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Formed by Ferroelectric Crystals

for Wide Range Multiphysical
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Abstract— A metalayer (ML) composed of indium antimonide,
ferroelectric crystals, and porous silicon (Psi) with high trans-
mission, sensing properties, wide detecting range, and multiple
physical measurements is proposed which is optimized by the
improved ant colony algorithm (IACO). Due to the quasi-phase
matching principle and nonlinear optical properties, the second
harmonic waves (SHWs) with high conversion efficiency are
successfully generated in the micrometer operating band and
form a high and narrow transmission peak for sensing detection.
Through analysis using the transfer matrix method (TMM) which
is driven by IACO to accelerate the optimization of structures,
the sensing performance sensitivity (S), quality factor ( Q), figure
of merit (FOM), and detection limit (DL) are calculated. The
proposed ML demonstrates the capability to measure thickness
(S = 18.75, Q = 11 885, FOM = 332 µm−1), external
temperature (S = 4.6 nm/K, Q = 7046, FOM = 0.049 K−1),
and magnetic field intensity (S = 1332 nm/T, Q = 8146,
FOM = 16.3 T−1). Additionally, it exhibits an ultrawide refractive
index (RI) sensing range from 1 to 5, and excels in detecting
hydrobacteria, and viruses with good sensing performance (S =

44 000 and 43 460 nm/RIU), high Q values (5585 and 6103),
and low DL (1.38 × 10−4 and 1.3 × 10−4 RIU). This versatile
and promising ML design offers possibilities for comprehensive
multiphysical and chemical parameter measurements in diverse
fields.

Index Terms— Ant colony optimization (ACO), ferroelectric
crystal, metalayer (ML), multiphysical and chemical quan-
tity wide range measurement, second harmonic wave (SHW)
generation.

I. INTRODUCTION

THE metalayer (ML) is a material characterized by a
periodic distribution of dielectric constants and refractive
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indices (RIs), holding significant importance within the realm
of photonics. It is composed of various layers of media
meticulously arranged in a specific spatial order. This unique
structural configuration and composition give rise to intriguing
optical phenomena, involving the diffraction and interference
of light waves within its confines. Within a defined frequency
range, corresponding to specific wavelengths is associated with
the creation of a photonic band gap (PBG). These fundamental
characteristics underpin resonance and phase modulation, ulti-
mately leading to the acquisition of distinctive and valuable
physical properties [1], [2]. Comprising various stacked mate-
rial layers forming a periodic structure, ML exhibits unique
PBG and energy local physical characteristics [3], [4], [5],
enabling the design of optical waveguides, filters, and convert-
ers through Bragg scattering of electromagnetic waves (EWs)
[6], [7], [8]. Optical sensors, known for their non-contact
nature, high sensitivity (S), fast response, and low power con-
sumption, serve as vital detection tools, with ML being widely
utilized in their design [9]. These sensors rely on optical
principles to detect diverse physical and chemical quantities
in the environment, converting interactions with light waves
into electric signals, and then processing the results for visible
display, making them prevalent in photoelectric, optical fiber,
and optical imaging sensors [10]. The proposed ML, based on
the intrinsic resonance principle of indium antimonide (Insb),
belongs to the class of optical cavity sensors in the realm of
optical spectral sensors [11]. By incorporating layered Insb,
the overall structure gains intrinsic resonance characteristics,
aligning the intrinsic vibration of material with the incident
wavelength of EWs at specific frequencies [12]. This leads
to a heightened transmittance of light at that wavelength as
it passes through the structure. Currently, many ML sensing
designs are available. A temperature sensor was proposed by
Kumar et al. [13]. A bio-alcohol sensing ML structure was
proposed by Al-Dossari et al. [14]. However, these designs
often lack consideration for multiphysical and chemical quan-
tity detection and wide-range measurement capabilities. Many
sensing designs can only detect a single physical quantity,
limiting the utilization efficiency of the ML. Moreover, the
measurement range is often confined to the vicinity of the
target object, which can negatively impact the measurement
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function of sensors if the physical data of the detected object
deviates from this narrow range. Therefore, a need exists for
more comprehensive and versatile ML designs capable of
detecting multiple physical quantities across a broader range.

In recent years, nonlinear optics has been an active area
of research, showcasing distinctive effects in special materials
with high intensity and energy density, encompassing optical
frequency mixing, phase modulation, and self-focusing [15],
[16], [17]. ML with nonlinear polarization media change has
generated numerous scientific phenomena, such as optical
bistability and PBG drift, through their combination of PBG
and nonlinear optical effects [18], [19]. A central focus
of this study is second harmonic wave (SHW) generation,
wherein incident light passing through nonlinear materials
leads to nonlinear polarization, resulting in some energy
being absorbed by another group of photons, generating a
resonance frequency twice that of the incident light [20], [21].
Moreover, periodically altering the polarization direction and
thickness in nonlinear ML significantly affects photon-electron
or photon-molecule interactions. Periodically polarized fer-
roelectric crystals (PFC) are widely employed as nonlinear
materials subject to thermal and magnetic control, further
optimizing SHW generation, as researchers continue striv-
ing to enhance nonlinear Conversion efficiency (T -con) for
improved SHW applications [22], [23]. Traditional SHW
research only focuses on the generation mechanism of SHW
and the influence of the corresponding structural parameter
setting on T -con and does not further study the special
physical characteristics brought by SHW. In this article,
the high transmission peak generated by SHW is used
for sensing and detection, and the utilization of SHW is
expanded.

Porous silicon (Psi) has been widely employed in the
design of ML owing to its significant advantages [24]. The
unique properties of Psi, such as aperture control and ver-
satile surface chemistry, allow for precise adjustment of the
refractive index (RI) of the filler, making it highly versatile in
various research fields [25]. Particularly in gas, chemical, and
biological analysis, its capacity to finely tune the effective RI
grants its high S to even minute changes. When combined
with a gas cavity, it facilitates the creation of an analyte
layer for filling, leading to a well-suited multilayer stack
structure for the design conditions of the sensor. The analytes
in this article can be continuously replaced by filling the
structure composed of Psi to realize the analysis of more
detected substances. Psi is conventionally generated through
the electrochemical anodization of crystalline silicon within
a hydrofluoric acid solution. The porosity of the resulting
structure is determined by the current density applied during
the anodic oxidation process, representing the volumetric
proportion of pores within the material [26]. Notably, the
electrochemical etching procedure is inherently self-limiting
in nature. It exclusively transpires at the boundary interface
between the Psi layer and the underlying crystalline silicon
substrate. Consequently, previously etched porous regions
remain unaffected by subsequent electrochemical etching pro-
cesses. This method is characterized by its expeditiousness and
cost-effectiveness.

