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Abstract: Terahertz (THz) waves exhibit distinctive properties, such as high transmittance, pronounced absorption, and minimal photon
energy , enabling a wide range of applications in biomedical diagnosis, non-destructive testing, and quality/safety monitoring of food and
agricultural products. Consequently, THz-based sensors have garnered increasing attention. However, the design of traditional coupling
structures fails to effectively match the high-frequency oscillation of THz waves, resulting in low signal energy transmission efficiency and
limiting the performance of THz sensors, while microstructure technology can offer a solution by achieving localized enhancement of the
electromagnetic field energy through precise matching of sub-wavelength resonance units with the high-frequency oscillation of THz
waves, which significantly improves the sensitivity of THz sensors. This review summarizes the basic principles and research status of
various THz sensors based on different microstructures, such as split-ring resonators (SRRs) , photonic crystals, waveguide resonators,
and surface plasmon resonance. Notably, the rapid development of artificial intelligence, especially deep learning, is increasingly
influencing THz sensing technologies with its strengths in signal processing, pattern recognition accuracy, and inverse design. Integrating
deep learning with THz sensor design enhances feature extraction from complex signals, improves target identification, and enables
intelligent optimization of microstructure parameters for high-performance sensor design and performance prediction. This interdisciplinary
approach provides a new pathway to overcome traditional design limitations and advance THz sensor performance.
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inspection” ., Furthermore, the electromagnetic radiation
in the THz band exhibits

characteristics”, facilitating non-invasive detection within

0 Introduction excellent penetration

The frequency range of terahertz (THz) waves is
typically defined between 0.1 THz and 10 THz,
corresponding to wavelengths from 3 mm to 0.03 mm. The

non-transparent packaging materials. THz waves are

characterized by high spatial resolution, making them

. .. . 7 7 1 7 [10-12]
electromagnetic spectrum, positioned between microwaves prevalent in wireless communication” ™™ . Moreover, the

[1-2) THz frequency band aligns with the resonance frequencies

and infrared waves' ™, as depicted in Fig.1, is integral to

the advancement of information technology and intelligent
devices. As a foundational strategic resource, it underscores
its essential role and core value in supporting digital
applications across various sectors in modern society.
Considerable research attention has recently converged on
the THz frequency range in this scientific domain". THz
waves possess low photon energy™, enabling THz
detection technology to substantially mitigate damage to
biomolecules compared to traditional methods. This
advantage underscores the significant application potential

[5-6]

of THz technology in biomedicine and security

of numerous biological and chemical molecules, allowing
these molecules to exhibit distinct resonance absorption and
rich fingerprint spectra’ . Elucidating the THz-wave

interactions with biomolecules provides structural insights

at the molecular level™

capabilities" ",

, facilitating precise detection

The response capabilities of many natural materials in the
THz band are limited"**. To address this, researchers are
investigating various microstructures™. Through precise
engineering of the periodicity, geometric configuration,

dimensional parameters, and positional organization of
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these structures® ™, it is possible to achieve

electromagnetic responses unattainable with natural

materials®”

[24]

, such as negative refractive index, superlens

effects
[25]

, and near-perfect invisibility to electromagnetic

waves . These properties enable precise control and
modulation of electromagnetic fields for specific
functions®. THz artificial microstructure sensors,

functioning as label-free and high-throughput optical
sensing platforms, exploit the intrinsic merits of the THz

spectrum, offering superior sensitivity and efficiency
compared to other sensing technologies. This review
examines the sensing mechanisms of THz sensors,
summarizes key research findings, and explores the
technological development of THz sensors based on micro-
and nano-structures like split-ring resonator (SRR)
7)

structures””’, photonic crystals®, waveguides®’, and

[30-31

surface plasmons™ . It also discusses future trends in THz

sensing technology.
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microstructured sensors
1.1 Fundamental theories of metamaterials

Metamaterials  are  engineered sub-wavelength
constructs featuring periodic or aperiodic unit structures.
They are characterized by their permittivity (e) and
permeability (#). The refractive index (1) is related to

these parameters as follows:

n=ep. (1)

Electromagnetic theory classifies media with positive e
and u values as conventional right-handed media (RHM) ,
capable of supporting electromagnetic wave propagation
and commonly found in nature. Conversely, media
exhibiting negative ¢ and u values possess a negative
refractive index and are termed left-handed media (LHM) ,
which are artificially engineered metamaterials.

In metamaterial design, metal wires and SRRs are
two key artificial structural units with distinct
electromagnetic response mechanisms. Metal wires
induce a dipole resonance effect, creating a coupling
response with the electric field. Conversely, SRRs form
an oscillatory response mechanism with magnetic field
variations, based on the principles of a capacitance-
inductance (I.C) resonant circuit.

In examining the electromagnetic properties of elongated
metallic conductors, researchers often utilize the Drude
dispersion model to theoretically determine and calculate

the structures’ equivalent permittivity, as outlined by

where I" denotes the electromagnetic wave propagation
loss term, while w,, 1s the effective plasma frequency of
the metal wire. This frequency represents the maximum
oscillation frequency attainable when the metal’s free
electrons collectively couple and resonate with an
external electromagnetic field. w,, is derived from

27ct

2
e

" & Inlalr)’

where ¢, represents the reference value of the speed of

@

3)

light in a vacuum environment, « is the characteristic
periodic length of the metal wire structure along the
propagation direction, and 7 is the radial geometric
dimension of the conductor cross-section. As can be seen
from Egs. (2) and (3), by systematically adjusting the
geometric structure parameters of the metal wire, the
characteristic plasma frequency w,, of the material can be
effectively regulated, and ultimately, the directional
control of its equivalent permittivity can be achieved.

