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1. Introduction

Emerging artificial intelligence and Internet of Things (loT) technologies have

greatly enhanced daily life, yet processing vast data volumes poses challenges
for computing hardware and communication systems. Terahertz (THz) waves,
positioned between microwaves and infrared light, offer significant potential
for future communication and sensing applications due to their wide
bandwidth, high data rate, superior resolution, and non-destructive
capabilities. However, traditional passive THz devices face adaptive control
and dynamic modulation limitations. The emergence of tunable and
reconfigurable metadevices, especially those using phase-change materials,
provides promising solutions through substantial and rapid modulation of by
electromagnetic responses. This review examines recent advancements in
THz metadevices utilizing phase-transition materials, focusing on
mechanisms like insulator-to-metal transitions, amorphous-to-crystal
transformations, ferroelectric behavior, and liquid-crystal transitions. It
summarizes strategies in structural design, material selection, and device
fabrication. Furthermore, it discusses the latest developments in THz
modulation and applications using phase-change metadevices, highlighting
key performance parameters such as frequency range, modulation depth,
tunability, and switching speed. Finally, the review outlines current challenges
and future prospects in advancing adaptive THz metadevices, pointing to
potential pathways for dynamic, multifunctional THz systems.
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Over the past decade, a surge of In-
ternet of Things (IoT) technologies,
powered by machine learning and neural
network algorithms, has emerged and
rapidly advanced. Innovations such as
smart transportation systems, intelli-
gent robotics, mobile wearables, and
digital medical diagnostics have signif-
icantly improved daily living standards
and industrial productivity worldwide
enhancing wireless connectivity
capabilities.'>] However, the enormous
data transmission and processing de-
mands have strained conventional IoT
sensing and communication hardware.
This has created an urgent need for
next-generation intelligent edge devices
that offer high speed, high density,
and low-power consumption. Terahertz
(THz) waves, occupying the spectral
region between microwaves and infrared
light (0.1 to 10 THz), hold immense
promise for various IoT applications,
including  high-frequency  wireless
communications,  security  surveil-
lance, and biomedical diagnostics.[®#]
Their potential stems from unique
features such as extensive bandwidth,
high data transmission rate, superior non-destructive testing
qualities, and advanced sensing mechanisms.[>1] Despite these
advantages, the inherent properties of THz waves—strong pene-
tration and relatively weak photon energy—pose significant chal-
lenges for detection and modulation using standard passive op-
tical components. This has impeded progress in developing di-
verse THz functional devices until the advent of tunable and re-
configurable metadevices (MDs).

MDs are metamaterial devices composed of periodic arrays
of artificial microstructures with subwavelength dimensions, ex-
hibiting unique characteristics within specific frequency bands,
such as negative refraction, negative magnetic permeability,
and the inverse Doppler effect.'>l Early demonstrations of
generalized Snell’s laws using V-shaped metallic nanoanten-
nas established metasurfaces as lightweight, 2D alternatives to
bulky optical components.['>°] By designing MDs as resonant
structures, they can strongly interact with THz photons and
produce distinctive electromagnetic responses by altering their
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Figure 1. An overview of the mechanisms and crystal structures of mainstream PCMs in PCMDs.

structural and material parameters. Recent research has focused
on developing innovative THz devices like sensors, modulators,
switches, filters, and absorbers.'’2% Incorporating magnetic
materials into these structures enhances the interaction between
electromagnetic waves and matter,!?!l offering improved resolu-
tion and sensitivity for biosensing applications. However, tradi-
tional designs with static geometries and fixed material proper-
ties struggle to adapt to dynamic environments, limiting their
practical utility.??24 This challenge has spurred the develop-
ment of tunable and reconfigurable MDs,!®! utilizing materials
like semiconductors, graphene,[2°32] and phase-change materi-
als (PCMs),13*%”) which exhibit significant changes in optical and
electrical properties under external stimuli. Furthermore, the de-
velopment of micro-electromechanical systems (MEMS) technol-
ogy has also provided a platform for micro-mechanical tunable
MDs, which can be classified into two categories. One category
changes the electromagnetic characteristics by mechanically ad-
justing the vertical or horizontal spacing between layers.?8391 The
other category alters the electromagnetic response of the metade-
vice by deforming flexible materials.***!] However, such me-
chanically tuned MDs are still constrained by the inherent speed
limitations of mechanical switches and the high cost of micro-
nano fabrication. Additionally, in 2022, Riccardo et al. summa-
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rized the developments in THz modulators based on metamate-
rials. They highlighted key applications in sensing, wireless com-
munications, and quantum electronics that have significantly
benefited from these advances.[*?] At the same time, Shohreh
et al. also reported a review on THz metastructures for nonin-
vasive biomedical sensing and characterization in future health
care.*]

In this review, we present an in-depth analysis of tunable and
reconfigurable phase-change metadevices (PCMDs), focusing on
tuning theory, PCMs’ physical properties, structural design, fab-
rication, and multifunctional applications. It begins with an
overview of typical active metasurface structures and their tuning
parameters and mechanisms, followed by a detailed discussion
of primary PCMs used in tunable THz MDs. These materials are
categorized into four main types based on phase transition mech-
anisms: insulator-to-metal (IMT), amorphous-to-crystal (ACPT),
ferroelectric phase (FEPT), and liquid-crystal (LCPT) transitions,
as shown in Figure 1a. The review systematically outlines the
phase transition characteristics of PCMs and explores design,
fabrication, and optimization strategies for tunable PCMDs,
providing valuable insights for developing adaptive MDs.
Furthermore, recent advancements in THz modulation and
applications based on PCMDs are compared and summarized,
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Figure 2. The theory of equivalent circuitry. a,b) Square patch array and its equivalent circuit.[*’! c,d) Square ring array and its equivalent circuit with
series connection of capacitance and inductance.[*6] e,f) Square grid array and its equivalent circuit.l*’] g,h) The square-ring gap array and its equivalent

parallel capacitance and inductance circuit.[*?]

considering factors like external stimuli, operating frequency,
tunability, and switching speed. This comprehensive analysis of-
fers practical guidance for developing tunable PCMDs. Finally,
the review highlights current challenges and explores potential
directions for evolving tunable and reconfigurable PCMDs.

2. Fundamental Theory

2.1. Equivalent Circuit Theory

Typically, the metasurface structure exhibits a resonant response
upon the incidence of electromagnetic waves onto a metasur-
face device. If the unit structure size of the metasurface is con-
siderably smaller than the wavelength of the incident wave, its
resonant characteristics can be approximately analyzed using
the equivalent circuit theory. This circuit description dates back
several decades and is well developed in microwave frequency-
selective surface (FSS).[*l The metasurface structure can be
equivalently modeled as a series-parallel combination of resistors
(R), inductors (L), and capacitors (C) in an electrical circuit. By
calculating the values of R, L, and C, the resonant frequency of
the metasurface structure can be determined, and the variation
trend of the resonant frequency with changes in the device struc-
tural parameters can also be analyzed. Analyzing the operational
mechanism of the device through the equivalent circuit method
provides reverse guidance for the design of 2D metasurfaces. Be-
low, the equivalent circuit theory is introduced by analyzing the
metal patch and slot array structures.

As shown in Figure 2a, the metasurface consists of periodically
arranged square metallic patches. Since most of the area within
the unit cell is occupied by the patches, the self-inductance ef-
fect is significantly reduced and can be neglected. The gaps be-
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tween adjacent periodic units become the dominant influencing
factor during resonance. Upon normal incidence of electromag-
netic waves, an induced electric field arises between the patch
gaps along a direction parallel to the electric field, causing charge
accumulation on both sides of the metal gaps. Consequently, the
gaps between the patches can be equivalently modeled as capaci-
tors. The metasurface primarily exhibits capacitive behavior, and
its equivalent circuit is presented in Figure 2b. The capacitance
value can be approximately calculated using the following formu-
las. For perpendicular incidence of transverse magnetic waves
(TM), the equivalent capacitance is:[**]

2 .2
c= Lo (180 1y fosc (24 (1)
wcZ, 2e, 2p
For vertical incidence of transverse electric waves (TE), the
equivalent capacitance is:

2pe, zd
C= 7, In [csc <E)] (2)

where p denotes the period of the metasurface unit cell, d repre-
sents the spacing between adjacent metal patches, e, refers to the
dielectric constant of the substrate,  indicates the incident angle
of the electromagnetic wave, and Z, corresponds to the charac-
teristic impedance in free space.

The ring array is a fundamental building block for metadevice
design, as shown in Figure 2c. Here, p denotes the period of the
metasurface unit, w signifies the difference between the inner
and outer widths of the square ring, d represents the outer side
length of the square ring, and ¢ refers to the dielectric constant
of the substrate. Moreover, the metal arms on both sides of the
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square ring exhibit an inductive effect, while the gaps between
adjacent rings demonstrate a capacitive effect. Consequently, the
equivalent circuit of this structure comprises a series connection
of inductance L and capacitance C, as depicted in Figure 2d. The
corresponding expressions for calculating the equivalent induc-
tance L and capacitance C are provided below:*®]

_d z

L= 1 In [cscp + G (p, 2w, 1)] (3)
_d z(p—d)

C—4erlln[csc 2 +G(pp—4d A 4)

where u denotes the wavelength of the incident wave and G rep-
resents the correction term.

The two aforementioned subwavelength structures possess
complementary forms, as illustrated in Figure 2e. The comple-
mentary metasurface to the square patch array structure is a
square grid-type structure, consisting of metal strips periodically
arranged in horizontal and vertical directions in a crossed config-
uration. Upon external electromagnetic waves, the metasurface
resonates, inducing currents in the metal strips, which can be
treated as inductive elements. The grid gaps dominate the spa-
tial distribution of the entire unit structure, making the capaci-
tive effect negligible. Consequently, the square grid array struc-
ture can be effectively modeled as an independent inductance L,
as depicted in Figure 2f. In this figure, p denotes the period of the
metasurface unit, while w represents the widths of both the hor-
izontal and vertical metal strips. When the electromagnetic wave
is incident perpendicularly onto the surface of this device, the
equivalent inductance L can be determined using the following
equation:(*/]

L= Mln [csc(ﬂﬂ (5)
2n 2p

The square-ring slot array is a specific type of slot array struc-
ture, as illustrated in Figure 2g. In this metasurface configura-
tion, the metal arms outside the rings on both sides along the di-
rection of the incident electric field exhibit inductive behavior. In
contrast, the slots between the metal arms and the square patches
within the unit cell can be modeled as capacitive elements, as de-
picted in Figure 2h. The equivalent circuit for this structure con-
sists of an inductor and a capacitor connected in parallel. In the
figure, p denotes the period of the unit cell, g represents the width
of the annular gap, and d indicates the width of the metal arm. At
this stage, the expressions for calculating the equivalent induc-
tance and capacitance in the circuit are provided as follows:*!

=P _”d
L==In [cscz +G(p. 4, /1)] (6)
C=4¢ —d In csc—E + G (p g /1) (7)
"4 2p e

It should be noted that the derivation of the complementary
structures herein is based on equivalent circuits. When aiming
for more sophisticated metadevice designs, it is usually essential
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to incorporate the electromagnetic theory of diffraction and the
Babinet principle.*! For relevant details, please refer to previous
reports. For example, Andreas et al. experimentally verified the
complementarity of electric and magnetic fields as predicted by
Babinet’s principle.[*”) Maksim et al. proposed a planar Babinet-
inverted dimer metamaterial possessing strong optical activity.>!]
These complementary design theories and manufacturing meth-
ods have great potential for exploitation in terahertz optics.

