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Abstract

Conventional metamaterials (MMs) are fundamentally constrained by their static architectures,
which lock electromagnetic properties at the time of fabrication and prevent real-time tunability.
To overcome these limitations, this review systematically explores the integration of liquid crys-
tals (LCs) with electromagnetic MMs and metasurfaces, focusing on dynamic and tunable devices
spanning microwave, terahertz, and optical frequency regimes. The review outlines the theoretical
foundations of MMs and provides a taxonomy of LC phases—nematic, smectic, cholesteric, blue
phase, discotic, and lyotropic—distinguishing the present work from prior reviews addressing only
nematic LCs. Four principal integration strategies (layered, embedded, microfluidic-based, and
hybrid) are examined, followed by a systematic review of all major architecture families: split-ring
resonator-based bulk MMs, fishnet structures, frequency selective surfaces, plasmonic metasur-
faces, and chiral structures. Fabrication techniques including photolithography, EBL, FIB milling,
nanoimprint lithography, and 3D printing are benchmarked against cost, throughput, and scal-
ability metrics, with analysis of commercialization prospects. Dedicated sections address long-
term stability and degradation mechanisms, electromagnetic loss sources and mitigation strategies,
and a systematic comparison of LCs with competing tunable platforms including graphene, VO,,
GST, MEMS, ferroelectrics, and transparent conducting oxides. Engineering trade-offs among
tuning range, LC thickness, operating voltage, and switching speed are analysed quantitatively.
Standardized figures of merit are proposed for microwave, THz, and optical platforms to enable
cross-platform benchmarking. The convergence of artificial intelligence -assisted inverse design
with LC-MM systems is discussed, including integration with Reconfigurable Intelligent Surfaces
for 6 G communications. Applications in telecommunications, biomedical imaging, sensing, and
display technologies are highlighted, and five key research bottlenecks are identified.

1. Introduction

The development of adaptive electromagnetic devices capable of real-time environmental response has
emerged as a critical frontier in photonics and materials science. Metamaterials (MMs) [1] are artificial
structures engineered at subwavelength scales. They have revolutionized this field by enabling extraordi-
nary properties such as negative refraction [2], electromagnetic invisibility [3, 4], and superlensing [5-7].
Unlike conventional materials, these properties arise not from chemical composition but from meticu-
lously designed geometries, as first theorized by Veselago [8]. Practical realization began with Pendry’s
split-ring resonators (SRRs) [9, 10] and Smith’s experimental demonstration of negative-index media
[11], which laid the foundation for advancements in acoustic MMs [12], as well as mechanical, and pro-
grammable MMs.

Throughout this review, a clear distinction is maintained between two related but fundamentally
different classes of artificial electromagnetic structures. MMs refer to three-dimensional, volumetrically
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periodic structures, such as multilayer fishnet architectures or bulk SRR arrays, whose electromagnetic
properties (including negative permittivity, negative permeability, or negative refractive index) emerge
from the collective response of subwavelength unit cells distributed throughout the material volume.
Metasurfaces, by contrast, are the two-dimensional counterparts of MMs: ultrathin, planar arrays of sub-
wavelength resonators or antennas confined to a single layer or a few layers on a substrate. Rather than
modifying bulk electromagnetic properties, metasurfaces impart abrupt, spatially engineered changes in
the phase, amplitude, or polarization of electromagnetic waves at the interface itself. While both classes
share the principle of subwavelength structuring, their dimensionality, operating mechanisms, and prac-
tical form factors differ substantially. In the context of LC integration, MMs exploit the LC-tunable
dielectric environment to shift bulk resonance conditions (e.g. negative-index passband in fishnets, mag-
netic resonance in volumetric SRR arrays), whereas LC-integrated metasurfaces harness the same molec-
ular reorientation to reconfigure surface-level wavefront control functions such as beam steering, holog-
raphy, and polarization conversion. This distinction is reflected in the structure of the present review,
where separate subsections address LC-enhanced plasmonic metasurfaces, LC-integrated SRR-based
MMs, and LC-enhanced fishnet MMs, among others.

Despite their transformative potential, conventional MMs suffer from a key limitation: their static
architectures fix electromagnetic properties post-fabrication, hindering adaptability. For instance,
frequency-specific absorbers cannot adapt to changing interference environments, while rigid metasur-
faces lack the flexibility required for reconfigurable communication protocols or multifunctional imaging
systems [13]. This inherent rigidity has spurred demand for materials whose electromagnetic behaviour
can be dynamically tuned during operation, not just fabrication.

Liquid crystals (LCs) [14, 15] offer a promising solution. Their anisotropic molecular struc-
ture responds to external stimuli (electric fields, temperature, stress) [16], enabling voltage-tunable
birefringence and permittivity [17-23]. Early breakthroughs include terahertz LC-MM absorbers by
Shrekenhamer et al [24] with 30% modulation depth and Yang et al’s [25] designs demonstrating tun-
able electromagnetically induced transparency (EIT) with 18.3 dB modulation. These systems exemplify
the potential of LC integration for adaptive polarization and resonance control.

LCs constitute a broad family of mesophases with distinct molecular architectures. Thermotropic
LCs, the most relevant class for MM applications, are further divided into several categories. The
nematic (N) phase, composed of rod-shaped (calamitic) molecules with long-range orientational order
but no positional order, exhibits the highest birefringence (An = n,—n, ~ 0.1-0.4) among common
phases and is the dominant choice for tunable metasurfaces due to its voltage-driven director reorien-
tation. The smectic phases add positional order: Smectic-A (SmA) molecules are arranged in layers per-
pendicular to the director, while in Smectic-C (SmC) the director is tilted relative to the layer normal;
when chirality is introduced, the latter becomes the ferroelectric SmC phase with spontaneous polariza-
tion and sub-microsecond switching times. The cholesteric (or chiral nematic, N°) phase arises when
a chiral dopant is added to a nematic host, forming a helical superstructure whose pitch—and thus
selective reflection wavelength—is tunable by temperature, electric field, or UV exposure. At higher chi-
rality concentrations, cubic Blue Phases (BP I, II, III) emerge, consisting of double-twist cylinder lat-
tices with intrinsically fast electro-optic response (~1 ms) and an isotropic appearance. Discotic LCs,
formed by disc-shaped molecules, self-assemble into columnar phases and are exploited in charge-
transport and organic photonics applications. In contrast to thermotropic systems, lyotropic LCs are
concentration-driven: amphiphilic molecules in solution form micellar, hexagonal columnar, or lamellar
phases depending on concentration, and are relevant for bio-inspired and soft-matter photonic devices.
The selection of an appropriate LC phase for a given MM platform, therefore, depends on the required
switching speed, operating frequency range, fabrication compatibility, and birefringence magnitude. To
effectively harness these properties, various structural approaches are employed; the four principal LC-
MM integration strategies and their dynamic operating principles are illustrated in figure 1.

The applications of LC-enhanced MMs span diverse industries. In telecommunications, reconfig-
urable antennas optimize spectrum sharing in 5 G/6 G networks, providing maximum aperture effi-
ciency of 22.5% and beam coverage of over 120° [26]. Healthcare benefits from terahertz MMs that
enhance cancer imaging resolution to sub-millimetre precision. In the energy sector, LC-based MM
absorbers have achieved absorption rates exceeding 92% in the range of 116.5 GHz-121.8 GHz [27].
Representative device-level demonstrations include electrically tunable spatial light and phase modu-
lators, switchable meta-pixels, and voltage-controlled beam-steering metasurfaces operating from the
terahertz to the optical range [28-32]. Quantum photonics has emerged as a prospective application
domain, in which static dielectric metasurfaces have already been used to prepare and reconstruct entan-
gled photon states. The extension of this capability to electrically reconfigurable LC-integrated platforms
is discussed in section 3.9.
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Figure 1. Schematic illustration of the four principal LC-metamaterial integration strategies and their dynamic operating prin-
ciples. (a) Layered integration: The LC layer acts as a tunable dielectric sandwiched between ITO electrodes and the metama-
terial resonators; applied voltage rotates the LC director, modifying the effective permittivity (.¢) and shifting the resonance
frequency. (b) Embedded (infiltrated) integration: LC molecules are infiltrated directly into the nano-gaps of resonator struc-
tures, maximizing the field-LC overlap and achievable frequency tunability. (¢) Microfluidic integration: Controlled delivery of
LC material through microchannels enables spatially pixelated and gradient-index electromagnetic control. (d) Hybrid integra-
tion: Dispersion of metal nanoparticles or quantum dots in the LC host enhances dielectric anisotropy and introduces strong
plasmonic coupling.

However, technical challenges persist. At optical frequencies, precise alignment of LC molecules
within nanostructured cavities remains a manufacturing hurdle, while optical losses from metal-LC inter-
actions limit efficiency. Innovations such as roll-to-roll nanoimprinting and two-photon polymerization
(TPP) are addressing scalability, though interdisciplinary collaboration across materials science, photon-
ics, and nanotechnology is essential for full industrial adoption.

This review advances the understanding of LC-enhanced MMs by systematically consolidating inter-
disciplinary research and addressing critical gaps in tunable electromagnetic systems. As summarized in
table 1, no previous review simultaneously covers all six LC phase classes (nematic, smectic, cholesteric,
blue phase, discotic, and lyotropic), all four principal architecture families (SRR-based bulk MMs, fish-
net structures, frequency selective surfaces (FSSs), and chiral/asymmetric metasurfaces), and the full
microwave-to-optical frequency spectrum. While prior works such as Li et al [33] focus exclusively on
THz MMs with nematic LCs, and Kang et al [34] address only visible-range 2D metasurfaces, the present
review uniquely bridges these domains and additionally incorporates fabrication benchmarking, a sys-
tematic comparison with competing tunable material platforms (graphene, VO,, GST, MEMS), long-
term stability analysis, and an outlook on artificial intelligence (Al)-assisted design methodologies. The
work is structured to guide readers through foundational principles, innovative integration strategies,
and experimental breakthroughs in microwave, terahertz, and optical regimes. Technical challenges such
as nanoscale LC alignment and optical losses are rigorously analysed, with scalable solutions like roll-
to-roll nanoimprinting highlighted as pathways to industrial adoption. By bridging theoretical models,
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Table 1. Comparison of present review with key prior works.

