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Electromagnetic Detection Design in Liquid
Crystals Janus Metastructures Based on Second

Harmonic Generation
Cheng Yang , Chu-Ming Guo , Yu-Xin Wei , and Hai-Feng Zhang

Abstract— Second harmonic wave (SHW) generation is a
nonlinear optical phenomenon, wherein electromagnetic radia-
tion undergoes a process of doubling its frequency. A multitask
Janus metastructure (MJMS) based on liquid crystal (LC)
tunable defects is introduced in this article, enabling temperature
detection and biosensing. Due to the asymmetric arrangement of
dielectrics, MJMS exhibits Janus characteristics in both forward
and backward directions. Significant enhancement in the output
efficiency (OE) of SHW can be achieved through the adjustment
of LC defects and structural design. When the cavity under
test is filled with air, high-precision temperature sensing can
be achieved by detecting the shift of the SHW’s peak (SHWP),
with a detection range of 15 ◦C–40 ◦C. The highest sensitivity
(S) can reach 0.00164 THz/◦C. When the cavity under test is
filled with analytes, different types of waterborne bacteria can be
identified on the forward scale by the amplitude shift of SHWP,
with a measurement range of 1.365–1.425 and S = 0.9826/RIU.
On the backward scale, MJMS can detect glucose solution with
concentrations ranging from 0 to 400 g/L with a detection
range of 1.33–1.38 and S = 3.402/RIU. This MJMS has the
potential to drive breakthroughs in electromagnetic detector
design, opening up new avenues for exploring SHW applications
and LC research.

Index Terms— Electromagnetic detection, electromagnetic
propagation, Janus metastructures (MSs), liquid crystal (LC),
second harmonic generation (SHG).

I. INTRODUCTION

METASTRUCTURES (MSs) [1] in optics are
ultrathin planar electromagnetic devices with micro

and nanoscale periodic structures [2]. They are typically
composed of specifically designed micro and nanostructure
units, which can induce the desired electromagnetic effects
when interacting with electromagnetic waves (EWs) [3].
Second harmonic generation (SHG) [4] is a phenomenon of
nonlinear electromagnetic that occurs when EWs interact with
nonlinear materials [5]. In this effect, the incident fundamental
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wave (FW) [6] interacts with the nonlinear electromagnetic
polarization [7] within the material, resulting in the generation
of a second harmonic frequency, which is twice the original
EW frequency. The efficiency of SHG is primarily influenced
by the material’s intrinsic second-order nonlinear coefficient
(SNC) [8], incident EWs intensity [9], and phase match-
ing [10]. Due to limitations imposed by the material’s intrinsic
SNC and incident EWs intensity, the key factor determining
the efficiency of strong second harmonic wave (SHW) output
lies in the phase matching between the SHW and the FW [11].
Fortunately, Li et al. [12] combined strontium barium niobate
(SBN) crystals with quasi-phase-matching (QPM) techniques
to achieve a significant enhancement of SHW generation
within 1-D layered MS. Furthermore, some researchers
have found that SHW output efficiency (OE) is highly
sensitivity (S) to variations in system physical parameters,
making it of significant interest for precision measurements in
the current fields of science and engineering [13]. In today’s
scientific and engineering domains, the Janus effect [14] is
gaining increasing attention. The Janus effect is a physical
phenomenon involving the asymmetrical propagation of
signals or waves in both forward and reverse directions under
specific conditions [15]. Yang et al. [16] and Parvini et al. [17]
among others have studied the case of the SHW effect in
1-D MS with forward incidence based on QPM but did not
consider the generation of SHW under reverse incidence.
Therefore, it is essential to investigate the Janus effect of
SHW generation in asymmetric MS.

On the one hand, liquid crystal (LC) [18] technology
plays a crucial role in modern science and the electronics
industry. Among them, E7 LC [19] is a significant form of
LC phase, known for its unique molecular arrangement and
optical properties, making it widely used and highly regarded.
LC exhibits excellent optical anisotropy and is highly S to
external factors, such as temperature, ultimately resulting in
changes in its refractive index (RI) of the LC [20]. This
characteristic has led to the widespread application of LC in
reconfigurable antenna [21], intelligent sensors [22], polar-
ization converters [23], and other fields. Abadla et al. [24]
initially proposed a ring-like layered hyperstructure using a
low birefringence nematic LC as the defect layer for sensing,
achieving extremely high S and resolution. Wu et al. [25]
investigated the bistable characteristics of layered hyperstruc-
ture using LC as the defect layer by modulating the director
orientation with an applied voltage. LC defect applications also
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include nanoparticle manipulation and high-speed defect mode
switching [26]. Temperature detection [27] is of paramount
importance for ensuring health, safety, quality, environmental
protection, and resource management. In recent years, research
on temperature detection using LC [28] has been widely
reported. Ismail et al. [29] introduced a temperature detection
method with an S of 0.014 nm/◦C based on the characteristics
of the insulated gate bipolar transistor. Algorri et al. [30]
combined nanostructured metals with LC, introducing a novel
temperature sensor that leverages the temperature and dielec-
tric constant dependence of the LC. This design achieved
an S exceeding 9 mV/◦C. However, these studies are easily
affected by external environmental factors and often have a
single function. Therefore, the development of a temperature
detection device with high stability and S is essential.

