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ABSTRACT

A layered heterogeneous structure (LHS), consisting of silver, liquid crystal, and nonlinear dielectric layers, is proposed to realize functions of
computing and sensing. By leveraging the optical Tamm state, the intrinsic absorption principle of liquid crystal, and nonlinear effects, the
design of an integrated device capable of passive multiplication and division operations, along with high-performance multi-physical quantity
sensing functionalities, is achieved. The given LHS exhibits Janus properties, with different physical functions manifested depending on the
direction of electromagnetic wave (EW) propagation. During forward propagation of EWs, the LHS displays high and sharp absorptivity
peaks at 774.8 and 1517.6 nm. The relationship between the two peaks approximates a frequency multiplication factor of 1.960, enabling sig-
nal multiplication. Furthermore, the two absorptivity peaks at different wavelengths facilitate the sensing of serum creatinine solution concen-
tration and external pressure, with sensitivity (S), quality factors (Q), and figure of merit (FOM) of 266.76lmol L�1/nm and 213.33GPa/nm,
as well as 248.76 and 348.22, 84.1 L (lmol)�1 and 49.06GPa�1, respectively. During backward propagation of EWs, absorptivity peaks with
distinct resolutions are observed at 1423 and 2809 nm, with a multiple relationship between them of 1.974, enabling frequency doubling for
signal division. Additionally, the absorptivity curve facilitates temperature sensing over a wide range from 257 to 347K. Owing to the unique
temperature S of liquid crystal, different sensitivities and resolutions are observed at 257 to 297K and 307 to 347K, with S of 1.015 and
0.686K/nm, and corresponding Q and FOM of 21.57 and 12.576, 0.076K�1 and 0.003 04K�1, respectively.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0228552

I. INTRODUCTION

The layered heterogeneous structure (LHS) refers to a material
with a periodic structure in the one-dimensional direction, which can
be regulated and managed through the strategic arrangement of the
dielectric constant.1,2 Due to its unique electromagnetic properties, the
prohibition of electromagnetic wave (EW) propagation within a spe-
cific frequency range can be easily achieved by Bragg diffraction, form-
ing a photonic bandgap.3,4 The existence of this bandgap makes LHS
widely used in optical filters, sensors, and encoders.5–7 The optical sen-
sor, benefiting from its high sensitivity (S) and fast response time, is
suitable for passive and high-quality requirements in practical applica-
tions.8,9 Due to the advantages of miniaturization and integration, and
the presence of the photonic bandgap, LHS is extensively utilized in
the design of optical sensors, particularly optical cavity sensors.10 In
2022, Zaky et al. proposed a highly sensitive remote temperature sen-
sor based on Tamm resonance using a one-dimensional photonic

crystal structure, optimized for high sensitivity and signal-to-noise
ratio through the coupling of porous silicon properties and Tamm res-
onance.11 In 2022, Khani and Hayati introduced a novel optical
biosensor configuration for cancer cell detection, featuring one-
dimensional photonic crystal lattices coupled with metal–insulator–
metal plasmonic waveguides.12 These studies focused solely on the
detection of a single physical quantity and exhibited sensing character-
istics only during single-directional EW transmission through the
LHS.

With the advancements in science and technology and the goal of
cost reduction, this paper integrates the optical Tamm state, the intrin-
sic absorption principle of liquid crystal (LC) which offers nearly con-
stant absorptivity characteristics from the visible band to the infrared
region, and the nonlinear effect with the LHS to form high and sharp
absorptivity peaks, enabling the detection of multiple physical quanti-
ties.13–15 Additionally, the Janus properties, inspired by the two-faced
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god Janus in Roman mythology, symbolize the unity of opposites and
transformations which also describes materials or systems that exhibit
two distinct physical or chemical properties on the same structure.16

In recent years, optical frequency converters have been widely
used to adapt the frequency of light waves to different application
requirements.17 This conversion is typically achieved through nonlin-
ear optical effects, such as second harmonic generation or difference
frequency generation.18 In these processes, when light passes through a
nonlinear medium, the frequency of the input EW is converted into a
new frequency due to the nonlinear response of the medium. In 2011,
Rivoire et al.19 described a photonic crystals nanocavity with multiple
spatially overlapping resonances, which can serve as a platform for
nonlinear frequency conversion with resonance intervals up to
523nm. When the frequency conversion interval is exactly one time,
the frequency doubling phenomenon is generated to be used in the
design of 2-bit signal encoders and multiplication and division opera-
tors.20 For instance, this has potential applications in optical neural
networks, high-speed data processing, and complex pattern recogni-
tion.21 By exploiting the speed of light and the parallel processing
power of light, ultra-high-speed and highly efficient data processing
can be achieved. In 2023, Qu et al. proposed22 a vertical photonic cav-
ity embedded with a nonlinear material in a photonic crystal to achieve
resonance enhancement of the second harmonic, opening new possi-
bilities for small laser frequency converters that could revolutionize the
fields of nonlinear optics and photonics. However, because nonlinear
optics cannot achieve precise control, the generation of second har-
monic and difference frequency often appears at a lower frequency,
which is not robust in practical applications. Therefore, a broader
application scenario is involved in directly generating peaks of different
frequencies without relying on the processes of second harmonic and
difference frequency generation. By using reasonable structural
arrangements and material selection, frequency multiplication is real-
ized in the visible and infrared bands. Combined with Janus character-
istics, signal multiplication and division operations are achieved in the
forward and backward directions, respectively.

