N
O
=
LL
Yo
@)
N
O
N
>
i a
Q.

RESEARCH ARTICLE | MARCH 27 2025

A logic gate based on photonic structure of liquid crystal
and the theoretical design of dual polarization multi-physical
quantity detection ©

Na Pei (ZE388); Li-Jie Huang (Z2#L7R) © ; Hai-Feng Zhang (Ei54%) &

’ '.) Check for updates ‘

Physics of Fluids 37, 037201 (2025)
https://doi.org/10.1063/5.0259661

@ B

View Export
Online  Citation

Articles You May Be Interested In

The Janus layered metamaterial modulated by liquid crystal with multitasking of different logic gates and
mode-switching biosensing

Physics of Fluids (April 2024)

Three port photonic and plasmonic demultiplexers based on Cross and U-shaped stub structures:
Application for filtering and sensing

J. Appl. Phys. (April 2022)

Ultra-fast all-optical 8-to-3 encoder utilizing photonic crystal fiber

AIP Advances (April 2023)

Physics of Fluids
Special Topics

Open for Submissions
AlIP

Learn More _Z‘_ Publishing

€2:G2:20 G20 YdielN 8¢


https://pubs.aip.org/aip/pof/article/37/3/037201/3341071/A-logic-gate-based-on-photonic-structure-of-liquid
https://pubs.aip.org/aip/pof/article/37/3/037201/3341071/A-logic-gate-based-on-photonic-structure-of-liquid?pdfCoverIconEvent=cite
javascript:;
javascript:;
https://orcid.org/0000-0003-3101-4950
javascript:;
https://orcid.org/0000-0002-9890-8345
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0259661&domain=pdf&date_stamp=2025-03-27
https://doi.org/10.1063/5.0259661
https://pubs.aip.org/aip/pof/article/36/4/047140/3286607/The-Janus-layered-metamaterial-modulated-by-liquid
https://pubs.aip.org/aip/jap/article/131/15/153102/2836659/Three-port-photonic-and-plasmonic-demultiplexers
https://pubs.aip.org/aip/adv/article/13/4/045303/2882321/Ultra-fast-all-optical-8-to-3-encoder-utilizing
https://e-11492.adzerk.net/r?e=&s=3wn7jCqbSUGPgeTe-6UMdL-ZeoA

pubs.aip.org/aip/pof

Physics of Fluids ARTICLE

A logic gate based on photonic structure
of liquid crystal and the theoretical design
of dual polarization multi-physical quantity
detection

Cite as: Phys. Fluids 37, 037201 (2025); doi: 10.1063/5.0259661 @ 1 @
Submitted: 20 January 2025 - Accepted: 7 March 2025 - (Il
published online: 27 March 2025 View Online Export Citation CrossMark

Na Pei (Z£4),' Li-Jie Huang (#4L7),” (©) and Hai-Feng Zhang (& i #)>°

AFFILIATIONS

'School of Integrated Circuit Science and Engineering, Nanjing University of Posts and Telecommunications, Nanjing 210023, China

?College of Electronic and Optical Engineering and College of Flexible Electronics (Future Technology), Nanjing University of Posts
and Telecommunications, Nanjing 210023, China

2 Author to whom correspondence should be addressed: hanlor@163.com and hanlor@njupt.edu.cn

ABSTRACT

In this paper, a multifunctional layered photonic structure capable of implementing various logic gates and detecting multiple physical
quantities is proposed. This structure is achieved through the arrangement of various dielectrics with the incorporation of anisotropic
plasmas and liquid crystal materials, imparting tunability and multiscale characteristics. Meanwhile, sharp transmission peaks (TPs) can be
obtained, which follows the rule of NOR (“NOT OR” gate) logic and AND (“AND” gate) logic gates for transverse magnetic and transverse
electric polarization by judging the values of TPs. By locking the frequency point at the TP, simultaneous sensing of the refractive index, the
angle between the incident wave and electric field, magnetic field strength, and temperature can be achieved. Various parameters for
evaluating sensing performance have also been introduced, and their respective sensitivities within normalized frequency (2nc/dare obtained
as follows: 8.75 x 10~* (27c/d)/RIU or 2.5 x 10~* (27c/d)/RIU, 1.7 x 10> (2%c/d)/T or 2 x 1072 (27c/d)/T, 0.0882 (27c/d)/° or 0.0957 (27c/
d)/°, 4.87 x 107* (2nc/d)/K or 7.22 x 10™* (2mc/d)/K. Unlike conventional sensors, this device has the capability of tunable logic gates and
multi-physics quantity detection, which has a wide range of application scenarios in light computing and biosensing fields.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0259661

. INTRODUCTION

In recent years, multifunctional layered photonic structure
(MLPS)' has appeared in various research fields, such as optics,” pho-
tonics,”” and electromagnetic fields. The MLPS is a structure com-
posed of layered materials with different refractive media, which
can create photonic band gaps7‘8 (PBGs) where electromagnetic
waves (EWs) cannot propagate. When a defect layer is introduced, the

Like the evolution of sensors, logic gates, as crucial components
of integrated circuits, have also undergone a transformative journey,
transitioning from individual entities to integrated gates. Pirzadi
et al.'” proposed a precise all-optical OR logic gate through the unique
combination of single-line defect, Mach-Zehnder interferometer, and
ring resonator. This logic gate exhibits the capability for dense integra-
tion and can be applied in high-precision photonic integrated circuits.
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interference behavior of EWs is modified so that EWs of a particular
frequency can pass through, enabling the regulation of EWs.
Furthermore, by introducing anisotropic plasma and liquid crystal
materials, the MLPS exhibits distinct transmittances for transverse
electric (TE) and transverse magnetic (TM) polarization,” which can
be tuned through external factors such as magnetic field and tempera-
ture. Taking advantage of these features, MLPS has important applica-
tions in the field of logic gates,”) fibers,' "' filters,"” wavegujdes,l'I and

sensors.'”'°

Veisi et al.'® designed an all-optical AND logic gate based on the
Kerr effect, utilizing a photonic crystal ring resonator structure.
Mohebzadeh-Bahabady and Olyaee'’ proposed a photonic crystals
nanoresonator structure based on interference effects, composed of
three waveguides and a nanoscale resonator, which can simultaneously
achieve all-optical NOT and XOR logic gates. However, these logic
gates are limited to singular functionalities and cannot simultaneously
achieve both logic gate operations and the detection of multiple physi-
cal quantities. Therefore, the integration of tunable logic gates with
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multi-function sensors becomes significant. This integration allows for
the handling of diverse relationships between various physical quanti-
ties through different logic operations, while simultaneously enabling
the acquisition of extensive information through multi-physical quan-
tity sensing. The integration of logic gates and multisensor-equipped
MLPS presents extensive application scenarios, facilitating comprehen-
sive research in areas such as industrial automation,”””" medical moni-
toring,” and transportation.”’