Artificial intelligence is one of the most popular types
of research at present, among which optimization algorithm
also occupies a place. Optimization algorithm, as the most
basic program theory, brings great convenience to computer
calculation. Ant colony optimization (ACO) is an optimization
technique that can be called artificial intelligence ant inspired
by the foraging behavior of ant colonies in nature [27]. It was
originally proposed and applied by Italian mathematician
Marco Dorigo in the early 1990s, and subsequent researchers
have further developed and refined it [28]. ACO is rooted in
the behaviors exhibited by ants in their search for food, and
they are harnessed for solving complex optimization problems.
In this algorithmic framework, each individual ant represents a
potential solution to the problem at hand. These ants traverse
the problem space, effectively charting out potential solution
paths. First, the concentration of pheromones along a path
serves as an indicator of path quality. Ants exhibit a preference
for paths with higher pheromone concentrations, interpreting
these as better choices. And then, heuristic information plays
a pivotal role. It typically represents the heuristic estimation
made by an ant from its current location to the target location.
This information guides ants in their path selection. As ants
move along their chosen paths, they deposit pheromones based
on the perceived quality of the path. Paths of superior qual-
ity release more pheromones. Over time, these pheromones
naturally evaporate. However, the choices made by ants
continually refresh the pheromone concentrations. Through
numerous iterations, the ant population gradually converges
toward an optimal solution, allowing them to uncover the best
or near-best solutions to the problem at hand. Notably, the
elite ant system and the largest and smallest ant system are
commonly used variations of the algorithm [29], [30]. In this
study, an adaptive ant colony algorithm is employed to enhance
the transfer matrix method (TMM) for analyzing the physical
properties of ML [31], [32], [33]. By using TMM, the absorp-
tion and transmission rates of EWs through the structure can be
calculated and analyzed. Previously, the complex matrix oper-
ations of TMM and the abundance of variables in ML design
made it challenging to optimize the structure, often relying on
time-consuming enumeration trial-and-error methods. In this
article, an improved ACO (IACO) is utilized to optimize the
structural design of ML [34]. The IACO streamlines the matrix
operations in TMM, increasing the speed of high-dimensional
operations and reducing the time required for the structural
design process. ACO is currently one of the most widely used
optimization algorithms, and it possesses several distinctive
advantages. Notably, its optimization methodology is rooted
in distributed computation, enabling multiple individuals to
compute in parallel. IACO inherits these strengths while
adding further robustness. When confronted with intricate,
nonlinear, and multimodal optimization challenges, it excels
and exhibits a heightened ability to navigate such complexities,
making it particularly well-suited for high-dimensional matrix
operations. Furthermore, the algorithm demonstrates adapt-
ability in its operations. Ants, the agents within the algorithm,
dynamically adjust their behavior in response to fluctuations in
pheromone concentration along their paths. This adaptability
renders the ant colony algorithm highly resilient in the face
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of evolving environmental conditions and problem dynamics,
making it a robust choice for a wide range of optimization
scenarios. Generally speaking, the proposed ML has a high
transmittance in the micrometer operating band. The designed
ML can be applied in optical sensor applications, providing
measurement and monitoring functions for thickness, external
temperature (Text), magnetic induction intensity (B), as well as
detecting hydrobacteria and viruses. Thanks to the quasi-phase
matching principle, the resonant mode remains relatively sta-
ble, ensuring a wide measuring range of RI in the analyte-filled
layer composed of air and Psi. The superiority of the IACO
algorithm grants the sensor a high S, quality factor (Q), figure
of merit (FOM), and a low detection limit (DL). In addition,
it should be stated that the proposed ML only considers
purely theoretical research, and specific experimental fabri-
cation research is not within the scope of consideration in this
article.

II. THEORETICAL DESIGN OF ML

A. Composition of Proposed Structure

The proposed ML structure, designed for the detection of
multiple physical quantities and featuring a wide measurement
range, consists of 18 layered structures arranged as (PFC2-
Ko-Psi1-Psi2-In-PFC1)

3, as illustrated in Fig. 1(a). The dark
blue dielectric layer represents the PFC2 layer, which serves
as the incident surface layer. In represents the Insb layer with
a thickness of dInsb, and Ko represents the air layer. dpsi1
and dpsi2 on behalf of the different thicknesses of Psi. The
cavity layer has a thickness of dgas, and the corresponding
RI (ngas) is determined by the filling medium. The cavity,
enclosed by the orange solid wire square on the lower left
side of Fig. 1(a), constitutes the analyte layer. The structure
consists of two Psi layers, Psi1 and Psi2, along with air
layers with different porosities, creating a structure capable
of interacting and circulating with each other. The analyte
placement structure is flanked by the dielectric PFC2 layer
on one side and the Ko layer on the other. These two media
act as partitions in the filling layer, effectively insulating
the analyte and preventing it from significantly impacting
the overall physical properties of the structure. In Fig. 1(b),
a schematic depiction of the sensing mechanism is illustrated
from a planar perspective of the proposed structure. PFC2 and
PFC1 serve as substrate materials at both ends, and analytes are
introduced into the central region of the packaging structure
to fill the cavity formed by Ko, Psi1, and Psi2. Notably, in the
application of biosensing to differentiate cancer cells from
normal cells and detect waterborne bacteria in a solution,
RI sensing is executed by injecting analytes into an analytical
layer. This is achieved through a micropermeation technology
utilizing a hollow submicrometer-sized pipette, a precision
technique as documented in [35]. The etching method is a
common method used to prepare ML, which forms periodic
structures by chemically or physically etching the surface of
the material [36]. Detailed preparation methods are presented
in Section 2 of Supplementary Material. In Fig. 1(a), the
green apple cylinder indicates the incident direction of the
EWs, with an angle of θ relative to the horizontal direction.

Fig. 1. (a) Design sensing structure of the proposed ML and (b) working
design of sensing purposes.