The transfer matrix method (TMM) is a powerful tool for the
analysis of multilayer optical systems by decomposing the multilayer
system into a series of monolayer films and using matrix operations to
describe the transmission, reflection, and transmission of EWs.23–25

However, TMM is limited to calculation, researcher is required to
manually adjust the parameters in real time to observe different physi-
cal spectrum lines. Such an inefficient approach is not sustainable for
future scientific advancements. In recent years, intelligent optimization
algorithms have rapidly developed in the field of computing. As early
as 1953, Metropolis et al.26 presented the simulated annealing algo-
rithm to simulate the annealing process of solid materials. By the late
1980s and early 1990s, intelligent optimization algorithms demon-
strated significant advantages due to enhanced computational power,
particularly in solving complex and high-dimensional optimization
problems.27 In 2017, Faris et al. introduced the Coati optimization
algorithm (COA), a heuristic algorithm based on the foraging behavior
of coatis to solve multi-objective optimization problems.28 COA is
inspired by the behavior of coatis, which use their flexible forelimbs
and keen sense of smell to consider multiple factors (such as type,
amount, accessibility, etc.) simultaneously to find the best foraging
strategy. By viewing the optimization problem as the foraging process
of a coati under multiple objectives (e.g., maximizing food collection,

and minimizing energy consumption), COA simulates the behavior of
finding the optimal solution. The COA algorithm is employed by a
series of heuristic search strategies, including scallop movement, domi-
nance competition, and goal chasing, to achieve global optimization
under multiple objectives. By simulating the foraging process of coatis,
the solution space and finding better sets of solutions for multi-
objective optimization problems are effectively searched by COA.
Since its proposal, COA has been applied in various fields, including
engineering design, machine learning, and data mining. Its unique
advantage lies in its ability to consider multiple targets simultaneously
and its excellent global search performance. Therefore, in this paper,
the COA algorithm is used to drive TMM for calculating the proposed
LHS. The physical parameters to be optimized are set as the calculation
parameters of the COA algorithm, completing the optimization pro-
cess of the COA algorithm. This COA-driven TMM optimization
structure algorithm is referred to as the RAO-TMM algorithm.

In general, the proposed LHS, through optical Tamm states in
the visible and infrared bands, combines the intrinsic absorption prin-
ciple and nonlinear optical effects of LC to produce high and sharp
frequency-doubling absorptivity peaks. Additionally, due to the intro-
duction of the Janus concept, different functions are exhibited when
EWs propagate in different directions within the LHS. In the sensing
field, the detection of serum creatinine (CSC), external pressure (Pe),
and Te, is realized in both forward and backward directions, all exhibit-
ing high S, quality factor (Q), and figure of merit (FOM). Furthermore,
the proposed LHS also facilitates frequency conversion, with the fre-
quency doubling effect providing more possibilities for signal multipli-
cation and division operations. It should be noted that the designed
LHS is considered for purely theoretical studies, and specific experi-
mental fabrication studies are beyond the scope of this paper. The
physical properties obtained in this paper benefit from the multi-
objective dynamic optimization of the physical parameters of the pro-
posed LHS by the COA-TMM algorithm.

II. THEORETICAL DESIGN OF LHS

In Fig. 1, a schematic of the proposed LHS is shown, where two
beams of EWs propagating in opposite directions are represented by
green and yellow cylinders, and h is used to represent the incident
angle of the EW relative to the vertical planar structure. The constitu-
ent materials of the LHS include metallic silver (dAg1, dAg2) of different
thicknesses, two analyte filling layers of different thicknesses (dAna1,
dAna2), doped magnesium oxide (MgO) (dMgO, nMgO¼ 16.49), silicon
(dSi), germanium (dGe, nGe¼ 4), nonlinear layer (dNol), LC (dLC) and
Belgian beer (5.0% Alcohol Den Herberg Tarw) (dBe, nBe¼ 1.343).29–34

The LHS is (Ag1-(Ana1-Ana2)
2-Nol-Ag2)-MgO-(Ag1-Si-(Be-Ge)

4-LC-
Nol-LC4-Ag2), where Ana, Nol, Be, and Ge on behalf of layer of ana-
lyte, nonlinear, Beer and Germanium, respectively. The proposed LHS
exhibits distinct Janus characteristics, functioning differently when
EWs propagate from different directions. In this paper, the high per-
mittivity of the MgO layer is utilized to achieve total reflection of EWs,
positioning it centrally within the LHS to insulate the forward and
backward EW absorptivity. The arrangement of layers before and after
the MgO layer enables control over the forward and backward propa-
gation of the EWs, respectively.13 Within the working band of the pro-
posed LHS, the permittivity of Ag, LC, and Nol is represented as
below.

As the excitation medium of optical Tamm state, the dielectric
constant of Ag is expressed as follows:35
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eAg ¼ E00 �
x2

Ag

j � xp � rm þ x2
p

� Z � O2
Ag

x2
p � O2

Ag þ j � FAg ; (1)

where j represents an imaginary number, E00¼ 2.4064, Z¼ 1.6604 is
the dielectric constant of the initial Ag layer, xAg, OAg, FAg, and rm are
the angular frequencies 4.428p� 1015, 2.66p� 1015, 1.24p� 1015,
9.6p� 1012, respectively,35 andxp is the current operating frequency.