2.2. Tuning Mechanism in PCMDs

Typically, during the phase transition of PCMs, the reorganiza-
tion of their energy band structures leads to the release of free
charge carriers, thereby causing variations in the complex con-
ductivity. As a result, these materials exhibit significant modula-
tion depth in the THz band transmission. This phenomenon can
be described using the Tinkham equation:[5233]

E’ﬁlersulr)stmte (CO) _ 1+ Msubstrate
E @) 1 Py, + Zo6 (@) dg,

substrate (

®)

substrate

where Z, represents the impedance of free space, dg,, denotes
the thickness of the phase-change film, Eﬁ,m ubstrate (@) TEfETS
to the transmission amplitude through the film and substrate,
E. jvrare(@) Tepresents the transmission amplitude through the
substrate alone, and n,,,.,, indicates the substrate’s refractive
index. For a phase-change film with constant thickness, assum-

ing that the refractive index of the substrate remains nearly in-

. 1e . . K m+substrate (¢
variant within the studied frequency range, the ratio | iz

Esubstrate ()
decreases as the conductivity of the film increases. Consequently,

the modulation depth of the THz amplitude can be controlled by
regulating the phase transition of PCMs.

In recent years, metasurface absorbers integrated with phase-
change films have primarily utilized patterned phase-change
films to replace the metallic patterns on the surface of
conventional metamaterial absorbers, thereby enabling tun-
able/reconfigurable absorption of THz waves. The design of such
tunable/reconfigurable metasurface absorbers is mainly guided
by impedance matching, equivalent circuit modeling, and inter-
ference suppression. Conventional tunable THz absorbers typi-
cally consist of a three-layer structure: a periodic metal pattern
on the top layer, a dielectric layer in the middle, and a continu-
ous metallic reflective layer at the bottom.l>*] Due to the presence
of the continuous metallic layer at the bottom, the transmissiv-
ity of the metasurface absorber is generally negligible, and only
the reflectivity is considered. The absorption characteristics of the
metasurface can be calculated using an equivalent circuit model,
where the periodic metal pattern can be approximated as a single
R-L-C circuit. The equivalent impedance (Z,) of this circuit can
be expressed by the following equation:[>!

. 1
Z =R+ jol+ — 9
" J joC )

where R, C, and L respectively represent the equivalent re-
sistance, capacitance, and inductance of the periodic metal
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pattern. For a dielectric layer with a ground plane, the equivalent
impedance (Z,) can be expressed as:>°]

Zt =.jZO Mr/srtan (C()t ”OEOMVEY) (10)

where Z, denotes the impedance of free space (377 Q), u, and €,
represent the relative permeability and permittivity of the dielec-
tric layer. At the same time, y, and ¢, correspond to the magnetic
permeability and permittivity of vacuum, w signifies the angular
frequency of the incident wave, and ¢ indicates the thickness of
the dielectric layer. Consequently, the input impedance (Z;,) of
the absorber can be expressed as:

1 1
= — 4+ = 11
z vz (11)

n
Therefore, by controlling the phase transition of PCMs, their
equivalent resistance, capacitance, inductance, dielectric con-
stant, and magnetic permeability can be adjusted, thereby en-
abling the modulation of the absorption rate. Furthermore, de-
signing various patterned metasurface structures can achieve the
tunable characteristics of THz absorption rate, operating band,
and absorption bandwidth, thus fulfilling the requirements of
diverse application scenarios.[’] Additionally, to characterize the
tunability and reconfigurability of PCMDs, the criterion of rela-
tive tuning range (Wyrz) has been proposed. This metric can be
quantitatively evaluated using the following equation:l**>"]

(fmax _fmin) _ 2 (fmax _fmin)
ﬁenter (fmax + fmin )

where f..., fon, and f... respectively denote the maximum,
minimum, and center frequencies corresponding to a —10 dB
reflection or 90% absorption rate. Wy quantifies the capability
of PCMDs to vary their operating frequencies, with a larger value
indicating wide-range tunability.[*"]

Guided by the aforementioned tuning mechanisms, detailed
tuning approaches based on phase-change material selection, pe-
riodic pattern design, dielectric spacer optimization, and thermal
management will be elaborated upon in the following three sec-
tions to achieve tunable and reconfigurable PCMDs.

Werr = (12)

3. Physical Properties of Phase-Change Materials
for MDs

3.1. Vanadium Dioxide (VO,)

This type of Mott material represents a classic example of a
strongly correlated oxide that experiences a first-order IMPT
near 340 K, as identified by Morin in 1959. This transition is
marked by sudden alterations in electrical, optical, and structural
characteristics.[%!] At high temperatures (T > 340 K), VO, exhibits
a tetragonal rutile structure (space group P4, /mnm) with lattice
constants a = b ~ 4.554 A and c ~ 2.851 A. In this configura-
tion, vanadium atoms are arranged linearly along the [001] crys-
tallographic direction, forming continuous V—V chains with con-
sistent V—V bond lengths of ~2.85 A.[?] The metallic conduc-
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tivity originates from the delocalized d-orbital electrons (d,|| or-
bitals) along these chains, contributing to a half-filled conduction
band. When cooled below the critical temperature (T < 340 K),
VO, shifts to a monoclinic insulating phase (space group P2, /c)
through a coupled structural and electronic reorganization. This
phase is defined by lattice parameters a ~ 5.752 A, b ~ 4.538
A, c = 5.382 A, and a monoclinic angle § ~ 122.6°.[°! During
this phase, the V=V chains experience dimerization, neighbor-
ing vanadium atoms form V—V dimers with alternating short
(2.65 A) and long (3.12 A) bond lengths, disrupting translational
symmetry in Figure 3a.l®* Simultaneously, the oxygen octahe-
dra surrounding the vanadium atoms display tilting and twisting
distortions, which decrease crystal symmetry and alter the elec-
tronic environment. These structural modifications lead to elec-
tron localization and create a bandgap of approximately 0.6 eV,
as verified by photoemission spectroscopy and optical absorption
studies (Figure 3b).[%]

The IMPT mechanism arises from the cooperative interac-
tion between structural lattice distortions and correlated elec-
tronic effects. A Peierls-like instability, marked by V—V dimer-
ization coupled with octahedral distortions, induces symmetry-
breaking phase transitions that reduce thermodynamic free en-
ergy through systematic reorganization of orbital hybridization
patterns as illustrated in Figure 3c. Simultaneously, in the insu-
lating state, Mott-Hubbard correlations govern electronic behav-
ior, where strong Coulomb repulsion among localized d-electrons
enforces charge localization, stabilizing the insulating phase via
Coulomb blockade phenomena.l®! The transition also involves
dynamic phonon-electron coupling; for example, the A, phonon
mode at 192 cm™! exhibits softening near the critical temper-
ature, facilitating ultrafast structural switching on nanosecond
timescales. Experimentally, as shown in Figure 3d,e and X-ray
diffraction (XRD) patterns of VO,/mica heterostructures dis-
play distinct (020) Bragg reflections at 39.8° for the monoclinic
phase (M-VO,), along with mica’s (00l) peaks, confirming epi-
taxial growth without impurities or misalignment. Raman spec-
troscopy further identifies characteristic A, modes (192, 223, 308,
389, 498 cm™') and B, modes (264, 338 cm™") in the monoclinic
phase, while the A , mode at 613 cm™", attributed to symmet-
ric V=0 stretching vibrations, provides a sensitive probe of oc-
tahedral distortions during phase transitions. VO,’s reversible
and ultrafast response makes it highly promising for applica-
tions such as thermochromic smart windows, ultrafast optical
switches, and neuromorphic computing devices. However, prac-
tical implementation demands precise control over crystal qual-
ity and strain engineering to optimize switching efficiency and
cyclability. Advanced synthesis methods, such as pulsed laser de-
position (PLD) and molecular beam epitaxy (MBE), are essen-
tial for designing VO, thin films with tailored phase-transition
properties.

In Figure 4a, both configurations display similar optical ab-
sorption patterns, with a prominent peak centered around 0.8 eV.
This characteristic originates from electronic transitions between
filled and empty bands, as confirmed by the alignment of this
energy range with experimentally observed resonances in the di-
electric response at ~1.0 eV. The slight difference (0.2 eV) be-
tween predicted and measured peak positions may stem from
many-body effects or interfacial polarization phenomena not
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Figure 3. Schematic structure characterization and phase transition mechanism of VO,. a) The rutile and monoclinic state of VO, . Adapted with permis-
sion from.[®#] Copyright 2024, Elsevier. b) Three different band structures of different phases. Adapted with permission from.[83] Copyright 2017, Nature
Publishing Group. c) Dynamic changes of the VO, band structure. Adapted with permission from.[64] Copyright 2024, Elsevier. d) The XRD pattern of
VO, growth on mica. e) Raman studies of the epitaxial VO, film at different temperatures. Adapted with permission from.[%6] Copyright 2024, Wiley.

entirely captured in the computational model.”] Furthermore,
as shown in Figure 4b, rutile-phase VO, demonstrates higher
optical reflectivity than its monoclinic counterpart, indicating en-
hanced photon reflection efficiency. This aligns with the metallic
nature of the rutile phase, which facilitates stronger interactions
with incident electromagnetic waves, as reflected in the improved
reflectance spectrum. Indeed, the phase transition in VO, is as-
sociated with latent heat due to its thermal characteristics, offer-
ing potential applications in thermal management systems.[%8!
The material’s capacity for reversible phase changes allows it to
absorb or release heat during transitions, making it valuable for
thermal regulation and energy storage technologies. Additionally,

Adv. Mater. Technol. 2025, 00935

€00935 (6 of 30)

the phase transition induces variations in specific heat capacity
and thermal conductivity, which are essential for designing de-
vices requiring accurate thermal control.

Moreover, VO, is renowned for its remarkable phase transi-
tion properties, profoundly impacting its electrical, optical, and
thermal characteristics. The phase transition from an insulating
to a metallic state occurs around 68 °C, inducing substantial al-
terations in these properties (Figure 4c,d).l%! During this trans-
formation, VO, exhibits a significant shift in electrical conduc-
tivity. In its insulating phase, VO, displays low conductivity like
semiconductors. Conversely, upon transitioning into the metal-
lic phase, its conductivity rises dramatically by several orders of
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Figure 4. The phase transition properties and band structures of VO,. a,b) The absorption coefficient and reflectivity of Monoclinic and Rutile states,
respectively. Adapted permission with.[®4] Copyright 2024, Elsevier. c,d) In situ comparison of V-V chain properties with temperature change. e) The
temperature-dependent electronic density of states for metastable VO, phases was obtained through first-principles DFT simulations incorporating
lattice thermal excitations. Adapted permission with.[’%] Copyright 2010, American Physical Society. f) The band structures of different states of VO,.