The incident wave propagates as a transverse magnetic (TM)
wave mode, with the magnetic field direction perpendicular
to the EWs propagation direction and horizontally distributed
along the structure surface. Notably, this study focuses on
exploring SHW generation, necessitating an investigation of
the physical properties of the proposed ML under both fun-
damental wave (FW) and SHW conditions. In Fig. 1(a),
the layered LiNbO3 materials denoted as PFC2 and PFC1,
have thicknesses d1 and d2, respectively. Their fundamental
frequency RIs are nf1 and nf2, while their frequency multi-
plier RIs are np1 and np2, influenced by the applied electric
field. The specific formulas for these parameters are provided
below [20]

np1 = n f1 + 1np1 = n f1 −
1
2

n f 3
1 r33 E (1)

np2 = n f2 + 1np2 = n f2 +
1
2

n f 3
2 r33 E . (2)

The electro-optical coefficient, denoted as r33, corresponds
to the specific material’s properties, and E represents the
amplitude of the electric field. These parameter settings are
analogous to nonlinear coefficients, and the value of r33 holds
distinct significance in various research domains. The FW RIs,
nf1, and nf2, are obtained using the following formula [20]:

n f = O +
U

λ 2 − V 2 − W λ
2. (3)

The values of parameters U , O, V , and W vary under
different environmental settings. The specific definition of each
parameter is referred to [40]. In the ML design structure, their
values are set as: U = 5.065, O = 11.13 × 104, V = 6.7525
× 104, and W = 1.605 × 10−5, respectively [20]. It is
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worth noting that the RI setting of nf1 and nf2 is artificially
controlled, and the electro-optical control of PFC1 and PFC2,
as a special material, can effectively manipulate the optical
signal, thus providing a foundation for SHW production in
combination with the nonlinear Kerr effect. Therefore, the
dielectric constant of the PFC material can be expressed as
follows [37]:

ε = εN L
+ εL

= εL
+ ε0χ E2 (4)

where the linear and nonlinear permittivity of the medium
is represented by L and NL, respectively. The nonlinear
permittivity is further expanded as the product of the non-
linear polarizability χ , the permittivity in vacuum ε0, and the
surrounding electric field E . This equation is combined with
the continuity equation of particle transport [38]

∂ρe

∂t
+ ∇(0eρe E − F∇ρe) = ρeυeα(E, P) − Se (5)

where the definition in the above formula can be referred to
the [38]. Through (5), the permittivity of PFC1 and PFC2
can be further obtained by considering the electron density
(ρ), electron diffusion coefficient (F), electron ionization
coefficient (α), and electron loss rate (Se) [38]

εPCF = 1 −
e20e Eα(EP)

ε0meβω2(1 + jυm/ω)
. (6)

With the propagation of EWs in the structure, the dielectric
constant of each layer of PFC is influenced by the internal
electric field distribution E in the large periodic arrange-
ment structures, resulting in a highly complicated calculation
process. To simplify the calculation process, the amplitude
distribution of the continuous wave differs significantly from
the signal amplitude under the condition of high incident light
intensity is considered into. Thus, the nonlinear correction
term caused by the signal wave can be neglected in the
calculation process [39]

np f = np + 1np f · I. (7)

Here the intensity of the control wave is denoted by I , and
np stands for the initial value of the RI of PFC1 and PFC2
under the condition of the SHW. The final RI value npf is
approximated using the optical Kerr effect under continuous
EWs excitation.

Similarly, as a widely used material, the dielectric constant
formula of Psi differs from that of ordinary media. Before
calculating the dielectric constant of Psi, it is essential to
determine the characteristics of silicon RI as it changes with
the working wavelength [40]

Then, let [26]

npsi = 0.5

√
M +

√
M2 + 8n2

si n2
gas (9)

M = 3P
(

n2
gas − n2

si

)
+

(
2n2

si − n2
gas

)
. (10)

In the provided description, npsi represents the final RI, ngas
stands for the RI of the object injected into the hole, and
M signifies the porosity of the Psi and the influence of the
packed analyte on the overall RI value. In the investigation
of ML, crucial physical quantities such as absorption rate

(A), reflectance (R), and transmittance (T ) are taken into
consideration. Owing to the intricacy of model construction
and the multidimensional nature of calculations, the TMM is
employed to calculate the correlation matrix. However, due
to the generation of SHW and the incorporation of nonlinear
materials, enhancements have been made to TMM to ensure
more precise calculations. Next, the calculation of TMM
under SHW condition is derived by Maxwell’s equations are
presented in Section 1 of Supplementary Material [41].

B. Sensing Performance Evaluation Method

In the application of the proposed ML for sensing,
to facilitate a clear comparison of the sensor’s performance,
researchers have defined S, Q, FOM, and DL. These parame-
ters are categorized into the frequency domain and wavelength
domain, based on the differences in calculation formulas for
different research domains. For this article, the wavelength
domain is the focus of investigation [44]

S =
1λ

1x
(11)

Q =
λT

FWHM
(12)

FOM =
S

FWHM
(13)

DL =
λT

20SQ
(14)

where λ denotes the working wavelength, 1 represents the
variation in value, S signifies the relationship between the
change in the detected quantity and the corresponding wave-
length displacement, λT stands for the peak wavelength, and
FWHM is the wavelength difference at half of the peak.

C. Calculation Method of IACO

The proposed IACO is employed to drive the TMM calcu-
lation and optimize the ML structural model, as outlined in
Fig. 2. The ACO algorithm emulates the foraging behavior of
ants, applying mathematical formula fitting to concretize the
abstract phenomenon in the animal world. Before initiating the
calculation, a series of parameters are set. Initially, W ants are
randomly placed in the city, and the initial pheromone values
on each path are made equal. Since the sensing performance
in this article is represented as a transmission peak, each city
depicts a transmission peak. The initial pheromone value is
set as [45]

τi j (0) = τ0 (15)

τ0 =
W
LW

(16)

where τ0 stands for the value of the initial pheromone and LW

denotes the path length constructed by the nearest neighbor
heuristic. Different routing means different parameter settings.
Subsequently, for ant kk (kk = 1, 2, . . . , W ), the next city to be
transferred is selected based on the random proportion rule,
and its selection probability is determined by the following
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Fig. 2. Process of IACO utilizes TMM to optimize.

expression:

ζ kk
i j (t) =


[
τi j (t)

]α[
γi j (t)

]β∑
s∈akk [τis(t)]α

[
γis(t)