With the relentless progress and iterative advancements in sensor
technology, it has emerged as a pivotal focal point in the realm of sci-
entific research. Ge et al.”* developed a magnetic sensor based on one-
dimensional photonic crystals, achieving a sensitivity (S) of 0.817 nm/
Oe and a figure of merit (FOM) of 17.439 O x 10™". This was accom-
plished by employing strictly coupled waves to analyze the refractive
index variation of a magnetohydrodynamic thin film in response to a
magnetic field. In a separate study, Baraket et al.”” designed a nonlin-
ear temperature-tunable filter using one-dimensional superconductor
photonic crystals, leveraging thermal expansion and thermo-optical
effects. Zaky et al.”® devised a gas sensor by placing a gas chamber
between one-dimensional porous silicon photonic crystals and a silver
layer deposited on a prism. This design achieved a remarkable S of
1.9 x 10° nm/RIU and a low detection limit (DL) of 1.4 x 10~ RIU.
However, Stern et al”’ explored multi-physical quantity sensors
prompted by the limitation of single-physical-quantity sensing in daily
measurements. They developed a sensor capable of simultaneously
measuring temperature and refractive index (RI) with a high S,/
enabling the acquisition of more comprehensive and accurate informa-
tion by integrating multiple sensing functions.

In this paper, a MLPS based on magnetized plasma material and
liquid crystal has been developed. It can function as NOR (“NOT OR”
gate) and AND (“AND” gate) logic gates under TM and TE polariza-
tion, respectively. Simultaneously, while meeting the requirements of
logic gates, it possesses the capability for detecting multiple physical
quantities. The MLPS can be constructed by adjusting the arrangement
of layered media and introducing anisotropic materials. After intro-
ducing plasma and liquid crystal materials as defect layers into the
structure, a localized defect mode resonance’®”’ (LDMR) is generated,
resulting in a sharp transmission peak (TP). Since the RI of liquid
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crystal is affected not only by temperature but also by the angle
between the incident wave and electric field (ABIE),” tuning of the
MLPS can be achieved by adjusting ABIE and temperature.
Additionally, as both liquid crystal’’ and plasma™ belong to aniso-
tropic media, they exhibit different refractive dielectrics under TM and
TE conditions. Based on this, we can implement both AND and NOR
logic gates by detecting the peak value of TP. When the TP value
exceeds 0.9, it is determined that TP is present. Furthermore, when the
relevant physical quantities of the MLPS change, the resonance fre-
quency of TP also changes accordingly. Therefore, the functionality of
detecting multiple physical quantities can be achieved by fitting the lin-
ear relationship between RI, magnetic fields, ABIE, temperature, and
the movement of the frequency point (FP). The results exhibit strong
linearity, a high FOM, and a high quality factor (Q), while still adher-
ing to the logic gate relationships. MLPS, possessing not only two types
of logic gates but also the capability for detecting multiple physical
quantities, enables the comprehensive integration of more extensive
information. MLPS allows for advanced data analysis, simultaneously
reducing costs and optimizing resource utilization, which holds signifi-
cant research significance and potential.

Il. STRUCTURE AND PRINCIPLE OF OPERATION

The MLPS depicted in Fig. 1 can be fabricated through the pro-
cess of etching.”” The fabrication procedure for the MLPS can be seen
in Sec. I of the supplementary material. The RI of dielectrics A and B is
nay=2.76 and ng=2.35, respectively. The valuable contributions of
Lewin’* in deriving expressions for the effective permittivity and per-
meability of composites allowed us to achieve the desired RI within a
specific range. Layer D is the nanocomposite material, which is com-
posed of Ag nanoparticles embedded in host material SiO,’* and the
RI and thickness are denoted by np, and dp,. To provide a more accu-
rate description of the thickness of each media, this paper employs the
concept of normalized thickness dp, which is set at a value of 140 mm.
Also, depending on the normalized thickness, the angular frequency of
the electromagnetic wave can be normalized to wq = 27c/d,, denoted
by o. In this structure, the thicknesses of the two dielectrics A and B
are dy =0.3d, and dp = 0.3d,. The thickness of layer D is dp = 0.2d,.
The thicknesses of the chosen defect layers, consisting of one liquid

Electro—optical effect

Exterﬂ"
7 ecmcﬁeld

FIG. 1. The asymmetric MLPS comprises
media filled with various colors, plasma,
and liquid crystal. EWs enter from positive
direction (+z axis) at angles denoted by
0. The ABIE is denoted by ¢. The direc-
tion of the magnetic field By and B, is des-
ignated with the coordinate axis as a
reference.
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crystal and two plasma layers, are dg;=2d,, d;=0.022d,, and
d, =0.022d,. With both fields oriented parallel to the +y axis, the
external magnetic fields, denoted as B; and B,, are applied to plasmal
and plasma2, respectively, with initial values B, =1.5T, B,=1.7T.
Xuan et al.”” developed a method to generate a spatial linear magnetic
field by applying a linear current. Hence, a linearly controllable mag-
netic field can be spatially generated to satisty the different precise
requirements of the magnetic field in the two plasma media.
Additionally, because of the spatial separation between plasmal and
plasma2, magnetic fields corresponding to the two are unlikely to
interfere. EWs are incident from positive directions along the +z axis
at 0°, the initial ABIE and the temperature are ¢ =30° and
To=293.15K, which are used to control electro-optic effects’® in lig-
uid crystal.