Nonlinear media are characterized by a permittivity that varies
with the applied electric field strength. Typically, the permittivity is
expressed as a function, and the inverse calculation method is
employed.36 This method involves iteratively adjusting the electric field
value from an initial guess until convergence is achieved, satisfying the
specified condition. In this study, polystyrene was utilized as the non-
linear material.32 The third-order nonlinear susceptibility (v3) is set to
1.14� 10�12, the ambient light intensity (It) was set to 15 000 lx, and
the dielectric constant is expressed as follows:37

Ei ¼
ffiffiffiffiffiffiffiffiffiffi
2 � It
c � E0

r
; (2)

where E0¼8.854� 10�12 denotes the electric permittivity in a vacuum
and c¼ 3� 108 stands for the speed of light. The expression of nonlin-
ear RI is37

nNol ¼ n0 þ x3 � jEj2
2 � n0 ; (3)

where n0 represents the linear RI of the nonlinear material and E
denotes the output electrokinetic rate of the layered structure prior to
the nonlinear layer.

For the LC layer, based on the electrically controlled birefringence
effect, when the LC is introduced into the LHS as a dielectric material,
the effective RI of the LC can be expressed as follows:38

nLC ¼ noneffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2o cos

2hþ n2e sin
2h

p ; (4)

where no is the ordinary RI, ne is the extraordinary RI, and h is the
angle between the direction of vertically incident light and the
direction of the electric field in the electrically controlled birefrin-
gence effect.38 In this study, E7 type LC was used. Li et al. deter-
mined the RIs of the E7 LC mixture at different temperatures in
the infrared wavelength range using the Abbe refractometry
method and wedge cell refractometry method.33 They derived a
four-parameter model to describe the temperature dependence of
the LC RIs:33

noðTÞ ¼ A� BT � ðDnÞ
3

1� T
Tc

� �b

; (5)

neðTÞ ¼ A� BT þ 2ðDnÞ
3

1� T
Tc

� �b

: (6)

FIG. 1. (a) The model design of the pro-
posed LHS and (b) representation of dif-
ferent states of LC.
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In this model, the parameter Dn represents the birefringence of
the LC in its crystalline state, the exponent b is a material constant,
and Tc is the critical temperature of the studied LC material.33

Specifically, Tc¼ 330K, A¼ 1.7230, B¼ 5.24� 10�4, Dn¼ 0.3485,
and b¼ 0.2542.33

EWs are incident from different directions in the front and back
at angles h1 and h2, respectively, and propagate as transverse waves in
the proposed LHS. In this context, while the electric and magnetic
fields remain perpendicular, the electric field is parallel to the propaga-
tion direction of the incident wave, and the magnetic field is perpen-
dicular to the propagation direction of the incident EW.39

To further illustrate the functionality of the LHS, the COA-TMM
algorithm employed to optimize the parameters of the LHS shown in
Figs. 1(a) and 1(b) represents the change of the LC state with adjust-
ment of Te. The forward propagation direction is represented along
the plane of yoz. This optimization enables precise tuning of the per-
formance of LHS, enhancing its effectiveness in various applications.

III. CALCULATION METHODS

This paper begins with Maxwell’s equations, derives the tradi-
tional TMM, and presents the calculation method for the physical
characteristics of EW propagation in the proposed LHS. Detailed deri-
vations and calculations are as below.

Transverse electric waves incident vertically along the surface of
the medium exhibit no electric field component in the direction of
propagation perpendicular to the surface. The TMM is employed to
analyze wave propagation in various media. The specific analysis is as
follows: Upon incidence of light, the electromagnetic wave signal prop-
agates from the designed LHS. Despite the absence of an electric field
component in the direction of structure propagation, a perpendicular
magnetic field component is present. This physical property holds true
regardless of the incident direction.

Utilizing the physical conclusions derived from Maxwell’s equa-
tions, equations governing the electric and magnetic fields are obtained
through the iterative process, accounting for the transmission bound-
ary conditions of both magnetic and electric fields. Subsequently, the
transmission characteristics and dispersion relations of the LHS are
acquired. For each single layer, the recursive matrix equation describ-
ing the relationship between the electric field and magnetic field in
LHS can be expressed as follows:40

Eu
Hu

� �
¼ M

Euþ1

Huþ1

� �
: (7)

The transfer matrix in the normal dielectric layer is41

MTE
u ¼ cosðkuzduÞ � j

gTEu
sinðkuzduÞ

�jgTEu sinðkuzduÞ cosðkuzduÞ

0
@

1
A; (8)

where

kuz ¼ ku � cos h (9)

ku ¼
ffiffiffiffi
eu

p � x
c

; (10)

gTEu ¼
ffiffiffiffiffi
e0
l0

r
� ffiffiffiffi

eu
p � cos hu; (11)

where du is the thickness of the uth layer and eu is the dielectric con-
stant of the uth layer. According to Snell’s law of refraction, where n0
is the RI of the medium where the ray is incident, gu is the RI of the
medium where the uth layer is located, and h0 is the angle of incidence
at which the air enters the proposed LHS.