On the other hand, with the continuous increase in urbaniza-
tion and industrialization, water pollution has become a global
issue. Various harmful substances are present in water bodies,
among which waterborne bacteria (such as V. cholerae, E. coli,
and S. flexneri) are important factors contributing to water
quality deterioration and health threats [31]. The enhancement
of bacterial drug resistance and the ongoing changes in the cli-
mate and environment have turned the prevention and control
of waterborne bacterial outbreaks into a severe challenge for
global water supply [32]. This has also underscored the urgent
need for the development of new detection technologies.
Gaiduk et al. [27] have summarized some of the latest rapid
pathogen detection technologies based on various techniques
developed for pathogen detection. However, these methods
suffer from issues, such as long detection times, low S, and
poor specificity.

Glucose is the main component of blood sugar, and precise
monitoring of blood sugar concentration can help manage dia-
betes, ensuring that blood sugar levels are within a reasonable
range, reducing the risk of complications, and improving the
quality of human life [33]. Chamoli et al. [34] investigated
the influence of environmental RI or glucose concentration on
active plasma materials by coupling incident plane waves and
plasma waves. They designed plasma S to measure blood sugar
concentration, achieving S and quality factors of 2600 nm/RIU
and 1500, respectively. However, it had a single function and
lacked multiscale capabilities. Therefore, developing a biomet-
ric electromagnetic detection device with real-time monitoring,
high S, multiscale, and multitasking capabilities is crucial in
engineering.

Therefore, a multitask Janus MS (MJMS) based on a layered
MS is introduced in this article. It is composed of periodically
poled SBN and E7 LCs. The SBN, as a ferroelectric crystal,
possesses spontaneous polarization characteristics and a higher
nonlinear coefficient, which is advantageous for achieving
QPM and enhancing the frequency doubling effect [35]. E7 LC
is used for defect tuning and strong S temperature detection.
Li et al. [36] have demonstrated the enhancement of SHG
due to the electromagnetic bandgap (EBG) edge effect, and
researchers believe that introducing defect tuning into the
nonlinear process can produce similar effects. Utilizing the
controllable defect properties of LCs and a structural design
based on QPM can significantly enhance the efficiency of

TABLE I
JANUS PERFORMANCE OF MJMS

SHW output. MJMS can fulfill both temperature detection and
biological sensing requirements. In the context of RI sensing
for analytes within the test cavity, when the test layer is filled
with air and lacks analytes, the accurate temperature detection
can be accomplished by introducing a peak shift ( f1) in the
optical response, referred to as the SHW peak (SHWP). In the
context of biological sensing, analytes are introduced into
the test cavity. By monitoring the change in SHW efficiency
(η1) at specific frequencies, when an EW forward FW is
incident on the MJMS, different types of Waterborne bacteria
can be distinguished at the forward scale. At the backward
scale, MJMS can detect blood sugar concentrations ranging
from 0 to 400 g/L. Additionally, the study analyzed the impact
of LC layer thickness on the OE in MJMS, highlighting the
complexity of theoretically calculating the effective RI of LC
under oblique incidence.

It is important to emphasize that this study primarily focuses
on theoretical research. This is because the author’s institution
lacks experimental equipment, funding, and specialized labo-
ratory facilities. In this study, we will provide the specific
implementation process and detection method of the MJMS
device designed for us (for detailed information, refer to Part 1
of the Supplementary Materials). Table I provides specific
parameters for electromagnetic detection using MJMS. Com-
pared to traditional detectors, MJMS leverages the SHW effect
controlled by E7 LCs to offer a compact, high-S, high-quality
factor (Q), low detection limit (DL), and multifunctional
design. Researchers believe that this design concept, which
combines LC tunable defects with frequency doubling and
multifunctional electromagnetic detection, has the potential to
drive breakthroughs in electromagnetic detector realization and
open up new avenues for exploring LC applications.

II. STRUCTURAL DESIGN AND RESULTS

A. Model Diagram and RI Modulation

As shown in Fig. 1, the given MJMS is exposed to stan-
dard environmental conditions at a temperature of 25 ◦C.
In Fig. 1(a), the MJMS is described as a layered structure
consisting of alternating layers of the SBN (referred to as
A and B), the E7 LC layer (denoted as L), and the test cavity
layer (designated as C). The thicknesses of the SBN layers
are indicated as da and db, the thickness of the L layer is
denoted as dl , and the thickness of the C layer is represented
as dc. Specifically, the layer thicknesses are set as follows:
da = 3363.2 nm, db = 2061.4 nm [16], dl = 240 nm, and
dc = 1095 nm. In Fig. 1(b), MJMS is described as
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Fig. 1. Schematic representation of the MJMS hierarchical structure. (a) SBN
components A and B exhibit distinct polarization directions, with E7 LC
denoted as L and the tested cavity marked as C. (b) Overall structural
arrangement is (AB)N L(AB)N C. (c) MJMS is capable of executing diverse
detection tasks under multitask, multiscale conditions.

(AB)N L(AB)N C, with N being the number of periods.
The nonlinear coefficients for the materials in each layer
are denoted as χ (2)

a , χ
(2)
b , χ

(2)
l , and χ (2)

c . Since the LC
layers and test layers are considered ordinary dielectrics,
their nonlinear effects are not taken into account. The SBN
crystal exhibits a significant nonlinear coefficient, specifically
χ (2)

= 27.2 pm/V [36]. In Fig. 1(a), the black dashed arrows
signify that the A and B layers of the AB stack have different
polarization directions, and their nonlinear coefficient relation-
ship can be expressed as χ (2)

a = −χ
(2)
b [12]. Furthermore,

in Fig. 1(c), depending on the presence and type of the
substance being tested and the filling material in the C layer,
the MJMS can be used for temperature detection, waterborne
bacteria detection, and blood glucose concentration detection,
under different conditions.