G Aydin et al

Key distinction from present

Review paper Year  Frequency range LC phases covered Architecture types ~ work
Lietal [33] 2024 THzonly Nematic only Absorbers, THz-only scope; no FSS, no
modulators chiral, no LC-phase taxonomy
Kang et al [34] 2024  Visible-NIR Nematic only 2D metasurfaces No 3D metamaterials, no
only THz/microwave, no fabrication
review
Gorkunovetal 2015 Microwave—Optical Nematic only SRR, plasmonic No FSS, no fishnet, no chiral;
[35] no fabrication comparison
Wang et al [36] 2025 THz Nematic, smectic Modulators, No ESS; no Al design
absorbers discussion; no comparative
FoM table
Present Work 2026  Microwave—THz—Optical Nematic, smectic, SRR, fishnet, FSS,  Full LC-phase taxonomy; all
(Aydin et al) cholesteric, blue plasmonic, chiral,  architecture classes; fabrication

phase, discotic,
lyotropic

2D/3D

benchmarking; LC vs
competing materials; Al design

outlook

fabrication advancements, and real-world applications, this review establishes a comprehensive roadmap
for transitioning LC-MM innovations from laboratory research to transformative technologies.

2. Material principles of LC-MM integration

The integration of LCs with MMs brings a vital capability to electromagnetic devices: adaptability. While
MMs are celebrated for their ability to manipulate waves through engineered geometry, their fixed phys-
ical structure inherently limits them to static operation. By incorporating LCs into these structures, we
introduce a tunable dielectric environment, effectively transforming passive resonators into dynamic,
reconfigurable systems. This section outlines the material mechanisms that make this integration possible
and the engineering challenges involved in creating a stable interface.

2.1. Fundamental theories of LCs

Before discussing specific tuning mechanisms and integration strategies, it is useful to summarize the
fundamental theoretical framework that governs the behaviour of LCs, since every figure of merit of an
LC-integrated MM, tuning range, driving voltage, switching speed, and alignment quality, can be traced
back to a small set of underlying physical quantities.

The defining feature of a liquid crystalline mesophase is long-range orientational order without
(in the nematic case) positional order. The degree of order is quantified by the scalar order parame-
ter S = ((3cos’0 — 1)/2), where 6 is the angle between the long axis of an individual molecule and the
average orientation direction, the director #. S vanishes in the isotropic phase and typically takes values
of 0.4-0.7 deep in the nematic phase. At the molecular level, the stability of the nematic phase is cap-
tured by the Maier—Saupe mean-field theory, in which anisotropic dispersion interactions favour parallel
molecular alignment [37]; at the macroscopic level, the Landau—de Gennes (LdG) expansion of the free
energy in powers of S describes the weakly first-order nematic—isotropic transition at the clearing tem-
perature Ty [38]. The practical consequence for MM design is direct: both the optical birefringence An
and the dielectric anisotropy Ac scale with S, so the maximum achievable resonance shift of any LC-
integrated device is bounded by the order parameter of the chosen mixture and collapses as the operat-
ing temperature approaches T.

Spatial distortions of the director field cost elastic energy, described by the Oseen—Frank continuum
theory through three fundamental deformation modes, splay, twist, and bend, with elastic constants K;,
K3,, and Kss, typically of the order of a few piconewtons [39, 40]. In LC-integrated MMs this elasticity
is not a formality: when the LC is confined in sub-micrometre resonator gaps or nanoholes, the elastic
energy of reorientation competes with the surface anchoring energy, and complete director switching
may become energetically inaccessible. This is one of the principal reasons why the effective tunability
measured in nanostructured devices is systematically smaller than the value predicted from bulk Ae.

The balance between the aligning torque of an applied field and the elastic restoring torque defines a
threshold below which no reorientation occurs. For a planar-aligned cell with positive Ag, the threshold
voltage is Vi, = 7(Ky1/690Ae)"?, remarkably independent of the cell thickness [38, 41]. The Fréedericksz

4
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threshold fixes the lower bound of the driving voltage of every electrically tuned LC-MM and is respon-
sible for the characteristically nonlinear voltage—phase (or voltage—frequency-shift) response curves
reported throughout section 3.

The temporal response is governed by the Ericksen—Leslie hydrodynamic theory [42]; in the sim-
plest approximation the field-on and field-off relaxation times scale as 7 o< v,d?/(Kw?), where 7, is
the rotational viscosity and d the LC layer thickness. The quadratic thickness dependence explains
the central speed advantage of metasurface integration: by concentrating the resonant field in ultra-
thin LC layers, meta-structures reduce the required d by up to two orders of magnitude relative to
conventional cells, with a corresponding dramatic acceleration of the response. It equally underlies
the tuning-range/speed trade-off analysed quantitatively in the engineering trade-offs section of this
review.

Taken together, these quantities set the practical envelope of LC-MM performance: with An ~ 0.1-
0.4 in the terahertz band and typical Ae of a few units, the achievable resonance shift is of the order
of 5%-20% of the centre frequency, at driving voltages of a few volts and switching times ranging from
milliseconds in bulk cells to sub-millisecond in ultrathin metasurface geometries.

The orientation imposed by bounding surfaces is described by the Rapini—Papoular anchoring energy
[43], with strong anchoring enforcing a fixed easy axis and weak anchoring permitting field-assisted sur-
face reorientation. On the chemically heterogeneous, nanostructured metal surfaces of MM resonators
the easy axis is often ill-defined, which is the microscopic origin of the alignment challenges discussed
later in this section.

The tuning mechanisms discussed in the following subsection, electric, magnetic, all-optical, and
thermal, are best understood as different external handles acting on this single theoretical frame-
work: each stimulus reorients the director (or suppresses S), and the resulting change of the dielec-
tric tensor is subsequently transduced by the MM architecture into a measurable electromagnetic
response.

2.2. Anisotropy and tuning mechanisms

The core mechanism driving LC-integrated MM devices is the controlled reorientation of the LC director
(1), in response to an external stimulus, which modifies the effective permittivity seen by the MM res-
onators and thereby shifts the resonance frequency, phase, or amplitude of the electromagnetic response
[44].

It should be emphasized that the reorientation-induced modification of the LC dielectric tensor is a
general mechanism that is not restricted to resonator-based architectures. In non-resonant waveguiding
platforms, such as LC-core fibre waveguides [45] and LC-infiltrated photonic crystal fibres, the reorien-
tation does not act through the localized resonance of a subwavelength meta-atom; instead, it manifests
itself primarily as a change in the effective refractive index, accumulated propagation phase, polariza-
tion state, or modal confinement and loss of the guided wave. The two regimes therefore differ mainly
in how the light-matter interaction is enhanced: resonant MMs concentrate the field within a subwave-
length volume, whereas non-resonant waveguides accumulate the same anisotropy-induced index change
over a long propagation length. Externally tunable devices exploiting this non-resonant response, includ-
ing thermal, electrical, and all-optical control, have been demonstrated in LC-filled photonic bandgap
fibres [46—48], and photonic LC fibres, particularly for polarization control, have developed into a field
of their own [49]. The present review deliberately focuses on resonant MM and metasurface architec-
tures, in which the LC-induced permittivity change is transduced into a shift of an engineered resonance;
non-resonant LC waveguide photonics is addressed only where it directly informs MM integration.

Within this resonant framework, figure 2 illustrates schematically how rod-shaped (calamitic)
nematic LC molecules respond to four distinct classes of external stimuli.

Electric Field Tuning: When the applied voltage exceeds the Fréedericksz threshold (Vy,), molecules

with positive dielectric anisotropy (Ae > 0) rotate to align their long axes parallel to the electric field
(figure 2(a)). This reorientation changes the effective permittivity from €, to g, producing a tunable
shift in resonance frequency. This approach is the most widely used in active devices owing to its low
driving voltages, CMOS compatibility, and fast modulation speeds. For example, this rapid modulation
directly enables the development of active 5 G/6 G beam-steering antennas and real-time reconfigurable
intelligent surfaces (RISs).

Magnetic Tuning: LC molecules also exhibit diamagnetic anisotropy (A)), enabling contactless reorien-
tation under an applied magnetic field exceeding the critical field B. (figure 2(b)). Because no metallic
electrodes are required, magnetic tuning eliminates electrode-induced interference with the resonator
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Figure 2. Illustration of liquid crystal (LC) molecule response mechanisms under various external stimuli. (a) Electric field:
Reorientation of LC molecules with positive dielectric anisotropy (Ae> 0) from the initial planar (homogeneous) alignment

to an aligned state parallel to the field (E) when V > Vy,, shifting the effective permittivity (e.g) and resonance frequency (Af).
(b) Magnetic field: Contactless tuning of LC orientation through magnetic anisotropy (Ax) above a critical field (Bc). (c) All-
optical: Photochemical transformation of azo-dye molecules from trans (ordered) to cis (disordered) states under UV/Visible
light, disrupting the LC order without external wiring. (d) Thermal: Phase transition from a highly anisotropic nematic phase to
an isotropic phase above the clearing temperature (T'ni), where the order parameter (S) and birefringence (An) collapse.

geometry. Such contactless manipulation is highly advantageous for deploying terahertz isolators and
tunable microwave absorbers in complex aerospace environments where physical wiring is impractical.

All-Optical Switching: When LCs are doped with photo-responsive agents such as azo-dye molecules,
optical irradiation triggers a reversible trans-to-cis isomerization (figure 2(c)). Upon UV or visible-light
exposure, the cis isomer adopts a bent geometry that disrupts the LC ordering and collapses the birefrin-
gence, enabling fully wireless, wiring-free electromagnetic control. In practical implementations, this all-
optical control paves the way for ultrafast photonic switching and optical routing in advanced telecom-
munication networks.