The entire LHS comprises multiple hierarchical layers, and
the connections of each layer adhere to the same transmission
matrix equation. Thus, the overall structure can be expressed as
follows:40

M ¼
XU
j¼1

Mj ¼ M11 M12

M21 M22

� �
: (12)

The coefficient of reflection (r) and coefficient of transmission (t)
are calculated in this way, and the equations can be expressed as
follows:40

r ¼ ðM11 þM12gUþ1Þg0 �M21 �M22gUþ1

ðM11 þM12gUþ1Þg0 þM21 þM22gUþ1
(13)

t ¼ 2g0
ðM11 þM12gUþ1Þg0 þM21 þM22gUþ1

: (14)

The equations for reflectance (R), transmittance (T), and absorbance
(A) are

R ¼ r � r�; (15)

T ¼ t � t� (16)

A ¼ 1� T � R; (17)

where r� and t� are on behalf of the conjugate values of r and t,
respectively.

Building on this foundation, the COA is utilized to drive TMM
for multi-objective optimization. As a new development in 2023, COA
has been compared with the results of 11 well-known metaheuristic
algorithms, demonstrating its significant advantages and strong com-
petitiveness.41 The process of updating the position of a coati, a candi-
date solution in the COA, is based on modeling two natural behaviors.
These behaviors include (1) strategies used by coatis when attacking
iguanas and (2) the escape strategy of coati from predators.41

Consequently, the COA population is updated in two distinct stages,
reflecting these behaviors.

A. Exploration phase

Similar to other metaheuristics, the initial population of the COA
is randomly generated. In the exploration phase, the COA algorithm is
updated to the population position based on the foraging strategy of
the coati. During this phase, the position of the coati in the search
space is updated by simulating its foraging behavior. This behavior
includes either climbing trees or staying on the ground to catch prey.
The strategy for the search space of coati is mathematically defined to
obtain the best individual position Xmax in the current population,
which is assumed to be the iguana. In the current population, it is
assumed that some coatis are on a tree. Coatis on the tree update their
position using the following equation:41

xoþ1
i ðjÞ ¼ xoi ðjÞ þ r � xobestðjÞ � I � xoi ðjÞ

� �
; i ¼ 1; 2;…;

N
2
; (18)
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where N is the population size, o is the current iteration number, r is a
random number in the interval [0,1], and I represent the influence of
the optimal coati, and the values are taken from the data set {1, 2}. The
coati is updated by waiting for prey to be captured on the ground using
Eqs. (19) and (20).41

IguanaogroundðjÞ ¼ lbj þ r � ubj � lbj
� �

; (19)

xoþ1
i ðjÞ ¼

x0iðjÞ þ r � IguanaogroundðjÞ � I � xoi ðjÞ
� �

;

if fitness Iguana a0ground
� �

< fitness xoið Þ;

xoi ðjÞ þ r � xoi ðjÞ � Iguana a0groundðjÞ
� �

; else;

8>>>>>><
>>>>>>:

(20)

where Iguanaoground on behalf of the new position of the iguana after it
lands on the ground. Let j denote the jth dimension variable value of
the ith individual in the current iteration. In summary, individuals in
the first half of the population climb the tree and Eq. (18) is used to
update their position. The latter half of the population individuals wait
on the ground for the iguana to land and Eqs. (19) and (20) are used
to update their positions.

If the value of the objective function is improved by the new posi-
tion computed for each coati, the new position is acceptable.
Otherwise, the coati remains in its previous position. Essentially, one
greedy selection is performed, as shown in Eq. (21).41

xtþ1
i ¼ xtþ1

i ; if fitness xoþ1
i

� �
< fitness xoið Þ;

xoi ; else:

(
(21)

B. Development phase

In the second stage, the position of coati is updated based on its
natural predator avoidance behavior. When the coati is attacked, it
moves to a safer location and this phase enhances the local search
capability of the COA. The escape behavior is simulated by generating
a random location near the current location, as shown in Eqs. (22)
and (23),41

lblocalj ¼ lbj
o
; ublocalj ¼ ubj

o
; o ¼ 1; 2;…;O; (22)

xoþ1
i ðjÞ ¼ xoi ðjÞ � ð1� 2rÞ � lblocalj þ r � ublocalj � lblocalj

� �� �
; (23)

where r represents a random number between zero and one, and O is
the maximum number of iterations. It can be observed that d serves as
the upper and lower bounds for updating the jth dimensional variable
with each iteration. If the value of the objective function is improved
by the newly computed position, the position is deemed acceptable,
and Eq. (20) is used to the simulation proceeds, thereby executing one
additional greedy selection. Throughout the algorithm execution, the
TMM is integrated to act as the objective function, enabling the assess-
ment of both local and global optimal values. Essentially, whenever a
location is occupied by an individual coati, the TMM is invoked to cal-
culate a numerical value, representing the magnitude of the absorptiv-
ity in the context of this study. To elucidate the execution process of
the algorithm, Fig. 2 visually depicts it. The navy-blue squares denote
the algorithmic process, sky blue represents the TMM execution