The periodically poled SBN exhibits spontaneous polariza-
tion properties. Li et al. [12] adjusted the polarization direction
by applying an external electric field and derived the RI of the
periodically poled ferroelectric crystal dielectric under FW and
SHW based on the Sellmeier equation (additional information
is provided in Part 2 of the Supplementary Material). Specif-
ically, n( f )

a = 1.617, n(s)
a = 2.955, n( f )

b = 1.68, and n(s)
b =

3.245 [36]. In this context, “ f ” and “s” represent FW and
SHW, respectively. For the LC layer, based on the electrically
controlled birefringence effect, when introducing the LC as a
defect into the MJMS structure, the effective RI of the LC can
be expressed as [19]

nl =
none√

n2
o cos2 θ + n2

e sin2 θ

(1)

where no is the ordinary RI, ne is the extraordinary RI, and
θ is the angle between the direction of vertically incident
EWs and the direction of the electric field in the electrically
controlled birefringence effect [37]. By (1), it is evident
that nc is influenced by the angle of incidence, thereby

increasing the computational complexity. Moreover, oblique
incidence generally results in lower SHW output [8], [10],
[11]. Therefore, this study focuses solely on the case of normal
incidence. In this study, E7 type LC was used. Li et al. [19]
determined the refractive indices of the E7 LC mixture at
different temperatures in the infrared wavelength range using
the Abbe refractometry method and wedge cell refractometry
method. They derived a six-parameter model to describe the
temperature dependence of the LC refractive indices [19]

ne = Ae +
Be

λ 2 +
Ce

λ 4 (2a)

no = Ao +
Bo

λ 2 +
Co

λ 4 . (2b)

In this context, ne and no represent the extraordinary and
ordinary refractive indices, respectively. λ denotes the wave-
length of the incident wave. For an ambient temperature of
25 ◦C, the coefficients are given as follows: Ae = 1.6933,
Be = 0.0078 × 10−12, and Ce = 0.0028 × 10−24 for the
extraordinary RI (ne), and Ao = 1.4994, Bo = 0.0070 × 10−12,
and Co = 0.0004 × 10−24 for the ordinary RI (no) [19]. The
OE of SHW (represented as η) is equal to the total optical
power of SHW (the sum of the transmitted power It and the
reflected power Ir) divided by the incident light power of FW,
denoted as I0 (details can be found in Supplementary Material
Part 3).

B. Amplitude Distribution of FW Electric Field

The key to deducing OE is the determination of the specific
distribution of the FW electric field amplitude within the
MJMS. In this section, the propagation equation for EWs in
the nonlinear medium is derived from the interaction between
the FW and the nonlinear medium [12]

∇
2 E(r, t) −

n2

c2

∂2

∂t2 E(r, t) = µ0
∂2

∂t2 Pnl(r, t) (3)

where µ0 signifies the vacuum permeability. n = (ε/ε0)
1/2,

ε0 represents the vacuum permittivity. The nonlinear part of
the polarization intensity, Pnl, is affected by the electric field
strength E , where c denotes the speed of EWs in a vacuum.
As the FW advances through the MJMS, the electric field
amplitude distribution in each layer of the medium is described
as follows [36]:

E ( f )
r = E f +

r ei
[
k( f )

t (Zr −Zr−1)−ωt
]
+ E f −

r e−i
[
k( f )

t (Zr −Zr−1)−ωt
]

(4)

where E ( f )
r symbolizes the amplitude of the FW in the r th

layer, with the “+” and “−” symbols indicating the electric
field amplitudes of the transmitted and reflected portions of the
FW. The wave vector of each layer of the medium under the
conditions of the FW is denoted as k( f )

t = n( f )
t k f , k f = ω/c,

and n( f )
t indicates the RI of the tth layer of the medium under

the conditions of the FW, where t = 0, a, b, c, or l. Here,
t = 0 represents the RI of the background air, specifically,
n0 = 1. Furthermore, Zr − Zr−1 = dr, and dr signifies the
thickness of the r th layer of the medium. Define E f

T and
E f

0 to, respectively, be used to express the output and input
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amplitudes of the FW electric field. From this, the transmission
matrix for the FW within the MJMS can be derived as(

E f +

T

E f −

T

)
= T f

(
E f +

0
E f −

0

)
. (5)

To describe the propagation of FW within the medium and
the amplitude changes at the layer boundaries, it can be defined
as [12], [16]

N t =

 exp
(

ik( f )
t dt

)
0

0 exp
(
−ik( f )

t dt

) (6)

Dt =

(
1 1

nt t −nt t

)
. (7)

Equation (6) indicates the changes in phase and amplitude
of the FW during its transmission process. Equation (7) is
derived from the layer boundary conditions and can be used
to express the relationship of electric field amplitudes at the
interfaces between two layers of the medium. Based on the
Voigt effect [38]: n( f )

t t = k( f )
t /(n( f )

t n( f )
t ). Here, where t

can be 0, a, b, c, or l, and n0 represents the RI of air.
Therefore, the total matrices for forward propagation and
backward propagation can be expressed as [12]

T f
Forward = D−1

0 Dc Nc D−1
c (M1)

N Dl N l D−1
l (M1)

N D0 (8a)