Thermal Tuning: The nematic-to-isotropic phase transition at the clearing temperature Ty produces the
most dramatic change in optical anisotropy: the order parameter S falls continuously from its nematic
value to zero as T— Ty, causing An to collapse (figure 2(d)). Although thermal tuning is less suitable
for rapid switching, the large and reproducible index change is heavily exploited in high-sensitivity tem-
perature sensors. Additionally, this mechanism forms the basis for smart windows capable of dynamic
thermal management in energy-efficient architectures [50, 51].

Furthermore, the effectiveness of these tuning mechanisms is highly dependent on initial molecular
orientations and material compositions. For instance, previous studies by the co-authors of this review
(Okutan et al) [52] have demonstrated that the dielectric anisotropy (A¢) of dye-doped nematic LCs
exhibits a strong frequency-dependent relaxation, transitioning from a positive to a negative anisotropy
state under varying AC electric fields. This dielectrically controlled crossover behaviour provides an addi-
tional degree of freedom for advanced dual-frequency tuning in LC-integrated MM systems. To provide
a clearer picture of the material requirements for these tuning mechanisms, especially in high-frequency
applications, table 2 summarizes the key refractive and birefringent properties of prominent LC mixtures
across the terahertz band. Additionally, table 3 presents a quantitative comparison of the four principal
tuning mechanisms across key performance metrics, including tuning range, response time, modulation
depth, and operating voltage, enabling direct assessment of their respective advantages and trade-offs for
practical LC-MM applications.

Electrical tuning via AC field offers the best combination of low voltage (2.5-15 V,ys), CMOS com-
patibility, and response time (1.89—-150 ms), making it dominant in practical devices. All-optical switch-
ing is attractive for wiring-free systems, while thermal tuning delivers the largest index contrast (suitable
for sensing). Magnetic tuning eliminates electrode-induced field distortion but requires bulky magnet
setups.
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Table 2. Terahertz birefringence and refractive index properties of common LC Mixtures “ Reproduced with permission from [36].
CC-BY-NC-ND 4.0.

Freq. Range Birefringence
LC Material (THz) Ordinary index (1,)  Extraordinary index (n,) (An)at1 THz Characteristics
5CB [53] 0.3-1.4 1.59-1.83 1.74-2.04 0.130-0.210 Standard nematic
E7 [54] 0.2-2.0 1.557-1.581 1.690-1.704 0.130-0.148  Widely used mixture
BL037 [55] 0.3-2.5 1.56-1.62 1.76-1.78 0.200 Temperature dependent
NJU-LDn-4 [56] 0.4-1.6 1.50-1.51 1.80-1.82 0.310 High birefringence
2020 + nps3 [57] 0.3-3.0 1.55-1.60 1.90-1.92 0.360 Ferroelectric NP doped
LC1825 [58] 0.2-2.5 1.54-1.57 1.91-1.95 0.380 Low loss, high An

Table 3. Comparison of LC tuning mechanisms.

Tuning Modulation Operating
Mechanism Freq. range Tuning range Response time  depth voltage Key advantage
Electrical (AC) Microwave-THz— 3-21 GHz/5%— 1.89 ms—150 ms Up to 96% 2.5-15 Vi CMOS-compatible;
Optical 10% low power
Magnetic Microwave-THz ~3%-8% Seconds Moderate N/A No electrode
(contactless)  interference
Thermal Microwave-THz Large (phase Seconds—minutes High near TNI N/A Large index change;
transition) sensing
All-optical NIR-Optical ~5%-15% ms—s Moderate N/A Wiring-free;
(azo-dye) (light-driven) remote control

2.3. Dynamic features of LC—metasurface hybrid devices: a systematic comparison

A fundamental motivation for combining LCs with metasurfaces is that each component independently
possesses certain electromagnetic functionalities, yet neither alone can achieve the full range of dynam-
ically reconfigurable behaviour that their integration enables. To clarify the added value of the hybrid
system, it is essential to systematically compare the optical properties of the standalone components with
the emergent features of the integrated device. Circular dichroism (CD) provides an excellent illustrative
example of how similar optical properties are modulated when combined:

Standalone Metasurface (Passive): A chiral metasurface exhibits CD, differential absorption of left-handed
(LCP) and right-handed (RCP) circularly polarized light, due to its geometrically asymmetric resonators.
It provides subwavelength spatial resolution and sharp spectral precision. However, this response is
completely static; its CD magnitude and absorption preference are permanently locked at the time of
fabrication.

Standalone LC Medium (Bulk): A LC medium, particularly in its cholesteric phase, natively exhibits CD
due to its helical molecular superstructure. While its optical properties are voltage-tunable, this is a bulk
optical effect that uniformly affects transmitted light across the entire aperture, lacking the subwave-
length spatial resolution of a resonant metasurface.

LC-Metasurface Hybrid Device (Dynamic): Integrating birefringent nematic LCs into a chiral metal—
insulator-metal (MIM) metasurface creates a fundamentally new dynamic capability. As demonstrated
by Yin et al [59], the modulation occurs through a dynamic modification of the local dielectric environ-
ment. At an initial state (e.g. LC molecules aligned at 0°), the metasurface strongly absorbs one spin
state (e.g. RCP) and reflects the opposite spin, yielding a strong positive CD. When an external volt-
age is applied, the LC molecules realign toward 90°, which alters the plasmonic coupling conditions
between the chiral resonators. Crucially, this does not merely tune the absorption magnitude; it enables
the complete reversal of the CD sign. The system switches its absorption preference while maintaining
an absorption efficiency above 80% and a CD near 70%. This dynamic sign reversal—a functionality
achievable neither by the static metasurface nor by the bulk LC alone—highlights how the hybrid archi-
tecture transcends the limitations of its individual constituents.

2.4. Interface engineering and alignment challenges

Successfully integrating organic LCs with inorganic metallic structures is not merely a matter of infiltra-
tion; it is a complex surface engineering challenge. The performance of the final device depends heav-
ily on how well the LC molecules align within the subwavelength features of the MM. If the alignment
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is random or disturbed, the device suffers from high scattering losses and a low Quality Factor (Q-
factor). Historically, mechanical rubbing of polyimide layers has been the industry standard for displays.
However, in the context of MMs, this method is often destructive; the physical friction can damage deli-
cate nanostructures and fails to provide uniform alignment near sharp metallic edges [60]. To overcome
this, photoalignment techniques have emerged as the superior solution. By exposing photosensitive poly-
mers to polarized UV light, researchers can dictate the alignment direction without physically touching
the surface. This non-contact method allows for precise molecular ordering even inside deep nanocav-
ities, which is critical for minimizing optical losses [61-63]. Additionally, treating the metallic surfaces
with self-assembled monolayers (SAMs) allows engineers to fine-tune the anchoring energy, directly
improving the switching speed and reducing the voltage required to drive the device [64].

A significant challenge in electrically tuned LC-MMs is the fringe field effect. When a patterned
metasurface is used directly as an electrode, it often generates a non-uniform static electric field, leav-
ing LC molecules near the edges partially unaligned or requiring excessively high driving voltages. To
overcome this, Wang et al [65] integrated few-layer porous graphene (FLPG) directly onto a cross-shaped
metasurface. The highly transparent (>98% in THz) graphene layer acts as a continuous electrode, pro-
viding a uniform static electric field that successfully drives a homogeneous planar-to-homeotropic LC
transition at a low operating voltage of 10 V, while the underlying metallic metasurface reduces the over-
all sheet resistance to ~400 € sq~ .

3. Integration of LCs with MMs

LCs are integrated with MMs by embedding an LC layer within or around the MM structure, enabling
dynamic control of electromagnetic properties through molecular reorientation. When an external
electric field (AC or DC) is applied, LC molecules reorient depending on the sign of their dielectric
anisotropy, which is the difference between permittivity values along different molecular axes, thereby
changing the effective refractive index of the LC layer. Initially, the molecules are uniformly aligned
using alignment layers which are specially treated surfaces that impose a preferred orientation on LC
molecules, to prevent light scattering. This change in refractive index modifies the electromagnetic envi-
ronment of the MM, shifting its resonance frequency, phase, or amplitude. For example, in SRRs, LC
reorientation adjusts the capacitance and inductance, which directly determine the resonant frequency at
which the MM interacts with electromagnetic waves, while in plasmonic MMs, it modifies surface plas-
mon resonance (SPR) conditions. By varying the strength of the applied field, the LC alignment can be
continuously adjusted, allowing for real-time tuning of the MM’s properties. This integration mechanism
leverages the anisotropic permittivity of LCs, meaning their electrical properties vary depending on the
direction of measurement, making them ideal for creating tunable and reconfigurable MM devices.

3.1. Integration approaches of LCs with MMs

The integration of LCs with MMs has opened new avenues for real-time tunability and reconfigura-
bility in electromagnetic devices. Owing to their strong sensitivity to external stimuli such as electric
fields, temperature variations, and mechanical stress, LCs can dynamically modify the electromagnetic
response of MM structures. Several integration strategies have been developed to effectively couple LC
behaviour with MM resonances. These strategies are commonly classified into four main approaches: lay-
ered structure integration, embedded (or infiltrated) integration, microfluidic-based dynamic integration,
and hybrid material system integration.

3.1.1. Layered structure integration

In layered configurations, an LC layer is deposited adjacent to or between the MM resonator structure
and a transparent electrode, typically an indium tin oxide (ITO)-coated substrate. When an external
voltage is applied, the orientation of the LC molecules changes, leading to a tunable effective refractive
index and dielectric permittivity in proximity to the resonator. This results in a measurable shift in the
resonance frequency.

This is the most manufacturable of the four strategies, since it reuses the electrode geometry and
cell-gap architecture of conventional LC displays, and it is consequently the configuration adopted in
the majority of microwave and terahertz demonstrations reviewed in section 3.4. Its intrinsic limita-
tion is that only the evanescent tail of the resonant field overlaps the LC volume, so the tuning obtained
per unit LC thickness is the lowest of the four approaches. Increasing the layer thickness to compen-
sate directly degrades the switching speed, which is the trade-off quantified for SRR devices by Chiang
etal [66] and Wang et al [67]. Layered integration should therefore be regarded as the default, low-risk
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option, adopted unless a specific application demands the larger tuning or spatial addressability offered
by the remaining strategies.