process, while the remaining color, cobalt blue, signifies the computa-
tion process of the COA algorithm. As the COA progresses, the initial-
ization of the data for parameters N and O is performed, and the
computational dimension and scope for the TMM are determined.
Following this initialization, the magnitude of the A is calculated using
TMM, which serves as the position parameter X for the coati in the
COA algorithm. Subsequently, Eq. (1) is utilized to update the optimi-
zation parameters, and TMM is applied to re-calculate the coati’s posi-
tion. Greedy selection, as described by Eq. (4), is then employed to
confirm the improved coati position. Equations (2) and (3) are used to
set the parameters for optimization in a manner similar to the previous
step, resulting in a locally optimal coati position distinct from that in
stage 1. During stage 2, Eqs. (5) and (6) are applied to further update
the optimization parameters, followed by another round of greedy
selection to store the obtained local optimal solutions. Finally, the local
optimal solutions are compared, and the global optimal solution is
selected, thereby determining the global optimal parameter combina-
tion for optimization. It should be noted that greedy selection is
employed repeatedly throughout the process, primarily to enhance the
identification of local optimal solutions. Greedy selection aids in find-
ing the local optimal solution under current conditions at each step by
selecting the option that maximizes the objective function value in the
given state. Although greedy selection may lead to convergence on a
local optimum, when combined with other exploration mechanisms
(such as the randomness and diverse population update strategies used
in COA), it effectively balances the relationship between exploration
and exploitation, thereby mitigating the risk of becoming trapped in a
local optimum.

In addition, in view of the sensing function of LHS, S, Q, and
FOM should be introduced in this paper to evaluate the performance
of the sensor. The specific calculation formula and used method are
shown as below.

In the application of the proposed LHS for sensing, researchers
have defined parameters such as S, Q, and FOM. These parameters are
categorized into the frequency domain and wavelength domain,
depending on the distinct calculation formulas used in different
research domains. In this paper, the investigation primarily focuses on
the wavelength domain. The formula is as follows:8

S ¼ Dk
Dx

; (24)

Q ¼ kT
FWHM

; (25)

FOM ¼ S
FWHM

; (26)

where k denotes the working wavelength, D represents the variation in
value, S signifies the relationship between the change in the detected
quantity and the corresponding wavelength displacement, kT stands
for the peak wavelength, and FWHM is the wavelength difference at
half of the peak.

IV. ANALYSIS AND DISCUSSION

After constructing the theoretical model, all thickness parameters
in this LHS are selected as parameters to be optimized, with the opti-
mization range constrained by the current manufacturing technology
level and the size requirements of electronic devices. The objective of
optimization is to identify two sharp absorptivity peaks with a multiple
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relationship close to two in the visible light and near-infrared band.
The ultimate optimization outcomes are presented in Table I.

In this paper, the initial ambient Te is set at 307K, with the front
and back EWs incident perpendicular to the LHS, and no Pe applied.
The two analysis layers are filled with solutions of 85.28% creatinine
concentration, and lithium niobate crystal, respectively. Leveraging the
Janus property of the proposed LHS, absorptivity curves can be
obtained when the EW propagates forward and backward in different
directions, as illustrated in Fig. 3. The left portion of Fig. 3 illustrates
that distinct sharp peak in the absorptivity curve at 774.8 and
1517.6nm, with absorptivity exceeding 0.8, measured at 0.831 and
0.924, respectively. Notably, the curve maintains a stable working level
across the entire working band, with no irregular peaks registering
absorptivity greater than 0.1 within the range of 600–1800 nm. The
multiple relation between 774.8 and 1517.6 nm approximates 1.96,
closely resembling the doubling relationship, thereby enabling the

realization of a multiplication operation function. Consequently, when
the 774.8 nm incident signal is present in the proposed LHS, a double
relation signal can be outputted. This function is also achievable during
backward EW propagation, as depicted in the yellow curve on the right
side of Fig. 3. At 1423 and 2809 nm, the characteristic curves are exhib-
ited absorbance rates of 0.922 and 0.991, respectively, with a multiple
relation of peak wavelength measuring 1.974, indicative of a twofold
division operation function. Such results play a crucial role in signal
digitization.

Additionally, it is observed that the four curves with varying
peak wavelengths exhibit diverse absorptivity levels and full width
at half maximum (FWHM) widths, showcasing four absorptivity
curves with distinct resolutions for further multifunctional sensing
capabilities. This phenomenon primarily arises from that the influ-
ence of multiple physical factors on the formation of absorptivity
curves. Furthermore, the study of nonlinear optical phenomena
and absorptivity delved into the characteristics of Ag, with the out-
comes presented in Fig. 4.

In Fig. 4(a), the absorptivity curves demonstrate the effects of
removing the Ag layer and the nonlinear dielectric layer during the
forward propagation of the EW, depicted in red and blue, respectively.
It is evident that the Ag layer primarily induces high absorptivity
peaks, as no significant absorptivity peak appears upon its removal.
Conversely, when the nonlinear layer is removed, sharp absorptivity
peaks still emerge at 829.2 and 1641.6 nm. However, the peak values
are not as pronounced as when dielectric layers of Ag and nonlinear
are present simultaneously. The multiple relationship between the dif-
ferent peak wavelength curves is measured as 1.974, an improvement
over the original configuration. Notably, the absorptivity is enhanced

FIG. 2. The illustration of the algorithm flow of TMM-COA.

TABLE I. Optimization results of each structural parameter through COA algorithm.