T f
Backward = D−1

0 (M2)
N Dl N l D−1

l (M2)
N Dc Nc D−1

c D0 (8b)

where M1 = DbNbD−1
b DaNaD−1

a and M2 =

DaNaD−1
a DbNbD−1

b . Through the total matrices (8a), one can
calculate the reflection and transmission coefficients [16],
and under given conditions of incident wave electric field
amplitudes, determine the relative electric field amplitudes
in each layer of the MJMS. (The method for calculating the
transmission coefficient and transmittance using the overall
matrix can be found in Part 4 of the Supplementary Materials.)
The solution for the amplitudes of the FW in each layer
is inevitable, as it forms the basis for generating the SHW
electric field amplitude. For forward incidence, as shown in
Fig. 1, there are a total of 4N + 2 layers of media, and the
amplitude in each layer can be expressed as follows:(

E+

2s−1
E−

2s−1

)
= D(−1)

a (M1)
s−1 D0

(
E+

0
E−

0

)
(9a)(

E+

2s
E−

2s

)
= D(−1)

b Da Na D(−1)
a (M1)

s−1 D0

(
E+

0
E−

0

)
(9b)(

E+

2N+1
E−

2N+1

)
= D−1

l (M1)
N D0

(
E+

0
E−

0

)
(9c)(

E+

2N+2s
E−

2N+2s

)
= D(−1)

a (M1)
s−1 Dl N l D−1

l (M1)
N D0

(
E+

0
E−

0

)
(9d)(

E+

2N+2s+1
E−

2N+2s+1

)
= D(−1)

b Da Na D(−1)
a (M1)

s−1

× Dl N l D−1
l (M1)

N D0

(
E+

0
E−

0

)
(9e)(

E+

4N+2
E−

4N+2

)
= D(−1)

c (M1)
N Dl N l D−1

l (M1)
N D0

(
E+

0
E−

0

)
(9f)

where s = 1, 2, 3, . . . , N . Similarly, the amplitudes for each
layer for backward incidence can also be derived similarly.
(The details of the amplitude distribution in each layer
for backward incidence can be found in Supplementary
Material Part 5.)

C. Amplitude Distribution of SHW Electric Field

Combining the propagation (3) of EWs in nonlinear media,
we can obtain the electric and magnetic field distributions in
each layer of MJMS [16](

E (s)
r (z)

H (s)
r (z)

)
=

(
1 1

n(s)
t t −n(s)

t t

)(
E (s)+

r (z)
E (s)−

r (z)

)

+

(
1 1

2n( f )
t t k( f )

0

k(s)
0

−
2n( f )

t t k( f )

0

k(s)
0

) Ar

(
E ( f )+

r

)2
(z)

Ar

(
E ( f )−

r

)2
(z)


+

(
1
0

)
Cr E ( f )+

r E ( f )−
r (10)

in which E (s)
r symbolizes the output amplitude of the SHW

field in the r th layer, with the “+” and “−” signs indicating
the forward and backward propagation of SHW within MJMS,
respectively. The wave vector of each layer of the medium
under the conditions of the FW is represented as: k(s)

t =

n(s)
t ks and ks = 2ω/c. The RI for each layer under the

SHW conditions is denoted as n(s)
t , n(s)

t t = k(s)
t /(n(s)

t n(s)
t ),

t = 0, a, b, c, l. Furthermore, Ar and Cr are defined as
follows [12]:

Ar =
−k(s)2

0 χ (2)
r

k(s)2
t − 4k( f )2

t

(11a)

Cr =
−k(s)

0 χ (2)
r

k(s)2
t

(11b)

where χ (2) represents the two-order nonlinear coefficients of
the media in different layers. To formulate the expression for
the output amplitude of the SHW, let us establish the following
definitions:

Gt =

(
1 1

n(s)
t t −n(s)

t t

)
(12a)

Bt =

(
1 1

2n( f )
t t k( f )

0

k(s)
0

−
2n( f )

t t k( f )

0

k(s)
0

)
(12b)

Ft =

 exp
(

2ik( f )
t dr

)
0

0 exp
(
−2ik( f )

t dr

) (12c)

Qt =

 exp
(

ik(s)
t dr

)
0

0 exp
(
−ik(s)

t dr

) (12d)

where (12a) is used for the calculation of the amplitudes
at the boundaries of the various media layers under SHW
conditions, (12b) and (12c) are employed to calculate
the excitation of FW on the SHW amplitude, and (12d)
indicates the variation in phase and amplitude of SHW during
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propagation. Therefore, we obtain the expression for the
SHW output amplitude as follows [16]:(

E (s)+
T
0

)
= T s

(
0

E (s)−
0

)
+ (GG1 + GG2 + GG3 + GG4)

(13)

where ET symbolizes the transmission amplitude of SHW,
and E0 signifies the reflection amplitude of SHW. Ts is
the transmission matrix for SHW within MJMS, and the
transmission matrices for forward and backward propagation
of SHW are defined as follows [16]:

T s
Forward = G−1

0 Gc Qc G−1
c (M3)

N Gl Ql G
−1
l (M3)

N G0

(14a)

T s
Backward = G−1

0 (M4)
N Gl Ql G

−1
l (M4)