3.1.2. Embedded or infiltrated structures

A stronger interaction is achieved when LCs are directly infiltrated into micro- or nano-scale cavities
within the MM. In this embedded approach, LC molecules fill the gaps (for example, within the split
gaps of SRRs or through holes in fishnet structures), maximizing their influence on the localized electro-
magnetic fields.

Because the LC occupies precisely the region where the resonant field is most concentrated, this
approach delivers the largest tuning per unit LC volume, and it underlies the infiltrated SRR and fishnet
devices discussed in sections 3.4.3 and 3.4.4 [68, 69]. The penalty is imposed by the physics described
in section 2.1: in sub-micrometre gaps the elastic energy of reorientation competes with the surface
anchoring energy, so only a fraction of the confined LC actually switches and the measured tunabil-
ity falls systematically below the bulk-An limit. Uniform infiltration of closed cavities is also difficult
to verify experimentally. The approach is well established at microwave and terahertz frequencies but
becomes progressively harder to implement as feature sizes approach the optical regime. It is the strategy
of choice when tuning range is the dominant design requirement.

3.1.3. Microfluidic-based dynamic integration

Microfluidic channels enable the controlled delivery and spatial patterning of LC materials within MM
architectures. This method is particularly beneficial for pixelated or gradient-index metasurface designs,
where local tuning of electromagnetic properties is required.

The distinguishing advantage of this route is spatial control rather than tuning magnitude: soft
lithography combined with microfluidics achieves feature resolutions of about 1 ym at low cost and pro-
vides excellent channel-level control, as summarized in the fabrication comparison of section 3.2. It is
therefore the only one of the four strategies that natively supports pixelated and gradient-index architec-
tures, which are prerequisites for spatial light modulators and large-area RISs. The principal difficulties
are practical rather than physical, namely complex sealing and the verification of LC filling uniformity
across many channels. Reported device-level demonstrations remain considerably fewer than for layered
or embedded integration, so the approach is best described as an enabling fabrication route at an earlier
stage of validation rather than an established device platform.

3.1.4. Hybrid material systems: nanoparticles and conductive polymers
The integration of LCs can be further enhanced by the addition of nanoparticles or conductive polymers.
The incorporation of metal nanoparticles (e.g. Au, Ag, PbS quantum dots) or conductive polymers (e.g.
P3HT, PEDOT: PSS) within the LC host can modify the dielectric anisotropy and optical response, lead-
ing to improved tunability and reduced losses.

Hybrid integration differs from the preceding three approaches in that it modifies the LC
medium itself rather than its geometrical arrangement, and the two can therefore be combined freely.
Ferroelectric nanoparticle doping has been shown to raise the terahertz birefringence to 0.360, exceeding
that of most undoped mixtures (table 2) [57], and nanoparticle-doped nematics additionally exhibit hys-
teresis and optical memory effects that are unavailable in the pure host [70]. The limitations are those of
any colloidal system: particle aggregation compromises alignment homogeneity, added conductive species
increase ionic conductivity and scattering loss, and long-term colloidal stability remains largely unchar-
acterized, all of which bear directly on the degradation mechanisms discussed in section 3.4.9. Reported
work is accordingly concentrated at the materials level, with comparatively few complete device demon-
strations. Hybrid integration is best positioned as a materials-side lever that complements, rather than
replaces, the geometrical strategies.

3.2. Fabrication of LC-enhanced MMs

The fabrication of LC-enhanced MMs has evolved significantly, employing various lithographic tech-
niques to achieve precise and scalable structures. The initial demonstrations of functional LC integra-
tion utilized conventional lithography and assembly methods. Key pioneering work, such as that by
Zhao et al [71], first established the fundamental feasibility of using LCs to achieve active tuning in
microwave SRRs. This was followed by influential studies, including Decker et al [72], who demon-
strated electro-optical switching in gold SRR-based metasurfaces at optical frequencies, marking a tran-
sition toward high-frequency applications. These early methods laid the groundwork for the adoption of
more advanced, high-resolution techniques. Among these, photolithography, EBL, and FIB milling have
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Figure 3. (a) Cross-sectional schematic (xz-plane) of the LC-embedded gold mesh metamaterial. (b) Polarization optical micro-
scope (POM) image showing the dark state. (c) POM image showing the bright state. These images demonstrate the successful
infiltration of the nematic liquid crystal (5CB) into the resonator gaps (embedded integration). The dynamic transition between
dark and bright states under external stimuli serves as direct visual evidence of subwavelength polarization modulation and
strong light—matter interaction within the embedded architecture. Reproduced from [73]. CC BY 4.0.

been the most prominent methods, each offering distinct advantages in terms of resolution, cost, and
scalability.

Photolithography remains a widely used technique, particularly in industrial settings. In a typi-
cal process, a metal film (e.g. gold or copper) is deposited on a silicon or glass substrate. A patterned
photoresist is then applied, then exposed to UV light through a mask to define the desired pattern.
Chemical etching removes unexposed metal, and spacers are added to form an LC cell. Finally, the cell
is filled with LCs. This method is favoured for its cost-effectiveness and compatibility with large-area
processing.

A notable example of the embedded (infiltrated) integration approach fabricated via photolithog-
raphy is the work of Sasaki et al [73], who used photolithography to create a gold mesh on a trans-
parent Tsurupica resin substrate, as shown in figure 3. In this configuration, the 5CB LC (4-Cyano-4’-
pentylbiphenyl) was injected directly into the apertures of the mesh, and a polyvinyl alcohol alignment
layer was applied to control the molecular orientation. This direct infiltration of LC into the structural
gaps of the resonator maximizes the overlap between the LC and the localized electromagnetic field—a
defining characteristic of the embedded integration strategy.

Meanwhile, Kowerdziej et al [74] designed a plasmonic MM composed of metallic nano-islands
hybridized with a 1.8 pm-thick dual-frequency LC (DFLC) layer, operated via in-plane switching.

For applications demanding higher precision, EBL is employed. For example, Decker et al [72] fab-
ricated an LC-MM cell with gold SRRs arranged in a 300 nm-separated periodic array on a glass sub-
strate. A 5 nm ITO coating was applied, and the structures were defined using EBL. Such cells demon-
strate rapid transitions between electric and magnetic resonances when the LC molecules realign under
an external field. Sharma et al [75] utilized EBL to fabricate plasmonic metasurfaces on ITO-coated
glass substrates, creating rod-shaped and cross-shaped nanoantennas with 180 nm periodicity. Wu et al
[76] introduced a mechanics-guided fabrication method for LCE MMs, achieving uniform molecular
alignment through biaxial stretching and integrating the structures into biocompatible wound healing
applications.

FIB milling has also been extensively used for nanoscale MM fabrication. Buchnev et al [77] devel-
oped an electro-optical cell by positioning an ITO-coated cover glass 15 um above a MM structure.
This MM consisted of a zigzag pattern of V-shaped plasmonic resonators, fabricated via FIB milling
on an 80 nm gold film deposited on a glass substrate. A similar approach was taken by Buchnev et al
[78], where a double-periodic array of V-shaped resonators was fabricated on a silicon nitride (SiN)
membrane, as shown in figure 4. This MM was integrated into an LC cell with ITO electrodes, allow-
ing dynamic tuning of plasmonic resonance via an applied electric field.

In contrast to the embedded configurations described above, Lee et al [79] employed a layered
integration approach, in which the LC material acts as a tunable dielectric layer sandwiched between
the metasurface and a substrate, rather than being infiltrated into the resonator gaps. Specifically, FIB
milling was used to create a metasurface: first forming a 12 ym gap LC cell using polyimide-coated
ITO glass and a rubbed polyvinyl alcohol-coated fused quartz substrate, as shown in figure 5. The cell
was filled with ZLI-2293 nematic LC, and a negative metasurface was fabricated by e-beam evaporat-
ing a 30 nm-thick Au film onto a fused quartz substrate. Nano-sized double-split ring resonator (DSRR)
arrays were then patterned using FIB milling. In this layered geometry, the LC layer modifies the effec-
tive electromagnetic environment of the underlying resonator through changes in refractive index upon
molecular reorientation, without the molecules being directly confined within the structural features of
the MM.
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Figure 4. Schematic representation of a hybrid liquid crystal cell with a nanostructured metasurface. The cell is controlled by
applying in-plane voltages. (a) In the off state, the liquid crystal in the bulk is twisted. (b) In the on state, the liquid crystal
changes to a flat, planar arrangement (shown in green). However, a very thin layer at the bottom (shown in blue) remains slightly
twisted due to strong surface anchoring. (¢) When the metasurface is suspended, the liquid crystal is fully planar both in the bulk
and over the metasurface. A black arrow indicates the rubbing direction that sets the LC alignment on the top cover. Reproduced
from [78]. CC BY 4.0.

Advancements in MM fabrication have also incorporated hybrid techniques, such as a combina-
tion of atomic layer deposition (ALD) and photolithography. As a demonstrative hybrid approach,
researchers have introduced graphene-integrated LC MM modulators by layering a gold substrate
with an amorphous silicon sheet, a dielectric layer, and a highly transparent graphene electrode. The
metasurface modulator is patterned using EBL, optimizing the light-matter interaction in terahertz
and infrared regimes while the graphene provides a uniform static electric field for homogeneous LC
alignment.

Mirbagheri’s team [80] used plasma-enhanced chemical vapour deposition (PECVD) to deposit the
initial silicon oxide and amorphous silicon layers, followed by reactive ion etching with HBr and oxygen
gases to create the nanodisk structures.

Innovations in 3D printing have further expanded LC-MM fabrication possibilities. Techniques such
as stereolithography (SLA), TPP, and direct ink writing (DIW) offer high-resolution manufacturing
capabilities [81]. Lv et al [82] utilized DIW to design a tunable LC-enhanced MM filter, achieving fre-
quency tuning via applied voltage.

Hybrid manufacturing approaches, such as the integration of soft lithography and microfluidics,
enable the capillary filling of LC materials into pre-formed MM structures. This combination enables the
creation of microchannels with patterned polymer structures via soft lithography and the precise filling
of these channels with LC via microfluidic systems, so that complex three-dimensional MM architectures
can be achieved. This method enables precise alignment and controlled operation thanks to integrated
electrodes. In order to improve device performance, Wang et al [83] patterned aluminum electrodes
on fused silica wafers by photolithography and etching methods, and integrated LCs into the system by
placing them by capillary effect and sealing with vacuum.