The dielectric tensor function of plasma anisotropy can be
expressed as follows:"”

&1 0 g
EPlasma = 0 &3 0 . (1)

— i82 0 &1
Each of these tensors can be expressed as follows: ™

@2 (0 + iv,)

_1_ »
a=1 ol(w+iv)* —w?]’ @

cos (ki dx) +

kkx Cx

—in sin(kizdy)

where the constituents of the wave along the +x and + z axes, ki, and
k., represent the conductivity of light, ¢ and u, symbolize the velocity
of light ¢ = 3 x 10% m/s and the permeability 1, = 47 x 107N m™?.

For ordinary dielectrics, the transmission matrix can be written

32
as

cos(k,d;) — nisin(kadj)

M; = f
cos(kj,dj)

]

; (®)
—iT]j sin(kadj)

where, kj, = njw/ccos 0; is also the component of the wave in the z
axis, dj is the thickness of the dielectric, j donated by A, B, and D, rep-
resenting three common dielectrics.

In the context of liquid crystal media, the orientation and spatial
distribution of nematic liquid crystal molecules are affected by an
applied field. This results in an alteration of the optical properties and
the generation of electro-optic effects.””** When the magnitude of the
applied electric field exceeds a certain threshold, the nematic liquid
crystal molecules align parallel to the direction of the electric field.”
Under these conditions, the nematic liquid crystal can be treated as a

k XZ .
€ sin (ki dy)
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&3 = 1-— m, (4)

where . = (eBy/m) is the electron cyclotron frequency,
w, = (e’n,/ aom)l/ ? is the plasma frequency, 7, is the plasma density,
and v is the collision frequency. In this paper, the values are as follows:
w.=eB/m, v.=0.001lw, n,=1.1x 10 m™, e=16 x107" C,
m=9.1x10"3! kg, and &, = 8.8542 X 1072 F/m. When an external
magnetic field is applied, the propagation of EWs in the plasma is
affected by the Lorentz force due to TM polarization.”” For TE polari-
zation, the plasma in the MLPS controlled by the external magnetic
fields B, and B, will exhibit the same features as in the absence of the
external field. In this paper, we give the overall performance of the
MLPS under TM and TE polarization and analyze the entire structure
using the transmission matrix method. First, we express the relative

permittivity of plasma under TM and TE polarization as follows:"”

22
b= A2 ©)
&1

&TE = &3. (6)

Subsequently, the refractive indices of the two plasmas can be
derived from nry = /érm, and their transmission matrices can be
expressed in the following form:"”

kk C. 2
1+ (ﬁ) sin(kkzdk)

L ) (7)
XCXZ .
cos(kizdi) — kk—sm(kkzdk)

Kx Cx

dielectric material characterized by a single dielectric axis. Its effective
RI can be mathematically expressed as follows:”

none
Heff = — s T ©)]
\/nocos @ + n;sin“@
2(A To\”
ne(Ty) :A+BT0+M 1-22) (10)
3 T.
(An) o\’
no(To) =A+BTy ——2 (1 -], (11)
3 T.

where 7, and n, represent the RI of ordinary light and extraordinary
light, respectively, ¢ represents the angle between the applied electric
field and the direction of the normal incident wave. The electric field
applied to the sample is generated utilizing inclined electrode plates,
which can be seen in Sec. IV of the supplementary material. (An), rep-
resents the nematic liquid crystal birefringence corresponding to the
temperature Top=0K, T, represents the critical temperature at which
the nematic phase of the liquid crystal transforms into an isotropic
phase, and A and B are the liquid crystal material constants.
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According to the material properties of 2-cyano-4-pentylpheny4-(4-
heptylcyclohexyl) benzoate nematic liquid crystal,”” the relevant
parameters can be obtained as follows:” A =1.6493, B= —3.66
x 107% (An)y=10.178, and f = 0.2518.

For the nano-composite layer D, we employ the effective medium
approximation method to describe its optical properties. This
approach assumes that a non-uniform mixture of different materials
with macroscopic optical uniformity can be characterized by a certain
effective relative dielectric constant &p,

&D — €m & — &m
=1
2em + &b 2em + &

(12)

where 7 is the volume fraction of inclusions; &, and ¢, are the dielec-
tric permittivities of the matrix and inclusions, respectively.

To describe the optical properties of metal nanoparticles, the
model of Drude is used as follows:"’

o

SP(CU) =& —m7 (13)
where &, is the contribution of the lattice to the relative permittivity of
metal, w,, is the plasma frequency of the free electron gas in infinite
volume, and 7 is the relaxation rate.”!

In this paper, we consider incorporating Ag as nanoscale metal
particles and SiO, as the matrix for the composite medium with the
initial # =0.01 and the permittivity &,, = 2.25 and &, = 5.0. For silver,
the relevant parameters are as follows:"” hw,=9.2159ev,
Ay =0.0212ev.

The entire transfer matrix M. in the positive direction can be
written as

M; = (MaMaMleMb)(MdME7)3(MbeM2MaMa). (14)

From the above transmission matrix, the reflection and transmis-
sion coefficients can be calculated as follows:”

. (M + mianna )Mo — (M + Mialing) (15)
(myy + Mmoo + (M1 4 M)’

_ 21
t= ) (16)
(mu + MmN )Mo + (M + miatingg)

Since both sides of the MLPS are air layers,
Nne1 = Mo = (&0/ uo)l/ ?/cosf. The corresponding reflectivity (Re)
and transmissivity (Tr) are given by~

Re = |r[?, (17)
Tr = |t|”. (18)
I1l. RESULTS AND DISCUSSION

The functions of the MLPS, including its logical gate opera-
tion and its capability for detecting multi-physics quantities, will
be elucidated more comprehensively in Sec. I11. The experimental
setup for the MLPS can be seen in Sec. II of the supplementary
material.