N Gc Qc G−1
c G0

(14b)

where M3 = GbQbG−1
b GaQa G−1

a and M4 =

GaQaG−1
a GbQbG−1

b . It should be noted that in (14), the
SHW transmission matrix represents the free-wave amplitude
of SHW. At this time, the propagation of SHW is not affected
by FW and is determined solely by the inherent transmission
matrix Ts of SHW. On the other hand, GG1 to GG4 in (13)
indicates the influence and interference of the electric field
amplitudes of FW in each layer of MJMS on the bound-wave
amplitude of SHW. This is a critical factor affecting the
enhancement or attenuation of the SHW electric field.
Researchers [10], [12] attribute this effect to the excitation of
SHW by FW, which is closely related to the distribution of FW
electric field amplitudes and the nonlinear coefficients. Taking
forward incidence as an example, GG1–GG4 correspond to
the excitation of SHW by the electric fields of the preceding
2N layers (front SBN periodic layers), the 2N + 1 layer (E7
LC layer), the 2N + 2 to 4N + 1 layers (rear SBN periodic
layers), and the 4N+2 layer (the tested C layer). The specific
expressions are derived as follows [8], [12]:

GG1 =

N∑
j=1

G−1
0 Gc Qc G−1

c (M3)
N Gl Ql G

−1
l (M3)

N− j

×

(S2 Ba Fa − S1 Ba)

 Aa

(
E ( f )+

2 j−1

)2

Aa

(
E ( f )−

2 j−1

)2


+(S2 − S1)

(
Ca

0

)
E ( f )+

2 j−1 E ( f )−

2 j−1

+ (Bb Fb − S2 Bb)

 Ab

(
E ( f )+

2 j

)2

Ab

(
E ( f )−

2 j

)2


+(1 − S2)

(
Cb

0

)
E ( f )+

2 j E ( f )−

2 j

 (15a)

GG2 = G−1
0 Gc Qc G−1

c (M3)
N

×

(Bl Fl − Gl Ql G
−1
l Bl

) Al

(
E ( f )+

2N+1

)2

Al

(
E ( f )−

2N+1

)2



+
(
1 − Gl Ql G

−1
l

)(Cl

0

)
E ( f )+

2N+1 E ( f )−

2N+1

 (15b)

GG3 =

N∑
j=1

G−1
0 Gc Qc G−1

c (M3)
N− j

×

(S2 Ba Fa − S1 Ba)

 Aa

(
E ( f )+

2 j+2N

)2

Aa

(
E ( f )−

2 j+2N

)2


+ (S2 − S1)

(
Ca

0

)
E ( f )+

2 j+2N E ( f )−

2 j+2N

+ (Bb Fb − S2 Bb) ×

 Ab

(
E ( f )+

2 j+2N+1

)2

Ab

(
E ( f )−

2 j+2N+1

)2


+ (1 − S2)

(
Cb

0

)
E ( f )+

2 j+2N+1 E ( f )−

2 j+2N+1

]
(15c)

GG4 = G−1
0

[(
Bc Fc − Gc Qc G−1

c Bc
)

×

 Ac

(
E ( f )+

4N+2

)2

Ac

(
E ( f )−

4N+2

)2

+
(
1 − Gc Qc G−1

c

)
×

(
Cc

0

)
E ( f )+

4N+2 E ( f )−

4N+2

]
(15d)

where S1 = GbQb G−1
b GaQa G−1

a and S2 = Gb QbG−1
b .

In this article, due to the tested layer and the LC layer
being nonlinear media with nonlinear coefficients equal to 0,
GG2 and GG4 are correspondingly equal to 0. However, it is
essential to derive their excitation expressions when the filling
media becomes nonlinear. Similarly, the excitation of each
layer on SHW for backward incidence can also be obtained
using the same method (specifics can be found in Part 6 of
the Supplementary Material). After solving for the SHW
output amplitude, OE can be easily calculated using (13),
making SHW usable within MJMS and laying the foundation
for implementing multifunctional detection.

D. MJMS Detection Performance Method

Key metrics for evaluating sensor performance typically
include S, Q, and DL. Generally, high-performing sensors are
characterized by high S, high Q, and low DL. These metrics
are defined as follows [14]:

S =
1 f
1x

(16a)

Q =
f

FWHM
(16b)

DL =
fSHW

20SQ
. (16c)

S can be directly obtained from linear fitting, where f rep-
resents the frequency at the peak of the OE and the full-width
at half-maximum (FWHM) represents the OE peak’s half
width [8]. It is important to note that since the sensing layer
uses changes in SHW output amplitude for biosensing, the
DL is only applicable to temperature detection based on SHW
frequency shifts.
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Fig. 2. Transmission spectra within a certain frequency range. (a) FW.
(b) SHW. (c) Enlarged view of (b).

III. ANALYSIS AND DISCUSSION

A. Enhancement of OE Due to LC Defects

Fig. 2 displays the transmission spectra for FW incident fre-
quencies ranging from 353.50 to 354.00 THz, corresponding
to the SHW transmission spectrum range of 707–708 THz. It is
worth noting that the results in Fig. 2 have been normalized
to the maximum value. The incident EWs intensity is denoted
as I0 = 6.1384 × 1010 W/m2, and the period N is set
to 30. The LC layer (L layer) has a dielectric thickness of
dl = 240 nm, and the C layer is filled with air at an ambient
temperature of 25 ◦C. It is important to note that, as this study
only considers vertical incidence, the polarization direction can
be identified as TM polarization. Compared Fig. 2(a) with (b),
it can be observed that the SHW transmission spectra in
Fig. 2(b) exhibit distinct defects around 707.5 THz. Fig. 2(c)
is an enlarged view of Fig. 2(b). Defects can be observed
in the forward and backward directions at 707.48566 THz.
In Fig. 2(a), SHW defect points are marked corresponding
to the FW frequency of 353.74283 THz. The results suggest
that, after determining the refractive indices of the AB layers,
the tuning generated by variations in the LC layer’s RI is
crucial for defect formation. This leads to differential shifts
in the SHW and FW transmission peaks within the frequency
range, achieved by modifying the LC layer thickness and
ambient temperature. Understanding this controllable variation
is particularly important for the generation of defect points.