Recent advances also include Park et al [84], who developed an LC-based antenna for wave beam-
steering, achieving a 120° steering range with a 10.754 dB gain. Their voltage-controlled 32-unit cell
design eliminates the need for phase shifters, reducing power consumption while enhancing scalability.

In summary, the fabrication of LC-enhanced MMs encompasses a diverse range of techniques, from
traditional photolithography to advanced nanoscale methods such as EBL and FIB milling. Emerging
approaches, including 3D printing and hybrid integration strategies, provide greater flexibility and pre-
cision, driving innovations in telecommunications, sensing, and optics. However, it must be noted that
yield and reproducibility data are rarely reported in the LC-MM fabrication literature. EBL-fabricated
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Figure 5. Electromagnetic wave manipulation through layered LC-metasurface integration. (a) Cross-sectional view of the initial
structure comprising an ITO-coated glass substrate, PI layer, PVA-coated fused silica, and a nematic LC layer. (b) Application of
an AC voltage across the LC cell. (c) Reorientation of LC molecules in response to the applied electric field. (d) Dynamic manip-
ulation of the electromagnetic wave propagation direction as a direct result of the LC reorientation. (e) The metasurface directing
the wave to a specific angle (6) based on the aligned state. (f) Fine-tuning the metasurface’s reflection or transmission response
by continuously adjusting the LC alignment Reproduced from [79]. CC BY 4.0.

structures from independent groups operating at nominally identical geometries frequently exhibit
resonance frequency discrepancies of 5%—15%, suggesting that cell gap variation, LC infiltration com-
pleteness, and alignment layer quality, none of which are standardized across the field, are significant
uncontrolled variables. This absence of standardized fabrication reporting protocols represents a systemic
barrier to cross-laboratory comparison and field-wide progress toward industrialization.

3.3. Fabrication scalability and commercialization prospects
The fabrication techniques reviewed in the preceding subsections, photolithography, EBL, FIB milling,
nanoimprint lithography, and 3D printing, each demonstrate clear proof-of-concept capability for LC-
integrated MM devices. However, transitioning these laboratory demonstrations to manufacturable, com-
mercially viable products requires confronting a set of scale-specific challenges that are distinct from the
resolution and precision concerns addressed in the research literature. This subsection critically exam-
ines five principal barriers to large-scale production and outlines realistic pathways toward industrial
adoption.

The most persistent fabrication challenge is achieving uniform LC molecular alignment within
the sub-micron gaps and cavities of resonator arrays. Conventional mechanical rubbing of polyimide
alignment layers, the industry standard in liquid crystal display (LCD) manufacturing, is destructive
to delicate metallic nanostructures and fails to provide uniform anchoring near sharp metallic edges.
Photoalignment via polarized UV exposure offers a non-contact alternative that preserves nanostructure
integrity and achieves alignment uniformity within deep nanocavities, reducing optical losses by up to
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60% compared to mechanical rubbing. SAMs applied to metallic surfaces provide an additional means to
fine-tune anchoring energy and reduce threshold voltage by 20%—-40% [64]. However, both approaches
introduce additional process steps, specialized equipment, and material costs that must be factored into
production economics.

In patterned metasurface architectures used directly as electrodes, spatially non-uniform electric fields
arise at resonator edges, leaving LC molecules near boundaries partially unreoriented or requiring exces-
sively high drive voltages. Insertion of a continuous transparent electrode interlayer, such as few-layer
graphene (>98% THz transparency, ~400 €2 sq~! sheet resistance with the underlying metasurface) or
thin-film ITO (<5 nm), resolves this issue but requires additional deposition and patterning steps [65].
At the wafer scale, ensuring electrode uniformity across areas of tens to hundreds of cm? remains an
open engineering challenge.

EBL and FIB milling—the highest-resolution techniques capable of defining sub-10 nm features—
are inherently serial, single-point processes with throughputs of order 1-10 mm? per hour. These are
wholly impractical for production volumes. Roll-to-roll nanoimprint lithography (R2R-NIL) offers a fun-
damentally different scaling pathway: continuous substrate processing at web speeds of 1-10 m min™!,
with demonstrated feature sizes below 50 nm. The critical technical requirement is a defect-free master
mould, since any mould imperfection is replicated across every imprinted substrate. For the near-term
commercialization targets, FSS-based tunable radomes and Ka-band reflect arrays, where feature sizes are
in the 100 pm range, conventional photolithographic processes adapted from the display industry are
already sufficient, enabling large-area (>1 m?) patterning at low cost with established yield metrics [85].

Current LC-MM device fabrication costs are estimated at 10-100x higher per unit area compared
to conventional LCD panels of equivalent dimensions, primarily owing to the lithographic patterning of
resonator arrays and the multistep alignment and cell assembly process. This cost gap narrows substan-
tially for microwave and millimetre-wave applications, where the resonator feature sizes (100 ym-1 mm)
are compatible with screen-printing or inkjet-printed metallic inks, process technologies already deployed
at scale in RFID and flexible electronics manufacturing. For THz and optical applications, where sub-
micron features are mandatory, cost reduction requires investment in NIL master mould infrastructure
and high-throughput UV-NIL tools currently being developed for the semiconductor packaging and dis-
play industries.

Performance drift under temperature cycling (—40 °C to +85 °C), UV exposure (>500 h per JEDEC
JESD22-A101), and humidity (85 °C/85% RH) remains a critical barrier to outdoor deployment in
telecommunications and radar applications. Hermetic encapsulation using glass frit bonding or ALD-
deposited barrier layers (Al,O3, ~10 nm) effectively limits moisture ingress and extends operational life-
time. Qualification against military (MIL-STD-810) or automotive (AEC-Q100) standards has not yet
been demonstrated for LC-MM devices and represents a necessary step prior to commercialization in
demanding environments.

Based on the above analysis, the most realistic near-term path to commercial viability proceeds in
three stages: (i) proof-of-production at the Ka-band and mmWave using photolithographic patterning
on display-grade glass substrates with standard LC cell assembly, targeting reconfigurable radome and
5 G/6 G beam-steering reflect array applications; (ii) cost reduction through adoption of R2R-NIL for
THz-band FSS arrays, leveraging the existing nanoimprint infrastructure being developed for advanced
packaging; and (iii) full optical integration via wafer-scale EBL replacement by deep-UV (DUV) stepper
lithography for optical metasurface arrays, following the roadmap established by the metalens commer-
cialization community. Fach stage builds on the manufacturing infrastructure of an established adjacent
industry, displays, RF electronics, and semiconductor optics respectively, minimizing the greenfield capi-
tal investment required. A comparative assessment of these fabrication techniques is provided in table 4.

3.4. Recent advances in LC-enhanced MMs
The integration of LCs with artificial electromagnetic structures has produced substantial device-level
advances. To maintain rigorous terminology throughout this section, a strict distinction is observed:
metasurfaces refer to 2D planar arrays providing abrupt interfacial phase/amplitude modulation, whereas
MMs refer to three-dimensional volumetric structures exhibiting bulk effective medium properties.
While LC integration manifests differently across various geometries—f{rom volumetric SRRs and
fishnets to planar FSS and chiral metasurfaces—a unifying application thread throughout these designs
is their collective push toward next-generation wireless communications. Specifically, dynamic terahertz
(THz) modulation, advanced telecommunications routing, and adaptive signal filtering serve as the pri-
mary operational targets connecting these diverse structural approaches.
Furthermore, to address the vast scope of these technologies, the recent advancements discussed
below are explicitly categorized into three technologically significant application domains: (i) spatial
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Table 4. Comparative assessment of fabrication techniques for LC-integrated metamaterials.

LC alignment

Technique Resolution Scalability compatibility Estimated cost Throughput Key limitation
Photolithography >1 pm High (Mass Good (Planar) Low—Medium High Diffraction limit
Production) restricts optical
applications [86, 87].
Electron Beam <10 nm [88] Low (Slow Serial Excellent Very High Very Low Not scalable to large
Lithography (EBL) Writing) area; slow; high cost
[89].
Focused Ion Beam <10 nm Low Moderate Very high Very low Ion contamination;
(FIB) substrate damage;
slow [90, 91].
Nanoimprint <50 nm High Good Medium High Requires
Lithography (NIL) (roll-to-roll) high-quality master

mould; defect
replication [92].

3D Printing <100 nm Moderate Excellent Medium-High Low-Moderate Limited material
(TPP/DLW) (volumetric) choice; slow for large
areas [60].
Soft Lithography + ~1 um Moderate Excellent Low Moderate Complex sealing; LC
Microfluidics (channel filling uniformity
control)

light modulation (SLM) (e.g. beam steering, holography), (ii) optical and spectral filtering (e.g. dichroic
filters, tunable absorbers) [93], and (iii) display and colour technologies (e.g. structural colour, micro-
displays) [94—104].

3.4.1. LC-enhanced high-Q resonators and plasmonics

The integration of LCs with plasmonic nanostructures primarily targets display technologies, SLM, and
high-sensitivity spectral filtering. While passive plasmonic arrays exhibit strong surface lattice resonances
(SLRs) and localized SPRs, their fixed geometries limit them to a single operational band. Integrating
LCs introduces a dynamic dielectric matrix. When an external electric field is applied, LC molecules
realign, modifying the medium’s anisotropic properties. This voltage-controlled molecular rearrange-
ment dynamically tunes the plasmonic resonance wavelengths and light scattering properties, transform-
ing static arrays into active photonic components.

The underlying physics is that of localized and lattice SPRs: the resonance condition of a metallic
nanostructure depends sensitively on the refractive index of the surrounding dielectric, with the spec-
tral sensitivity commonly expressed in nm per refractive-index unit (nm/RIU). Because the reorientation
of an LC director can change the index experienced by the near-field by up to An ~ 0.2-0.4, embed-
ding the plasmonic array in an LC matrix converts this passive index sensitivity into an actively address-
able spectral shift. The magnitude of the achievable shift is set by the overlap between the plasmonic
near-field, which decays within tens of nanometres of the metal surface, and the LC volume that actu-
ally reorients, which is precisely the region where surface anchoring is strongest; this competition defines
both the promise and the difficulty of plasmonic LC devices.