Adapted permission with.[”1l Copyright 2025, Nature Publishing Group.

magnitude. This sudden change stems from reconfiguring elec-
tron orbitals, facilitating electron delocalization in the metallic
state. As depicted in Figure 4f, after transitioning from the Mono-
clinic structure to the Rutile structure, the energy band structure
of VO, shows an overlap between the conduction and valence
bands, validating its metallic nature. This capability to toggle be-
tween phases renders VO, highly appealing for applications in in-
telligent THz devices. Overall, the distinctive integration of elec-
trical, optical, and thermal properties in VO,, driven by its phase
transition, enables a wide range of applications in electronics, op-
tics, and energy domains. Yao et al.l®*] explored the temperature-
dependent electronic density in Figure 4e.

Continued research into enhancing these properties and elu-
cidating their underlying mechanisms further expands the po-
tential applications of VO,-based materials. However, different
synthesis methodologies for VO, inherently involve trade-offs.
For example, achieving high film crystallinity often compromises
uniformity control and process energy efficiency; conversely,
cost-effective and scalable growth techniques frequently suffer
from issues such as impurity incorporation and reduced material
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quality. Moreover, doping strategies to reduce the phase transi-
tion temperature typically increased thermal hysteresis and other
adverse effects. As a result, the key challenges in VO, fabrication
remain: the high transition temperature, poor environmental sta-
bility, stringent process requirements, and elevated production
costs.

3.2. Chalcogenides (GST)

Chalcogenide systems doped with tellurium exhibit non-volatile
structural transformations between disordered amorphous states
and ordered crystalline arrangements, a property that supports
their technological applications in PCMDs.[7274]

These materials enable stable, non-volatile data storage with
minimal energy requirements due to their permanent phase
transition, contrasting with VO,’s transient phase change, ne-
cessitating continuous external stimuli to maintain its altered
state. GST materials, typically composed of germanium (Ge), an-
timony (Sb), and tellurium (Te) in varying stoichiometric ratios
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Figure 5. The structural analysis of GST. a) The XRD pattern of different composition GST alloys. Adapted with permission from.[8] Copyright 2005,
Elsevier. b) High-resolution HAADF-STEM micrograph of GST alloys. c) Different schematic structures of GST alloys. Adapted with permission from.l”7]

Copyright 2016, Nature Publishing Group.

(commonly denoted as Ge,Sb,Tes), belong to a class of PCMs
characterized by reversible transitions between crystalline and
amorphous phases triggered by heat, light, or electrical pulses. In
the crystalline state, GST can adopt either a hexagonal structure
(with lattice parameters a ~ 4.23 A and c ~ 17.28 A) or a face-
centered cubic (fcc) arrangement, where Ge, Sb, and Te atoms
form a layered, partially ordered lattice (as depicted in Figure 5c).
Conversely, GST lacks long-range atomic order in the amorphous
phase, featuring localized tetrahedral bonding configurations of
Ge-Te and Sb-Te, as evidenced by extended X-ray absorption fine
structure (EXAFS) studies.I””! Rapid heating through electrical
pulses or laser irradiation induces the nucleation of metastable
cubic crystallites (belonging to the space group Fm-3m), where
Te atoms occupy 4a Wyckoff positions. In contrast, Ge/Sb atoms
are statistically distributed across 4b sites, as confirmed by syn-
chrotron X-ray diffraction.”®! This crystallization process follows
a nucleation-dominated kinetics model, with activation energies
ranging from 2.1 to 2.5 eV, derived from Arrhenius plots of
time-dependent resistivity measurements. Notably, the cubic-to-
hexagonal transition (space group P3m1) typically occurs under
prolonged thermal annealing. Figure 5a illustrates the XRD pat-
terns of various GST alloy configurations, highlighting the corre-
sponding peak positions. Additionally, Bragaglia et al.””] utilized
high-resolution HAADF-STEM (as shown in Figure 5b) to ana-
lyze the intergranular spacing and fundamental structural fea-
tures of GST alloys. The phase transition in GST is rapid (oc-
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curring on the nanosecond scale) and highly reproducible, mak-
ing it suitable for applications such as PCMDs and optical data
storage (e.g., CDs and DVDs). The material’'s performance de-
pends on the stability of the two phases, the speed of the transi-
tion, and the resistance contrast, all of which are influenced by
its atomic structure and the thermodynamic conditions govern-
ing the phase-change process.

GST is celebrated for its capacity to execute rapid, durable, and
reversible transitions between amorphous and crystalline states.
This characteristic is utilized in various applications, including
optical data storage and reconfigurable photonic systems. The
phase transition induces substantial alterations in the material’s
physical attributes, positioning GST as a promising candidate for
dynamic metasurfaces. During this transition, the atomic struc-
ture undergoes reorganization, shifting from a disordered amor-
phous state to an ordered crystalline configuration, typically oc-
curring at temperatures ranging from 150 to 200 °C. This pro-
cess can be thermally activated and is marked by changes in
atomic bonding, essential for its distinctive properties. The phase
change in GST is linked to latent heat and a notable variation in
thermal conductivity. In its amorphous form, GST demonstrates
lower thermal conductivity compared to its crystalline equiva-
lent. This thermal behavior plays a critical role in applications
that demand thermal management and energy efficiency, such
as memory devices requiring swift heating and cooling cycles. In
addition, upon heating beyond its melting point (=600 °C) and
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Figure 6. The relative properties of GST when the temperature changes. a) The Raman scattering pattern of GST alloys grown on silicon. b) The Re-
sistance — Voltage characteristics of different phase change processes. c) GST voltage sweeping switching behavior. Adapted with permission from.[81]
Copyright 2006, Elsevier. d) Temperature-dependent behavior of sheet resistivity in GST films with 100 nm thickness. Specimens underwent rapid ther-
mal processing followed by 30-minute isothermal annealing at designated temperatures (150-325 °C) before natural cooling to ambient conditions. €)
Electrical transport characterization of identical GST thin films under cryogenic conditions (5-300 K). Color differentiation in the panel indicates dis-
tinct thermal treatment histories, corresponding to eight crystallization states achieved through controlled annealing within the specified temperature
window. Adapted with permission from ref. [72]. Copyright 2011, Nature Publishing Group.

undergoing ultra-rapid cooling, the crystalline structure of GST
transforms into an amorphous form. Simultaneously, this tran-
sition significantly increases electrical resistivity, resulting in a
notable decrease in optical reflectance. The distinct and fully re-
versible alterations in properties, combined with swift phase tran-
sition dynamics, make this material exceptionally appropriate for
information storage systems and Blu-ray DVD technology.!”8]
In 2006, Lv et al.®! illustrated the trend of resistivity fluctuations
in GST thin films across various annealing temperatures. At 180
°C, the resistivity experienced a significant reduction for the first
time, aligning with the crystallization of GST from an amorphous
to a face-centered cubic (FCC) structure. As the temperature rises
to 360 °C, resistivity decreases again, attributed to the phase
transition from the FCC structure to a hexagonal arrangement
(Figure 6a). They also investigated performance variations dur-
ing the crystallization of GST via Joule heating (Figure 6b,c).18!]
When the temperature surpasses 360 °C, there is an unusual rise
in resistivity, potentially due to Ge oxidation or Te evaporation.
GST thin films with a thickness of 500 nm exhibit a greater ten-
dency toward crystallization compared to those with a thickness
of 50 nm. This occurs because crystal nuclei in thicker films form
and grow more stably under the dominant nucleation mecha-
nism.

Moreover, one of the most pronounced modifications during
the phase transition involves the optical properties of GST. Signif-
icant differences exist in refractive index and optical absorption
coefficients between the amorphous and crystalline phases.[®2! In
its amorphous state, GST generally absorbs less light and pos-
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sesses a lower refractive index. This tunability in optical charac-
teristics is leveraged in metasurfaces for controlling light at vary-
ing wavelengths.®¥l GST also demonstrates a significant differ-
ence in electrical conductivity between its amorphous and crys-
talline phases. The crystalline phase exhibits higher conductiv-
ity due to enhanced structural order and electron mobility, while
the amorphous phase behaves more like an insulator. As shown
in Figure 6d, when the temperature rapidly increases, GST al-
loys transition from an amorphous state to a cubic crystalline
structure within the range of approximately 125-145 °C, accom-
panied by a dramatic change in resistance on the order of several
magnitudes. As the temperature rises, the resistance decreases
gradually until the crystal structure undergoes further changes.
Siegrist et al.7?] observed that annealing at specific temperatures
for 30 min, combined with low-temperature transport measure-
ments (Figure 6e), reveals additional insights into this behavior.
This characteristic is especially advantageous in electronic appli-
cations like PC memory, where data storage relies on the mate-
rial’s resistive states. The dynamic tunability of GST properties
makes it highly suitable for use in tunable/reconfigurable meta-
surface devices.[®*#’] Notably, Zalden et al.®® utilized intense
THz pulses to demonstrate that electron and lattice dynamics in
GST occur on the picosecond timescale. These metasurfaces can
manipulate electromagnetic waves in real-time, enabling appli-
cations such as adaptive lenses, beam steering devices, and tun-
able filters. Due to their intrinsic optical and electronic proper-
ties, phase-change chalcogenide alloys, particularly GST systems,
exhibit remarkable compatibility with metasurface architectures.
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Figure 7. The crystal and band structures of STO PCMs. a) The schematic graph of ferroelectric displacement and AFD rotation in the STO structure,
respectively. Adapted with permission from ref. [92]. Copyright 2009, Springer International Publishing AG. b) Atomic resolution high-angle annular
dark-field (HAADF) scanning transmission electron microscopy (STEM) imaging reveals a structurally abrupt heterointerface between the stoichiometric
SrTiO; substrate (lower region) and oxygen-deficient SrTiO; 5 epitaxial layer (upper domain). Adapted with permission from.[93] Copyright 2004, Nature
Publishing Group. c) The DFT calculation of the cubic phase STO. Adapted with permission from.[**] Copyright 2013, AIP Publishing.

Unlike VO,-based systems, which require continuous external
excitation, these chalcogenides offer non-volatile state retention
and energy-efficient operation through reversible transitions be-
tween crystalline and amorphous phases. These non-equilibrium
phase transition characteristics position these materials as ideal
reconfigurable components for adaptive photonic metastructures
and dynamically programmable optoelectronic interfaces. How-
ever, the fabrication and design of GST materials and devices de-
mand high compositional accuracy and are susceptible to form-
ing impurity alloys with electrode materials. Although GST ma-
terials exhibit advantages in terms of integration and endurance,
enabling them to be more compatible with mass production us-
ing well-established sputtering techniques, their primary limita-
tions compared to VO, ’s ultrafast switching properties stem from
lifespan restrictions caused by phase-change stress and elemen-
tal segregation.

3.3. Strontium Titanate (SrTiO;, STO)

STO is a representative quantum paraelectric material, distin-
guished by a prominent anharmonic soft phonon mode that
primarily governs its dielectric characteristics. The temperature-
dependent behavior of this soft mode, which experiences a sub-
stantial frequency reduction upon cooling, plays a critical role in
determining the material’s low-frequency dielectric response.®”]
At room temperature, STO exhibits an idealized cubic symmetry
(space group Pm-3m), with strontium ions positioned at the cor-
ners of the unit cell, titanium ions at the body center, and oxygen
ions at the face-centered locations. This crystalline arrangement
demonstrates exceptional structural stability, although subtle dis-
tortions appear at lower temperatures, leading to a tetragonal
phase transition. Specifically, STO maintains a cubic perovskite
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structure (space group Pm3m) at room temperature. However,
when cooled below approximately 105 K, it transitions to a tetrag-
onal phase (space group [4/mcm). This transformation is driven
by antiferrodistortive (AFD) rotations of oxygen octahedra and al-
ternating rotations of adjacent octahedra around the cubic axes.
These structural changes are linked to the softening of spe-
cific phonon modes, which substantially impact its dielectric
properties.