]β
, if j ∈ akk

0, Others

(17)

where τ represents the pheromone level on the edge between
city i and city j , while γ denotes the heuristic factor indicating
the attractiveness of moving from city i to city j . The set akk

stands for the cities that ant kk will be allowed to visit next.
α and β are two constants, respectively, the weight value of
pheromone and visibility

τ0 =
W
LW

. (18)

Here, the variable ζ has a range of (0, 1) and depicts the
evaporation rate of the pheromone. In the general problem,
the value of ζ is commonly set to 0.5. Additionally, 1τ k

i j
represents the pheromone level left by ant k on the path

1τ kk
i j =

{
(Ckk)

−1, if the kth ant traverses(i, j)
0, others

(19)

where Ck stands for the total path length obtained by the kth
ant after completing the entire path. As per (19), when the ants
construct shorter paths, they accumulate more pheromones
on each edge of the path, increasing the likelihood of being
chosen by other ants in future iterations. Upon completing a
cycle, the ant clears its tabu table and returns to the original
city, preparing for the next trip.

While the basic algorithm performs well in low-dimensional
cases with few parameter settings and can quickly find opti-
mal paths, it faces challenges as the construction model
becomes more complex, leading to performance deterioration
and noticeable stagnation. To address these issues, this article
proposes an IACO method. The key to this enhancement lies
in how pheromones are updated, allowing for more efficient
exploration of the search space and better convergence toward
optimal solutions [46]. In this context, it is important to
provide a detailed explanation of the concept of the search
space as it applies to the algorithmic aspect of our study.

In algorithmic terms, we can liken the search space to a
map where virtual ants are seeking optimal solutions, much
like real ants searching for food. In our physical application,
this search space is a representation of countless points,
each denoting a specific physical property corresponding to
various optimization parameter settings. This expansive map
encompasses the entire range of potential configurations,
allowing us to explore and identify better conditions for our
research{

τi j (t + 1) = (1 − ξ)1+ϕ(W )
· τi j + 1τi j , τ ≥ τmax

τi j (t + 1) = (1 − ξ)1−ϕ(W )
· τi j + 1τi j , τ < τmax.

(20)

The proposed IACO employs a combination of determin-
istic and random selection strategies to enhance convergence
efficiency. The number of continuous convergences, denoted
as W , is used as a function proportional to the convergence
count. A higher number of convergences W leads to a greater
value of ϕ(W ). During the search process, the probability of
deterministic selection is dynamically adjusted in real time.
Once the evolution direction is largely determined after reach-
ing a certain number of convergences, the information on the
paths is dynamically adjusted to narrow the gap between the
best and worst paths. This ensures a more balanced distribution
of information and allows for a more comprehensive search
of the solution space.

When dealing with ML design models that involve numer-
ous parameters or layers, and complex high-latitude matrix
operations are required by TMM, the existence of an
information volatilization coefficient reduces the amount of
information on paths that have not been explored to nearly
zero. This prevents ants from repeatedly choosing the same
path. Conversely, paths with a large amount of information
are more likely to be selected again, potentially affecting
the algorithm’s ability to find a better solution. In such
cases, adjusting the volatilization coefficient helps control the
convergence speed of the algorithm.

By dynamically adjusting the information intensity on each
path based on the solution distribution, the movement of ants
is neither too concentrated nor too scattered, thus avoiding
premature convergence and local optima. As a result, the
global search ability of the algorithm is enhanced, and the
model parameters can be adjusted with greater precision.
This optimization strategy improves the overall efficiency and
effectiveness of the proposed ACO method in designing ML.

III. DESIGN AND SIMULATION RESULTS

After constructing the 18-layer ML, the sensing perfor-
mance and its wide measurement range are obtained by
optimizing the thickness of each layer medium (d1, d2, dpsi1,
dpsi2, dInsb, dgas), the dielectric constant of Insb under Text and
B, the porosity of silicon (kpsi1, kpsi2), and light intensity (It ).

nsi =

√(
1 +

10.6684293λ 2

λ 2 − 0.3015164852 +
0, 0030434748λ 2

λ 2 − 1.134751152

)
+

1.54133408λ 2

λ 2 − 11042 . (8)

Authorized licensed use limited to: Nanjing Univ of Post & Telecommunications. Downloaded on December 04,2024 at 07:03:08 UTC from IEEE Xplore.  Restrictions apply. 



8002916 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 73, 2024

TABLE I
ALL PARAMETERS TO BE OPTIMIZED

The incident angle of EWs θ is also optimized utilizing the
IACO. The details of the parameters to be optimized can be
seen in Table I.

Furthermore, certain parameters are held constant in the
study. The RIs ngas, npsi1, and npsi2 are set to 1 when no
analyte is added. Regarding the PFC setting, the nf1 and nf2
are assigned values of 1.617 and 2.955, respectively [42].
Additionally, the np1 and np2 are set to 1.68 and 3.245.
The third-order nonlinearity, represented by χ3, is defined as
27.2 pm·v−1. Based on the given data, the ML is designed
accordingly. When the EWs are vertically incident from the
PFC2 layer, a sharp transmission peak is obtained, as illus-
trated in Fig. 3(a). A high transmittance of 99.9% at the
operating wavelength of 665.76 µm is achieved by ML.
The requirement of sensing performance being above 0.9 is
met, ensuring sensing capabilities, meaning that the sensing
performance is not affected by other signals during operation.

The structure outlined in this article is capable of pro-
ducing high-quality transmission peaks within the respective
operating frequency range. This phenomenon arises from
the precise adjustment of dielectric layer combinations and
thicknesses, allowing resonance to occur at specific wave-
lengths. This optical resonance significantly enhances the
transmission of wavelengths through the optical fiber. More-
over, the successful generation of SHW results in a doubling
of the resonance frequency, further enhancing the qual-
ity and amplitude of these transmission peaks. Building
upon this foundation, our proposed structure is extended
for the purpose of substance detection. This extension relies
on the impact of the analyte on the transmission spec-
trum of the proposed structure. By observing alterations in
the transmission peak, we can effectively demonstrate the
sensing capability for detecting changes in the measured
substance.

Fig. 3. (a) Transmission peak generated by ML based on SHW during
forward propagation of EWs. (b) Reflection peaks generated by ML based on
SHW during EWs backward propagation.