In the domain of display and colour technologies, the integration of noble metal nanoparticles (such
as gold and silver) into LC environments forms structures with highly tunable plasmonic properties
[105]. For instance, anisotropic particles like gold nanorods provide polarization-dependent responses
[106]; Chu etal [107] demonstrated that the simultaneous adjustment of transverse and longitudinal
plasmonic modes allows for voltage-controlled spectral shifts, providing the high-contrast colour mod-
ulation essential for micro-displays and virtual retina displays. Building on this concept of spatial and
colour modulation, fully integrated voltage-controlled devices have been developed using imprinted plas-
monic surfaces. As illustrated in figure 6, sandwiching an active LC layer between conventional LCD
components and a plasmonic substrate allows for the independent, real-time control of localized sub-
wavelength regions, enabling actively addressed full-colour pixels [108]. Extending this to multi-state
systems, Sharma et al [109] designed gold nanoantenna arrays supporting SLRs in the visible and near-
infrared regimes. By applying a minimal electrical bias of just 2 V, they achieved a modulation depth
exceeding 50% at resonance dips, highlighting the efficiency of hybrid systems over conventional LCDs.

Addressing spatial light amplitude modulation and optical switching, terahertz plasmonic metasur-
faces have shown exceptional performance. Yang’s team [101] developed a tunable dual-layer plasmonic
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Figure 6. Schematic illustration of a voltage-controlled liquid crystal device with an imprinted plasmonic surface. The multi-
layer structure shows the integration of conventional LCD components with a plasmonic substrate, demonstrating independent
control of different regions through applied voltages. The coloured waves represent light interaction with the device structure
Reproduced from [108]. CC BY 4.0.

Table 5. Quantitative performance metrics of representative LC-integrated plasmonic and high-Q resonators.

Device architecture Operating band  Tuning mechanism Key technical performance metric References

Terahertz Plasmonic MM Terahertz Voltage Control 96% amplitude modulation depth; 9.35%  [101]
frequency tunability

Gold Nanorods in LC Visible Transverse/Longitudinal ~ High-contrast colour modulation for [107]
micro-displays

Gold Nanoantenna Array ~ Visible/NIR Electrical Bias (2 V) >50% modulation depth at resonance dips  [109]

(SLR)

LC-SPR Multilayer Sensor  Optical Molecular Alignment Significant enhancement in biological [111]

detection sensitivity

MM operating in the THz spectrum, achieving an extraordinary 96% amplitude modulation depth and
over 9.35% frequency tunability. Furthermore, both volume switching and in-plane switching mecha-
nisms (where electric fields are applied parallel to the substrate surface) provide effective control of opti-
cal properties. Buchnev’s study [77] showed that combining these mechanisms can eliminate the need
for basic components of traditional LC devices (such as alignment layers, transparent electrodes, and
polarizers). As emphasized by Abdulhalim [110], this enhanced control over interactions between LCs
and subwavelength gratings or porous materials enables the miniaturization of classical optical compo-
nents, allowing for seamless integration into compact nanophotonic circuits.

In sensing applications—a vital subset of spectral filtering—LC-SPR structures offer significant
advantages for medical diagnostics and biochemical analysis. Vahedi and Kouhi [111] utilized alternating
metal-LC multilayer configurations for SPR biosensors. Their results proved that the dynamic molecu-
lar alignment of LCs significantly amplifies the refractive index sensitivity compared to static bare-metal
SPR sensors, particularly when utilizing silver layers. Because LC properties are highly sensitive to the
presence of analytes, these hybrid structures modulate the optical response efficiently, providing robust
platforms for environmental monitoring and high-sensitivity biological detection. Quantitative perfor-
mance metrics of these representative LC-integrated plasmonic and high-Q resonators are summarized in
table 5.

The extreme field confinement of plasmonic resonances converts nanometre-scale LC volumes into
large spectral shifts. This is why modulation depths of 96% with 9.35% frequency tunability [101],
and >50% modulation at only 2 V [109], are achievable in this family. The platform is also naturally
matched to display and colour applications [107] and to refractive-index sensing [111]. Ohmic loss in
noble metals fundamentally caps the attainable quality factor. In addition, strong anchoring on chemi-
cally heterogeneous nanostructured metal restricts the fraction of LC that actually reorients within the
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Figure 7. Schematic representation of a liquid crystal on silicon (LCoS) spatial light modulator, showing (a) the layered device
structure, (b) the molecular LC alignment within the cell, and (c) the unit cell geometry. This configuration demonstrates the
dynamic control of light-matter interaction enabled by integrating tunable LC layers with metasurface resonators. Reproduced
from [115]. CC BY 4.0.

decay length of the near-field, so measured tunability remains systematically below the bulk-A#n limit.
The field has produced advanced laboratory demonstrations with well-characterized performance met-
rics (table 5), but no commercial device has yet emerged. Plasmonics currently offers the most developed
route to tunability in the visible range, although for high-efficiency applications it is likely to be progres-
sively displaced by low-loss all-dielectric Mie-resonant metasurfaces.

3.4.2. LC-enhanced 2D planar metasurfaces

Planar metasurfaces excel at manipulating wavefronts (phase, amplitude, and polarization) at a subwave-
length interface [112, 113]. While traditional metasurfaces are powerful, they are fundamentally limited
by their static nature; once fabricated, their optical response is permanently locked. The integration of
LCs addresses this limitation by introducing dynamic tunability without compromising the ultra-thin
form factor [114]. While planar metasurface architectures vary widely depending on the target frequency
and desired wavefront manipulation, traditional liquid crystal on silicon (LCoS) systems are widely used
as spatial light modulators. As shown in the illustrative example in figure 7, when subjected to exter-

nal stimuli, LCs reorient their molecular alignment. This alters the local anisotropic permittivity ten-
sor, modifying the resonance conditions of the metasurface unit cells and enabling precise, active control
over the electromagnetic waves [115].

The operating principle of all LC-tunable planar metasurfaces can be reduced to a single relation:
each meta-atom imposes a local, resonance-mediated phase (and amplitude) on the transmitted or
reflected wave, and this phase depends on the effective permittivity of the LC superstrate or interlayer.
Voltage-driven director reorientation therefore rewrites the spatial phase profile ¢(x, y) of the entire sur-
face, which is the quantity that determines beam steering angles, hologram content, and focal behaviour.
The essential difference from a conventional LCoS modulator is that the resonant meta-atoms provide
the required 0-27 phase excursion within an LC layer one to two orders of magnitude thinner, with
proportionally faster switching.

In the realm of SLM and dynamic wavefront control, LC-integrated metasurfaces offer unprecedented
precision. Combining the subwavelength spatial resolution of a metasurface with the continuous phase
modulation of an LC layer enables advanced beam manipulation. This is particularly promising in tera-
hertz (THz) technologies. For example, Wu et al [29] demonstrated an LC-integrated metasurface capa-
ble of programmable beam manipulation with deflection angles up to 32°, while other designs have suc-
cessfully generated tunable polarization vortex beams [116]. These capabilities directly address critical
challenges in next-generation wireless communication, high-resolution sensing, and radar systems.
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Figure 8. Schematic representation of the tuning mechanism in a dual-frequency liquid crystal (DFLC)-integrated metasurface.
The LC molecules reorient differently depending on the frequency of the applied electric field (e.g. 1 kHz vs 40 kHz), enabling
ultrafast bidirectional switching without relying on slow natural relaxation. Reproduced from [74]. CC BY 4.0.

For display technologies and dynamic holography, 2D metasurfaces operating in the visible
and infrared domains have shown remarkable potential. While passive systems are limited to static
capabilities—such as fixed structural colours and pre-defined metaholograms [34, 117]—LC hybridiza-
tion allows these optical responses to be actively and dynamically switched. Beyond mere tunability,

a critical parameter for practical display applications is the response time. By integrating DFLC mix-
tures with metasurfaces, researchers have achieved switching times as fast as 1.89 ms [74], as illustrated
by the tuning mechanism in figure 8. This rapid modulation addresses a major limitation of earlier
designs, directly paving the way for real-time, video-rate holographic displays and reconfigurable opti-
cal components.

In the context of optical and spectral filtering, diverse architectures and control mechanisms have
expanded device functionalities beyond traditional electrical fields. For instance, binary-grating structures
combined with nematic LCs demonstrate tunable diffraction efficiencies [118], while silicon nanodisk
arrays embedded in LC environments provide significant spectral shifting with moderate applied voltages
[100]. Moreover, alternative control mechanisms have emerged: three-dimensional magnetic field orien-
tation provides unprecedented freedom in manipulating electric and magnetic resonances independently
[119]. Photoalignment techniques enable all-optical control, eliminating the need for metallic electrical
connections [120]. Among the diverse array of resonator designs employed for all-optical control, circu-
lar SRRs represent a highly effective geometry. For example, using photo-aligned LCs over such specific
structures (as depicted in the representative schematic in figure 9), researchers have achieved highly effi-
cient tunable THz filtering with wide frequency ranges [120].

In the terahertz absorber domain, the integration of graphene with asymmetric cross-shaped LC-
metasurfaces has yielded exceptional amplitude and frequency modulation capabilities. By applying
a moderate bias of 10 V, researchers achieved a broad frequency tunability from 0.75 to 1.0 THz.
Furthermore, this hybrid architecture demonstrated an impressive amplitude modulation depth of
approximately 80% at 1 THz, highlighting its potential for high-efficiency, fast-switching THz spatial
light modulators [65].

To summarize the recent advancements and quantitative capabilities of these planar and dielectric
architectures, table 6 outlines the performance metrics of prominent LC-integrated THz metadevices.