Since this article does not consider hardware experiments,
we used HFSS software and the finite element method to
simulate the transmittance in the main text for validation
through numerical experiments. The forward and backward
scale transmittance spectra completely overlap, so we take the
forward incidence as an example. As shown in Fig. 3, the
results indicated by the blue dashed line are obtained using
HFSS software and the finite element method. Comparing
these results with those obtained using the method proposed
in this article, the frequency difference between the two is

Fig. 3. Theoretical and HFSS simulated transmittance spectra for forward
incidence. (a) FW. (b) SHW.

1 f = f2 − f1. Consequently, the frequency differences
for FW and SHW are 0.00217 THz and 0.00434 THz,
respectively. Using the definition of relative error 1 f / f1,
it can be concluded that the relative errors are both less than
0.01%. Considering simulation accuracy and methodological
differences, the results are essentially consistent [8].

According to the research conducted by Li et al. [36], it is
believed that the EBG edge effect inevitably enhances SHW.
However, the generation of defect points leads to a much
stronger enhancement of the SHW electric field, as further
illustrated in Fig. 4. Fig. 4 illustrates the electric field distri-
bution for both the FW and the SHW under the conditions of
vertical incidence in the MJMS. It is worth noting that the
incident wave intensity is set to 1 V/m. Fig. 4(a) and (b)
represents the electric field distribution maps for FW and
SHW, respectively, under forward incidence. Fig. 4(c) and (d)
shows the electric field distribution maps for FW and SHW
under backward incidence. It can be observed that, under
forward incidence conditions, FW exhibits a maximum elec-
tric field of 10 V/m, whereas the electric field of SHW
exhibits a uniform increasing trend, reaching a maximum of
4.84 × 1012 V/m. Under backward incidence, FW reaches a
maximum of 10.2 V/m, while SHW reaches an astonishing
maximum of 2.32 × 1011 V/m. The results demonstrate that
SHW experiences an increase of over ten orders of magnitude
within MJMS, which is remarkably significant. This indicates
that the introduction of LC-tunable defects results in a much
stronger field enhancement effect compared to the EBG edge
conditions.

To further illustrate the enhancement of defects on SHW
performance, Fig. 5 depicts the OE curve for the FW incident
frequency ranging from 353.7427 THz to 353.7430 THz. It can
be observed that the maximum OE, corresponding to the η

peak values, occurs at 353.74283 THz, precisely matching
the defect points generated by FW forward and backward
incidence, as shown in Fig. 2. Additionally, when moving
away from the defect points, the OE significantly decreases by
several orders of magnitude. In Fig. 5, the peak values of the η

function for both forward and backward incidence are located
at the center frequency of 353.74283 THz. However, the
forward OE of SHW reaches 16.24%, while the backward OE
reaches 28.67%. This difference in OE indicates that MJMS
exhibits significant Janus characteristics. The OE curve in
Fig. 5 further corroborates that the electric field enhancement
for backward incidence is slightly greater than that for forward
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Fig. 4. Electric field distribution maps. (a) FW forward incidence. (b) SHW
forward incidence. (c) FW backward incidence. (d) SHW backward incidence.

Fig. 5. SHW OE map. The ambient temperature is 25 ◦C.

incidence. In summary, whether for forward or backward
incidence, defect points correspond to the peak points of
OE. SHWP exhibits Janus characteristics under both forward
and backward incidence conditions. Under these parameter
conditions, SHW’s output is greatly enhanced, enabling the
possibility of using SHWP (η peak value) for temperature
sensing and biosensing applications.

B. Temperature Detection

In Section III-A, it was established that LC is sensitive
to temperature variations, which, in turn, alter the RI of
nl and the MJMS defect points, consequently affecting the
OE shift. It was also determined that at a temperature of
25 ◦C, both forward and backward OE exceed 15%. In this
section, the influence of temperature variations on the SHWP
is investigated, and the SHWP frequency shift is identified
as a means to monitor temperature changes. Table II presents
the model parameters obtained by Li et al. [19] during E7

TABLE II
SIX-PARAMETER MODEL FOR THE E7 LC, AS PROPOSED IN [19]

Fig. 6. Temperature detection principal diagram with continuously changing
η values. (a) FW forward incidence and I0 = 8.7097 × 1010 W/m2. (b) FW
backward propagation and I0 = 4.0157×1010 W/m2. LFT equations between
environmental temperature (Tl ) and FW frequency ( f1). (c) On the forward
scale. (d) On the backward scale.

LC RI measurements under different temperature conditions.
Once the six parameters of the LC at a specific temperature
are determined, the dependence relationship between the RI of
E7 and the incident EWs frequency can be established [19].
This ultimately allows for the confirmation of the impact of
temperature variations on the SHWP.