Parameter dag1 dag2 dana1 dana2 dMgO

Unit Nm nm nm nm nm
Range (5–106) (5–106) (5–106) (5–106) (5–106)
Result 41.3 619 85 57.9 9529
Parameter dnol dLC dBe dGe dsi
Unit nm nm nm nm nm
Range (5–106) (5–106) (5–106) (5–106) (5–106)
Result 391 430 8.9 64 8
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by the addition of the nonlinear dielectric layer while impacting the
doubling relationship negatively.

In Fig. 4(b), the nonlinear dielectric layer is to have a distinct role.
In the backward LHS, the Ag dielectric layer continues to stimulate
high numerical absorptivity peaks, while a peak is manifested solely by
the nonlinear dielectric layer at 1805nm. Its function is to concentrate
scattered energy, condensing the five peaks in the original working
band into two, as depicted in Fig. 3. The four generated absorptivity
peaks with varying resolutions facilitate diverse sensing functions,
encompassing the detection of CSC and Pe during forward EW propa-
gation, as well as the discrimination of Te during backward EW
propagation.

The detection of CSC is revealed as pivotal significance in
medicine as it serves as a crucial indicator for assessing renal func-
tion. The levels of CSC directly mirror the filtration capacity of the
kidney, aiding physicians in evaluating renal health.42 In this
study, it is observed that the sharp absorptivity peak at 774.8 nm
which is exhibited a high S to changes in CSC during the forward
propagation of EWs. Owing to the increase in CSC, significant

alterations are undergone by the equivalent dielectric constant of
the solution, as depicted in Table III.43

A declining trend is observed in the equivalent permittivity of the
solution with decreasing CSC, accompanied by a noticeable red shift in
the absorptivity curve, as illustrated in Fig. 5(a). The blue ellipse circles
all the valid data points, and shows the specific data results in the right
half of Fig. 5(a) for further processing and calculation. A negative cor-
relation between permittivity and peak wavelength is signified by this
shift, with the wavelength shifting from 774.8 to 779.2 nm, approxi-
mately linearly, while maintaining absorptivity greater than 0.8. To val-
idate that the relationship between CSC and peak wavelength is aligned
with the requirements of sensing, the peak points of absorptivity curves
are extracted, (774.8, 0.830), (780.8, 0.834), (786.4, 0.823), (793.6,
0.844), (797.6, 0.850), and (799.2, 0.848). Linear fitting of these points
reveals a curve with a linear correlation coefficient of 0.995 and a slope
of �266.67, indicating a negative correlation, as depicted in Fig. 5(b).
To further evaluate the performance of sensing, S up to 266.67lmol
L�1/nm is achieved using the Eq. (9). Subsequently, the numerical
magnitudes of Q and FOM are determined, as illustrated in Fig. 5(c).

FIG. 3. Absorptivity curves for EWs trans-
mission in different directions in the LHS.

FIG. 4. Effects of Ag and Nolinar layers on absorptivity curves: (a) EWs forward and (b) EWs backward propagation.
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In Fig. 5(c), consistent trends are exhibited by the change patterns of Q
and FOM, with a synchronized reduction rate. The maximum and
minimum values of Q and FOM are 253.71 and 84.66, 242.13, and
83.33, respectively. Overall, the values tend to stabilize, indicating rela-
tively stable performance of sensing. In Fig. 5(d), the sensing stability
within the range of -15% to 15% is analyzed. When CSC is doped with
various water-soluble substances or subjected to artificial contamina-
tion, the proposed LHS continues to exhibit a stable absorption curve
as the solution concentration varies. The changes in the maximum and
minimum detectable concentrations are represented by blue and red
shaded areas, respectively. By comparing the peak wavelength shifts of
the absorption curves under �15%, 15%, and normal conditions
across two different solution concentrations, wavelength differences of
19.6, 24.4, and 29.2 nm are observed. This gradual change in the peak
wavelength difference indicates that the proposed LHS maintains sta-
ble performance in the detection of CSC, which is attributed to the
sensing mechanism employed in this study. The sensing is based on
the variation in peak wavelength difference. Although the wavelength
shift in the ideal curve can be influenced by various factors, these do
not significantly impact the wavelength difference. Only the magnitude
along the vertical axis A is affected, which results in a minor influence
on the sensing performance, yet the sensing function remains robust.

The detection of Pe is crucial in various fields due to its role in
ensuring the safe operation of systems and equipment, thereby pre-
venting accidents and failures.44 In industry and manufacturing,
equipment failures or explosions can be averted through accurate pres-
sure monitoring caused by overpressure or low pressure, enhancing
the safety and efficiency of production processes.44 In the medical field,
pressure detection is essential for monitoring the vital signs of patients
and ensuring the proper functioning of medical devices.44

The absorptivity peak at 1517.6 nm, as shown in Fig. 3, can be uti-
lized for different sensing functions. The pressure-strain characteristics
of lithium niobate material (LiNbO3) make it suitable for this applica-
tion, with the corresponding pressure S coefficient detailed in
Table II.45 Varying Pe conditions are caused by the significant changes
in the dielectric constant of lithium niobate, as indicated in Table III.46

FIG. 5. (a) The absorptivity curve of the six different CSC within the working wavelength band. (b) Curve relationship between working wavelength and CSC. (c) Sensing proper-
ties of the sensing are characterized by evaluating the Q and FOM. (d) Stability analysis of sensing function of CSC.

TABLE II. Optical coefficients of pressure-strain materials.