In this paper, the two input variables are the angle between
this incident wave and the electric field (ABIE) and the tempera-
ture (Ty). Importantly, the output variable is the transmittance (T7)
of this incident wave through the structure, which is controlled by

ARTICLE pubs.aip.org/aip/pof

TABLE I. The truth table of NOR and AND logic gates belongs to two different polar-
izations and the contents of parentheses indicate the present conditions of two
inputs.

Logic gate In, In, Out
0(p=0°)  0(Ty=293.15K) 1(Tr>09)
NOR 0(p=0° 1(Ty=345K) 0 (Tr<0.1)
(TM polarization) 1 (¢=30°) 0(T,=293.15K) 0(Tr<0.1)
1(p=30°) 1(Ty=345K) 0(Tr<0.1)
0(p=0°  0(Ty=293.15K) 0 (Tr<0.1)
AND 0(p=0°) 1 (T, =345K) 0(Tr<0.1)
(TE polarization) 1 (¢=30°) 0(T,=293.15K) 0(Tr<0.1)
1(p=30°) 1(Ty=345K) 1(Tr>0.9)

the two input variables. By the two input variables, under TM and
TE polarization, the logic gate functionality of this MLPS can be
NOR and AND, respectively, which is modulated by a single inci-
dent wave. The truth table for the two logic gates is provided in
Table I.

For brevity, the two input terminals are denoted as “In;” and
“In,,” while the output terminal is labeled “Out,” where ¢ =30° and
¢@ =0° denote logical levels 1 and 0, that is, “In; =1” and “In; =0,”
respectively. Likewise, the logical levels 1 and 0 for the other input, T,
are achieved when T, =345 and T, =293.15K, that is “In,=0" and
“In, =1, respectively. The output of the two distinct logic gates is
expressed through reflectivity: an output logic of “1” is observed when
Tr > 0.9, while an output logic of “0” is observed when Tr < 0.1, that is
“Out=0" and “Out=1" respectively. When the EWs are incident
with TM polarization, as illustrated in Fig. 2(a), when the ABIE is con-
trolled at 0° at T, = 293.15K, that is, under the conditions of “In; =0”
and “In, =0, a sharp TP will be generated at f=1.73450 with

1.0
084 +_ 0AND0=0
g T=09 0AND1=1
£ 0.6 1ANDO=1
g 1AND1=1
= 0.4
«<
St
=024 7=0.1 (a)
0.0 T T T T T
2.300 2.302 2.304 2.306 2.308 2.310
Normalized frequency ()
1.0
£084 1=09
2 ONORO0=1
2 061 ONOR1=0
% | 1NOR0=0
E 0.4 1NOR1=0
=024 7=0.1 (b))
0.0

T T {E— | I A T T
1.728 1.730 1.732 1.734 1.736 1.738 1.740 1.742

Normalized frequency ()

FIG. 2. lllustration of the transmission spectra generated through TM and TE polari-
zation, which effectively achieves the NOR and AND logic functions. In (a), EWs
are incident in TE polarization with AND gates, while in (b), EWs are incident in TM
polarization with NOR gates.
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Tr=0.9785 and an output logic of “Out=1." In other logic cases in
these conditions, T is less than 0.1 and the output logic is “Out=0,”
which adheres to the NOR logic operation of “1 NOR 0=0,” “0 NOR
1=0,"and “1 NOR 1=0.” When an electromagnetic wave is incident
with TE polarization, as illustrated in Fig. 2(b), only when the ABIE is
adjusted to 30° and the temperature is controlled at 345K, that is
“In; =0” and “In, = 0,” a sharp TP is generated, resulting in an output
logic “Out=1.” Its corresponding performance parameters are as fol-
lows: Tr=0.9493 and the frequency point of TP is f=2.3061c. This
logical operation follows the behavior of an AND logic gate: “1 AND
0=0,"“0 AND 1=0,” and “0 AND 0=0.” In the case of both NOR
and AND logic gates, it is evident that their output logic aligns seam-
lessly with the TP spectra. Simultaneously, significant differences exist
in the FPs under different logic gates, indicating the potential for
MLPS to implement diverse logic operations across distinct frequency
ranges at varying thresholds.

To clarify that we can achieve the equivalent effect of a 280 mm
liquid crystal layer through a multilayer stacking approach. We can
divide the liquid crystal into 28 layers and insert a 0.02 mm SiO, sheet
between each layer. To support this, we have conducted simulations
comparing the performance of the original model with this proposed
multilayered structure. The results of this comparison are presented in

ARTICLE pubs.aip.org/aip/pof

Sec. 111 of the supplementary material. If the values of B; and B, are
changed, the details information can be seen in Sec. V of supplemen-
tary material.

Due to the diverse composition of the MLPS, it exhibits a degree
of complexity, and as a result, there may be multiple underlying factors
contributing to the presence of TP. To investigate the role of the defect
layer as a potential cause of TP, we created two separate control groups
in both NOR and AND logic gates. In the AND logic gate, we chose
To=345K and ¢ =30°to investigate the case. In Figs. 3(a) and 4,
without the defect layer, a PBG is evident in the Tr and Re spectra
within 2.3000-2.3120.. However, with the introduction of the defect
layer, the PBG is disrupted, giving rise to a distinct sharp TP with Tr
up to 0.9493 at 2.3061c.. In NOR logic gates, we used To=293.15K
and ¢ = 0°to investigate the TP’s underlying cause. In the absence of
the defect layer, illustrated in Figs. 3(c) and 4, the Tr and Re spectra
display a PBG within 1.730¢-1.738x. Upon introducing the defect
layer, seen in Figs. 3(d) and 4, the initial PBG undergoes modification,
resulting in the emergence of a passband with T up to 0.9785 at
1.73450.. To investigate the formation of TP, Fig. 5 illustrates the distri-
bution of electric field energy for NOR and AND logic functions
depicted in Figs. 3 and 4. In AND logic gates, when EWs propagate in
TE polarization through the MLPS at 2.30610, there is a noticeable