STO is categorized as a quantum paraelectric material be-
cause it approaches ferroelectric instability but does not exhibit
long-range ferroelectric order due to the suppression of quantum
fluctuations.l®!l These quantum effects stabilize the paraelec-
tric phase even at cryogenic temperatures, where classical fer-
roelectricity typically emerges. As illustrated in Figure 7a, the
schematic representation of STO’s structure highlights the fer-
roelectric displacement and AFD rotation before and after the
phase transition.”2l Mannhart et al.**! utilized HAADF-STEM to
reveal that STO under hypoxic conditions exhibits significantly
altered structures (Figure 7b). According to density functional
theory (DFT) calculations by Shirai et al.,®¥ the valence band
of STO is predominantly composed of oxygen 2p orbitals, with
a bandwidth of ~5-6 eV and its top located near the I' point in
Figure 7c. The conduction band, on the other hand, is primarily
dominated by titanium 3d orbitals (mainly t,, orbitals), with the
bottom of the conduction band situated at the boundary of the
Brillouin zone (such as X or M points), resulting in an indirect
bandgap.

The dielectric behavior of STO is significantly shaped by its
lattice dynamics, particularly the temperature-dependent charac-
teristics of the anharmonic soft phonon mode.l>7] As the tem-
perature decreases, this mode experiences a gradual softening
in frequency, which markedly enhances the low-frequency di-
electric permittivity. This reflects the strong interaction between
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Figure 8. a) The resistance and carrier mobility under non-annealed and in-situ annealed conditions, respectively. b) CT-AFM resistance mapping.
Adapted with permission from.[192] Copyright 2008, Nature Publishing Group. c) The transmission spectral response of the metamaterial, including
both the magnitude and phase components, was examined at distinct temperature points. Adapted with permission from.[193] Copyright 2009, American

Physical Society.

lattice vibrations and dielectric properties, highlighting the im-
portance of anharmonicity within the phonon spectrum.[*$-10
Additionally, the synergy between quantum fluctuations and
anharmonic lattice dynamics inhibits the formation of ferro-
electric order, preserving the quantum paraelectric state. These
distinctive structural and dynamic features make STO an ideal
model system for investigating the interplay of quantum effects,
phonon softening, and dielectric responses in perovskite oxides.
Recently, Asif et al.[1%! employed a combination of the Lorentz
model and the transfer matrix method to measure STO thin
films’ transmittance and refractive index.

In brief, STO’s ferroelectric phase transition properties and
mechanisms exemplify the complex interactions among quan-
tum effects, lattice dynamics, and external perturbations. Al-
though bulk STO does not exhibit long-range ferroelectric or-
der under normal conditions, strain, doping, or low-dimensional
engineering can modulate its polar behavior. As illustrated in
Figure 8a,b, Basletic et al.l'%?! demonstrated the temperature-
dependent sheet resistance of the non-annealed LaAlO, /SrTiO,
heterostructure at cryogenic temperatures (~4 K). Interestingly,
during the annealing process, conducting-tip atomic force mi-
croscopy (CT-AFM) resistance mapping revealed that the STO
substrate exhibited overall insulation (R > 10'? Q), significantly
higher than the resistance (R 5 x 10'° Q) in the unannealed
state (where the STO substrate still maintained partial conductiv-
ity). Additionally, Némec et al.}®®] reveals the transmittance spec-
tra at varying temperatures and alongside theoretical simulations
in Figure 8c. This indicates that the annealing process effectively
suppressed oxygen vacancy diffusion, reducing the sample’s con-
ductivity. Nevertheless, since STO is inherently a quantum para-
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electric at room temperature, achieving stable ferroelectricity re-
quires defect engineering (e.g., oxygen vacancy manipulation) in
conjunction with strain tuning. As a result, the computational
modeling of high-temperature oxygen vacancy migration dynam-
ics and equilibrium oxygen concentration becomes essential for
guiding synthesis strategies. The primary goal in STO fabrication
is to address its quantum paraelectric limitations. Major chal-
lenges involve the stringent demands for precise defect-strain
synergistic engineering, insufficient thermal stability during op-
eration, and high manufacturing costs.

3.4. Liquid Crystals (LCs)

LCs represent a unique state of matter that bridges the charac-
teristics of conventional liquids and solid crystals. Structurally,
they consist of anisotropic molecules, often rod-shaped or disc-
shaped, allowing varying degrees of orientational and positional
order. Unlike isotropic liquids, where molecular orientation is
entirely random, LCs exhibit a degree of molecular organization
that sets them apart as a distinct phase.['%1%] LCs are renowned
for their diverse phase transition behaviors, typically triggered
by temperature changes or external influences such as electric
fields.[17-109] These transitions involve shifts in molecular order-
ing, as illustrated in Figure 9.['17 The hallmark of liquid crystals
lies in their molecular arrangement and alignment. As the tem-
perature decreases, molecules evolve from a disordered isotropic
liquid into a nematic phase characterized by orientational order.
This represents a first-order thermotropic phase transition, often
accompanied by discontinuities in thermodynamic properties
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like enthalpy. Upon further cooling, the nematic phase may trans-
form into the more ordered smectic phase, typically a second-
order transition depending on the system and conditions. These
phase transitions are governed by subtle variations in molecular
interactions and exhibit critical phenomena, such as scaling of
order parameters and pretransitional fluctuations. Moreover, lig-
uid crystal phase transitions frequently involve changes in optical
properties, including birefringence.[!!!! Their capacity to transi-
tion between different levels of molecular order under varying
environmental conditions has positioned them as a fundamental
component of modern material science. Ongoing research into
their structural and thermodynamic properties continues to drive
innovative applications in THz technology, ranging from modu-
lators and displays to advanced sensing systems. (11271151

LCs are extensively investigated for their anisotropic physical
properties, which can be adjusted and controlled using external
stimuli such as electric fields, magnetic fields, temperature varia-
tions, or light exposure. In temperature and light modulation, the
observed sensitivity originates from the strong thermal reactiv-
ity of LCs molecular alignment. Temperature changes can easily
trigger phase transitions, which substantially affect the level of
molecular order and, consequently, modulate optical character-
istics. For example, thermally responsive smart windows lever-
age these transitions to control light transmission by switch-
ing between a transparent state at cooler and a scattering state
at higher temperatures.['!® Nevertheless, compared to voltage-
driven modulation, this method demonstrates slower response
dynamics and requires more energy. Additionally, the absorption
of light energy can generate localized heating, offering an indi-
rect mechanism to induce LC phase transitions. Although this
non-contact modulation technique can achieve ultra-high reso-
lution, its response speed is fundamentally constrained by ther-
mal diffusion. This variety in control mechanisms underscores
the significance of liquid crystals as a key material for intelligent
optical devices, continuously broadening their application scope
in THz technology. Among their diverse physical and electrical
characteristics, their interaction with THz radiation has drawn
considerable interest due to potential applications in THz tech-
nologies, including modulators, filters, and sensors. Importantly,
LCs exhibit birefringence as a result of their anisotropic molec-
ular structures. The refractive index varies depending on light’s
polarization and propagation direction relative to the molecular
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alignment, making this property crucial for controlling electro-
magnetic waves across various frequency ranges. Park et al.l1”]
visually showcased the differences in optical properties among
various LC materials within the THz frequency band by analyz-
ing frequency-domain data of refractive index and absorption co-
efficient (Figure 10a,b). This study highlights that material selec-
tion must balance birefringence, absorption, and response speed.
This behavior may stem from the polarization response of LC
molecules in the THz frequency range, where molecular polar-
ization becomes more active at higher frequencies, leading to
a slight increase in the refractive index. Recently, Fu et al.l1%]
utilized liquid crystals’ dielectric tunability and birefringence ef-
fect to dynamically manipulate THz beams (Figure 10c). How-
ever, challenges persist regarding response speed and loss. As
shown in Figure 10d, the response time of LCs is approximately
100 ms.['"8] This is because, unlike the electronic or atomic re-
structuring observed in VO, or GST, LCs require molecular re-
orientation, which is influenced by factors such as viscosity, re-
sulting in longer phase transition times. Undoubtedly, the dielec-
tric dispersion and anisotropic properties of LCs enable them to
regulate THz wave propagation by altering molecular arrange-
ment through external fields. This phenomenon arises from the
orientation-dependent response of molecular dipoles to electro-
magnetic waves.

As shown in Table 1, a comparative analysis of three rep-
resentative PCMs highlights their unique operational features.
While GST relies on a polycrystalline phase transition mecha-
nism, VO, exhibits significantly faster switching speeds (on the
sub-picosecond scale), making it an attractive option for THz
ultrafast modulation applications. Nevertheless, its practical ap-
plication is limited by thermodynamic challenges due to high
critical temperatures, which necessitate additional energy inputs
(such as thermal, electrical, or optical excitation) to trigger phase
changes. Furthermore, while VO, exhibits a rapid phase transi-
tion, GST and LC provide non-volatility at the cost of higher driv-
ing voltages and longer phase-switching times. It should be noted
that the selection of appropriate applications must be guided by
the four specific parameter requirements outlined in the Table.
For instance, the modulation frequency of a device in the THz
range is determined by its dielectric constant and switching
time. In contrast, the modulation depth is critically influenced
by its conductivity. Meanwhile, the phase transition temperature

© 2025 Wiley-VCH GmbH

85U8017 SUOLILLIOD BAITea1D 3(cealdde 8y} A peusenob 8 Saoie YO ‘88N JO S8|nJ o} A%eiq1 8UlUO A8]IM UO (SUOTIPUOD-pUB-SWSI W00 A8 |ImAeIq Ul |uo//Sdny) SUORIPUOD pue sWiB | 8L 88S *[5202/80/6T] U0 Areiqiauliuo AB(1M Buos BuoH JO Aisenn AD Aq GE6005202 1WPR/Z00T OT/I0p/W00 A8 1M ARe.q 1 jpul Juo"peoLRADe// Sy WO1) pepeojumod ‘0 X60.S9E2


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

(@)
2t E7 ... n, ——n,
BLO37 -.--N_ ——n
o N
5 1.9+ RDP-97304 .9-.n  —o— n.
2 RDP-94990 . . n, —e—n
; 1.8~ e ¢
= = A G . S
g DEs
% 1.7+
M.
16 =8 g
o —e
1.5

© 0
0.8 :y‘ N

0.64- - - 1Bia|

Amplitude

0.4 -
1 u.,,,,”_‘ .

0.2+¢ T T T T T T -
060 062 084 066 068 070 072 074
Frequency/THz

Phase/Degree

Figure 10. The corresponding properties of LCs. a,b) Refractive indices and absorption coefficients under 294 K. Adapted with permission from.