Material n0 p11 p12 C1 (10
–12/Pa) C2 (10

–12/Pa)

LiNbO3 2.29 �0.026 0.09 �2.10 2.55
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These changes enable the detection and measurement of Pe, leveraging
the S of material to ensure precise and reliable monitoring.

As the Pe increases from 0 to 5GPa, the permittivity changes line-
arly, decreasing steadily from 5.244 to 5.176.

Figure 6(a) shows the absorptivity curve of the proposed LHS as
it changes with Pe during the forward propagation of EWs. The overall
absorptivity is remained above 0.92, with no clutter peaks in other
working bands, indicating the stability of the surface sensing function.
As the Pe varies from 0 to 5GPa, the peak wavelength shifts from
1517.6 to 1511.2 nm. The data points of each peak wavelength are
highlighted in Fig. 6(a). It can be found that the difference of peak
wavelength between the two adjacent curves is 1.2, 1.2, 1.2, 1.1 nm,

and only the difference between the last two peaks is 0.1 nm, showing
the strong linear sensing characteristics of the proposed LHS. To fur-
ther analyze the relationship between Pe and peak working wavelength,
the functional relationship is explored as shown in Fig. 6(b), exhibiting
a negative slope and a correlation of 0.999. The S¼ 213.33GPa/nm is
calculated using Eq. (9). Figure 6(c) depicts the sensor performance.
The total Q and FOM across the entire measurement range are
2089.34 and 294.34, with average values of 348.22 and 49.06, respec-
tively. These values differ significantly from the resolution of the left
absorptivity peak in Fig. 5, with the Q value being approximately 140%
higher and the FOM 58% lower. Figure 6(d) employs the same analysis
methodology as Fig. 5(d), with the tolerance range of �5% to 5%
reflecting the standard uncertainty analysis range. Owing to the advan-
tages of the proposed LHS, the instability range is further mitigated,
and the sensing function is preserved across the broader variation
range of�15% to 15%.

In the backward propagation of EWs, the sensing function
remains operational, differing from that in the forward propagation,
exhibits distinct Janus characteristics. Te detection is crucial for pre-
venting safety hazards such as equipment overheating, fires, or

TABLE III. The equivalent permittivity values of the analyte layer filler.

Pe (GPa) 0 1 2 3 4 5
Effective permittivity 5.244 5.230 5.217 5.203 5.189 5.176
CSC (lmol L�1) 80.9 81.43 82.3 83.3 84.07 85.28
Effective permittivity 7.081 7.049 6.964 6.812 6.073 6.579

FIG. 6. (a) Influence of different Pe on the wavelength absorptivity curve of the LHS. (b) Relationship between the change of Pe and wavelength of corresponding absorptivity
peak. (c) Corresponding sensing performance values Q and FOM are obtained in the different Pe. (d) Uncertainty analysis for the detection capability of Pe.
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explosions. In areas like power equipment, electronics, and automo-
biles, excessively high Te can lead to catastrophic consequences, neces-
sitating reliable Te monitoring systems.47 LC displays different colors
within specific Te range. As the changes of Te, the arrangement of LC
molecules alters, changing the wavelength of the reflected light and
causing the LC to display different colors. The different absorptivity
curves of the LHS from 257 to 347K are measured separately by vary-
ing the Te, as shown in Fig. 7.

From Fig. 7(a), it can be observed that measurements were taken
at 10K intervals, represented by purple, blue, cyan, flesh color, and
yellow-green, respectively. The peak wavelength of the absorptivity
curve shifts to the right with increasing Te (from 307 to 347K), a phe-
nomenon also seen in Fig. 7(b) for the range from 257 to 297K.
Despite both Te ranges spanning 50K, the peak wavelength shifts are
different: from 2809 to 2846 nm (37nm difference) in Fig. 7(a), and
from 2867 to 2926nm (59nm difference) in Fig. 7(b). This indicates
that the S of the proposed LHS to Te changes is higher in the low Te

range (257–297K) than in the high Te range (307–347K). To verify
this conclusion, the peak points of the absorptivity curves are
extracted. The ten data points are (257, 2926), (267, 2914), (277, 2899),
(287, 2888), (297, 2867), (307, 2809), (317, 2828), (327, 2838), (337,
2841), and (347, 2846). In addition, according to the (x, y) data results
obtained by the red circle in Fig. 7, it can be found that the absorption
curves in both high and low temperature detection ranges maintain A
good size of A, which means that the proposed LHS has a similar size
of FWHM when dealing with the same material sensing. To some
extent, it can be inferred that the proposed LHS has stable temperature
sensing performance. In order to prove this conclusion, more linear
analysis is needed in Fig. 8.

In Fig. 8(a), it is observed that the red and blue line fitting results
represent the low and high Te regions, respectively. In the low Te
region, the relationship between Te and peak wavelength is positively
correlated, with a S of 1.015K/nm, significantly higher than that in the
high Te region (S¼ 0.686K/nm), consistent with previous conclusions.

FIG. 7. When EWs is propagated back, the absorptivity curve of proposed LHS is against the change of temperature: (a) High Te range (307–347 K) and (b) low Te range
(257–297 K).