In Fig. 6(a), the shift of SHWP caused by temperature
variations in the range of 353.73–353.77-THz FW frequency
is described. It is observed that with increasing temperature,
SHWP shifts toward higher frequencies, and OE gradually
decreases. In Fig. 6(b), the relationship between temperature
Tl and OE for backward incidence in the frequency range of
353.72–353.76 THz is depicted. The changes in liquid crystal
parameters caused by variations in Tl can be found in Table II.
It is found that an increase in temperature leads to a shift
of SHWP toward higher frequency ranges. To ensure basic
detectability (OE should not be too small), the detection ranges
for forward and backward incidence are determined to be
20 ◦C–40 ◦C and 15 ◦C–35 ◦C, respectively. Correspondingly,
the values of f1 at the five sampling points in Fig. 6(c)
are 353.736, 353.743, 353.752, 353.758, and 353.765 THz.
The values of f2 at the five sampling points in Fig. 6(d)
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Fig. 7. Q and DL values of MJMS under different Tl conditions. (a) Forward
scale (20 ◦C–40 ◦C). (b) Backward scale (15 ◦C–35 ◦C).

are 353.725, 353.736, 353.743, 353.752, and 353.758 THz.
Fig. 6(c) and (d) explores their linear relationships, with the
corresponding linear fit (LFT) equations being: f1 = 0.00146
Tl + 353.7 THz and f1 = 0.00164 Tl + 353.7 THz, resulting in
sensitivities of 0.00146 THz/◦C and 0.00164 THz/◦C, respec-
tively. This indicates that MJMS extends temperature changes
to the terahertz level response, demonstrating innovation and
high precision. In the process of LFT, the indicator used to
assess linearity is R2, where a higher R2 value indicates better
linear [39]. In Fig. 6(c) and (d), the R2 values are 0.9964 and
0.9906, respectively, indicating a high degree of linearity in
MJMS temperature detection.

Based on the performance calculation methods provided in
Section II-D, Fig. 7 presents the quality factor Q and DL of the
temperature detection peaks shown in Fig. 6. The minimum
Q value for both forward [see Fig. 7(a)] and backward [see
Fig. 7(b)] measurements is 8 × 106, while the average Q
values for the five temperature detection points are 2.8 × 107

(forward scale) and 1.0 × 107 (backward scale), indicating a
high-resolution temperature detection capability. Additionally,
as shown on the left y-axis of Fig. 7(a) and (b), the DLs
of MJMS can be as low as 2.3 × 10−4 and 1.2 × 10−4,
respectively. These excellent Q values and DL enable MJMS
to perform efficient temperature detection. In summary, MJMS
exhibits multiscale, strong linearity, high S, and outstanding
Q and DL values. It provides a novel and stable approach for
temperature detection in the electromagnetic detection range.

Furthermore, when the ambient temperature is fixed at
25 ◦C, the effect of LC layer thickness variation (dl) on OE
can be observed. The results show no Janus effect (overlap
in detection range between forward and reverse). Even at a
thickness of 10 nm, the obtained detection range exhibits a
linear fitting degree below 0.99 (R2

= 0.97). Due to the poor
linear fitting degree of the results, narrow detection range, and
complexity of the actual detection process, it is not suitable as
an effective means for LC thickness detection. However, it is
a necessary approach for determining the optimal thickness of
LC (i.e., the thickness corresponding to the highest OE point).
(For detailed analysis, refer to Part 7 of the Supplementary
Materials.)

C. Biosensing

As shown in Table III, Liu et al. [40] utilized the immersion
refractometry method and phase-contrast microscopy to detect
the RI of individual aquatic bacteria, including V. cholerae,

TABLE III
THREE DIFFERENT SPECIES OF WATERBORNE BACTERIA

AND THEIR RI [40]

E. coli, and S. flexneri. They pointed out that since the RI
of aquatic bacteria depends on internal components, such as
proteins, nuclear content, and the mass density of cellular
organelles, this may be the only method to distinguish between
different types of aquatic bacteria based on RI (nc).

By altering the filling material of the test layer (C layer)
and injecting the test aquatic bacteria into the C layer, precise
detection of the three types of aquatic bacteria can be achieved
on the forward scale by locking the amplitude changes of η

values. Fig. 8(a) displays an image where η values change
continuously with increasing nc within a certain frequency
range. The FW incident frequency falls within the range of
353.74275–353.74290 THz, and as nc gradually increases, the
η peak value decreases. Additionally, through the projection
of the 3-D graph, it can be observed that SHWP consistently
remains near 353.74283 THz, facilitating the detection of
SHWP generation in experiments. To demonstrate the supe-
rior performance in biosensing, Fig. 8(b) explores the linear
relationship between nc and the η1 peak value, with the LFT
equation being η1 = −0.9861 nc + 1.529. Correspondingly,
the η1 values at the seven sampling points are 0.1843, 0.174,
0.1628, 0.1515, 0.1413, 0.1328, and 0.1269. The value of
S is 0.9861/RIU and R2

= 0.9921, indicating that MJMS
biosensing is sensitive and reliable. The nc detection range is
from 1.365 to 1.425, as shown in Table III, which completely
covers the RI of the three types of aquatic bacteria. Moreover,
the wider detection range suggests accurate detection of other
bacteria as well. Fig. 8(c) shows the η peak values corre-
sponding to different types of aquatic bacteria as nc changes
(increases). As the bacteria type changes (nc increases), the η

peak value gradually increases, with peak values of 0.1843,
0.1595, and 0.1291, respectively. The difference between
the minimum and maximum peaks shown in Fig. 8(d) is
1η = 0.055, indicating that SHWP exhibits a highly respon-
sive characteristic to nc. Fig. 9(a) presents the Q corresponding
to seven nc sampling points in Fig. 8(b), indicating that the
lowest Q value for detecting aquatic bacteria is 2.72 × 107,
showcasing a robust resolution capability. Due to the low
quantum energy and high stability of high-frequency EWs, the
proposed MJMS demonstrates good performance and does not
damage bacterial samples. It can be applied to on-site water
quality testing, offering real-time capabilities. Additionally,
MJMS has significant potential applications in the food and
medical industries.