The SRR can be regarded as a metallic open ring
structure with a gap of a specific width. The conductive
region can be modeled as an inductance, while the spatial
gap[szf&ﬂ. This
structure can achieve local field enhancement™ by

separation constitutes a capacitive
utilizing the LLC resonance mode, equivalently forming

an L.C oscillating circuit. Its resonance frequency is
w, e=(LC) ", 4
Capacitance (C) and inductance (L) are key parameters

in this context. The inductance L is primarily constrained by
the structural unit’ s spatial scale, which dictates the metal
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loop’ s spatial configuration and the inductor coil’ s
geometric shape. In contrast, capacitance C is largely
influenced by the dielectric properties of the surrounding
medium and the spatial variation pattern of the induced
electric field on the metasurface plane. The expression for
Cis given by
. eS,

" mka

where S, represents the effective cross-section, d

(%)

denotes the distance between the capacitor plates, and e
corresponds to the dielectric constant, characterizing the
medium’ s ability to store electrical energy. When the
sample covers the metasurface sensor’ s structural unit,
S, and d remain constant, but the electromagnetic
environment at the gap changes. This alters e, which
modifies the equivalent capacitance C, ultimately

shifting the resonance frequency.
1.2 THz sensor sensing mechanism

THz sensors mainly achieve the identification of
substance types based on the spectral characteristic
differences of different substances in the THz frequency
band. The key lies in designing various microstructures to
interact with THz waves and converting the variation of the
measured substance into detectable signals through multiple
physical effects. Its sensing mechanisms include resonance
effects, changes in refractive index, and variations in
photonic band gaps. First, regarding the resonance effect,
the microstructure can be designed as a specific resonant
structure. When irradiated by THz waves, resonance
occurs at a specific frequency. When the environment
around the sensor changes, the resonance frequency will
shift, or the amplitude of the resonance peak will change.
These changes can be detected, thereby reflecting the
information of the analyte. The refractive index, a
fundamental optical parameter, significantly influences
light wave propagation. Its real part governs phase
modulation, while the imaginary part affects intensity
attenuation. The anisotropic spatial distribution of the
refractive index directly influences the polarization state of
light waves. By designing specific microstructures,
electromagnetic waves can be precisely manipulated. Subtle
fluctuations in refractive index parameters can lead to
considerable alterations in metamaterial electromagnetic
behavior. Harnessing this effect, researchers have
developed advanced THz refractive index sensing platforms
for enhanced detection performance, where the presence of
a substance can alter the local refractive index on the sensor

surface. When THz waves interact with microstructures,

Fluctuations in the refractive index parameter can
significantly modify the propagation dynamics of
electromagnetic waves, including phase delay and
amplitude attenuation. These changes allow for the
inference of the substance’s properties, such as
concentration and thickness. Similarly, photonic crystal
sensors exploit shifts in the photonic bandgap for sensing.
When the target substance enters the periodic structure of
the photonic crystal, it modifies the dielectric constant
distribution, shifting the bandgap position and thus affecting

the transmission or reflection spectrum.
1.3 Main performance parameters

In the spectral shift sensing technology, the sensitivity
S; 1s one of the core performance parameters, which is
the change in the resonant peak wavelength caused by a
unit refractive index change. Sensitivity 1s usually
measured in units of THz/RIU (THz per refractive
index unit). When the content of the analyte remains
constant, a higher S, indicates a higher sensitivity of the

device®

. The mathematical definition of this parameter
is the ratio of the resonance frequency offset Af to the
change in the analyte refractive index An, that is,
AF
5=
T An

In the performance evaluation dimension of optical

(6)

resonant devices, the quality factor Q plays a central role as
a key parameter, and its value directly reflects the energy
retention characteristics of the resonant cavity. A higher Q
value indicates a lower energy dissipation level in the
corresponding resonant system, resulting in a more
pronounced sharpening feature of the resonance spectral
line, specifically manifested as a significant decrease in the
full width at half maximum (FWHM). This parameter can
be quantitatively calculated by the ratio of the resonant
center frequency f, to the FWHM, that s,
Jo
FWHM '
Meanwhile, the figure of merit (FOM) is also

introduced as a quantitative evaluation index. Its

Q= )

conventional calculation method is to calculate the ratio
of the sensitivity S,to FWHM, that is,
S,
FOM=——7—. ®)
FWHM
The sensor performs optimally when it simultaneously
exhibits high sensitivity and a high quality factor.
The core principle of a metamaterial-based THz sensor
lies in the strategic design of the metamaterial’ s unit cell
dimensions to be on the order of the THz wavelength. This
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engineering ensures that its fundamental resonance
frequency falls within the THz band. Upon illumination
with a THz wave, the metamaterial undergoes a strong
localized resonance, exhibiting extreme sensitivity to
minute changes in the surrounding dielectric environment
at its surface, thereby enabling highly sensitive detection of
target analytes.

The sensitivity (S) of the sensor is directly proportional
to the localized intensity of the electromagnetic field within
the sensing region. A stronger field enhances the interaction
with the analyte, leading to a more pronounced perturbation
of the local dielectric environment. The structural design of
the metamaterial, such as incorporating sharp corners or
nanogaps, is paramount for enhancing this field localization.