To further support the notion that the transmittance peak
is induced by the intrinsic resonance of the Insb layer,
Fig. 3(b) displays the scenario where EWs are incident from
the PFC1 dielectric layer behind the structure. Obviously,
a low reflectance is observed at the operating wavelength of
665.76 µm, nearing 0. The similarity in shape and change
between the transmittance peak generated by forward inci-
dence and the reflection peak generated by reverse incidence,
along with their shared peak value at the same wavelength
point, indicates that the intrinsic resonance formed by the Insb
layer significantly influences the propagation of EWs through-
out the entire proposed ML, thereby resulting in alterations to
the transmittance of EWs.

In comparison to FW, EWs offer several advantages in
propagation, notably its signal amplitude enhancement feature,
which improves sensing performance while simultaneously
increasing frequency and decreasing wavelength. To provide
evidence for the generation of SHW, Fig. 4(a) and (b) have
been employed. Compared with Fig. 3(a) and (b), the central
wavelength of the transmission peak and inverted reflection
peak produces significant waveform changes, it is evident that
the intrinsic resonance wavelength undergoes a transformation
from 665.6 to 1585.2 µm, resulting in a relationship of
0.42 times between the two values. Additionally, the peak
value shifts from FW to SHW, leading to a 196% increase in
transmittance, thereby substantiating the generation of SHW.

SHW is highly tunable, allowing for the adjustment of SHW
signal frequency and intensity by manipulating the parameters

Authorized licensed use limited to: Nanjing Univ of Post & Telecommunications. Downloaded on December 04,2024 at 07:03:08 UTC from IEEE Xplore.  Restrictions apply. 



XU et al.: THEORETICAL STUDY OF A POROUS SILICON CAVITY BASED ON SHWs 8002916

Fig. 4. (a) Transmission peak generated by ML based on FW during forward
propagation of EWs. (b) Reflection peaks generated by ML based on FW
during EWs backward propagation.

Fig. 5. Relationship between T-con and It when the FW is converted to
SHW.

of the nonlinear system. This tunability makes it remarkably
versatile in various applications. As depicted in Fig. 5, as It

increases from 13.738 × 103 GW/cm2 to 42.0727 × 103

GW/cm2, the T-con exhibits significant variation, initially
starting at 0.18, then progressing to 0.28, 0.41, and ultimately
reaching 0.56.

Prior to discussing the sensing performance, a thorough
exploration of the magnetic field distribution in the proposed
ML is conducted to further substantiate the presence of
transmission peaks, as presented in Fig. 6. The investigation

Fig. 6. Magnetic field distribution map of proposed ML.

Fig. 7. Proposed ML corresponds to the shift of transmission peaks and
the functional relationship between the peaks when detecting the thickness of
dgas.

revealed significant changes in the magnetic field within the
Insb dielectric layer. Specifically, the region on the left side
transitioned from deep red to red-orange, the middle section
of the structure shifted from yellow-orange to green apple,
and the right region altered from sky blue to sea blue, all
corresponding to the Insb dielectric layers. These observations
demonstrate the impact of intrinsic resonance on the magnetic
field distribution throughout the entire ML.

The proposed ML exhibits not bad thickness sensing per-
formance. Specifically, the air layer serves as the target for
measurement, and any change in the thickness of dgas directly
affects the shift in the transmission peak, as depicted in Fig. 7.
As the thickness increases from 7.34 to 7.39, 7.44, 7.49,
and 7.54 µm, represented by the colors red, blue, green,
orange, and yellow, respectively, the transmittance remains
consistently near 0.99, with fluctuations not exceeding 5%.
Furthermore, the peak wavelength consistently shifts toward
higher values with increasing thickness, establishing a positive
correlation. To explore the relationship between thickness and
peak wavelength, each peak value is marked with a blue ball,
and its corresponding x-coordinate value is recorded. The
relationship is presented in Fig. 7.

The peak wavelengths are measured as 664.75, 665.704,
666.632, 667.538, and 668.489 µm as the thickness increases
from small to large. By applying linear fitting to the discrete
data points, a highly correlated positive correlation function
with a strong correlation coefficient R2

= 1 is obtained

λ = 18.57dgas + 582.5262. (21)

With the phase relation value set at 1, the equation can
be expressed as a linear equation. By using (11), the absolute
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Fig. 8. Within the full thickness measurement range (a) transmittance
distribution corresponding to each operating wavelength and (b) change curve
of the sensing performance index.

value of the slope represents the magnitude of S in the relation-
ship between the detected quantity and the peak wavelength.
Then, by combining with (21), the value of S is determined
to be as high as 18.57.

Fig. 7 provides evidence of a strong linear relationship at
the selected discrete data points, but it does not establish the
thickness sensing performance of the proposed ML across the
entire measurement range. To address this limitation and avoid
random data selection, a comprehensive analysis of transmit-
tance throughout the entire thickness measurement range (from
7.34 to 7.54 µm) is conducted in the operating wavelength
domain. The results are shown in Fig. 8(a), where the white
gradient to cyan color indicates a decrease in transmittance
from 1 to 0. Around 95% of the figure is represented by the
cyan distribution, and a single white line runs through the
entire icon. This white line indicates that there is transmittance
greater than 0.99 at each thickness set point and the fit
curves in Fig. 7 overlap. Fig. 8(b) is used to demonstrate
the thickness sensing performance. By utilizing (12) and (13),
the performance index is calculated for the selected data
points. The average values for Q and FOM are 11 885 and
332 µm−1, respectively, with a consistent overall growth trend.
The minimum values of 10 718 and 299.5 µm−1 start to rise,
reaching a peak value of 12 538 and 350 µm−1. Subsequently,
they experience a brief decline before rising again at different
rates to a maximum of 12 784 and 357 µm−1.