(b)

(d)

www.advmattechnol.de

40

e O —— . E7
o <

-1
»

cwe O —w— ¢ BLO37 74

30 o < ) N ‘A"
-9 @ —— &t RDP-97304 .)"/,./"'
<o 0 —e— 0 RDP-94990 ) -9":';--04—4

)

absorption coefficient / cm
5]
S

15

[

|
frequency / THz

1.0
45

508

g -
gos <
3 o %
:,—é 0.4 g
2

0.2 "

005750 100 150 200 250 300 350 400

Time (ms)
117

Copyright 2012, Optica Publishing Group. c) The amplitude and phase of LC under different dielectric constants. Adapted with permission from.[113]
Copyright 2022, American Chemical Society. d) The response time of LCs under external 45 V. Adapted with permission from.l"8] Copyright 2018, Optica

Publishing Group.

determines the required operational power consumption. There-
fore, selecting suitable materials for THz applications requires
a comprehensive evaluation of these critical parameters. Addi-
tionally, VO,’s volatile switching behavior differs markedly from
GST’s non-volatile data retention capability and STO’s field-
driven operational mechanism. This three-way comparison em-
phasizes key research priorities: achieving an optimal balance
among spectral operating ranges, electromagnetic transmittance,
and dynamic conductivity modulation (>10° S m™!), while ad-
dressing inherent material limitations through hybrid designs or
interfacial engineering strategies.

Table 1. The relative properties of various PCMs.

4. Structure Design, Fabrication, and Performance
Optimization

4.1.VO,-Based PCMDs

As outlined in Section 3.1, the development of VO,-based meta-
surfaces has attracted considerable interest due to the material’s
distinctive thermally driven IMPT, which enables dynamic
modulation of optical properties on the picosecond timescale.
Yang et al’®! successfully demonstrated wide-angle sym-
metrical dual-beam scanning across a +60° range using the

Materials Dielectric Constant Conductivity (S m™) Switching Time Absorptivity/ Transmissivity Switching Temperature Refs.
VO, 3.9 2% 10510 N/A 99.3%—15% N/A [119]
3.5 2x10° Ultrafast 95%—30% ~68 °C [120]

N/A 2x10°-10 Ultrafast 98% 340K [127]

3.85 2% 105200 N/A N/A 68 °C [122]

GST N/A 948—300000 Fast 0.88—0.20 150/260 °C [123]
N/A N/A Fast 99%—30% 150/300 °C [124]

6.25/3.7 1500/4000 ~1ns N/A 150/300 °C [125]

SsTO 250/20000 Low N/A 30-15 150—490 K [126]
1855252 N/A Slow N/A N/A [127]

9.6 5.7 % 107 Slow 99.8%—2.1% 200 - 500 K [128]

LC 2-10 10-1 N/A N/A <50°C [129]
~18/6 ~1 Slow N/A 30°C [130]

Adv. Mater. Technol. 2025, e00935

€00935 (13 of 30)

© 2025 Wiley-VCH GmbH

85U8017 SUOLILLIOD BAITea1D 3(cealdde 8y} A peusenob 8 Saoie YO ‘88N JO S8|nJ o} A%eiq1 8UlUO A8]IM UO (SUOTIPUOD-pUB-SWSI W00 A8 |ImAeIq Ul |uo//Sdny) SUORIPUOD pue sWiB | 8L 88S *[5202/80/6T] U0 Areiqiauliuo AB(1M Buos BuoH JO Aisenn AD Aq GE6005202 1WPR/Z00T OT/I0p/W00 A8 1M ARe.q 1 jpul Juo"peoLRADe// Sy WO1) pepeojumod ‘0 X60.S9E2


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOILOGIES

www.advancedsciencenews.com

(a)

VO3

(d ) line_w (5 pm) oo @ pm)

AuTi Pattern
(100 nm/10 nm)

(S pm)

Cryval ALO,
Substrate
(430 pm)

VO, Thin Film
(100 nm)

cell_w (60 pm) /

www.advmattechnol.de

Figure 11. Preparation of different-shaped metasurfaces based on VO,. a) The VO, metasurface modulates the deflection angles. Adapted with permis-
sion from.["31] Copyright 2022, Elsevier. b) Schematic image of multilayer metasurface. Adapted with permission from.['**] Copyright 2024, The Royal
Society of Chemistry. c) Schematic diagram of polarization imaging metasurface. Adapted with permission from.['34] Copyright 2023, Wiley. d) Schematic
of an asymmetric split-loop resonator with an outer square loop (ASLR-OSL) based on VO,. Adapted with permission from.['*] Copyright 2018, Optical
Society of America. e) Schematic picture of VO,-based metasurface filter. The yellow and black units represent copper and VO,, respectively. Adapted
with permission from.[36] Copyright 2024, IOP Publishing. f) Optical image of metamaterial with a 1.5 um gap deposited on VO, /sapphire, elucidating
the damage to the metasurface influenced by the vertically polarized THz field. Adapted with permission from.l"3°l Copyright 2012, Nature Publishing
Group. g) TEM image of a 5 nm gap fabricated on a 100 nm thick VO, film. Adapted with permission from.['38] Copyright 2015, American Chemical
Society. h) SEM image of a nanopattern. The periods along the x- and y-axes are 60 and 35 um. Adapted with permission from.['4°] Copyright 2015,
Optical Society of America. i) SEM image of a VO, array with measured parameters of | = 107.25, w = 6.25, d = 30.75, and t = 13.25 (all units in pm).

Adapted with permission from.["] Copyright 2010, AIP Publishing.

configuration illustrated in Figure 1la and achieved
femtosecond-scale response times through external electri-
cal stimulation. Creating such functional platforms involves
various fabrication techniques, broadly classified into thin-film
deposition methods, lithographic patterning approaches, and
post-processing treatments. Below is a systematic exploration
of these strategies, focusing on their adaptability for achieving
tailored optical responses in VO, metasurfaces. Fabrication
requires precise control over the VO, phase transition behavior
and nanoscale patterning.

Physical vapor deposition (PVD) is a dominant technique in
this field, with magnetron sputtering a prominent example. This
method enables the preparation of large-area uniform thin films
and offers versatile doping capabilities, such as incorporating
tungsten (W) or molybdenum (Mo) to adjust phase transition
temperatures.'32] However, it often demands high-temperature
annealing. Despite this limitation, PVD is widely adopted due
to its scalability and ability to produce films with superior uni-
formity and adhesion. Lately, Ivanov et al.'33] synthesized epi-
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taxial W-doped VO, films via a solvothermal method followed
by post-annealing treatment. This approach yielded a notably de-
pressed phase transition temperature approaching room temper-
ature (~31 °C) while maintaining a substantial THz modulation
depth of approximately 60.5%. For instance, Li et al.[%] used mag-
netron sputtering to prepare a 20 nm homogeneous VO, thin
film on mica, which exhibited exceptional detection response.
Nevertheless, the need for high vacuum and potential deviations
in oxygen content may result in the formation of undesired VO,
phases. Alternatively, Ma et al.3*] utilized PLD technology to de-
posit 250 nm thick VO, thin films using a 248 nm KrF excimer
laser under 0.25 Pa oxygen atmosphere and room temperature
conditions, yielding a linear polarization extinction ratio (LPER)
of 10 dB. These metamaterial advances establish a framework for
miniaturized thermal polarization imaging systems (Figure 11c).
A metasurface layer was introduced to control the dip-coating rate
and annealing conditions. This sol-gel method involves the hy-
drolysis and polymerization of metal alkoxides or metal chlorides
to form a colloidal suspension, which is subsequently deposited
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Figure 12. Different design methodologies of metasurfaces based on chalcogenide PCMs. a) SEM images of the fabricated reconfigurable THz meta-
surfaces. The inner scale bar is 500 nm. Adapted with permission from ref. [146]. Copyright 2024, Wiley. b) gold with additional GeTe films. Adapted with
permission from ref. [147]. Copyright 2016, AIP Publishing. c) Fabricated GST Fano metadevice (GFMD). The parameters of the schematic graph are p
=75um, =60 um, w==6pum, g=3um, and d = 15 um. Schematics of electrically switched GFMD with entire unit cells electrically attached to bond

pads. Adapted with permission from ref. [148]. Copyright 2019, Wiley.

onto a substrate. The sol-gel process is advantageous due to its
low cost and ability to produce uniform coatings over large ar-
eas. However, ensuring precise stoichiometry and crystallinity of
VO, remains challenging. Generally, due to the attenuation of
THz in air, the modulation range is limited, but Fu et al.'3*] used
metamaterials structure in Figure 11b realized the high absorp-
tivity rate in the dual-broadband of 2.47-3.71 THz and 8.90-10.62
THz. Additionally, Wang et al.l'*®l and Park et al.'*”] both uti-
lized the high conductivity nanoantennas in Figure 11d,e, which
achieved the highly efficient THz transmission under external
stimuli. Nevertheless, the gap width in metamaterials will greatly
limit the performance of the device (1.5 um in Figure 11f and 5
nm in Figure 11g), as the THz signal is too concentrated in this
area, leading to material damage.['*31*] Moreover, by incorpo-
rating parallel-plate capacitors within the gaps of split-ring res-
onator (SRR) structures, Meng et al.1*"l demonstrated effective
compensation for resonant frequency shifts caused by various
near-field coupling effects (Figure 11h). Itis worth noting that the
implementation of cut-wire resonators significantly enhanced
THz absorption at the resonant frequency in early-stage designs
that lacked additional metallic antenna structures, as shown in
Figure 111.114]

Other synthesis methods, such as molecular beam epitaxy
(MBE) and pulsed laser deposition (PLD), are commonly used
for thin-film preparation. MBE achieves atomic-level thickness
control but is constrained by slow growth rates and high costs,
making it more suitable for theoretical studies or integration
with 2D materials. It provides atomic-scale control over film
thickness and composition.['*2143] Emerging hybrid techniques,
such as self-assembly templating or femtosecond laser direct
writing, enable sub-50 nm patterning or reconfigurable meta-
surfaces without masks. Key challenges include reducing pro-
cessing temperatures (<300 °C) for compatibility with com-
plementary metal-oxide-semiconductor (CMOS) technology, en-
hancing dynamic modulation (e.g., THz modulation depth >
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90%), and scaling up production via methods like nanoimprint
lithography.[1#4145]

Advancements in these areas could lead to breakthroughs in
6G communications, adaptive infrared camouflage, and energy-
efficient smart windows, positioning VO, metasurfaces at the
forefront of next-generation optoelectronic technologies. As
shown in Figure 11, various patterns and nanoantennas under
different designs are utilized for wavefront modulation in the
THz regions.