The quality factor (Q-factor), originating from the
resonance sharpness and the system’s energy loss
mechanisms, defines the spectral resolution. A high Q-
factor necessitates minimal metallic and radiative losses in
the metamaterial resonator. A sharp resonance peak
facilitates the detection and resolution of minute frequency
shifts. It is important to note that a design trade-off often
exists: structures engineered for extremely strong field
localization (high sensitivity) may exhibit increased

radiative losses, potentially leading to a degradation of the

A
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Q-factor. Consequently, sensor design necessitates a

careful optimization trade-off between achieving high

sensitivity and maintaining a high Q-factor.

2 Research status of THz sensors based
on different microstructures

2.1 SRR structure sensor

The SRR sensor,

resonance mechanism and powerful field localization

leveraging its unique magnetic

capabilities, extends high-sensitivity detection to realms
such as magnetic field response, the THz band, and chiral
molecular analysis. Its high degree of design freedom and
miniaturization potential make it a paramount candidate for
the core of next-generation ultrasensitive, integrated, and
multifunctional photonic sensing chips, demonstrating
immense application prospects in biomedical diagnostics,
environmental monitoring, food safety, and fundamental
scientific research. The fundamental SRR architecture
incorporates a planar metallic square ring with an
intentionally designed gap of specified dimension on one of
its sides. To enhance sensing performance, approaches like
asymmetric SRRs, improved SRR designs, and multiple

SRR resonant units have been developed.
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Fig. 2 Terahertz sensors with SRR structure. (a) Unit cell of a single A-SRR, (b) Asymmetric double-split SRR structure,

(¢) Schematic drawing of TTM, (d) Developed sensor for detecting brain tumors with multiple graphene metasurfaces of SRR and

CSRR, (e) Steps involved in the nanosensor design, (f) Metamaterial biosensor schematic, and (g) Metamaterial biosensor

schematicl**

In 2009, Basudev Lahiri and colleagues developed
asymmetric split-ring resonators (A-SRRs) for optical
sensing of organic compounds, as illustrated in
Fig.2 (a)"". The team fabricated gold-film A-SRRs on a
fused

lithography and measured their reflection spectra using

silica substrate via standard electron-beam

(FTIR).
Adjusting the angular gap between the A-SRR arcs

Fourier transform infrared spectroscopy

allowed for tuning of the resonant frequency and
enhancement of the quality factor. Notably, A-SRRs
exhibited significant sensitivity to organic materials like
(PMMA) ,

polymethyl methacrylate with a 30-nm
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PMMA layer causing a resonance shift of 120 nm. In
2014, Singh et al. employed THz asymmetric split-ring
(TASR) metamaterials, as shown in Fig.2 (b)"". The
TASR’ s quadrupole resonance achieved a Q-factor
value of up to 65, and the Q-factor of the Fano
resonance reached 28, surpassing that of symmetric
structures of equivalent size.

Through structural refinement of the basic SRR design,
the research team achieved enhanced sensing sensitivity. In
2021, the research team led by Jiahao Yang engineered two
tunable THz metamaterial sensors™ (designated as TTM-
1 and TTM-2) based on concentric SRRs, as shown in
Fig.2(c), exhibiting single-resonance and dual-resonance
characteristics, respectively. Through precise modulation
of the distance between the SRRs and the substrate,
tunability of resonance frequencies was achieved,
demonstrating a maximum frequency tuning range of 0.432
THz. The TTM-1 configuration exhibited a sensitivity of
0.54 THz/RIU and the FOM of 50.69 when subjected to
a refractive index (n) of 1.1. Meanwhile, the TTM-2
variant demonstrated enhanced performance with a
sensitivity of 1.12 THz/RIU and FOM of 39.98. In 2023,
Osamah Alsalman and colleagues developed a high-
performance sensor based on a composite structure of SRRs
(CSRRs)
integrated with a graphene metasurface, designed for the

and complementary split-ring resonators

efficient detection of brain tumors. A schematic illustration
of the design is presented in Fig.2(d) *". The proposed
sensor exhibited an exceptional sensitivity of 153.85 GHz/
RIU within the frequency range of 0.25 THz to 0.45 THz,
accompanied by the FOM of 3.98 and a Q-factor value of
8.54. Notably, at a chemical potential of 0.9 eV, the
transmission spectrum reaches its minimum value of 0.579
at 0.316 1 THz, corresponding to the peak sensitivity of the
device. In 2025, Bhagwati Sharan and colleagues proposed
a novel THz metamaterial nanosensor based on SRR
architecture for highly sensitive detection of cardiac
biomarker NT-proBNP"”, as illustrated in Fig.2 (e) . The
proposed sensor exhibited remarkable performance
metrics, achieving an exceptional sensitivity of
1460 GHZ/RIU. Furthermore, the device demonstrated
superior resonance characteristics with a Q-factor of 22.06
and the outstanding FOM reaching 41.71, indicating its
potential for precise cardiac biomarker detection
applications.