1.0 10
0.9 4 0.9
0AND 0 =0 0AND 0 =0
0.8 IoAND1=1 0.8 - P oAND 1=1
1ANDO=1 1ANDO=1
0.7 4 I 1AND 1=1 J1AND 1=1
z
2"
£ 05+
H
= 0.4
=
0.3 4
0.2+ 0.24
0.1 . Ly 01 - ——
(a : (b)
0.0 T T T T Y 0.0 T T ¥ T T
2.300 2.302 2.304 2.306 2.308 2310 2.300 2.302 2.304 2.306 2.308 2.310
Normalized frequency (o) Normalized frequency (o)
1.0 10
0.9+ 0.9 4
0.8 < 0.8 4
0.7 ONORO=1 0.7 4 ONORO=1
z ONOR1=0 > ONOR1=0
Z 0.6 1NORO =0 Z 0.6+ 1NOR0 =0
o 1NOR1=0 o= 1NOR1=0
E 0.5+ § 0.5+
2 2
= 0.4 = 0.4
] =
0.3+ 0.3
0.2+ 0.2 4
0.1 — - - - - . 0f o= = - - ——— p— -
—_— e )
1.728 1.730 1.732 1.734 1.736 1.738 1.740 1.742 1.728 1.730 1.732 1.734 1.736 1.738 1.740 1.742

Normalized frequency ()

Normalized frequency («)

FIG. 3. (a) and (c) Transmittance spectra under TM and TE polarization, which are obtained through the simulation of a single—piece liquid—crystal. (b) and (d) Transmittance
spectra under TM and TE polarization, derived from the simulation of 28 liquid—crystal pieces with a width of 10 mm, stacked with SiO, thin films of 0.02 mm width as spacers.
Itis noted that both simulation methods conform to NOR and AND logic gates, respectively.
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FIG. 5. The simulation diagram illustrating the distribution of electric field energy
during the propagation of EWs (a) in TM polarization at f=1.73450 and (b) in TE
polarization at f=2.3061c.

concentration and enhancement of electric field energy on the surface
of the plasma layer. This phenomenon induces high-frequency elec-
tron vibrations and stimulates the generation of LDMR, thereby facili-
tating the generation of TP. In NOR logic gates, when EWs intersect in
TM polarization with the MLPS at 1.73450, TP is generated for the
same reasons as in AND logic gates. The simulation results are
obtained using the 3D EM simulation software HFSS, based on the
finite element method (FEM). The Floquet port positioned above the
unit cell emits LP waves with +y polarization vertically along the -z
direction.

Considering that the thickness of the dielectric layer may be
affected by the process level and environmental factors during the
actual processing, resulting in a certain error, Fig. 6 demonstrates the
change of TP and FP in the Tr spectra with the unit thickness dy when
the electromagnetic wave is incident with TM and TE polarization.
With the gradual increase in the unit thickness, the TP in the Tr spec-
trum decreases gradually, and when d, increased to 160 mm, the TP
decreases from 0.981 to 0.972 and the FP moves from 1.7339« to
1.73560. under the TM polarization condition, and the TP decreased
from 0.958 to 0.924 and the FP moved from 2.3055¢ to 2.3073c in the
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TE case. The findings indicate that fluctuations in unit thickness
indeed affect the Tr spectrum to some extent. However, the peak value
remains consistently above 0.9, ensuring the uninterrupted functional-
ity of the logic gates. This suggests that both types of logic gates exhibit
a degree of tolerance toward variations in unit thickness, thereby miti-
gating the influence of environmental factors on thickness.

As a crucial constituent of MLPS, metal-dielectric nanocompo-
sites are influenced by the filling factor #. Figures 7(a) and 7(b) illus-
trate the variation of TP and FP in the Tr spectra concerning 7,
considering incident EWs with both TM and TE polarization. Under
TM polarization, as # rises from 0.01 to 0.07, the peak elevates from
0.979 to 0.983, and the FP shifts from 1.73450 to 1.7234c. Similarly,
under TE polarization, the peak decreases from 0.945 to 0.969, and the
FP shifts from 2.34360 to 2.33050.. Analysis of the images reveals that
both polarization modes exhibit some sensitivity in FP, with smaller
peak changes observed under TM polarization and larger ones under
TE polarization. Hence, in given MLPS, adjusting 1 can be considered
to enhance performance. Furthermore, the structure’s sensitivity to n
suggests its capability for concurrent filling factor detection.

As one of the primary sensing methods employed by the sensor,
modulation frequency facilitates the conversion of signals that are chal-
lenging to observe into photoelectric signals that are easily distinguish-
able. This paper presents a novel approach to sensing multiple physical
quantities by establishing a linear relationship between the changes in

ARTICLE pubs.aip.org/aip/pof

FP and the changes in each physical quantity. Consequently, the value
of each physical quantity can be indirectly determined based on FP. To
provide a more visual representation of the impact of linear fitting, the
coefficient of determination, denoted as R?, has been incorporated. A
value closer to 1 for R indicates a stronger confirmation of the fit, sig-
nifying the enhanced explanatory power of the dependent variable
concerning the independent variable."”** To assess the performance of
sensing, several metrics are introduced, namely S, Q, FOM, and DL.
An excellent sensor is characterized by higher S, Q, and FOM values,
as well as a lower DL. The relevant definitions for these metrics are
provided as follows: "

S= i—];, (19)
Q= FVQ—IM’ (20)
FOM = FW‘;M, (1)
- 2{)%2, (22)

where Ax and Af denote the incremental changes in physical quantities
and FP, respectively. In this context, it signifies the frequency of the
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FIG. 9. The detection performance of ABIE in TM and TE polarization varies. In TM polarization, (a) the relationship between ABIE and normalized frequency is studied within
a narrow angular range, and (b) the sensor’s performance parameters Q, FOM, and DL are evaluated at various ¢ values. In TE polarization, (c) the correlation between ABIE
and o is explored across a wide angular range, and (d) the sensor’s performance parameters Q, FOM, and DL are assessed at different ¢ values.
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transmission resonance peak, while FWHM stands for the half-height
width.