4.2. GST-Based PCMDs

A widely adopted method for fabricating GST nanostructures
involves combining lithography with electron beam deposition
or sputtering techniques. This approach enables precise con-
trol over the geometry and thickness of GST layers, allowing
for customized optical properties tailored for photonic routing
applications. For instance, Li et al.®3] deposited a 550 nm «a-Si
film using inductively coupled plasma-enhanced chemical va-
por deposition (PECVD) at 130 °C and sputtered a 250 nm GST
layer at room temperature (Figure 12a).I'*%] They successfully
fabricated GST/a-Si bilayer metasurfaces by integrating elec-
tron beam lithography with ICP-RIE etching, magnetron sput-
tering, and PECVD thin-film deposition technologies. This pro-
cess achieved efficient modulation of cross-polarized light. How-
ever, this method can be resource-intensive due to the high-
resolution demands for intricate metasurface designs. Addition-
ally, as shown in Figure 12b, Kodama et al.'*’] entirely com-
posed of 300 nm-thick GeTe films deposited via RF magnetron
sputtering onto intrinsic silicon substrates and utilized a bilayer
photolithography process. To date, high-performance electrically
driven reprogrammable GST metasurfaces have been developed
through RF magnetron sputtering to deposit a 200 nm thick
GST layer, as shown in Figure 12¢.'*8] Notably, an atomic layer
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deposition (ALD) process was employed to grow a 100 nm
thick hafnium oxide (HfO,) layer on the surface as a ther-
mal isolation layer. A 100 nm thick gold electrode was then
deposited via electron beam evaporation (E-beam) to estab-
lish electrical contact with a microheater. This technique en-
sures excellent symmetry and uniformity of the structures,
making it suitable for applications requiring high reproducibil-
ity. Nevertheless, its limited design flexibility may not accom-
modate the arbitrary geometries necessary for advanced pho-
tonic routing. Furthermore, achieving optimal performance in
GST alloys remains challenging due to the strict requirements
for precise composition and control of the stoichiometric ra-
tio. During etching processes, the high selectivity of GST of-
ten leads to undesirable chemical residue.'**1%0) Additionally,
thermal evaporation deposition frequently fails to provide ad-
equate conformal coverage on device sidewalls.>® The de-
position of dielectric encapsulation layers via ALD—used to
reduce substrate thermal losses and improve heat transfer—
typically requires process temperatures below 200 °C.["!] This
limitation arises because elevated thermal processing can in-
duce unintended crystallization in GST, thereby complicating
the realization of uniform thermal distribution across larger
areas.

In summary, selecting a preparation method depends on
the specific application requirements, such as desired resolu-
tion, scalability, material compatibility, and structural complex-
ity. Lithography-based techniques are renowned for their preci-
sion in microfabrication but often involve significant resource
allocation. In contrast, nanoimprint lithography offers a cost-
effective alternative that balances economic feasibility with large-
scale manufacturability. Meanwhile, self-assembly approaches
excel in generating periodic nanostructures with inherent uni-
formity, though their applicability is restricted when address-
ing complex, aperiodic architectural needs. Each methodology
presents unique advantages and limitations that must be care-
fully assessed against the specific parameters of nanoscale fabri-
cation tasks.

4.3. STO-Based PCMDs

The creation of STO MDs employs various techniques, each de-
signed to achieve specific structural and material properties es-
sential for advanced optical and dielectric functionalities. One
commonly used method is solution-based spin coating, which is
particularly well-suited for developing flexible metasurfaces. This
process typically involves preparing a composite solution where
STO nanopowders are uniformly dispersed within a polymeric
matrix, such as polyimide, to form a hybrid material. The solution
is then deposited onto a substrate using spin coating to ensure
the formation of a uniform thin film. Subsequent steps include
photolithography for defining metallic patterns and removing
sacrificial layers to isolate the desired structures. Protective coat-
ings may also be applied to enhance the mechanical durability of
the fabricated metasurface. This method is advantageous due to
its cost-effectiveness and simplicity, making it ideal for integrat-
ing STO’s high dielectric properties with flexible substrates. Re-
cently, Wang et al.'32] developed two THz flexible metasurfaces
based on an STO/polyimide (PI) substrate, demonstrating stable
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amplitude tunability with temperature changes ranging from 290
to 590 K.

In contrast, sputtering techniques are often employed for de-
positing STO thin films, especially when high crystalline quality
is required for integration with other functional materials. This
process involves physical vapor deposition of STO in a controlled
atmosphere, typically a mixture of argon and oxygen gases, to
regulate film stoichiometry and crystallinity. Before deposition,
substrate preparation is crucial to ensure surface smoothness
and compatibility. Using buffer layers, such as titanium diox-
ide (TiO,) or magnesium oxide (MgO), is essential for reduc-
ing lattice mismatch and minimizing interdiffusion at the inter-
face, thereby optimizing the crystallographic alignment and elec-
tronic characteristics of the STO layer. The unique STO meta-
materials can conduct the thermal tunability in the THz realm
(Figure 13a), achieving dual dynamic control of terahertz wave
amplitude and frequency and synchronous amplitude control
with a maximum modulation depth of 29.8%.[1>)]Meanwhile, the
metadevice based on STO (Figure 13b) can also realize magnetic
response and tuning by temperature controlling the dielectric
constant of STO in 0.2 — 0.36 THz. Interestingly, Bian et al.l'?’]
and Wu et al.l'™>¥ all utilized the square open structure of PCMDs
in Figure 13c,d, respectively. Together, they underscore the versa-
tility of ferroelectric-based MDs in bridging material properties
and electromagnetic functionality. Achieving high-quality STO
films requires careful optimization of growth parameters, includ-
ing deposition temperature, gas pressure, and sputtering power.
When adapted for STO, these techniques offer new possibilities
for designing metasurfaces with complex geometries and tun-
able optical responses. Additionally, polarization-sensitive meta-
surface designs often leverage continuous phase control and pre-
cise material anisotropies, highlighting the versatility of STO for
advanced photonic applications.

In summary, the fabrication of STO MDs encompasses a range
of methodologies, each with unique advantages and limitations.
Solution-based techniques like spin coating are expensive and
flexible, while sputtering provides superior crystalline quality for
integrated systems. Together, these approaches emphasize the
versatility of STO as a functional material, with each fabrication
strategy tailored to meet specific structural, optical, and electronic
requirements.

4.4, LCs-Based PCMDs

Metamaterials and MDs based on LCs have become revolution-
ary platforms for THz modulation, driven by their unique phase
transition properties and anisotropic molecular reorientation ca-
pabilities. Unlike traditional materials, which typically depend
on rigid structural designs or transient carrier dynamics, LCs of-
fer reconfigurable optical responses triggered by external stimuli
such as electric fields, temperature changes, or light exposure.
This adaptability arises from their inherent capacity to undergo
phase transitions, like the nematic to isotropic phase shift, which
induces substantial variations in refractive index and optical bire-
fringence. These transitions allow for precise, real-time control
of THz wave propagation and operate at relatively low power lev-
els compared to alternative PCMs such as VO, or GST. Further-
more, the soft matter characteristics of LCs enable them to be
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Figure 13. Microscopy and Schematic diagrams of different patterns based on ferroelectric material’s metasurfaces. a) Optical image of the 300 pm
STO metasurface array on SiO,. Adapted with permission from ref. [153]. Copyright 2025, IOP Publishing. b) SEM image of a sample consisting of a row
of high permittivity rods based on a STO thin single crystal plate. Adapted with permission from ref. [103]. Copyright 2009, American Physical Society. c)
Interdigital electrode patterns were prepared on a thin barium strontium titanate (BST) film. Adapted with permission from ref. [127]. Copyright 2014,
AIP Publishing. d) Schematic image of metasurface with a 5 um gap. Adapted with permission from ref. [154]. Copyright Wiley.

seamlessly incorporated into flexible and tunable MDs, enhanc-
ing efficient modulation across a wide frequency spectrum. The
scalability and reduced manufacturing complexity of LC-based
systems further highlight their potential as a leading solution for
next-generation THz technologies, especially in applications in-
volving dynamic beam steering, adaptive filtering, and ultrafast
signal processing.!'>17] In this context, Hao et al.’*®! and Fu
et al.'3) introduced self-powered THz modulation systems that
integrate MDs. The design of these metamaterials and their in-
teraction with LCs form the foundation of the THz wave mod-
ulation mechanism, enabling dynamic spectral reconfigurability
(Figure 14a,b). Additionally, Wang et al.l'>*! demonstrated a reso-
nant frequency shift from 0.75 to 1 THz and amplitude modula-
tion of approximately 80% using graphene-integrated LC metade-
vice under a low driving voltage of 10 V (Figure 14c). Notably,
as shown in Figure 14d, each pixel controlled by an electric
field adjusts the orientation of LCs to tune absorption, achieving
75% reflectivity modulation and programmable spatial patterns
ataround 3.67 THz.'"] In Figure 14e, the fishnet metadevice ad-
dresses the issue of switching speed in LC-based systems.[1%]

5. THz Regulations and Applications Based on
PCMDs

5.1. Dynamic Modulation and Absorption Control
The reconfigurable metasurface demonstrates dynamically ad-

justable optical responses driven by phase transition mecha-
nisms, such as thermally or electrically induced IMPTs, enabling
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real-time control of electromagnetic absorption characteristics
in THz regimes.[1%71%] This mechanism allows for a signifi-
cant tuning range of absorption properties through crystallo-
graphic transformations. Wavefront modulation involves the dy-
namic manipulation of wave attributes, including amplitude,
phase, polarization, or frequency, with applications spanning
high-speed communication,'%”] smart window,!1%41%! and ther-
mal regulation.!170:171]

In Figure 15a, Malevich et al."”%) introduced a scalable method
for dynamic THz and millimeter-wave manipulation by inte-
grating graphene-based electro-optical modulators with thin-film
transistor arrays. They developed a reconfigurable intelligent sur-
face consisting of over 300000 individually addressable subwave-
length pixels (with a pitch of 185 um), enabling programmable
control of THz transmission and reflection. By utilizing bilayer
graphene and electrolyte gating, the device achieved rapid mod-
ulation (with a switching time of 1 ms) and phase tuning via
topological phase transitions near reflection singularities. The
authors demonstrated its potential in single-pixel compressive
imaging of concealed metallic objects and dynamic beam steer-
ing with orbital angular momentum generation, addressing key
challenges in scalable THz technologies for next-generation com-
munication and imaging systems.

Similarly, both Wang et al.l'’3l and He et al.'’*] exploited
the dynamic tunability of VO,’s conductivity through thermal
excitation, enabling versatile control over THz waves. While
their structural designs and targeted applications differ, these
studies highlight the adaptability of VO, in THz device en-
gineering. Figure 15b shows the transmittance spectra of the
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Figure 14. Microscopy and Schematic diagrams of different patterns based on LC metasurfaces. a) Schematic picture of the integrated LC cell and
metasurfaces. Adapted with permission from ref. [158]. Copyright 2024, American Chemical Society. b) Schematic diagram of a metamaterial single cell
of LC (p = 200 um, a = 160 pm, and w = g = 16 um).Adapted with permission from ref. [113]. Copyright 2022, American Chemical Society. c) Optical
image of LC based reconfigurable metamaterial (P = 150 um, Ix = 120 um, ly = 100 um and w = 10 um). Adapted with permission from ref. [159]
Copyright 2017, Optica Publishing Group. d) Camera image of the THz modulator coated with LC. Adapted with permission from.['] Copyright 2014,
Wiley. ) Schematic picture of tunable THz metamaterial. Adapted with permission from ref. [160]. Copyright 2015, Nature Publishing Group.

proposed VO,-based metadevice filter under varying conductivity
states of VO,, validated numerically using finite element method
simulations.['’] When VO, is in its insulating state (6 = 2 X
10? S m™), the filter exhibits an ultra-broadband bandpass re-
sponse with a transmission coefficient exceeding 90% across the
1.07-3.78 THz range, achieving a relative bandwidth of 112%.
The structure optimally controls the reflection phase gradient
for linearly polarized (LP) and circularly polarized (CP) waves
at low (1.34 THz) and high (2.53 THz) frequencies, respectively
(Figure 15¢).'”7*l It achieves cross-polarization conversion effi-
ciencies of 98.86% for LP waves and 81.86% for CP waves.