Fig. 9 demonstrates the application of the same calcula-
tion method for thickness sensing. Different Text settings are
explored, and the shift of transmission peaks is observed,

Fig. 9. Shift of the transmission curve with a change of Text and the
relationship between the peak wavelength and the Text setting.

with corresponding peak values represented by different col-
ors. Specifically, the red straight line corresponds to 275 K,
resulting in a peak wavelength of 665.817 µm, while the deep
blue dashed line is 300 K, leading to a peak wavelength of
665.759 µm. Likewise, the teal dotted line stands for 325 K,
producing a peak wavelength of 665.661 µm, the orange
dash-dotted line on behalf for 350 K, resulting in a peak
wavelength of 665.529 µm, and the yellow double-dash-dotted
line corresponds to 375 K, yielding a peak wavelength of
665.357 µm. Throughout the Text range, the shifting trend of
peak wavelengths changes from right to left. Remarkably, the
transmittance achieves an impressive 99.9%, almost reaching
100% transmission. Further analysis of the peak values reveals
a quasi-linear relationship between peak wavelength and Text.
Data fitting is conducted, leading to a fit function that high-
lights the negative correlation between wavelength and Text.
For the sensing function of a structure, it is necessary that
the change of the amount of change and the change of the
peak corresponding to the central wavelength meet the linear
relationship

λ = −0.0046d + 667.1196. (22)

The high correlation coefficient of 0.965 indicates a strong
relationship between the x- and y- axes. The S is quantified at
4.6 nm/K, meaning that each 1 K change in Text corresponds
to a 4.6 nm shift in peak wavelength. Text sensing covers a
broad measurement range of 275 to 375 K, corresponding to
Text ranging from 2 ◦C to 102 ◦C, encompassing typical Text
variations. The curve fitting of the selected data points has a
certain chance, which can only represent a strong linear rela-
tionship between the peak wavelengths at the five data points
of 275, 300, 325, 350, and 375 K. In order to explain the whole
temperature measurement range more comprehensively, this
functional relationship still exists, and further data processing
is carried out. In the whole range from 275 to 375 K, whether
the change of the central wavelength and temperature of the
transmission peak accord with the fitting curve and whether
there is a high transmission value.

In Fig. 10(a), the watermelon color scheme is utilized to
illustrate the distribution of transmittance in a 2-D image com-
prising peak wavelength and Text. The color spectrum ranges
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Fig. 10. (a) Distribution of transmittance in a 2-D relationship consisting of
the entire Text and operating wavelength. (b) Performance indicators of Text
sensing.

from dark red, representing high transmittance, to green, indi-
cating low transmittance. Most of the color filling is occupied
by green, indicating that after removing the high transmission
in the middle section, there are a few high transmission
values and most low values in a certain temperature in the
whole working band, and the distribution is consistent with
the peak distribution in Fig. 9. Notably, the dark red curve is
prominently positioned in the middle of the figure, covering
approximately 20% of the entire interface. The wider part
of the dark red curve signifies that the transmission peak
curve is broader under specific Text settings. To represent the
discrete data points, orange stereo spheres are strategically
placed on the plot, aligning with the overall trend of the
dark red curve. Subsequently, the calculated S value, obtained
according to (22), is employed to assess the sensing per-
formance. Fig. 10(b) illustrates the variation in the size of
Q and FOM. The maximum values occur at 275 K, where
Q = 10569 and FOM = 0.073 K−1. Subsequently, there is
a decline, reaching the lowest values at 350 K, with Q =

5080.4 and FOM = 0.0351 K−1, therewith, a slight increase is
observed at 375 K. The relationship between the maximum and
minimum values, approximately two times, indicates that the
Text-sensing performance indicators are somewhat unstable.
Nonetheless, the values remain above 5000, which aligns with
the anticipated Text-sensing performance.

The proposed ML demonstrates the capability to detect
B. By uniformly increasing the B from 0 to 0.2 T, the
transmission peak continuously shifts to the right, resulting

Fig. 11. Movement of transmission peaks is determined by different B.

in a crest shift of 0.294 µm. For visual clarity, an amplified
view is denoted in Fig. 11. On the right side of the
figure, it is obvious that the vertical coordinate of the
peak remains closely aligned with a horizontal line at
approximately 1. The peak data points are represented
by orange stereo spheres. Specifically, the following
peak wavelength values corresponding to different B
are obtained, 0 T—665.765 µm, 0.05 T—665.759 µm,
0.10 T—665.737 µm, 0.15 T—665.681 µm, and
0.20 T—665.471 µm.

The heat map in Fig. 12(a) displays the transition from
dark green to khaki, indicating the progression from low
transmission to full transmission and stronger linear relation-
ship are presented in Section 3 of Supplementary Material.
The light-colored region in the figure stands for areas with
transmittance greater than 0.8. Notably, as the B increases,
the region with transmittance above 80% undergoes a grad-
ual expansion, with a particularly pronounced bending effect
observed around 0.15 to 0.20 T. Additionally, it can be
observed that the movement rate of the peak wavelength during
the initial growth of B is much smaller than in the later period.
The initial movement is relatively gentle, whereas it becomes
steeper later on. This variation in movement rate has an impact
on the sensing performance S.

To assess whether S fulfills the requirements of sensing
performance, the selected data points are plotted in a graph
and subjected to linear fitting

λ = −1.332B + 665.8158. (23)

The correlation coefficient R2 remains consistently above
0.8, with a value of 0.8571, indicating a strong and nega-
tive correlation between B and peak wavelength. The slope,
representing S, is calculated to be 1332 nm/T using (23).
By inserting this value into (12) and (13), Q and FOM
are computed for each selected data point, as depicted in
Fig. 12(b). The average value of Q and FOM is determined to
be 8146 and 16.3 T−1, respectively. The overall trend reveals
an initial increase in the maximum value, followed by a rapid
decrease to the minimum value, and eventually a slight rise.
The cumulative sum of Q amounts to 40 730, and FOM
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Fig. 12. (a) Heat map of B, peak operating wavelength, and transmittance.
(b) Evaluation of B sensing performance.

reaches 81.5 T−1, signifying that the sensing performance of
the B aligns with the application standard.

The proposed ML demonstrates the capability of ultrawide
range RI measurement, marking one of the major highlights
of this article. In the realm of physical knowledge, with the
exception of nearly 0 RI materials, negative RI materials,
and ceramic materials with high dielectric constants [47],
[48], [49], the RI of most materials lies within the range of
1 to 5, regardless of their state—solid, liquid, or gas. The
ML presented in this study covers the entire measurement
range. Fig. 13 showcases the distribution of transmittance at
various RI values. Dark red indicates full transmittance, dark
blue represents zero transmittance, and the color gradient from
red to yellow to green to cyan to blue illustrates the gradual
decrease in transmittance from 1 to 0 by increments of 0.8,
0.6, 0.4, and 0.2. In addition, it can be observed that the
relationship between RI and the central working wavelength
of the transmission peak is a straight line with a certain slope
as a whole. For a more direct presentation, in Fig. 13, bright
green, dark khaki, and bright red are divided into three straight
lines with similar slopes, and the strong linear relationship
corresponding to such values is in line with the needs of sensor
functions

λ =


46.9nanalyte + 618.9, 1.0 ≤ n < 2.0
79.1nanalyte + 454.5, 2.0 ≤ n < 3.5
106.1nanalyte + 459.9, 3.5 ≤ n ≤ 5.0.