The MLPS proves effective in detecting small-angle ABIE when
incident EWs with TM polarization. Observation reveals that at a con-
trolled temperature of Top=293.15K, as depicted in Fig. 8(a), reso-
nance FP experiences a red shift with increasing ABIE within the
range of 1°~1.06°, while Tr remains consistently above 0.9, denoted as
“Out = 1.” Under these conditions, with corresponding logic inputs set
to “In; =0, In, =0,” the NOR logic operation “0 NOR 0=1" is met.
Conversely, when the temperature is controlled at To = 345K, as illus-
trated in Fig. 8(b), Tr falls below 0.1 within the detection range.
Correspondingly, NOR logic operations are described as “0 NOR
1=0.” This indicates the MLPS’s capability to detect ¢ changes within
the ABIE detection range while satisfying NOR logic operation criteria.

In Fig. 9(a), when the angular interval is set to 0.01°, the specific
movement of the FP with the LFR of the ABIE change can be obtained,
and the corresponding relation equation is obtained by linear fitting as
follows: f= (8.81 x 10 ¢ + 1.6419)a, and R* = 0.9999, S = 0.0882 o/,
which also demonstrates the excellent linear fitting effect and the reliabil-
ity of the sensor. The values of Q, FOM, and DL corresponding to each
ABIE detection point are shown in Fig. 9(b), which are 1.272 x 10°-
1.285 x 10, 64.83-65.31¢ ', and 7.66 x 10 °~7.71 x 10 ¢, respec-
tively, demonstrating excellent sensing performance.

The MLPS is applicable for detecting large-angle ABIE when
EWs are incident in TE polarization. Similarly, at a controlled temper-
ature Tp=345K and varying ABIE within the range of 89°-89.06°,
the FP of resonance peaks undergoes a red shift with increasing ABIE,
as depicted in Fig. 8(d), while Tr remains consistently above 0.9,
denoted as “Out=1." Under these conditions, with corresponding
logic inputs set to “In; =1, In, = 1,” the AND logic operation “1 AND
1=1" is satisfied. Conversely, when the temperature is controlled at
To=293.15K, as shown in Fig. 8(c), Tr falls below 0.1 within the
detection range. Correspondingly, AND logic operations are described
as “1 AND 0=0." This implies that the MLPS can detect ¢ changes
within the ABIE detection range while simultaneously satistying the
AND logical operation. Likewise, in Fig. 9(c), the corresponding rela-
tionship equation obtained through linear fitting is represented as “f=
(9.57 x 10 2¢-6.076) &,” with the corresponding R* and S values being
0.9998 and 0.09570/¢p. The sensing performance parameters are
depicted in Fig. 9(d) as follows: Q = 8442.45-9046.56, FOM = 329.89-
354329 1, DL=141x 10 "-152x 10 "¢ .

Through observation, it becomes evident that the MLPS demon-
strates outstanding performance in both polarization modes, aligning
with the respective logic operations. Additionally, it is observed that
the TM polarization condition is more adept at sensing smaller ABIEs,
whereas the TE polarization condition excels in detecting larger
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FIG. 12. In TM polarization, the detection performance of magnetic field strength is evaluated. (a) The relationship between B, and o is studied within the range of 1.30-1.60 T,
and (b) the performance parameters of the sensor at different By. (c) The relationship between B, and o in the range of 1.40-1.46 T and (d) the performance parameters of the

sensor at different B,.
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ABIEs. This versatility provides the MLPS with a broader range of
applications, enhancing the sensor’s flexibility and convenience for
various scenarios. Such as the demand for precise small-angle mea-
surements in interferometers,”” and astronomical telescopes,”” among
others, and the necessity for extensive angle measurements in radar
technology,"” satellite navigation,'® and related domains, the MLPS in
this paper offers a possible solution.

The MLPS can serve to detect magnetic field strength variations
as well. Figures 10(a) and 11(a) depict the variation of FP with B; and
B, when EWs are positively incident under TM polarization. At a con-
trolled temperature of Ty =293.15K and ¢ =0° (In; =0, In, =0), it
is observed that B; within the range of 1.3 T-1.6 T yields TPs greater
than 0.9 (output as “Out = 17”), similarly, B, in the range of 1.4-1.46 T
produces TPs greater than 0.9 (also outputting “Out=17), and both
conform to the NOR logic operation “0 NOR 0= 1.” With increasing
B, and B,, a red shift of the FP is induced due to alteration in the
refractive indices of plasma; and plasma, caused by the additional
magnetic field, consequently shifting the FP of the TP accordingly.
Conversely, when the control temperature is To = 345K or ¢ = 30°,
Tr drops below 0.1 within the detection range of both B; and B,, lead-
ing to the disappearance of TP. Consequently, the corresponding NOR
logic operations are described as “1 NOR 0=0,” “0 NOR 1=0,” and
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“1 NOR 1=0.” This signifies that within the detection range of B; and
B,, MLPS can detect changes in magnetic field strength while simulta-
neously satisfying NOR logic operations.

The linear fitting of the LFR of B; with FP is illustrated in
Fig. 12(a), yielding the relation f = (—1.71 x 10~ >B,+1.7371)a, with a
calculated R? value of 0.9997 and S=0.0017 o/T. This demonstrates
excellent linear fitting performance. The correlation performance
parameters are displayed in Fig. 12(b), indicating Q=1212.832—
1445717, FOM=1.189-1417 T~', DL=3.53x 10 >-421x 10>
T Similarly, the LFR of B, with FP can be obtained from Fig. 12(c),
resulting in f= (2.0 x 107> B,+1.7379)a, with an R* value of 1 and
§=0.0020/T. This also showcases outstanding sensor performance.
The relevant performance parameters are presented in Fig. 12(d) for
Q, FOM, and DL ranges are 1535.407-1606.602, 1.77-1.85T ', and
2.70-2.82T ", respectively.