FIG. 8. (a) The curve fitting diagram of the Te sensing function. (b) Sensing performance of Te in parameter variations from �10% to 10%.
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The linear correlation of the two lines is 0.993 and 0.940, respectively,
indicating that they can be considered linear, meeting the design
requirements of the sensing function. Additionally, Fig. 8(a) reveals
that the positive and negative slopes of the two curves differ, indicating
a positive gradient with Te from 257 to 297K and a negative gradient
from 307 to 347K. In contrast to the previous analysis, the sensing per-
formance test range in Fig. 8(b) is from�10% to 10%. This adjustment
is primarily due to the unique physical characteristics of LC, which
exhibit abrupt changes in material properties at specific temperatures,
significantly altering the dielectric constant (as indicated by the critical
temperature of 306.4K in Fig. 9). However, this does not imply a
weaker performance of the proposed structure in Te detection. In low-
temperature sensing, the proposed LHS not only maintains a stable
wavelength difference but also exhibits a consistent A, indicating stable
performance in low-temperature conditions. This behavior contrasts
with high-temperature detection, where the RI of LC is influenced by
the imaginary part within the high-temperature range, and the
change in the real part follows a curve with significant curvature,
which impacts the high-temperature sensing function, as illustrated in
Fig. 9.

This phenomenon is mainly due to the phase behavior of LC,
which exist between solid and liquid states.38 Their molecular arrange-
ment has a certain order, but not as completely ordered as solids. The
molecular arrangement of LC changes significantly with Te, leading to
different states of matter at different Te. To verify that the S of Te char-
acteristic of the proposed LHS is due to the unique physical properties
of the LC, the relationship between the Te and the RI was further
explored, with results shown in Fig. 9.

In Fig. 9, the real and imaginary parts of the RI are extracted after
the calculation of Eqs. (5) and (6), represented by red and blue curves,
respectively. The behavior of the real and imaginary parts of the RI
shows significant changes at 306.4K. At this Te, the real part of the RI
is approximately 1.59, and its overall trend is initially decreasing and
then increasing. The imaginary part of the RI begins to be numerically
significant at 306.4K. As the Te further increases, the growth rate of
the imaginary part is initially high and then low. Thus, 306.4K is
termed the critical Te, marking the critical point of the phase change in
the LC material.33 Consequently, it can be concluded that the S of the
proposed LHS is attributable to the unique physical properties of LC

materials. To further illustrate the performance of the Te sensing func-
tion of the proposed LHS, the values of Q and FOM are calculated by
Eqs. (25) and (26), as shown in Fig. 10.

In Fig. 10, hollow and solid spheres represent the high and low Te
regions, respectively, while blue and green colors denote the numerical
magnitudes of Q and FOM, respectively. Over the entire range of Te,
the average values ofQ and FOM in the high-Te region are 12.576K/nm
and 0.003 04K�1, respectively, with standard deviations of 1.39 and
3.647� 10�4. The maximum values are 14.4 K/nm and 0.0035K�1,
and the minimum values are 10.9 K/nm and 0.0026K�1. This indi-
cates that the overall numerical changes of Q and FOM tend to be
stable, reflecting relatively stable sensing performance.

In the low-Te measurement region, the sensing performance is
superior, with total Q and FOM values of 107.83K/nm and 0.0378K�1,
respectively, and average values of 21.57K/nm and 0.0076K�1.
Table IV highlights the superiority of the given LHS compared to simi-
larly designed devices. Through comparison, it can be found that the
proposed LHS has outstanding advantages in terms of calculation
method, function implementation, and sensing performance.

FIG. 9. The values of the imaginary and
real parts of the RI at different Te states.

FIG. 10. The Te sensing performance of LHS for different Te ranges.
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V. CONCLUSION

In this study, a LHS combining optical Tamm states the intrinsic
absorption principle of LC, and nonlinear effects are proposed. The
multi-objective COA algorithm is combined with the TMM to opti-
mize the performance of the proposed LHS, achieving an integrated
device design for passive multiplication and division operations and
high-performance multi-physical quantity sensing functions. The LHS
exhibits Janus characteristics, displaying different physical functions
depending on the direction of EW propagation. The multiple relations
of 1.96 and 1.974 can be utilized in signal multiplication and division,
enabling the detection of CSC in forward sensing, and Pe and Te in
backward sensing. Superior performance is demonstrated by the for-
ward sensing function, with S of 266.67lmol L�1/nm for CSC and
213.33GPa/nm for pressure. The Q and FOM for these measurements
are 248.76 and 84.1L (lmol)�1, and 348.22 and 49.06GPa�1, respec-
tively. The backward Te detection is divided into high (307–347K) and
low (257–297K) Te regions, with performance metrics of S¼ 1.015K/
nm and 0.686K/nm, Q¼ 21.57 and 12.576, and FOM¼ 0.076K�1

and 0.003 04K�1, respectively. In future work, it is anticipated that the
proposed LHS will be fabricated using chemical etching methods, fol-
lowed by a series of functional tests. By integrating the experimental
results with theoretical models, structural parameters will be further
refined through reverse design methods. This approach aims to fully
realize the sensing capabilities of the proposed LHS and facilitate its
integration with various instruments, enabling its application in fields
such as aerospace, environmental protection, and biosafety.

In summary, the design of this multifunctional integrated LHS
provides more application possibilities for signal processing and multi-
physical quantity sensing, demonstrating broad prospects and poten-
tial value.
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