When the C layer is filled with a certain concentration
of glucose solution, the SHWP generated upon incident
MJMS can be used to detect the glucose concentration (Cc).
Due to the proximity of glucose solution to blood glucose
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Fig. 8. Biological detection conceptual diagram for FW forward propagation.
(a) Continuously changing η values. (b) LFT between η1 and nc . (c) η peak
values for three types of aquatic bacteria. (d) Zoomed-in image.

Fig. 9. Q values during biological sensing. (a) Aquatic bacteria. (b) Blood
glucose.

concentration (RI), the basis for measuring blood glucose
concentration in daily life can be provided by the research on
the former. Yeh [41] developed a highly accurate measurement
system for measuring the RI of glucose solutions. Using
regression analysis techniques, they established the relation-
ship between glucose concentration and RI. In this article, the
correlation between the RI (nc) of the C layer and glucose
concentration Cc can be formulated as follows [41]:

nc = 1.33230545 + 0.00011889Cc. (17)

Fig. 10(a) demonstrates that within the range of
353.74275–353.74290 THz upon FW backward incidence, the
η2 value exhibits continuous variations with increasing nc.
By projecting onto the OE, it is evident that the SHWP
remains near 353.742831 THz, indicating stable detection of
the η2 peak. Fig. 10(b) validates the outstanding performance
of MJMS in detecting glucose concentrations, ranging from Cc

of 0 to 400 g/L. The LFT equation is η2 = −3.402 nc + 4.97,
with an S of 3.402/RIU and an R2 value of 0.9965, indicating
strong S and linearity. Correspondingly, the η2 values at the
five sampling points are 0.4321, 0.4009, 0.3616, 0.3187, and
0.2767. Fig. 10(c) illustrates the η peak curves corresponding
to several sampled points of nc, namely, 1.33, 1.34, 1.35, 1.36,
1.37, and 1.38. It can be observed that as the concentration
(nc) increases, the peak value of η2 gradually decreases and

Fig. 10. Schematic representation of biological backward detection during
FW propagation. (a) Continuous variations in η values. (b) LFT of η2 and nc .
(c) Corresponding η peak values for different concentration conditions of nc .
(d) Zoomed-in image.

approaches 0.25. In the zoomed-in view in Fig. 10(d), it is
evident that within this detection range, the value of OE
consistently exceeds 0.25, indicating its competitiveness over
waterborne bacteria. SHWP is more easily detectable, with
a 1η (difference between the highest and lowest peaks) of
0.152.

In Fig. 9(b), the Q values corresponding to five different
blood glucose concentrations, as shown in Fig. 10(b) are
provided, with the lowest being 3.53 × 107, demonstrating
its significantly stronger resolution compared to forward.
In conclusion, MJMS biosensing backward detection offers
high precision and stability in detecting specific ranges of
glucose concentrations, opening new possibilities for medical
monitoring of blood glucose levels and overall human health.

D. Performance Comparison

To showcase the advantages of the introduced MJMS in
comparison to previous research and provide a comprehensive
systematic explanation, we have presented Table IV, which
lists some outstanding detection devices. From Table IV,
it can be inferred that the MJMS introduced in this article
combines SHW and multitask multiscale detection techniques,
which are not commonly found in the existing detectors.
Therefore, enhancing detection performance through the SHW
effect represents an innovative and promising research avenue.
Furthermore, traditional designs have primarily focused on
improving detection performance in the FW domain while
neglecting innovation in detection techniques. The proposed
MJMS addresses the gap in SHW multiscale detection and
emphasizes the integration of multifunctional detection, out-
performing its predecessors in several aspects. The exceptional
S, Q, and DL serve as evidence of the excellence of MJMS.
Consequently, researchers believe that the introduction of
SHW detection paves the way for new engineering studies
in electromagnetic detection and control of electromagnetic
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TABLE IV
PUBLISHED REPORTS COMPARED WITH THE PROPOSED MJMS IN TERMS OF PERFORMANCE

propagation. This holds significant potential for innovation and
breakthroughs.

IV. CONCLUSION

In summary, an MJMS based on LC tunable defects is
introduced. The generation of LC defects directly leads to
a significant enhancement of SHW in the MJMS. In com-
parison to previous research, the MJMS focuses on achieving
multifunctional, multiscale detection, and multifunctional elec-
tromagnetic devices, demonstrating a more promising and
innovative approach to detection. When the C layer is filled
with air, the MJMS can precisely detect environmental tem-
peratures within the range of 15 ◦C–40 ◦C by adjusting
the frequency shift of the locked SHWP. The maximum S
is 0.00164 THz/◦C, allowing for temperature changes to be
amplified to the THz level response. By altering the fill-
ing material and locking the η peak generated by OE, the
MJMS can discriminate aqueous bacteria at the forward scale
and identify glucose solution concentrations at the backward
scale, with detection ranges of 1.365–1.425 and 1.33–1.38,
respectively. The S values are 0.9861/RIU and 3.402/RIU,
respectively. The excellent Q-factor and DL, along with the
frequency conversion capability of SHG, make MJMS superior
to conventional FW detection devices. The presented MJMS
paves the way for further applications of SHW and holds
great potential in various fields, such as daily life, biomedical
applications, and real-time water quality monitoring.
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