(24)

Fig. 13. Distribution of the transmittance of ML over the full RI.

TABLE II
RI OF THE UTILIZED VIRUS

Although the transmission peak curve appears narrow in
the figure, the overall trend of change reveals a curve with
a gradually increasing slope. To display the transmittance
distribution more clearly, a bold line is employed to depict the
curve of high transmittance. The entire RI measurement range
is divided into three distinct detection ranges of S, determined
by four data points, (1.0, 665.8), (2.0, 712.7), (3.5, 831.3),
and (5.0, 990.4). The avocado-colored line represents a high
S between RI 1 and 2, with a value of 4.69 × 104 nm/RIU. The
reddish-orange line denotes an approximately straight curve at
RI 2 to 3.5, exhibiting an S value of 7.91 × 104 nm/RIU. For
the remaining range, the vermilion line illustrates S = 1.061 ×

105 nm/RIU. It can be observed that as the RI increases, the
slope gradually rises, indicating that S consistently increases,
maintaining a strong linear positive correlation. Thanks to
the utilization of an air layer and Psi, the analyte can be
conveniently filled, enhancing the measurement function of the
ML, and making it more intuitive and convenient. The article
lists the detection functions of hydrobacteria and viruses.
On the right side of Fig. 13, a strong linear relationship
can be observed between their corresponding RI and peak
wavelength, which lays a foundation for displaying the sensing
performance.

The findings of this study propose that ML holds promise
for virus detection, emphasizing the significance of rapid and
early detection in containing and preventing outbreaks effec-
tively. Virus sensors demonstrate their ability to detect viruses
across various sample types, such as air, water, and body fluids,
facilitating timely response measures. The sample analysis
layer in this research comprises an air layer and two distinct
thicknesses of Psi, employed for the detection of six different
viral cells. These observations contribute to advancing the
field of virus detection and its potential applications in public
health and disease control. The equivalent RI for each virus
is detailed in Table II [50].
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Fig. 14. (a) Influence of different viruses on the wavelength transmittance
curve of the design structure. (b) Relationship between the change of types of
viruses and wavelength of corresponding transmission peak. (c) Corresponding
sensing performance values Q and FOM are obtained in the different types
of viruses.

TABLE III
RI OF THE UTILIZED HYDROBACTERIA

The difference in analytes can be discerned based on the
movement of the transmission peak. In Fig. 14(a), when
analyzing zero cancer cells, the peak wavelength is observed at

Fig. 15. (a) Transmittance of the three hydrobacteria within the working
wavelength band is designed. (b) Curve relationship between wavelength of
hydrobacteria and corresponding RI. (c) Sensing properties of the sensing are
characterized by evaluating the Q and FOM.

678.86 µm. However, upon changing to the Jurkat virus, the
transmission peak shifts to the right, measuring 680.6 µm.
Moving further to the right, the green-white gradient curve at
680.68 µm represents the HeLa virus, the orange-white gradi-
ent filling curve at 680.81 µm corresponds to the PC12 virus,
the peak wavelength is 680.99 µm for the MDA-MB-231
virus, and the pink-white gradient curve at the far right of
the image represents MCF-7 virus, with the peak wavelength
at 681.08 µm. It is evident that regardless of the type
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Fig. 16. Ideal and actual transmission spectra in the RI range of 1 ∼ 2.

Fig. 17. Ideal and actual transmission spectra in the RI range of 1 ∼ 2.

of virus analyzed, the transmission peak undergoes a shift.
To further investigate this relationship, the peak data points are
extracted using green stereo balls for function fitting, yielding
a positive correlation linear relationship with an impressively
high correlation coefficient of 0.999, as depicted in Fig. 14(b)

λ = 43.46nvirus + 620.1941. (25)

The value of S, calculated as 4.346 × 104 using (25), plays
a crucial role in the virus detection function of ML. As illus-
trated in Fig. 14(b), this figure directly displays the relationship
between the corresponding RI of different viruses and the peak
wavelength, demonstrating a strong linear correlation between
the two variables. This fundamental relationship serves as the
basis for the virus detection capability of ML. To assess the
virus sensing performance, the value of S is incorporated
into (12), (13), and (14), and the results are presented in
Fig. 14(c). In evaluating the performance of a biosensor, the
key indicators are Q and DL. Notably, Q and DL exhibit
opposite trends with respect to the measured virus RI. As the
RI of the virus increases, the Q value shows a slow rise
from 5657 to the maximum value of 7562, followed by a
rapid decline to the minimum value of 5237. Subsequently,
it experiences varying rates of increase to reach 5675 and
6811. Conversely, the change in DL is entirely opposite. The
overall mean of DL is calculated as 1.3 × 10−4RIU, with a

Fig. 18. Variation of RI in relation to ideal and actual transmission peak
wavelength.

TABLE IV
PRIMARY USED MATERIALS AND METHODS

standard deviation of merely 1.732 × 10−5 RIU, satisfying the
requirements for biosensing applications.

The proposed ML demonstrates the sensing characteristics
of hydrobacteria, a critical aspect in safeguarding aquatic
ecosystems and biodiversity. By detecting the levels of bacteria
in water, it becomes feasible to assess their impact on the envi-
ronment, thereby aiding conservation efforts and preserving
ecological balance. The ability of ML to detect and analyze
hydrobacteria is based on RI sensing and therefore requires
the hydrobacteria and corresponding RI shown in Table III,
and the materials and methods can be seen in Table IV [51].

