectrics A and
B. In the electromagnetic field size distribution simulation of
the structure, because the shape of the sphere is not easy to
calculate, it is uniformly stretched into cuboid regular arrange-
ment for calculation. This confinement gives rise to a distinct
transmission peak in the overall transmission spectrum, sig-
nifying the presence of resonant modes. Figure 3(b) displays
the dispersion relation of the proposed structure, depicting the
Bloch wave vector 5z within the range of 0 to 7/d. Notably,
under suitable incident angles, distinct transmission bands can
be observed, represented by the black regions in figure 3(b).
The dispersion spectrum reveals the presence of two wide
white bands, alternating with the black regions. This intriguing
arrangement of black and white regions signifies the high and
low distribution of transmission spectrum lines. The formation
of these transmission bands can be attributed to the existence
of evanescent waves, which play a significant role in shaping
the passband structures. These unique physical properties give
rise to the observed phenomenon, wherein the presence of van-
ishing waves contributes to the distinctive pattern of the trans-
mission spectrum. The dispersion spectrum, characterized by
the distinct alternation of black and white regions, reflects the
specific transmission characteristics exhibited by the proposed
structure.

4. Measurement and discussion

When designing a MPSPCs sensor, it is important to estab-
lish a relationship between the frequency and the object being
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measured. This allows for the conversion of an unclear signal
into a visible photoelectric signal. The resonant frequency
must shift linearly with changes in the correlation coefficient
of the object being measured. Sensors based on this principle
have shown excellent sensing performance. The sensor presen-
ted in figure 2 demonstrates high resolution and high-quality
sensing performance, allowing for measurements of B, PF,
and Csc. The sensor’s performance is on par with that of a
biosensor.

4.1. About the magnetic field

To measure the magnetic field B, we adjust the initial data to
we = lwp, and varied the size of wy,. The transmission spec-
tra are observed and found that the transmission peak shifted
in frequency with different wj, values, as shown in figure 4(a).
We vary w;, from 0.8wq to 1.0wg in increments of 0.05wq and
performed simulation calculations. The peak frequency of the
transmission spectrum shows a certain functional relationship
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with wy,. Figure 4(b) shows that within a continuous interval
in the working frequency band 15-17 (27c/d), there is biased
red filling, indicating that the high transmittance is greater than
0.9 at each wj, value, and most areas are dark blue, observing
that at each working frequency point, there is only one trans-
mission peak and no burrs. The efficiency of the sensor is
greatly improved and ensures that it is not interfered with
by other stray peaks during detection. The colored areas start
thicker and become lighter, showing a strong linear relation-
ship. Figure 4(c) further proves the linear relationship between
frequency and the object being measured. The peak is extrac-
ted coordinates from figure 4(a) and performed linear fitting so
that a strong linear relationship with a correlation coefficient
greater than 0.996 is revealed. The specific linear fitting rela-
tionis S = 0.475 e-m-T~!, where e and m are on behalf of the
number of charges and the relative mass of electrons
fi, = —0.475B + 17.99. 57

Q and FOM are important physical quantities for meas-
uring sensor performance, which can be easily calculated
after obtaining § = 8.35 x 10'® T~! from equation (57). In
figure 4(d), the maximum values of Q and FOM are 4080
and 117.5 eem-T~!, and the minimum values are 2150.7 and

62.7 eem-T~!, both of which showed a rising trend within the
working frequency range. In addition, the slope becomes lar-
ger during the rise of the value, indicating that the rate of
change gradually increases with the change of frequency from
16 ~ 16.5 (2mwc/d). The overall performance of the sensor is
good.

4.2. About the plasma frequency

Based on the unique advantages of magnetized plasma mater-
ials, changes in PF can affect the overall RI, resulting in
differences in phase and forming distinct transmission peaks
across different working frequencies ranging from 15.9 to 16.5
(2mc/d), with an initial parameter of w, = 0.8wg. By chan-
ging w from 0.7w, to 1.1wy, transmission spectra are plotted
separately. As w, decreased, the sharp transmission peak shif-
ted gradually from left to right, and the density of the lines
increased slowly, as depicted in figure 5(a). Figure 5(b) is a
three-variable graph of frequency, PF, and transmittance, with
colors changing from dark blue to bright red corresponding
to transmittance values from 1 to 0. A quasi-linear curve is
observed with an orange line in figure 5(c), with R> = 0.999
and § = 047 2mc/d)~" x e’/m/ey. After simplifying the
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calculation, S = 1.5 x 10~* (2rc/d)~'. The specific linear for-
mula is as follows:
Jo. = —0.47w, + 17.07. (58)
Similar to the sensing performance of magnetic B, changes
in Q and FOM values also demonstrated an upward trend, with
a stable rising rate in figure 5(d). The maximum values of Q
and FOM are as high as 6850 and 198 (2mc/d)~! x e*/m/e,
respectively, with large standard deviations of 2101 and 60.3
(2me/d)~! x e*/m/ey. While not ideal, the mean values of 3583
and 104.5 (27rc/d)~! x e?/m/e( remained consistent. As depic-
ted in figure 5(a), the large standard deviation values of Q and
FOM are due to the significant changes in half-high-frequency
width across each curve. However, the overall sensor perform-
ance remained excellent and maintained a high level.