Under TM polarization, the detection of magnetic field strength
demonstrates excellent performance for both B; and B,, while follow-
ing the NOR logic operation. In practical applications, the broader
sensing range of B; can be utilized for initial rough detection, followed
by the employment of B, for finer sensing. Additionally, by comparing
the sensing results of B; and B,, inspection and correction can be
achieved for the sensing outcomes. This multi-scale magnetic field
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sensing characteristic endows the MLPS with robustness against mag-
netic field data interference, enabling it to better adapt to the complex-
ity of magnetic field signals and achieve more precise prediction and
analysis of sensing results.

The need for RI detection is critical across diverse fields, including
biology,” chemistry,” physics,”’ and others. Consequently, there is
significant interest in sensors designed for RI detection. The sensing
performance of MLPS discussed in this paper also possesses the capac-
ity to accurately detect RI. To investigate the capability of MLPS in RI
detection, this paper employs a layered object with a consistent thick-
ness (d, = 0.1d,) and varying n, within a specified range. This object is
positioned on the incident plane of EWs, and an RI sensor is developed
by establishing a linear relationship between the FP and the n, of the
object. As depicted in Figs. 13(a) and 14(d), when EWs are incident in
TM and TE polarization modes, respectively, the resulting TPs remain
greater than 0.9 within the RI ranges of 2.6-3.3 and 1.02-1.5, respec-
tively. This indicates outputs of “Out = 1,” corresponding to the logical
operation modes of “0 NOR 0=1," and “1 AND 1=1" logic opera-
tions, respectively. However, as illustrated in Figs. 13(b)-13(d) and 14
(a)-14(c), in the other three logic operation conditions, TP vanishes,
and the corresponding NOR logic operations are described as “1 NOR
0=0,"“0ONOR1=0,"and “1 NOR 1 =0.” Similarly, T is consistently
less than 0.1, aligning with “1 AND 0=0,” “0 AND 1=0,” and “0
AND 0= 0" logical operations. This signifies that the MLPS can simul-
taneously follow the corresponding logical operation rules and achieve
RI sensing within the detection range under both polarization modes.

ARTICLE pubs.aip.org/aip/pof

When EWs are incident in TM polarization, n, ranges from 2.6
to 3.3 with an increment of 0.14 at To= 293.15K and ¢ =0°, as
depicted in Fig. 15(a). The corresponding LFR is represented as
f=(—8.96 x 10~ *n, +1.6983)a. Additionally, the values of S and R
are 8.96 x 10~* o/RIU and 0.9994, respectively. Similarly, when EWs
are incident in TE polarization, as illustrated in Fig. 15(c), the corre-
sponding LFR is f =(—2.5 x 10~* n, 4+1.9703)a, with 1, ranging from
1.02 to 1.5 with an interval of 0.08 under the conditions of T, = 345K
and @ =30°. The values of S and R? are 2.5x 10~% o/RIU and 1,
respectively, demonstrating a robust correlation between FP and n.
The values of Q, FOM, and DL for both polarization modes are dis-
played in Figs. 15(b) and 15(d). When TM polarization is utilized, the
range of Q is 777.963-1202.376, FOM is 0.400-0.618 RIU %, and DL is
0.08-0.12 RIU . On the other hand, when TE polarization is
employed, the range of Q is 2896.882-3177.419, FOM is 0.368-0.403
RIU™, and DL is 0.124-0.136 RIU™". These results collectively indi-
cate excellent performance in RI detection for both polarization.
Additionally, considering the different RI measurement ranges for the
two polarization modes, the MLPS can be tailored to accommodate
various sensing requirements.

Temperature detection holds significant importance in electro-
magnetic compatibility testing,”” enabling the monitoring of equip-
ment temperature variations under different operating conditions to
assess its immunity to electromagnetic interference and radiation.
Consequently, temperature sensing in this research is of paramount
significance. The MLPS introduced in this paper also encompasses
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range of 293.15-299.15K. (b) ¢ = 30°, no sharp TP can be found in the detection range. In TE polarization, T, changes, and (c) ¢ =0°, no sharp TP can be found in the
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temperature-sensing functionality. Under TM polarization, the MLPS
can be utilized for temperature sensing near room temperature
(To=1293.15K). As depicted in Fig. 16(a), under ¢ = 0°, when temper-
ature varies within the range of 293.15-299.15 K, all TPs exhibit values
greater than 0.9, indicating “Out = 1.” Conversely, when ¢ = 30°, TPs
are consistently less than 0.1, signifying that temperature sensing also
adheres to the principles of “0 NOR 0=1” and “1 NOR 0= 0" NOR
logic operations. The MLPS can also be utilized for higher temperature
sensing under TE polarization conditions. As illustrated in Fig. 16(d),
under ¢ = 30°, when T, varies within the range of 344-350K, TPs
remain greater than 0.9, indicating “Out=1." Conversely, when
@ =0°, TPs are less than 0.1, indicating that temperature sensing fol-
lows “1 AND 1=1,”"and “1 NOR 0= 0" AND logic operations.
Figures 17(a) and 17(c) show the LFR for temperature sensing that
satisfies “0 NOR 0=1," and “1 AND 1=1" for TM and TE polariza-
tion, f= (4.87 x 10~* T, +1.5917)x and f= (722 x 10~ % T, 42.1758)x,
respectively. The corresponding S is 4.87 x 10 * and 7.22 x 10~ * o/K,
respectively. The values of R* are 1 and 0.9999, indicating the high reli-
ability of the LFR. Detailed values of Q, FOM, and DL for the corre-
sponding ranges under TM and TE polarization are presented in Figs.
17(b) and 17(d), respectively:1276.449-1294.418, and 1.056 X 10°-
1.154 x 10°, 0.360-0.363K ', and 3.138-3437K ', 0.138-0.139K ",
and 0.0146-0.0160 K~!, which indicates that MLPS-based temperature
sensing exhibits excellent performance across two different ranges.

Additionally, it enables temperature sensing within various ranges
according to the temperature requirements of different scenarios.

In order to further study the mutual influence among the sensi-
tivities of these several physical quantities, we observe the changes in
the sensitivities of each physical quantity by changing do, as shown in
Fig. 18.