In response to a range of RI, E.coli, Shigella flexneri,
and Vibrio cholera were investigated to observe the sensing
characteristics of the transmission peaks. The specific out-
comes are illustrated in Fig. 15(a). When the RI values for
E.coli are 1.383, 1.388, and 1.393, the corresponding trans-
mission peak wavelengths are 680.29, 680.51, and 680.73 µm,
respectively, distributed within the intermediate regions of
the images. Similarly, for Vibrio cholera, the RI values of
1.360, 1.365, and 1.370 correspond to wavelength shifts
from 679.29 to 679.72 µm, ultimately reaching 679.72 µm,
as indicated by the predominant brown color. Moreover, the
three peak wavelengths on the far right, predominantly green,
at 681.79, 682.01, and 682.24 µm, signify the RI of Shigella
flexneri. It is evident that the transmission peak wavelength
exhibits a quasi-linear rightward shift with increasing RI,
and the magnitude of the shift depends on the change in
RI value.

For a more comprehensive and accurate exploration, the
peak data points are subjected to fitting, and the results are
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TABLE V
SENSING PERFORMANCE OF PUBLISHED REPORTS COMPARED WITH THIS ARTICLE

presented in Fig. 15(b)

λ = 44nhydrobacteria + 619.38. (26)

An S value of up to 4.4 × 104 nm/RIU is obtained, and
a correlation coefficient R2 of up to 0.999 is achieved by
fitting the pink data points, providing compelling evidence of a
strong linear positive correlation between the RI corresponding
to hydrobacteria and the peak wavelength. These significant
values are utilized to calculate the sensing performance indi-
cators, resulting in the distribution curves of Q and DL values
as depicted in Fig. 15(c). The mean values of Q and DL
are found to reach 5585 and 1.38 × 10−4 RIU, respectively.
The sum of the nine data points is 50259.4 and 1.25 ×

10−3 RIU, respectively. The standard deviation of the analyzed
data, after obtaining the average value, is 314.5 and 7.6 ×

10−6 RIU. In comparison to the data from each discrete point,
this standard deviation is remarkably small, indicating that the
Q and DL values exhibit only slight fluctuations within the
measured range, thereby showcasing a relatively stable state
of sensing performance.

In real-time sensing measurements conducted with the
developed prototype, the transmittance values at specific
operating wavelengths may undergo changes correlated with
the decrease in the Q factor, contingent upon the detected
species. Multiple measurements are imperative to obtain a
statistically distributed dataset, providing insights into the
reproducibility of the proposed ML sensing structure, resulting
in diminished R2 values. It is noteworthy that, with the
reduction in the Q value, the size of the FWHM does not
exert an influence on the linear fitting outcomes of peak
wavelength points. Consequently, this article primarily focuses
on the impact of the diminished Q value on peak wave-
length. Exploiting the resonant characteristics of the proposed
ML structure, it exhibits a screening function for specific
wavelengths. However, this feature introduces a shift under
diverse operational conditions during sensor deployment. Due
to this being a purely theoretical study, to streamline research
development, this article takes RI sensing as an illustrative
example, concentrating on the exploration within the RI value
range of 1 to 2. Incrementally applying offsets of 0%, 0.1%,
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0.2%, 0.3%, 0.4%, and 0.5% to the peak wavelength, the
results are presented in Fig. 16.

In Fig. 16, the solid lines, colored in red, blue, orange, yel-
low, and purple, respectively, depict the transmission spectrum
corresponding to an increase in RI from small to large values.
Upon the introduction of disturbances ranging from 0% to 5%,
the resulting shift in the transmission spectrum to the left is
illustrated by the dashed lines of corresponding colors. This
shift indicates a noteworthy change in the peak wavelength.
To delve deeper into whether the relationship between the peak
points aligns with the sensor’s design requirements, further
exploration is warranted.

Since the positions of the curves are stacked on the left
side after different degrees of disturbance are added, the
observation is fuzzy, so the transmission curves added with
disturbance are drawn separately, and the results are shown in
Fig. 17.

In Fig. 17, it can be found that as the disturbance degree
increases from 0% to 5%, the wavelength range of the change
of transmission curve gradually increases. Obviously, this
increment will affect the linear change of sensing results,
so the increase in disturbance degree will lead to the reduction
of sensing performance. The peak data points need to be
extracted for further processing.

In this study, transmission peak data points from Fig. 17
were extracted, and linear fitting was conducted, with specific
results presented in Fig. 18. Notably, the ideal data exhibited
higher S values compared to the disturbed data, measur-
ing 46.94 and 11.3 µm, respectively. Additionally, a slight
decrease in the correlation coefficient is observed, reducing
from 0.992 to 0.9574. While the correlation between data
points experienced a minor deterioration, it still maintained
a high correlation, meeting the design requirements for sensor
components. These findings suggest that during actual mea-
surement processes, variations arising from diverse factors and
measured objects may influence device performance. However,
the sensing characteristics can be preserved, indicating that
the surface-presented structure demonstrates robustness and
sensing reproducibility.

To further demonstrate the sensing performance of the ML
proposed in this article, comparisons are made with other
optical sensors, as shown in Table V for details.

IV. MATERIALS AND METHODS

The main materials and methods used in this article are
shown in Table IV. All the materials and methods are
based on references and have been demonstrated by experi-
ments. The main simulation calculation software is MATLAB
9.8.0.1417392 (R2020a) Update 4.

V. CONCLUSION

In this study, a novel ML based on Insb intrinsic resonance,
capable of detecting multiple physical quantities across a
wide measurement range is proposed. The utilization of SHW
generation results in a high transmittance peak surpassing
0.999, leading to a narrower and higher-quality transmission
profile. The ML demonstrates excellent performance in thick-
ness measurement, exhibiting a favorable performance index,

S = 18.75, Q = 11885, FOM = 332 µm−1. Addition-
ally, it showcases strong sensing capabilities for Text and B,
with S values of 4.6 nm/K and 1332 nm/T, Q values of
7046 and 8146, and FOM values of 0.049 K−1 and 16.3 T−1,
respectively. The ML also proves to be highly effective in
RI sensing, capable of detecting substances within the range
of RI 1 ∼ 5. Validation experiments involving viral (S =

43460 nm/RIU, Q = 6103, DL = 1.3 × 10−4 RIU) and
hydrobacteria (S = 44000 nm/RIU, Q = 5585, DL = 1.38 ×

10−4 RIU) tests demonstrate the robustness and reliability
of RI sensing. These outstanding achievements are primarily
attributed to the remarkable optimization ability of IACO,
which improves the existing ACO. The integration of TMM
further enhances the efficiency in computing the attributes of
ML. The significant potential of the proposed ML and its
improved optimization approach, IACO, is anticipated to make
valuable contributions across various scientific fields.
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