The emergence of multi-SRRs resonant unit structures
also provides a solution for improving sensitivity. In 2021,
a microstructured biosensor composed of cut lines and
SRRs™*" was proposed to achieve polarization-independent

electromagnetically induced transparency (EIT) at THz

frequencies, as shown in Fig.2 (f) . When the characteristics
of the analyte change, the EIT-like resonance experiences
simultaneous changes in resonance frequency and
amplitude. The sensitivity of this biosensor is as high as
496.01 GHz/RIU. The research team led by Yungui Xiao
developed an innovative tunable THz metamaterial sensor
utilizing SRR architecture, which achieves active
modulation of multiple resonance characteristics through
dynamic geometric parameter control*®, as shown in
Fig.2(g) , The sensor demonstrated remarkable perform-
ance metrics, attaining 74% transmission intensity
modulation at 0.856 THz. Furthermore, it exhibited
superior resonance properties with Q-factor values of 18.4
at 0.734 THz and 21.4 at 0.856 THz, representing
significant advancements in THz sensing technology.
Meanwhile, THz sensors featuring three-dimensional
SRR structures have been increasingly developed™”. These
structures enhance the electromagnetic field’s spatial
dimensionality, thereby improving sensitivity by expanding
the contact area with the target substance. In 2016, Wu
et al. introduced a metamaterial sensor comprising four U-
shaped SRRs™*, depicted in Fig.3 (a) . This sensor achie-
ved a sensitivity of 470.6 nm/RIU and the FOM value of
250. In the same year, Yongzhi Cheng’s team designed a
novel all-metal plasmonic perfect absorber (PA) featuring

four-forked rod resonators (FRRs) &

, depicted in
Fig.3(b) . The absorption peak of this structure can be tuned
by altering the geometric parameters of the FRRs. This PA
demonstrates high sensitivity to changes in the surrounding
mediums’ refractive index, achieving 1 445 nm/RIU and
the FOM of 28.8. In 2017, Wei Wang and colleagues
developed a THz sensor with a double-open vertical
structure*”, illustrated in Fig.3 (c) . This double-split SRR
sensor exhibits a sensitivity of 788 GHz/RIU, a Q-factor
value of approximately 20, and the FOM of around 10. In
2018, Siyu Tan and co-authors introduced an ultrasensitive
THz absorption sensor based on a three-dimensional
SRR"", shown in Fig.3(d) . It boasts the FOM of 60.09
and a maximum refractive index sensitivity of 34.40% RIU.
This sensor maintains high sensitivity under transverse
magnetic ( TM )-polarized incidence up to 60°and shows a
high tolerance for structural deviations.

In summary, since a large amount of charges can
accumulate at the opening of the SRR structural unit,
forming a strong electromagnetic field, and the Q-factor
value of the resonant frequency is usually high, this
structure is widely used in sensing. SRR and its variant
structures have become a classic category in the design of

THz sensors.
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()

Fig.3 Three-dimensional SRR structure sensors. (a) Schematic of an isotropic perfect absorber utilizing four-VSRRs; (b) Three

-dimensional array and unit cell configuration of the plasmonic PA, (¢) Schematic of the unit cell structure featuring a double-open

vertical SRR, (d) Left panel illustrates the unit cell of an ultra-sensitive terahertz absorption sensor based on a three-dimensional

split-ring resonator, while right panel depicts the electric and magnetic fields within the sensor, with the molecule at the top symbolizing

44-47]

the analyte[

2.2 Characteristic absorption peak sensors

based on photonic crystal microstructures

Photonic crystals are periodic dielectric structures
possessing a photonic band gap (PBG) , which enables the
When

environmental factors (e.g., temperature, pH, mechanical

control of photon propagation. external
stress) alter the lattice parameters or the refractive index of
the associated PBG shifts,

consequently leading to a change in its structural color **'.

the photonic crystal,

Their distinctive BPGs and customizable optical properties
make them valuable for detecting heat, force, magnetism,
chemicals, and biomolecules. Consequently, they have
been integrated into mainstream sensing systems, including
physical, chemical, and biosensors. Photonic crystals can
serve as an enhancing substrate for SPR sensors,
amplifying the electromagnetic field through the photonic
localization effect. They can also be integrated with
waveguide structures to form photonic crystal waveguides,
thereby improving the light confinement ability.

Okamoto et al. fabricated a photonic crystal cavity THz
sensing system™’. As depicted in Fig.4(a), this system
crystal  (PC)

configuration in conjunction with a miniaturized resonant

implemented a photonic resonator
tunneling diode (RTD) that performed both excitation and
sensing functions. The refractive index sensing functionality
was systematically evaluated by depositing dielectric layers
with precisely controlled thickness gradients onto the
photonic crystal cavity, followed by high-precision
measurement of the induced resonant index variations.
Fig. 4(b) shows the experimental resonance spectra for
different strip thicknesses, where an increase in strip