This family offers full wavefront programmability in an ultrathin form factor, with demonstrated
beam deflection up to 32°, phase excursions exceeding 180° [121], and switching as fast as 1.89 ms
[74] using dual-frequency mixtures. The architecture also inherits the manufacturing maturity of LCoS
display technology, and control is not restricted to electrical bias, since magnetic and photoaligned all-
optical addressing have both been demonstrated. Independent pixel-level addressing of individual meta-
atoms nevertheless remains the principal unsolved engineering problem. Resonant phase modulation is
also intrinsically accompanied by amplitude variation that degrades hologram fidelity, and diffraction
efficiency falls at large steering angles. Overall, planar metasurfaces constitute the most technologically
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Figure 9. Structural schematic of the designed circular-ring terahertz resonator (a) together with the photo-alignment layers of
liquid crystal (LC) material (b) for terahertz wave modulation. Reproduced from [120]. CC BY 4.0.

Table 6. Technical metrics of LC-integrated dielectric THz Metadevices.

Architecture Material base Stimulus Functional outcome Technical value

Si Metasurface High-res. Silicon Magnetic Beam steering 25°-45° deflection [122]

Bilayer Metasurface Cascaded LC-Si Magnetic Beam scanning +35° to £75° range [123]

Dielectric Metalens Si/Graphene 75V Bias Focal length tuning Achromatic focus (0.9-1.4 THz) [124]
Microsphere Absorber Zirconia Magnetic Tuning FoM FoM optimized to 6.67 [125]
Anisotropic MS Dielectric + LC Electric Phase control >180° phase-shift range [121]

Achromatic Wave Plate DFLC + Dielectric ~ 1-90 kHz AC Broadband phase diff. ~ High circular dichroism (30 dB) [126]

advanced family after FSS, having reached the pre-commercial prototype stage for beam steering and
holographic display. They are the leading candidate for consumer-facing applications of LC-MM technol-
ogy, particularly augmented reality (AR)/virtual reality (VR), LiDAR, and dynamic holography.

3.4.3. LC-enhanced 3D and bulk MMs

SRRs are the foundational building blocks of bulk MMs, engineered to produce tailored magnetic
responses not found in natural materials [127]. While three-dimensional SRR designs span a vast array
of shapes—including square, U-shaped, and multi-ring geometries depending on the required magnetic
resonance—a classic and widely referenced representative architecture consists of concentric metallic
rings with slits etched on opposing sides (figure 10). The gap between the rings introduces a distributed
capacitance that lowers the resonant frequency well below what the physical dimensions alone would
suggest, yielding high quality-factor resonators with minimal radiative loss [128, 129]. When arranged

in periodic arrays, SRR-based structures can exhibit negative effective permeability in targeted frequency
bands, enabling the realization of negative refractive index media—a property absent in any naturally
occurring material. In circuit terms, each SRR behaves as a subwavelength resonant circuit formed by the
loop inductance L and the gap capacitance C, with a resonance frequency fo = 1/(27V(LC)) that is dom-
inated by C [128]; because the electric field is concentrated precisely in this gap, infiltrating it with a LC
places the tunable dielectric where it exerts maximum leverage on f.

Although isolated SRRs deliver a well-defined resonant response, their operating frequency is fixed
by geometry and cannot be adjusted after fabrication. This is the fundamental limitation that LC infil-
tration addresses. Unlike a bare metasurface, which interacts with electromagnetic waves only at its pat-
terned interface, a 3D SRR-based MM couples to the LC medium throughout its volumetric bulk. The
refractive index sensed by the resonator therefore changes with the full dielectric tensor of the LC, pro-
viding a larger effective tuning range per unit applied stimulus. Compared to a pure LC medium, which
already exhibits appreciable birefringence but lacks structural resonance, the SRR-LC combination trans-
lates a modest molecular reorientation into a large, resonance-amplified shift in transmission frequency
or phase. This synergy is the core physical motivation for integrating LCs into 3D MM architectures.

Magnetic field tuning: Zhang et al [131] demonstrated that nematic LC-filled SRR arrays exposed
to external magnetic fields exhibit measurable resonant frequency shifts in the X-band (8-12 GHz). LC
molecules reorient along the applied field lines, modifying the local permittivity seen by the fringing
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Figure 10. Schematic illustration of the key structural components of the SRR. The structure consists of a metallic ring with a
split gap (s) and a defined width (w). The coupling gap (g) between the rings critically influences the electromagnetic response
of the resonator. The SRRs are typically fabricated on a substrate, with substrate thickness and metallization properties directly
affecting device performance. This geometry serves as the fundamental building block of metamaterials, enabling distinctive
electromagnetic properties such as negative permeability and frequency selectivity. Reproduced from [130]. CC BY 4.0.

fields of the SRR gap. This contactless control mechanism is attractive for systems in which electrode
access is geometrically constrained.

Thermal tuning: Kowerdziej et al [132] exploited the temperature-dependent phase transition of
nematic LCs to tune the effective permittivity of SRR-based MM structures near 4.9 GHz. As tempera-
ture rises toward the nematic-to-isotropic transition, the anisotropy of the LC diminishes continuously,
providing a smooth, monotonic tuning handle without the need for applied fields.

Electrical tuning: Electrical bias is the most practically deployable method for SRR-LC systems. Qiu
et al [69] showed that an SRR covered with an LC droplet achieves a 237 MHz downshift in resonance
frequency upon voltage application, accompanied by transmission-phase modulation exceeding 100°. The
mechanism is straightforward: the applied electric field aligns LC molecules perpendicular to the sub-
strate, increasing the capacitance of the SRR gap and thereby reducing the resonant frequency. Wang
et al [67] advanced this approach to the Ka-band (26.5-40 GHz), achieving a continuously tunable reso-
nance shift from 28.5 GHz to 26.1 GHz as the bias increases from 2.5 V to 10 V, with a 150 ms response
time enabled by an 11.2 ym-thin LC layer. Critically, the rapid response is a direct consequence of the
reduced LC thickness, illustrating the engineering trade-off between tuning range and switching speed
that is particularly pronounced in LC-integrated 3D MMs.

All-optical switching: Atorf et al [133] demonstrated optically reconfigurable metasurfaces combining
plasmonic SRRs with dye-doped LCs. Visible-light illumination excites the dye molecules, which transfer
torque to the surrounding LC mesogens and alter the infrared transmission of the device without any
electrical contact. A hybrid alignment configuration, planar on one substrate, homeotropic on the other,
creates a pre-tilted LC profile that enhances sensitivity to optical stimuli, reducing the required optical
power. This all-optical route to reconfigurability opens pathways toward fully integrated photonic control
of MM response.

LC layer thickness optimization: The magnitude of resonance shift is not solely determined by the
birefringence of the LC; it also depends on the spatial overlap between the resonant near-field and
the LC region. Chiang et al [66] showed that, in terahertz SRR MMs, an optimal LC layer thickness
of 710 pm maximizes birefringent interaction while maintaining adequate alignment forces from the
polyimide surface layers. Under these conditions, frequency shifts of up to 21 GHz were demonstrated,
among the largest reported for thermally and electrically tunable THz MMs.

Colloidal and volumetric 3D structures: Pusovnik et al [134] explored soft MM composites in which
colloidal SRR particles are suspended directly within an LC host. This approach is inherently three-
dimensional, with the LC matrix providing simultaneous mechanical support and optical control.
Approximately 5% resonance tunability was achieved via LC birefringence, validating the concept of vol-
umetric MMs in which tuning acts throughout the bulk rather than at a single interface.

Microwave filtering and phase shifting: Beyond resonance-frequency tuning, LC-SRR platforms enable
functional signal-processing components. Ding et al [135] developed an LC-based microwave phase
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shifter that maintains a stable passband from 7.9 to 8.2 GHz while delivering differential phase shifts
exceeding 55°. Liu et al [136] realized continuously tunable SRR bandpass filters at microwave frequen-
cies using low-bias-voltage LC actuation, a configuration directly compatible with miniaturized commu-
nication front-ends.

Sensing: Martinic et al [137] employed complementary SRR structures integrated with LCs for label-
free dielectric spectroscopy in the 7-10 GHz band. The resonance shift induced by a liquid analyte
placed in the SRR gap provides a quantitative measure of permittivity, demonstrating that LC-enhanced
MMs can serve as sensitive, non-invasive probes of material properties.

Volumetric overlap between the resonant field and the LC gives this family the largest relative tun-
ing ranges reported in the review, reaching 21 GHz in optimized THz SRR structures [66] and contin-
uous Ka-band tuning from 28.5 to 26.1 GHz at 2.5-10 V [67]. The underlying circuit physics is well
understood and transferable across the microwave-to-THz range, with all four stimulus classes experi-
mentally validated [67, 69, 131-133]. Homogeneous LC filling of closed three-dimensional cavities is dif-
ficult to achieve and harder to verify, and director alignment inside such cavities is poorly controlled.
Furthermore, the thick LC layers required for large tuning impose slow response times, and metallic
3D geometries do not scale to optical frequencies. This family is mature at microwave frequencies, with
established proof-of-concept demonstrations at THz. It therefore serves as the reference architecture for
fundamental studies and for narrowband microwave and THz components, rather than for large-area
reconfigurable apertures.

3.4.4. LC-fishnet MMs

Fishnet MMs, metallic multilayer structures perforated by a periodic array of subwavelength holes, con-
stitute another important class of three-dimensional negative-index media. Their multi-layered geometry
naturally accommodates LC infiltration within the nanoholes and interlayer cavities, offering an addi-
tional degree of design freedom relative to planar SRR arrays.

The negative-index response of a fishnet arises from two spatially overlapping mechanisms. The per-
forated metal films behave as a diluted plasma, providing negative effective permittivity below the plasma
frequency. At the same time, antisymmetric currents excited in the two metal layers form a current loop
equivalent to a magnetic dipole, which yields negative effective permeability over a narrowband. Both
responses are governed by the dielectric filling the holes and the interlayer gap. Infiltrating this volume
with a LC therefore shifts the electric and magnetic resonances simultaneously, tuning the spectral posi-
tion of the negative-index band itself.