The provided graphs offer a detailed exploration of the relation-
ships between the dj and the S of various physical quantities in both
TM and TE modes. In Fig. 18(a), the S of ABIE and are depicted. In
the TM mode, as d, increases from 0.09 to 0.21 um, the S of ABIE
increases gradually from 8.65 x 107> to 8.87 x 102 /°. In the TE
mode, the S of ABIE rises 9.23 x 10210 9.73 x 102 /°. In Fig. 18(b),
focusing on the S of Ty in TM and TE modes, as dy increases from 0.09
to 0.21, the S of T, in the TM mode rises from 4.78 x 107* to
4.9 x 10~ * 2/K, and in the TE mode, it increases from 7.05 x 10~ * to
7.28 x 107* o/K. The higher S of in the TM mode suggests a more
favorable interaction between and the TM mode with increasing. In
Fig. 18(c), the S of and B; and B, is presented. In both TM and TE
modes, as d, increases, the S of B; and B, exhibits fluctuating behavior.
This indicates a complex coupling relationship between By, B,, and d,.
In Fig. 18(d), the n, under the two polarization modes seems not to be
affected and remains constant.

Regarding the coupling relationships among the S of these physi-
cal quantities, the following observations are made: The increase in S
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FIG. 18. The S variations of different physical quantities in TM and TE modes with respect to the normalized thickness dy. In TM mode, (a) shows the sensitivities of ABIE and
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TABLE II. Performance comparison of MLPS with published reports.
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Reference Multi-function Detection of physical properties Sensitivities Logic gate
53 No None None AND
54 No None None NOR
55 No Temperature Range 0-40°C 5nm/°C None
56 No RI Range 1.34-141 6500 nm/RIU None
Positive range 1.35-2.09 132 MHz RIU™!
o7 No RI Negative range 1-1.57 40.7 MHz RIU™" None
RI Range 1.455-1.469 56.815dBm RIU *
o8 Yes Temperature Range 22-42°C 56.815dBm RIU None
RI 2.6-3.3 8.75 x 107* (2mc/d)/RIU
Temperature 293.15-299.15K 4.87 x 107 (2nc/d)/K
MFs ~ TMpolarization |3 1 6T 4nd 14-146T 1.7 x 107> (2nc/d)/T and 2 x 10> 2ne/dyT ~ NOR
This work Yes ABIE 1°-1.06 ° 0.0882 (2mc/d)/°
RI 1.02-1.05 2.5 x 107* (2rc/d)/RIU
Temperature TE polarization 344-350 K 7.22 x 107 (2ne/d)/IK AND
ABIE 89-89.06 ° 0.0957 (27c/d)/°
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of Ty in both TM and TE modes seems to be accompanied by a rela-
tively small increase in S of ABIE. This suggests that the S growth of T,
may have a partially suppressing effect on the S growth rate of ABIE’s.
For B, and B,, their fluctuating S implies that changes in d, may lead
to alternating enhancement and suppression effects among the S of
these two quantities. For example, an increase in d, may cause a
decrease in the S of B, while simultaneously causing an increase in the
S of B,, indicating a trade-off relationship between their S at certain d,
values. Overall, the S of these physical quantities is intricately linked,
and changes in d can lead to various coupling effects among them,
which are essential for understanding the electromagnetic properties
and interactions of these quantities.

Based on the research findings presented above, the MLPS pro-
posed in this study exhibits exceptional performance within the realm
of electromagnetic fields. This structure not only serves the purpose of
detecting ABIE but also possesses the capability to measure magnetic
field intensity, RI, and temperature. Furthermore, the MLPS supports
multi-precision detection in both positive and negative directions,
making it adaptable to specific environmental requirements. To evalu-
ate the performance of the sensor, we have introduced several key indi-
cators, including S, Q, FOM, and DL, all of which have demonstrated
excellent results. As illustrated in Table II, MLPS is described systemat-
ically and intuitively. A comparative analysis of the MLPS presented
against previously discovered devices with exceptional performance,
considering factors such as versatility and physical quantity detection,
leads to the conclusion that the MLPS presented here represents an
advancement over prior methods and holds a superior position in the
field. This paper places its primary emphasis on theoretical innovation
and research method development. A thorough analysis of parameters
such as dielectric thickness and RI leads to the determination of more
suitable values. Details on the multi-function devices™*’ and specific
applications of the given devices can be seen in Sec. VI of the supple-
mentary material.

IV. CONCLUSION

In conclusion, MLPS composed of plasma and liquid crystal
materials with different logic gates and multiple physical quantities’
detection under TM and TE polarization is theoretically studied. The
incorporation of liquid crystal and plasma into the MLPS endows it
with tunability, allowing it to respond to external factors such as mag-
netic fields and temperature. Additionally, those components serve as
a defect layer capable of exciting LDMR, leading to the generation of
sharp TPs. Two distinct logic gates are established on both the TM
and TE polarization modes. The switching between NOR and AND
logic gates is achieved through different polarization, and the logic out-
put is determined by detecting the TP value. By establishing a linear
relationship between the frequency shift of FP and various physical
parameters such as RI, magnetic field B, temperature T,, and ABIE, the
MLPS can function as a versatile sensor for multiple physical quanti-
ties. Under TM and TE polarization, the detection ranges of RI, B, Ty,
and ABIE are 2.6-3.3 and 1.02-1.5, 1.3-1.6 T and 1.4-1.46 T, 293.15-
299.15K and 344-350K, and 1-1.06° and 89-89.06°, respectively.
Finally, when evaluated based on parameters such as S, Q, FOM, and
DL, the MLPS demonstrates outstanding sensing performance. Such
an MLPS with two types of logic gates, and multi-function, can not
only play a huge role in integrated circuits, integrated information
processing, sensors, and other fields but also provide a solution for
multi-function devices that require multiple scenarios.

ARTICLE pubs.aip.org/aip/pof

SUPPLEMENTARY MATERIAL

See the supplementary material for the fabrication and experi-
ment processes of the given MLPS.
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