thickness leds to a red-shift in the resonance frequency

peak. The experimental data, as presented in Fig.4(c),
align well with the simulated curve. By tuning the DC
voltage of the thermistor, the frequency of the thermistor-
based signal source could be swept from 0.316 THz to
0.321 THz, enabling a compact, frequency-tunable signal
source. The sensor achieves a Q-factor value exceeding 1 X
10* at the resonance frequency of 318 GHz. In 2017 work,
Xiaomei Shi and colleagues engineered a one-dimensional
photonic resonant cavity specifically configured for
a-lactose detection applications. As shown in Fig.4(d), this
system adopts a 1D photonic crystal defect mode
architecture comprising two mirror-symmetric Bragg
reflectors enclosing a central defect region. As shown in
Fig.4(e), the resonant transmittance of this structure is
close to 100% . As shown in Fig.4(f), the introduction of
alternative analytes exhibiting distinct absorption
characteristics to the sensor interface induces a measurable
red shift in the resonance frequency, thereby confirming the
system s specific detection capability™’. In 2019, the study
by Wei Cheng and co-workers reported a high-performance
sensor system built upon a photonic crystal cavity
configuration, which can specifically and sensitively
recognize lactose and fructose. As shown in Fig.4(g), it
consists of two identical photonic crystal plates, and each
photonic crystal plate is composed of a square lattice of
silicon-based cylindrical pillars. As shown in Fig.4(h), the
pillars are located on the silicon substrate. Upon lactose
deposition on the sensor interface, the resonant peak
amplitude exhibits a progressive attenuation with increasing
lactose film thickness, demonstrating a remarkable
sensitivity enhancement of 31-fold compared to the bare
substrate. As shown in Fig.4(i), fructose interaction with

the sensor interface induces a significant positional shift of
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the resonance peak. This proves the ability of the sensor to
51]

distinguish different samples"™".
In summary, the THz sensor designed based on the
photonic crystal cavity structure cannot only achieve a

high Q-factor value (up to the order of thousands to

hundreds of thousands) , but also shows great potential
application value in the field of biomolecule recognition
and detection, laying a theoretical and technical
foundation for its in-depth development in the direction

of biosensing.
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Fig. 4 THz sensors based on photonic crystal microstructures. (a) Composite sensing unit integrating a photonic crystal cavity

and a resonant tunneling diode, (b) Spectral response profiles

for thickness gradient detection of polyester tape samples,

(¢) Variation of resonance frequency peak with tape thickness, (d) Diagrammatic representation of a one-dimensional photonic
bandgap structure featuring a defective cavity region, (e) Evolution of the transmission spectrum in the photonic crystal

structure, (f) Impact of lactose specimens and reference material
illustrating photonic crystal defect cavity system, (h) Schematic d
modulation by fructose versus lactose samples'*"

2.3 THz sensors with characteristic absorption
peaks based on waveguide resonator
structures

Waveguide structures confine electromagnetic waves
along the transmission axis, facilitating their transfer
with minimal magnetic field loss”®. A waveguide
resonator confines light within micro- or nano-scale
channels through total internal reflection, establishing
resonant modes. A change in the refractive index within
the sensing region induces a shift in the resonant
frequency, and detection is achieved by monitoring this
spectral shift of the resonance peak. This low-loss
structural design facilitates the realization of ultrahigh

sensitivity. Its inherent compatibility with lab-on-a-chip

s on the transmission spectral profile, (g) Structural diagram
iagram of PCS structure, and (i) Evaluation of resonant peak

platforms allows for multiplexed parameter analysis.

In 2009, Mendis et al. developed a parallel-plate
waveguide (PPWG) resonator utilizing the lowest-order
transverse electric (TE1) mode””, depicted in Fig.5(a).
This resonator, used to detect resonant frequency shifts in
various N-alkane samples, demonstrated a refractive index
sensitivity of 3.7>X10° nm/RIU in the THz range. In 2011,
Reichel et al. created a THz multi-channel microfluidic
sensor based on PPWG geometry™, illustrated in Fig.5(b).
The groove width and spacing were optimized using the
finite element method to ensure distinct resonances per
groove. Experimentally, resonances at 265 GHz and
290 GHz were achieved, with high Q-factors values of
32 and 88, respectively.
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Fig. 5 THz sensors based on waveguide resonator structures. (a) Parallel-plate waveguide (PPWG) resonator, (b) Schematic of
PPWG sensor and experimental setup, illustrating waveguide and groove geometry, and waveguide’s orientation to incident terahertz
beam, (c¢) THz sensor utilizing metal-dielectric-metal (MDM ) waveguide structure, (d) Schematic of microfluidic (MAIM ) sensor,
(e) Planar surface plasmon waveguide terahertz sensor, (f) THz sensor with a comb-shaped metal waveguide structure, (g) THz

sensor featuring a planar comb-shaped antenna array, and (h) THz Mach-Zehnder interferometer (MZI) sensor

In 2015, Liet al. designed a THz metal-dielectric-metal
(MDM) waveguide sensor™', which was used to detect the
change in the refractive index of liquids trough an embedded
microfluidic channel, as shown in Fig.5(c). This sensor
achieved a refractive index sensitivity of up to
0.457 THz/RIU in a cross-sectional channel of 20 pm X
24 pm. Hu et al. integrated a microfluidic channel into an
MDM structure. This novel sensor achieved a significantly
enhanced light-matter interaction in the THz frequency
band””, as shown in Fig.5(d). This sensor had high
sensitivity when operating near 1 THz, reaching
3.5 THz/RIU. In 2017, Islam et al. designed a planar

b7 as shown in

surface plasmon waveguide THz sensor
Fig.5(e), and studied the dispersion relation of a rectangular
groove waveguide filled with polyimide at different
refractive indices. As the sample volume increased, the
sensitivity and FOM of the waveguide also increased. For
a sample of 0.025 mm?, the sensitivity and FOM were
0.06 THz/RIU and 8.74, respectively.