Recently, Wu et al.['”>! designed a tunable metasurface where
the proposed VO, structure demonstrates broadband absorp-
tion characteristics with efficiency exceeding 90% across the
0.6-1.0 THz spectrum. This performance remains polarization-
independent for both linear and circular electromagnetic wave
excitations. The integration of phase-transition mechanisms with
metasurface design principles in this platform enables dynami-
cally reconfigurable optical responses, providing a modulation or
absorbance depth greater than 80% and establishing a scalable
framework for adaptive photonic systems across the mid-infrared
(MIR), near-infrared (NIR), and THz spectral regimes.

5.2. Image Processing and Multitemporal Programming

Incorporating VO, into tunable and reconfigurable metasurfaces
has introduced a revolutionary approach for dynamic wavefront
manipulation across THz spectral regimes. This leverages its
abrupt IMPT to enable multifunctional optical computing and
adaptive sensing. Image processing involves analyzing, enhanc-
ing, and manipulating digital images to extract meaningful infor-
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mation, improve visual quality, or facilitate computational tasks
such as object recognition, feature detection, and scene recon-
struction. As imaging environments grow more complex, such as
under dynamic lighting conditions, high-speed motion, or mul-
tispectral requirements, traditional imaging systems often strug-
gle to adapt in real time, leading to suboptimal performance in
critical applications.!'¢-7°l Moreover, the increasing demand for
real-time adaptability, energy efficiency, and miniaturization in
programmable tasks has surpassed the capabilities of conven-
tional materials and devices, driving the exploration of innovative
materials and reconfigurable MDs.

In image processing, VO, can create tunable optical filters or
smart sensors that dynamically adjust to varying environmental
conditions. Additionally, due to its temperature-sensitive phase
transition, VO, can trigger time-dependent or environment-
responsive computational tasks when integrated into multitem-
poral programming frameworks. For instance, as shown in
Figure 16a, conventional PIN diode-based reconfigurable ap-
proaches face significant limitations in achieving high-speed
modulation within the THz regime. To overcome this challenge,
an 8 X 8 VO, supercell array was employed, enabling single-beam
anomalous reflection with directional control through phase gra-
dient encoding. By applying the superposition theorem, the plat-
form supports the generation of both symmetric and asymmet-
ric multi-beam patterns, thereby integrating electrically triggered
phase-transition mechanisms with digital coding methodologies.
Moreover, switchable orbital angular momentum (OAM) mode
vortex beams were generated using spiral phase encoding, while
convolution operations were applied to achieve arbitrarily steer-
able multi-vortex beams.['®% In parallel, Zhang et al.'8!] utilized
non-PCMs to achieve ultrafast programmability in the THz re-
gion. A key application lies in high-speed optical computing
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Figure 15. The dynamic modulation results from reconfigurable metasurfaces. a) The ability to achieve topological phase transitions near reflection
singularities, enabling abrupt 2I1 phase jumps. Adapted with permission from ref. [172] Copyright 2025, Nature Publishing Group. b) Transmittance
spectra of VO, under varying conductivity states. Adapted with permission from ref. [173]. Copyright 2024, Elsevier. c) The structure and performance
validation results of a tunable dual-polarization reflected THz beam deflector are presented. Adapted with permission from ref. [174]. Copyright 2024,

Elsevier.

systems, where demonstrated logic gates (XNOR, NOR, OR) op-
erating across switchable frequencies (0.73-1.24 THz) and time
domains (1.25-4.75 ps transitions) could underpin architectures
for asynchronous, parallel data processing. These capabilities are
essential for addressing the growing demands of artificial intel-
ligence and real-time analytics, where low latency and energy ef-
ficiency are paramount (Figure 16b). The ability of these MDs to
independently manipulate spectral, temporal, and polarization
degrees of freedom further supports multidimensional signal
multiplexing—a fundamental requirement for next-generation
6G communications reliant on ultra-wideband THz channels.
On the other hand, metadevices based on PCMs integrate the
advantages of both approaches, overcoming inherent limitations
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associated with traditional image and data processing, such as
bottlenecks in processing speed, high energy consumption, and
reliance on complex algorithms.[!82-185] Notably, the photother-
moelectric (PTE) effect provides hardware support for the in-
telligent processing of near-field sensors.[®®) Under conditions
where noise intensity exceeds 80% of the target signal, the de-
tector achieves selective amplification of high-intensity signals
and noise suppression by modulating the bias voltage. This ap-
proach enables dynamic intensity discrimination and nocturnal
pattern recognition, as exemplified by the successful extraction of
the high-intensity “U” pattern from superimposed “C” and “U”
inputs in Figure 16c. Furthermore, Cotrufo et al.'! combined
PCM dynamics with nonlocal photonic design, bridging the gap
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Figure 16. The frontend applications are based on reconfigurable metasurfaces. a) Schematic diagram of VO,-based programmable coding metasurface.
Loading spatial encoding sequences at different times. Adapted with permission from ref. [180]. Copyright 2020, Nature Publishing Group. b) The
experimental results of three different logic gates under different THz frequencies. Adapted with permission from ref. [187] Copyright 2025, Wiley. c)
The near sensor image processing capability of the VO2-based PTE detector under high noise input. Adapted with permission from ref. [66]. Copyright
2024, Wiley. d) Experimental schematic diagram and image input without metasurface. Adapted with permission from ref. [186]. Copyright 2025, Nature

Publishing Group.

between static analog devices and adaptable computing systems.
This offers a pathway toward ultra-compact, energy-efficient so-
lutions for real-time optical computation. Experimental valida-
tion confirms the device’s performance metrics. At 1665 nm, the
metadevice achieves a numerical aperture of 0.26, enabling high-
resolution edge detection with a spatial resolution of ~3.2 pm.
Throughput efficiencies of ~#10% were measured, comparable to
state-of-the-art static MDs despite the added complexity of recon-
figurability. Imaging experiments using amplitude masks (e.g.,
institutional logos and geometric shapes) demonstrated robust
edge enhancement at low temperatures, with contrast ratios ex-
ceeding 10:1 (Figure 16d). However, considering the volatility of
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VO,-based systems, GST-based image-processing MDs can solid-
ify commonly used registration parameters, such as affine trans-
formation matrices and feature point templates. This means the
retentive properties of GST alloys can reduce redundant calcula-
tions, offering an advantage in computational efficiency.

5.3. Optoelectronic Metadevices and Biology Detection
Reconfigurable MDs in the THz regime have emerged as a

groundbreaking technology within optics and biosensing, of-
fering unparalleled control over light-matter interactions at the
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Figure 17. a) Unidirectional luminescence control of incoherent light sources with a 405 nm Light Emitting Diode (LED). Adapted with permission from
ref. [191]. Copyright 2020, Nature Publishing Group. b) Schematic mechanism of compact surface-emitting laser based on nanoantenna. Adapted with
permission from ref. [192]. Copyright 2018, Nature Publishing Group. c) The schematic diagram and experimental results of Si-VO, metasurface achieve
multi-scene detection of biological enzymes through temperature regulation. Adapted with permission from ref. [194]. Copyright 2025, IOP Publishing.
d) AVO,-based tunable THz metasurface biosensor with dual-mode operation (EIT and Lorentz lattice modes). Adapted with permission from ref. [193].

Copyright 2025, American Chemical Society.

nanoscale. These engineered surfaces consist of subwavelength
structures capable of dynamic modification to manipulate elec-
tromagnetic waves, enabling tunable optical properties such as
phase, amplitude, and polarization.['8-1%] This adaptability en-
hances the performance of optical devices and opens new av-
enues for innovative applications in biomedical diagnostics, en-
vironmental monitoring, and beyond. Building on this founda-
tion, Iyer etal.['®!l achieved narrowband, unidirectional transmis-
sion and photoluminescence beams by designing an InGaN/GaN
quantum well metasurface. The emission angle could be flex-
ibly controlled via the metasurface phase gradient. By varying
nanopillar widths (150-210 nm), a linear phase gradient was cre-
ated across the metasurface (Figure 17a), allowing flexible control
of the emission angle (10°-80°). This design increased the total
external quantum efficiency by seven times while improving po-
larization purity.

Furthermore, reconfigurable MDs based on dielectric nanoan-
tennas can demonstrate singular laser emission. As shown
in Figure 17b, combining the bound states in the contin-
uum (BIC) concept with dielectric nanoantennas experimentally
achieved low-threshold and highly directional laser emission.
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Structural design and temperature regulation demonstrated flex-
ibility and adjustability in wavelength and angle, with high
transparency exceeding 85%.12] For example, THz biosensing
was achieved by integrating dynamically reconfigurable VO,
MDs, enabling dual-mode detection of ultralow-concentration
biomolecules (Figure 17¢)."] By incorporating the BIC concept
with VO, MDs, the biosensor operates at 30 °C (insulating state)
and 80 °C (metallic state), adapting to the optimal reaction tem-
peratures of various biological enzymes, such as Taq enzyme and
T7 RNAse." Enzyme activity is determined by shifts in the res-
onance peak at different temperatures.

In addition, Luo et al. established a foundational methodology
for active photonic biosensors, with significant implications for
diabetes monitoring, cancer biomarker detection, and real-time
biofluid analysis, while providing a material roadmap for mul-
tifunctional metasurfaces in slow-light devices and adaptive op-
tical computing architectures.'®3] The sensor architecture con-
sists of two rectangular SRR and a central cross-wire resonator,
with a 100-nm VO, film strategically bridging the SRR gaps to en-
able thermal modulation of resonance coupling dynamics. Ther-
mal actuation to 70 °C triggers VO,’s metallic phase transition,
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suppressing the EIT window and shifting operational dominance
to Lorentz lattice modes centered at 0.75 THz, thereby establish-
ing a dual-state operational modality for cross-validated detec-
tion. Experimental validation demonstrates exceptional sensitiv-
ity metrics, achieving detection limits of 10 pM for hemoglobin
and glycated hemoglobin through linear frequency shifts of 0.08
THz/RIU (EIT mode: from 0.6 to 0.58 THz) and 0.11 THz/RIU
(Lorentz mode: from 0.75 to 0.72 THz) (Figure 17d). The VO,
films exhibit optimized THz modulation depth of 45% at 0.7
THz and pattern fidelity, validated through optical microscopy
and comparative performance analyses, surpassing conventional
THz metasensors. However, challenges remain regarding opera-
tional thermal management and long-term VO, cyclability under
repeated phase transitions, potentially addressable through tung-
sten doping or microfluidic integration for portable biosensing.
To date, Yan et al.'®] also, compared the scattering patterns of
a 10x10 array composed of unit cells operating in two distinct
states, demonstrating potential applicability in multi-band THz
frequency biological specimen detection.