4.3. About the serum creatinine

Serum creatinine sensors hold immense significance in the
field of healthcare due to their ability to provide precise and
real-time measurements of serum creatinine levels [41]. These

sensors play a pivotal role in various critical aspects, includ-
ing the assessment of kidney function, management of kidney
diseases, personalized drug dosing, detection of acute kidney
injury, post-transplant monitoring, and advancements in kid-
ney research. By enabling accurate monitoring of serum cre-
atinine levels, these sensors significantly enhance patient care,
leading to improved treatment outcomes and a deeper under-
standing of kidney-related conditions. Their application facil-
itates the optimization of therapeutic interventions and con-
tributes to advancements in renal medicine, benefiting indi-
viduals across diverse healthcare settings. When this structure
is utilized for Cgc detection, the initial parameters are set as
wp = 0.8wp and w, = wy. The position of medium B is replaced
with a serum creatinine solution and the solution concentration
is subsequently changed to alter the Csc in the aqueous solu-
tion. As the Csc increases, the corresponding spectral lines
shift in frequency from left to right. Additionally, each trans-
mission peak value remains close to 1. These results are illus-
trated in figure 6(a). In essence, the sensing detection of Cgc is
the sensing of the equivalent RI of the solution, which is sim-
ilar to the RI sensor. A close relationship between Csc and RI
needs to be established, as shown in table 1 [42].
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Table 1. Creatinine concentration (pmol 171 with attributed R

Creatinine concentration

RI

(pemol 1=

2.661
2.655
2.639
2.610
2.589
2.565

80.9
81.43
82.3
83.3
84.07
85.28

Table 2. The performance of published literatures compared with this work.

Performance
Multi-quantity

Literature measurement Analyte S 0 FOM DL
Su et al [44] No B 6.5nmT~! 7602 55 1.44 x 1073
Zaky et al [45] Yes Blood, cancer cells 72 THz/RIU 18.971 None None
Bounaas and Labbani [46] No RI 11 THz/RIU 1420 407 None
Sriramprabha et al [47] No Chemical analytes 268 THz/RIU None 1276 3.9 x 1074
Wan et al [48] No RI 32.3 THz/RIU None 100 None
Sun et al [49] No Plasmonic 0.95 THz/RIU 26.48 68 None

B 145 x 10'917! 2235 None None
Zhang et al [50] Yes PF 1 x 10*Qmrcld)™'m? 1927 None  None

RI 0.213 THz/RIU 378.03 None None

B 8.35 x 1010 T~! 3583 105 None
This work Yes PF 1.5 x 107* Qme/d)™" 2970 86 None

Csc 3.55 THz/RIU 22824 5711 9.19.1 x 107°

As a sensor design, when we detect a substance, we must
have a very strong transmittance or absorptivity over a con-
trolled frequency range, and this physical effect remains even
when the measurement changes. The measurement of the
structural efficiency of Csc is specifically shown in figure 6(b).
It can be observed that a thin and narrow linear function
appears in the center of the image, which is distinguished
by bright color and dark blue representing low transmit-
tance. The thin and narrow properties can indirectly reflect
the very cool sensing performance of this structure when it
is used for Csc material sensing, namely the Q value. To
further explore the feasibility of the structure, five points
are selected to be detected to study the relationship between
peak frequency and material transformation in their trans-
mission graphs, and found that there was a strong linear
relationship with a correlation coefficient greater than 0.999.
The specific linear fitting expression in figure 6(c) is shown
below

fscr = —3.55Cs¢ + 23.46. (59)

The S of the linear fitting formula is up to 3.55 THz/RIU,
and the linear relationship is a negative correlation. Similar to
the performance measurement standards of traditional sensors,
they are often determined by the size of Q and FOM. The
difference is that biosensor has a very high requirement on
the DL, and the value should be less than 10~ [43]. The

sensor performance was calculated within the detection range,
as shown in figure 6(d). The increasing and decreasing trends
and rates of Q and FOM are relatively consistent, decreasing
from 28700, and 7100 RIU~! to 17 625, and 4438 RIU"!,
respectively, and the variation range of performance within the
detection range maintained at about 37% of the highest value.
The variation curve of DL, contrary to Q and FOM, increases
with the shift to the right of the corresponding peak frequency
of the measured object, that is, the performance weakens, and
the maximum DL reaches 1.12 x 1073 RIU, still remaining
below 1 x 10~* RIU, which ensures the credibility of the
structure for biosensing.

Last but not least, conventional sensors are often used only
for single-physics measurements, dedicated to the fine meas-
urement of a parameter. This paper proposes a multi-physics
sensor, which can also be used for the measurement of differ-
ent properties in the same structure. Additionally, the sensor
in this paper has excellent O, FOM, and DL values, which are
crucial for the fine measurement of multiple physical quantit-
ies. To highlight the features of the design of this paper, table 2
is used for comparison which focuses on the comparison of
whether the multi-physical quantity sensor and the measurable
physical quantity, and compares the corresponding sensor per-
formance, highlighting the superiority of the MPSPC designed
in this paper. While maintaining good S, Q, and FOM, three
kinds of physical quantities can be measured at the same
time.
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5. Conclusion

In summary, this paper proposes a multifunctional MPSPC
sensor based on the evanescent wave principle and util-
izes TMM for data simulation and calculation. The sensor
can measure three physical quantities, including B, PF, and
Csc, and the sensing performance for each physical quant-
ity is discussed. The corresponding values of S, O, and
FOM are 835 x 100 T—!, 3583, 105 em-T~! for B,
1.5 x 10~* (2mc/d)~!, 2970, 86 (2mc/d)~! x e*/m/g for PF,
and 3.55 THz/RIU, 22 824, 5711 RIU~! for Cyc, respectively.
As a Cgc biosensor, DL is the key detection index, reaching
9.1 x 107® RIU. This paper broadens the use of PCs as a
material and extends the design of photonic sensors, with a
focus on deriving the formula of MPSPC. It is believed that
the results presented in this paper will have practical applica-
tions in various fields in the future.
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