Metallic waveguides, traditionally utilized in the
microwave frequency range, can be adapted for the THz
range by reducing their dimensions. In 2017, Shi et al.
designed a comb-structured metallic waveguide
specifically for lactose sensing applications, as illustrated
in Fig. 5(f) ", This waveguide features two opposing
metallic strips and a unilateral comb-shaped corrugation.
It effectively detects thin-layer lactose, demonstrating

sensitivity to thicknesses of only a few micrometers. The

[53-60]

waveguide’s transmission spectrum exhibits a pron-
ounced dip at the characteristic absorption frequency of
0.529 THz, a feature absent in the transmission through
a lactose layer of equivalent thickness. Fei Shen and
colleagues demonstrated ultrasensitive lactose detection
in 2019 through the implementation of a planar comb-

structured antenna array configuration””’,

as shown in
Fig.5(g). The incorporation of the antenna array within
the device architecture significantly improves the THz
radiation-lactose interaction efficiency. Compared with
using a silicon substrate, the sensing signals in the
transmission and reflection modes for lactose sensing
using the antenna array are increased by 7.6 times and
13 times, respectively. In a 2024 study, an innovative
THz Mach-Zehnder interferometer (MZI) sensor was
constructed using a dual-channel PPWG for the
detection of reducing drugs on a chip, as shown in
Fig.5(h). This sensor realizes selective detection of
cysteamine by in-situ growing Prussian blue (PB) inside
the sensing arm. The detection sensitivity of this sensor
for cysteamine reaches 0.09 GHz/nmol, the detection
limit is 88 nmol, and the maximum response difference
is 4.2 times compared with other configurations,
verifying its high sensitivity and selectivity™. In
summary, the advantage of waveguide sensors lies in
their wide operating frequency range, which enables
effective detection of a broader range of samples.
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2.4 THz sensors with spoof surface plasmon
resonance (spoof SPR) structures

When the external light field couples with the metal-
dielectric heterogeneous interface, the free carriers inside
the metal will exhibit a cooperative oscillation behavior,
which in turn excites surface waves propagating along the
metal-dielectric interface. Thi% phenomenon is known as
surface plasmon resonance™’ . By constructing periodic slit
and hole arrays on the metal surface, the propagation of
surface plasmon waves can be effectively simulated, and the
interaction between electromagnetic waves and the metal
surface can be enhanced, thereby achieving highly sensitive

sensing detection™’,

This surface plasmon resonance
technology realized by artificial microstructures is called
spoof surface plasmon resonance (Spoof SPR). This
structured sensor enables label-free detection, eliminating
the need for fluorescent or radioactive labels and thereby
preserving the native activity of biomolecules. It also
facilitates real-time dynamic monitoring, allowing for the
continuous tracking of molecular binding and dissociation
kinetics, which makes it highly suitable for the analysis of

low-concentration biomarkers. SPR technology serves as

a
Incident THz beam

@

a cornerstone of optical sensing, and its electromagnetic
field enhancement mechanism provides a theoretical basis
for other sensors.

In 2004, Pendry et al. successfully achieved Spoof
SPR* by creating periodic slits and hole arrays on the metal
surface, as shown in Fig.6(a). Research indicates that
holes can mimic real surface plasmons. By drilling holes in
the metal surface, surface plasmons can be induced at
almost any frequency, thereby controlling and guiding
radiation, which provides the possibility for designing novel
optical devices. In 2020, the study by Wei Cheng and co-
workers reported a precisely fabricated resonant nano-slot
structure with tailored optical properties, as shown in
Fig. 6 (b) *. This structural configuration enabled the
discrimination of characteristic fingerprint spectra from
diverse sugar molecules (including lactose and maltose)
while maintaining invariant geometric parameters.
Applying lactose to the slit resulted in a transmission valley
at a specific frequency on the transmission curve.
Conversely, when maltose was adhered, the transmission
valley shifted to a different frequency. This indicates that
the structure can perform precise fingerprint recognition for
different sugars.

H,
) THz plane wave
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Fig. 6 Terahertz sensors with spoof surface plasmon resonance structures. (a) Schematic of a periodically structured ideal conductor
metal groove, (b) Resonant nanoslot structure, (c) Architecture of the 1D dielectric GMS-coupled terahertz SSP sensing platform,
(d) A schematic of designed THz metasensor covered by an analyte layer, (e) SLR metasurface array architecture for SLR generation,

and (f) Cross section of designed SPR-MSF sensor!®~*

In 2022, the research team led by Dexian Yan proposed
an innovative design for THz spoof surface plasmon
polariton (SSPPs) sensors based on all-dielectric gradient
metasurface (GMS) couplers'®™, as shown in Fig.6(c) .
Operating at 0.46 THz,

exceptional performance characteristics,

the sensor demonstrated

exhibiting an

ultrahigh sensitivity of 517.9 GHz/RIU to refractive index
variations in gap media while maintaining a Q-factor value
of 262. Remarkably, the sensor retained a substantial
sensitivity of 410 GHz/RIU even when detecting larger
refractive index changes. The research team led by Ruchi

Bhati developed a novel THz metamaterial sensor based on
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SSPPs"™, featuring a hybrid architecture combining square
split-ring resonators with cross-shaped groove resonators
within a 68 pm periodic unit cell for dual-band high-
sensitivity detection, as shown in Fig.6 (d) . In 2024, the
research team led by Hongshun Sun proposed a highly
sensitive biochemical sensor based on surface lattice