5.4. Communication Technology

Currently, the integration of subwavelength meta-atoms with
adaptive algorithms has enabled intelligent MDs to dynamically
control electromagnetic wave propagation. This advancement ad-
dresses key challenges in spectral efficiency, hardware complex-
ity, and energy consumption inherent in traditional 6G networks.
For instance, Qian et al.l®l utilized both the Cascaded Single-
Input Single-Output (SISO) channel model and the Sparse An-
gular Multiple-Input Multiple-Output (MIMO) channel model
to simulate obstacle transmission in wireless communication
(Figure 18a). They further suggested that expanding the opera-
tional frequency of MDs into millimeter waves and THz bands
represents a future trend. However, this requires the develop-
ment of new reconfigurable MDs. Additionally, PCMDs are re-
garded as promising candidates for achieving dynamic THz mod-
ulation due to their rapid response and wideband control capabil-
ities, particularly in overcoming the bandwidth limitations of cur-
rent components like PIN diodes. Moreover, Liu et al.['*] demon-
strated a programmable diffractive deep neural network (D?NN)
based on a multi-layer digital-coding metadevice array, referred
to as a Programmable Artificial Intelligence Machine (PAIM).
As shown in Figure 18b, PAIM can accurately decode multiple
user codes transmitted simultaneously, even in noisy environ-
ments (with an error rate of only 0.52%). This highlights its suit-
ability for high-capacity communication scenarios. These MDs
transcend fixed-function limitations by bridging physical wave
dynamics with digital intelligence, offering transformative poten-
tial for adaptive wireless communications. Interestingly, the THz
spectral range exhibits unique interactions with biological mat-
ter, such as exciting low-energy molecular vibrations, rotational
modes of biomolecules, and enabling nonionizing penetration of
soft tissues.

5.5. Medical Diagnosis

The characteristics position THz waves as a revolutionary tool
for medical diagnostics, facilitating label-free, noninvasive in-
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terrogation of pathological states through molecular fingerprint-
ing and dielectric contrast imaging.['”"1 Despite these advan-
tages, significant challenges remain, including weak light-matter
interactions at subwavelength scales, limited sensitivity for de-
tecting trace biomarkers, and bulky configurations that hinder
point-of-care applications. Recently, Liu et al.?%! introduced a
novel nanoplasmonic microarray metadevice for real-time, label-
free analysis of protein secretion dynamics in single tumoroids
(Figure 18c). By combining optofluidic nanoplasmonic biosen-
sors with a dual-layer microwell design, the platform enables si-
multaneous monitoring of secretion kinetics, morphology, and
motility of tumoroids under varying conditions. The ultrasensi-
tive medical diagnosis sensor achieves a detection limit of 157 pg
mL~! for vascular endothelial growth factor A (VEGF-A), allow-
ing the detection of low-abundance biomarkers in small tumor-
oid populations. This innovation paves the way for more precise
and efficient medical diagnostics.

To sum up, as shown in Table 2, the THz PCMDs display
substantial modulation capabilities within both the THz and IR
spectral ranges. Experimental results indicate that over 85% of
the tested samples achieved modulation depths surpassing the
80% threshold. Compared to traditional PCM implementations
in these frequency bands, the metamaterial-enhanced design of-
fers three key advantages: stronger localization of electromag-
netic fields for enhanced signal collection efficiency, superior
modulation depth performance, and sub-millisecond temporal
response times. Current challenges are primarily associated with
the need for external energy inputs to induce phase transitions.
This operational constraint calls for systematic optimization ap-
proaches, particularly through doping techniques and strategies
to mitigate thermal degradation, which are essential for advanc-
ing the practical applicability of PCMDs. Future research should
consider designing self-sustaining modulation systems via ad-
vanced material engineering and metastructure refinement.

6. Conclusion and Perspectives

Integrating phase-change materials (PCMs) with tunable and re-
configurable metasurfaces has sparked transformative advance-
ments in terahertz (THz) photonics, enabling precise and dy-
namic manipulation of THz waves. This encompasses applica-
tions, such as THz wavefront modulation, adaptive control, and
the seamless integration of multifunctional systems. This pa-
per systematically reviews dynamic control mechanisms, struc-
tural designs, fabrication processes, and cutting-edge applica-
tions of four mainstream PCMs and their associated phase-
change metasurfaces (PCMDs), with a focus on the phase tran-
sition characteristics and control methodologies of materials
like vanadium dioxide (VO,), germanium-antimony-tellurium
(GST) alloys, strontium titanate (STO), and liquid crystals (LCs).
VO, stands out for its ultrafast insulator-metal phase transition
(IMPT) behavior, facilitating tunable THz absorption and po-
larization management.**! Conversely, GST offers non-volatile
amorphous-crystalline phase transition (ACPT) properties, ideal
for programmable photonics and optical storage solutions. Fur-
thermore, as a quantum paraelectric material, STO exhibits
temperature-dependent dielectric tuning capabilities, enhancing
its utility in adaptive resonance and slow-light devices.[2®!
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Figure 18. The fundamental principles and results in wireless communication and the Medical Diagnosis fields. a) The schematic diagram of how intelli-
gent metasurface-assisted wireless communication technology works. Adapted with permission from ref. [6]. Copyright 2025, Nature Publishing Group.
b) The schematic image of multi-user information dissemination. Adapted with permission from ref. [196]. Copyright 2022, Nature Publishing Group.
c) The optical setup and detection principles of the nanoplasmonic biosensor platform. Adapted with permission from ref. [200]. Copyright 2024, Wiley.
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Table 2. The performance comparison table for recently developed tunable/reconfigurable PCMDs used in THz regions.

PCMs Modulation depth Unit cell structures External stimuli Operation frequencies Response time Refs.
VO, 99.9% Feedback loop Electrical (0-50 mA) 0.3-1.2 THz ~1s [207]
83.4% Gap=5pum Thermal (80 °C) 0.65-0.75 THz Slow [202]

90.5% Ring Thermal (77 °C) 2.64-7 THz Slow [203]

80% 1550 nm/600 nm Electrical (0-1.5 A) 2.5-5um 500 ms [204]

GST 79% Trapezoidal/cm Voltage pulse (0-30 V) 0.3-1.5THz x5s [123]
85% d=15um Optical (0-1250 pJ/cm?) 0.5-1.2 THz ~19 ps [148]

STO ~50% 4um/36 um Thermal (150-409 K) 0.1-0.3 THz Slow [126]
34.4%/91.3% SRR/8 um gap Electric field (0-33 kV/cm) 1.52-1.57 THz N/A [127]

~70% 2.5 X 3 mm? rods Thermal (120-300 K) 0-0.42 THz N/A [103]

LC 13%/11% Multifan blade Voltage (0-50 V) 0.1-0.4THz ~0.02s [158]
15% Ring resonator Voltage (0-45 V) 0.6 -0.22 THz ~100 ms [118]

Advanced fabrication techniques, including atomic layer de-
position (ALD), molecular beam epitaxy (MBE), lithography, and
nanoimprinting, are employed to process complex PCMD archi-
tectures and integrate large-scale array systems. These methods
enable functionalities such as dynamic imaging, biosensing, and
multi-temporal programming. The interdisciplinary applications
of these technologies span dynamic THz modulation (e.g., filters
and absorbers), real-time image processing via in-sensor com-
puting, and high-sensitivity biomolecular detection. Notably, cer-
tain frontier applications have garnered substantial academic in-
terest; for instance, VO,-based reconfigurable metasurfaces have
been utilized for encoding and switchable holography,!206207]
showcasing their potential in advanced photonics and imaging
technologies.

Despite significant progress, several challenges hinder
broader implementation. The penetrative nature of THz waves
results in insufficient coupling efficiency with PCMDs. Repeated
phase transitions in these PCMs lead to cyclic fatigue, affect-
ing operational lifespan. Due to soft phonon mode dynamics,
bandwidth limitations in ferroelectric phase transition (FEPT)
materials-based devices restrict their effectiveness in broad-
band applications. Additionally, there is a persistent trade-off
between switching speed and energy efficiency. The scalability
of these technologies poses integration difficulties with current
semiconductor platforms, particularly for PCMDs with low-
critical temperatures that require either cryogenic conditions
or high electric fields. Overcoming these barriers necessitates
multidisciplinary collaboration to refine material interfaces and
optimize device architectures. The future development of tun-
able/reconfigurable THz PCMDs can proceed in the following
directions:

6.1. Enhancing Intrinsic Capabilities of PCMs

Improving the intrinsic properties of PCMs is crucial for achiev-
ing more effective modulation outcomes. Techniques such as
strain engineering and doping can enhance the THz modula-
tion capability of PCMs, including sensitivity, response speed,
and stability, while reducing energy consumption. For exam-
ple, incorporating tungsten (W) or magnesium (Mg) into VO,
can lower its phase transition temperature, boosting response
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speed and cycling stability. Strain modulation in FEPT het-
erostructures may increase dielectric tunability at room tem-
perature, expanding potential applications. Additionally, fabricat-
ing PCM thin films on flexible substrates allows exploitation of
substrate strain to enhance PCMD sensitivity, paving the way
for developing wearable THz devices using reverse engineering
principles.

6.2. Heterostructure Engineering for Multifunctionality

Heterostructure engineering facilitates the realization of mul-
tifunctionality or even multimodality in PCMDs. As minia-
turization is a key trend for future THz devices, creating
THz metasurfaces with integrated multifunctional capabili-
ties is of substantial importance. By leveraging heterojunc-
tion engineering, it is possible to address intrinsic limita-
tions of individual PCMs, such as volatility, low conductiv-
ity, and susceptibility to oxidation. This approach enables the
fabrication of high-performance, multimodal THz heterostruc-
ture metasurfaces. For instance, hybrid architectures integrat-
ing VO,’s ultrafast switching characteristics with GST’s non-
volatility can open new avenues for dual-functional metasur-
faces applicable to adaptive imaging and secure communication
systems.

6.3. Improving CMOS-Compatible Processes

While various tunable/reconfigurable PCMDs based on dis-
tinct principles have been successfully developed, challenges
remain in the patterning and etching of PCMs, with issues
such as difficulty and limited precision persisting. The inade-
quate radiation and oxidation resistance of PCMs means expo-
sure to acids, bases, and oxygen during photolithography and
dry etching can significantly alter their phase-change character-
istics, impacting device performance. Consequently, the perfor-
mance of THz metasurfaces utilizing PCMs still has consid-
erable potential for enhancement. Innovations in nanoimprint
lithography and roll-to-roll processing will be crucial in estab-
lishing scalable, cost-efficient, low-temperature manufacturing
techniques.

© 2025 Wiley-VCH GmbH
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6.4. Al-Enabled Precise Design of PCMDs

Developing THz metasurfaces requires handling intricate elec-
tromagnetic modeling, computation, and simulation tasks, pre-
senting substantial challenges in expertise and time investment.
Utilizing advanced Al-driven tools (such as AI integrated with
COMSOL Multiphysics or FDTD Solutions) alongside extensive
research databases on PCMDs facilitates accurate structural de-
sign and optimization. This approach effectively resolves key is-
sues like light-matter coupling efficiency, thermal interference
between units, and optimal material selection for PCMDs. Incor-
porating an FPGA allows dynamic manipulation of THz waves
and real-time switching among different functionalities by mod-
ifying the input coding sequence, significantly broadening the
potential applications of PCMDs. Looking ahead, integrating sen-
sors capable of monitoring factors such as temperature, hu-
midity, and illumination could enhance PCMD’s versatility and
functionality, offering more pathways for advancing intelligent
THz systems. Additionally, emerging domains like neuromor-
phic computing and quantum photonics hold great promise, par-
ticularly in utilizing the analog switching properties of reconfig-
urable metasurfaces to achieve energy-efficient data processing.
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