67 as demonstrated in

resonance (SLR) metasurfaces
Fig.6 (e). The device achieved an unprecedented quality
factor of 164.4 coupled with a refractive index sensitivity
reaching 502.8 GHz/RIU. Experimental evaluation using
physiological 0.9% NaCl solution (0.153 8 mol/L)
revealed a measurable frequency shift of 246.8 GHz,
substantiating the sensor’ s exceptional detection capability.
In 2025, Pinna Wang’ s research team developed an
innovative SPR biosensor based on dual-microgroove dual-
core microstructure fiber (MSF) for THz applications*,

as shown in Fig. 6(f). The sensor incorporated a novel
design featuring molybdenum disulfide (MoS,) and
polyvinylidene fluoride (PVDF) coatings on polished side
surfaces, enabling dual independently tunable SPR
resonance peaks. Operating within the analyte refractive
index range of 1.30 to 1.39,

outstanding performance metrics. The primary resonance

the sensor demonstrated

peak achieved maximum wavelength and amplitude
sensitivities of 467.2 pm/RIU and 101.202/RIU
respectively, while the secondary peak reached
625.3 pm/RIU and 113.927/RIU. Corresponding FOMs
were measured at 65.987/RIU for the primary peak and
67.037/RIU for the secondary peak, with minimum
detectable refractive index changes of 2.14 <X 107" RIU and
1.6 X 1077 RIU, respectively. Operating within the analyte
refractive index range of 1.30 to 1.39, the sensor
demonstrated outstanding performance metrics. The
primary resonance peak achieved maximum wavelength and
amplitude sensitivities of 467.2 pm/RIU and 101.202/RIU
respectively, while the secondary peak reached
625.3 pm/RIU and 113.927/RIU. Corresponding FOMs
were measured at 65.987/RIU for the primary peak and
67.037/RIU for the secondary peak, with minimum
detectable refractive index changes of 2.14 X 10~" RIU and
1.6 X 1077 RIU, respectively.In summary, the Spoof SPR
structure can perform refractive index sensing by observing
phase information, which is superior to traditional

amplitude measurement.

2.5 THz sensors based on integrated deep
learning

Metasurface designs employing multiplexing schemes
demonstrate significant potential for enhancing trace
detection of molecular fingerprints in the THz regime.

Conventional approaches rely on matching spectral
resonance positions with molecular fingerprints of trace
analytes,  necessitating  laborious  metastructure
optimization through extensive optical simulations. Recent
advances have revealed the considerable promise of deep
learning techniques in revolutionizing metasurface design
methodologies™ ™. Deep learning establishes correlations
between metastructures and optical responses through
artificial neural networks, effectively bypassing the need to
solve Maxwell’s equations directly. This approach
demonstrates remarkable advantages over conventional
numerical methods by substantially reducing computational
costs in simulations ",

In 2025, the research team led by Jingxiao Yu developed
a novel metamaterial sensor featuring a circle-cross
composite structure comprising a polyimide dielectric layer
and gold resonant layer™, as depicted in Fig.7(a). Through
deep learning optimization, the team achieved optimal
structural parameters including substrate thickness
(18 um) , metal thickness (0.2 pm) , ring width (6 pm) ,
and cross width (1.8 pm). The
optimized sensor demonstrated dual resonant peaks at
0.806 6 THz and 1.643 6 THz, with an average Q-factor

value of 2.323 2. The device exhibits exceptional sensitivity

cross length (61 pm),

metrics of 0.050 87 THz/pm for thickness measurement.
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Fig. 7 THz sensors based on integrated deep learning.
(a) Schematic illustration of the dual-band THz metamaterial
sensor integrated with a deep learning model fusing one -
dimensional and two - dimensional descriptors for synergistic
identification of red wine varieties, and (b) Multiparameter -
optimized metasurface biosensor design'”*’

The research team led by Shengfeng Wang developed a
transfer learning-enabled multi-objective optimization
methodology for THz quasi-bound state in continuum
(QBIC) metasurface biosensors™, as depicted in Fig.7(b).

The study introduced an innovative two-stage transfer
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learning paradigm, commencing with pre-training on 131
low-dimensional samples followed by knowledge transfer
to 17 161 high-dimensional parameter configurations. This
approach achieved exceptional performance metrics,
including a Q-factor value of 839.56 and FOM of 158.91,
while demonstrating 36 000-fold computational accele-
ration and 50% reduction in data requirements. The
research employed a tandem neural network architecture
integrated with random forest algorithms, enabling the first
quantitative assessment of individual performance indicator
contributions.

Table 1 summarizes the THz sensor parameters
(sensitivity S, quality factor Q, and FOM) under different
microstructures. The comparative performance differences
among various microstructures are presented for direct
analysis. The THz sensor based on the SRR structure
primarily exhibits advantages of mature fabrication
processes, multi-parameter detection capability, and ease
of integration, yet its limitations lie in sensitivity to
substrate losses and stringent requirements for fabrication
precision. Such sensors are well-suited for scenarios
requiring the simultaneous detection of multiple indicators,
such as the rapid preliminary screening for various toxins
and contaminants in food safety, as well as for diverse
gaseous or liquid pollutants in environmental monitoring.
Photonic crystal-based THz sensors are characterized by
their exceptionally high quality factor (Q) and ultrahigh
resolution, though they face challenges in complex
fabrication procedures and defect structure design.

Table 1 Image performance results

Microstructure S/(GHzRIU ) Q FOM  Ref.
540 84.70 50.69  [38]
153.85 8.54 3.98 [39]
SRR 1460 26.0 41.71 [40]
496.01 — — [41]
— 48.7 — [42]
. — 10,800 — [2]
Photonic crystal
micro%truct};rcq B 1150 - [50]
) ) — 529 — 51
225 32 7.03 [53]
457 — 3.1 [55]
Waveguide resonator 3500 — — [56]
structures 130 — 16.75 [57]
— 21 8.73  [58]
750 — — [59]
517.9 262 — [65]
Spoof SPR 502.8 164.4 31.4 [67]
113.927 — 67.03 [68]
Integrated deep learning — 839.562 3 158.9113 [74]

By being engineered to incorporate specific defect states,
such sensors enable target-specific detection of biomarkers
with ultrahigh sensitivity. This capability makes them
exceptionally well-suited for the accurate validation of
clinical

predetermined biomarkers in diagnostics.

Waveguide resonant cavity (WRC)-structured THz
sensors demonstrate strengths in strong field localization,
controllable mode profiles, and suitability for chip-level
integration, but are constrained by risks of multi-mode
interference and high demands on dimensional machining
accuracy. The exceptional adaptability of this sensor for on-
chip integration establishes it as a fundamental building
block for lab-on-a-chip devices. It facilitates the monolithic
integration of the complete workflow from sample
preparation to data acquisition on a single substrate,
offering a significant advantage in spatially confined
environments. Spoof SPR-structured THz sensors achieve
unparalleled sensitivity and theoretical FOM limits, albeit
with significant drawbacks including substantial metallic
losses, rigorous excitation conditions, and pronounced
dependence on incident angle/polarization. This category
of sensors is primarily employed in frontier scientific
research to explore the theoretical limits of sensing, or to
detect an extremely small number of molecules under
extreme conditions, such as ultra-high vacuum.
Conventional THz sensors relying on artificially designed
microstructures (e. g., SRRs, photonic crystals) and
empirical signal analysis methods encounter critical
limitations in complex sample detection scenarios,
including sensitivity bottlenecks, difficulties in feature
extraction, and inadequate generalization capabilities. Deep
learning technology, through the construction of multi-
layer neural network models, enables automated extraction
of high-dimensional nonlinear mappings between THz
signals (e.g., resonance frequency shifts, transmission
spectra) and target material properties (e.g., refractive
index, concentration, molecular configuration). This
approach facilitates the attainment of superior Q-factor
values and FOMs, thereby substantially enhancing the
sensor’s intelligence level and detection performance.

3 Conclusions

THz micro-structured sensing systems principally serve
for material identification and quantitative detection based
on analyte refractive indices, characteristic spectral
patterns, or biological attributes. This review thoroughly
examines various THz micro-structured sensors,
emphasizing their structural features and foundational
principles. These sensors demonstrate high sensitivity in
analyte detection and possess the capability to specifically
recognize different substances, making them highly
promising in fields such as biomedicine, non-destructive
testing, and food and agriculture”™. Within the biomedical

field, such systems facilitate the precise identification of
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pathologically relevant molecular markers and disease-
indicative substances, showing considerable promise for
pre-symptomatic disease detection and therapeutic
these
techniques enable comprehensive material property

monitoring. In non-destructive evaluation,
characterization and manufacturing quality control across

pharmaceutical and industrial production sectors.
Throughout the global food and agriculture industry, they
facilitate food quality control, pollutant detection, and
freshness evaluation. The broad applicability and
transformative potential of THz microstructured sensing
platforms establish them as an emerging technology with
considerable scientific and industrial value across multiple
sectors.

The extraordinary sensitivity of THz micro-structured
sensing platforms to refractive index perturbations allows
for dramatic resonance peak displacement in response to
minimal analyte refractive index changes, facilitating
ultrasensitive quantitative analysis in uncomplicated system
architectures”. Nevertheless, these sensors demonstrate
constrained capability in differentiating and characterizing

[77-78]

diverse substances within complex matrices , such as

low sensitivity when detecting micron - and nano - thin film

materials™

, and the MDM waveguide sensing platform in
the THz band remains rarely explored®”. In parallel, THz-
based fingerprinting sensors utilize the intrinsic absorption
characteristics of biological molecules to accomplish
selective substance recognition. Although they are specific,
currently, fingerprint sensors have low sensitivity and poor
detection accuracy. Ongoing research efforts have focused
on investigating diverse sensor architectures to enhance
both  sensitivity performance and measurement
precision®™®. Biosensing platforms exploit the distinctive
molecular recognition capabilities of biomolecules-
including highly specific binding affinities-to overcome the
inherent sensitivity and accuracy constraints of conventional
fingerprint sensors. These advanced biosensors have
demonstrated remarkable efficacy in detecting malignant

81 neoplastic cellular populations”™,

pathogenic bacterial strains®”’, and enabling precise

[88]

neoplastic cells'

microscale liquid analysis

Traditional metasurface design methods typically rely on
complex electromagnetic simulations and finite element
approaches, which employ extensive parameter scanning
in  high
computational costs and prolonged design cycles. With the

to identify optimal solutions, resulting

rapid advancement of machine learning, deep learning-
based design methods have been proposed to predict the
mapping relationships between sensor structures and
spectral  responses,

significantly improving design

efficiency. Integrating deep learning with physical principles
in metasurface design is also recognized as an effective
strategy to enhance model performance. LLooking forward,
combining deep learning models with THz sensor design
holds promise for achieving more efficient and sensitive
detection and sensing capabilities.
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