At near-infrared frequencies, Minovich et al [138] showed that LC reorientation within a left-handed
fishnet shifts its effective refractive index, demonstrating that negative-index behaviour can be dynam-
ically tuned. Zhang et al [68] extended this to microwave frequencies: nematic LCs embedded between
fishnet layers produced a reversible shift of the left-handed passband under an applied electric field, with
the LC molecular reorientation modifying the effective magnetic resonance and thereby the negative-
index window. Kruk et al [139] further infiltrated fishnet structures with LCs to realize electrically
tunable nonlinear optical MMs. Molecular reorientation within the nanoholes altered the local field
enhancement and hence the nonlinear susceptibility, producing substantial changes in optical transmis-
sion at moderate laser powers, a functionality inaccessible to either the bare fishnet or the bulk LC in
isolation.

In the terahertz regime, a multitude of fishnet topologies have been explored to optimize negative-
index performance and minimize ohmic losses. As a prominent example highlighting the mechanics of
this classification, Zografopoulos and Beccherelli [99] placed a nematic LC cavity between two opposing
fishnet slabs, as illustrated in figure 11. Low applied voltages reoriented the LC molecules, shifting the
magnetic resonance frequency substantially and yielding faster switching than non-resonant LC-based
THz modulators. This resonance-leveraged speed advantage is a recurring theme in LC-MM integration:
the sharp spectral feature of the resonator converts small refractive-index changes into large, measurable
spectral shifts, relaxing the requirements on LC layer thickness and hence on response time.

Finally, Diepolder et al [140] combined p-i-n diodes with LC layers in a reconfigurable transmit-
array unit cell operating at 10 GHz. The diodes provide fast, binary 180° phase switching, while the LC
layer adds continuous phase trimming within each binary state—a hybrid architecture that overcomes
the coarse quantization inherent to diode-only designs. The prototype demonstrated low insertion loss,
high efficiency, and good agreement with full-wave simulations, making it suitable for high-gain antenna
beamforming applications.

Fishnets remain the only LC-tunable route to a genuinely negative refractive index. Their multilayer
geometry provides natural LC reservoirs in the nanoholes and interlayer cavities, allowing the electric
and magnetic resonances to be addressed simultaneously [68, 138]. The sharp magnetic resonance also
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Figure 11. The LC-fishnet terahertz metamaterial consists of a metallic fishnet network patterned on a low-loss dielectric sub-
strate. A liquid-crystal cavity is placed between two opposing fishnet slabs, enabling the dynamic tuning of terahertz wave trans-
mission properties. This structure allows for fast switching and precise control, making it suitable for applications in terahertz
sensing and communication systems. Reproduced from [99]. CC BY 4.0.

relaxes the LC thickness requirement and hence improves switching speed [99], while infiltration addi-
tionally grants access to a tunable nonlinear response [139]. Multilayer nanofabrication is nevertheless
slow and costly, uniform infiltration between layers is difficult to verify experimentally, and insertion
loss within the negative-index band remains high. The negative-index function itself therefore remains
at the laboratory proof-of-concept stage. The hybrid diode-LC transmit-array discussed above [140]

is considerably closer to application, but it exploits the fishnet as a phase-shifting host rather than as a
negative-index medium. This family is scientifically important for tunable negative-index physics, yet in
its present form it is the least likely of the architecture families to reach deployment.

3.4.5. LC-enhanced FSSs (quasi-2D, metasurface-like)

FSSs are periodic, planar structures, typically metallic resonators or apertures patterned on a dielectric
substrate, that filter electromagnetic waves by selectively transmitting, reflecting, or absorbing energy
within defined frequency bands [141-143]. The filtering behaviour arises from the resonant response

of the periodic unit cell: at resonance, the structure strongly couples to the incident field and either
passes or blocks it depending on whether the element is a patch (band-stop) or an aperture (band-pass)
type (figure 12) [144]. Although the specific resonator patterns utilized in literature range from sim-
ple dipoles to highly complex fractal or cross-shaped elements, figure 12 provides a general illustrative
schematic of an aperture-type FSS to demonstrate the core filtering mechanism. Beyond frequency, FSS
performance is sensitive to the angle of incidence and the polarization state of the incoming wave, which
must be managed carefully in practical deployments such as radome design, radar cross-section reduc-
tion, and antenna sub-reflectors [145, 146].

A conventional FSS has a fixed resonant frequency determined solely by its geometry. Once fabri-
cated, it cannot adapt to changing spectral requirements, a significant limitation in reconfigurable com-
munication systems, cognitive radio, and stealth applications where the operating frequency or threat
environment may shift dynamically. Integrating a LC layer into the FSS structure addresses this limita-
tion directly. The LC medium fills the region where the resonant near-field is most concentrated, typ-
ically the capacitive gaps between metallic elements, and its bias-dependent permittivity continuously
shifts the effective electrical length of the resonator, thereby tuning the resonant frequency without any
mechanical or structural change. Compared to a pure LC slab, which provides continuously variable
phase delay but no spectral selectivity, the FSS host introduces a sharp, high-Q resonance that trans-
lates a modest permittivity change into a precisely controllable shift in the filter passband or stopband
centre frequency. This combination is the physical basis for LC-FSS technology as a tunable quasi-2D
electromagnetic filter.

The foundational demonstration was reported by Hu et al [148], who placed an LC layer between
slot-array FSSs operating in the D-band (110-170 GHz). Applying a low bias voltage reoriented the LC
molecules, shifting the transmission resonance by approximately 3% and enabling reversible switching
between transmission and reflection states. Although the tuning range was modest, this work established
that electronic control of FSS resonance through LC permittivity modulation was experimentally viable.

Subsequent efforts extended LC-FSS operation to lower microwave frequencies and more com-
plex polarization environments. Wang and Cai [149] demonstrated a dual-band LC-FSS for Industrial,
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Figure 12. Schematic representation of the FSS. The structure transmits in-band frequencies while reflecting out-of-band fre-
quencies. The cross-shaped resonators on the surface govern the transmission and reflection properties based on the incident
wave’s frequency. Reproduced from [147]. CC BY 4.0.

Scientific, and Medical (ISM) band applications, achieving simultaneous filtering of multiple polarization
states across a range of incidence angles—a prerequisite for practical deployment in wideband microwave
systems where the illumination geometry is not fixed.

A cluster of significant advances appeared in 2021. Lin et al [85] fabricated a Ka-band (26.5-40 GHz)
LC-ESS using commercially available LC materials and standard photolithographic processes, achieving
5% frequency tunability, sufficient for channel-switching in millimetre-wave communication front-ends.
Li et al [150] prioritized spectral selectivity by adopting a three-layer metallization scheme that sharp-
ened the filter roll-off while maintaining low insertion loss across the tuning range; the additional struc-
tural degrees of freedom allowed independent control of bandwidth and centre frequency. Lv et al [151]
pursued miniaturization through vortex-shaped metallic elements, which reduced the unit cell foot-
print while extending the tuning range to 8.5% and preserving angular stability—an important practical
requirement for conformal FSS applications on curved surfaces.

More recently, Yang et al [152] addressed the persistent challenge of polarization sensitivity by intro-
ducing a double-layer coupled FSS architecture. The coupling between the two layers broadens the effec-
tive resonance bandwidth and creates a more isotropic unit cell response, yielding 7.2% continuous fre-
quency tuning across a wide bandwidth with performance that is largely independent of polarization
state and incidence angle. This insensitivity to illumination geometry is a critical step toward deploy-
ing LC-FSS filters in real-world systems where the direction and polarization of the incident wave are
uncontrolled.

Taken together, the trajectory of LC-FSS research reflects a systematic progression in three perfor-
mance dimensions: tuning range (from 3% to over 8%), spectral selectivity (from simple bandpass
to independently controlled centre frequency and bandwidth), and spatial robustness (from normal-
incidence-only to wide-angle, polarization-insensitive operation). The primary application drivers are
reconfigurable filtering for millimetre-wave and sub-terahertz communications, adaptive radomes for
radar systems, and electronically steerable electromagnetic shielding. In each case, the LC-FSS combina-
tion delivers a capability, electronically tunable spectral filtering, that neither a fixed-geometry FSS nor
an unstructured LC layer can provide independently.

This family is characterized by simple and robust unit cells, low-cost fabrication using commer-
cially available LC mixtures and standard photolithography [85], modest LC volumes, and direct inser-
tion into existing antenna, radome and sub-reflector architectures. The field has also converged on the
practically decisive problems, with recent designs delivering angular stability [151] and near-complete
polarization and incidence-angle independence [152]. The achievable tuning range nevertheless remains
bounded, rising from roughly 3% in the earliest demonstration [148] to 7.2%-8.5% in current designs
[151, 152]. This ceiling is set by the trade-off between LC layer thickness, driving voltage and response
time, and maintaining the same performance simultaneously across polarization and incidence angle still
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requires careful unit-cell engineering. FSS is the most mature family, with LC-based phased-array and
reconfigurable-intelligent-surface panels having reached industrial prototyping for satellite and 6 G appli-
cations. It therefore represents the most credible near-term commercialization path for LC-MM technol-
ogy as a whole.

3.4.6. LC-enhanced chiral and asymmetric structures

Chirality—the geometric property of a structure that cannot be superimposed on its mirror image—
gives rise to a distinctive class of electromagnetic phenomena that neither a conventional metasurface
nor a LC medium can fully exploit in isolation. A chiral metasurface interacts differently with left-
handed and right-handed circularly polarized (LCP and RCP) light, producing CD and optical activity
determined entirely by its fixed geometry. A cholesteric or chiral nematic LC, by contrast, selectively
reflects one circular polarization handedness over a photonic bandgap set by its helical pitch, but this
response is inherently narrowband and difficult to redirect once the material is assembled. When a chi-
ral or geometrically asymmetric metasurface is integrated with an LC layer, the resonant selectivity of
the patterned structure and the bias-tunable birefringence of the LC combine to produce a dynami-
cally reconfigurable chiral optical response—one in which the magnitude, spectral position, and even
the sign of the CD can be controlled by an external voltage. This tunability is the defining advantage of
LC-integrated chiral architectures over either constituent technology alone.

At the materials level, chirality in LC systems originates from molecular asymmetry and manifests
across multiple length scales. Dierking [153] documented how chiral additives or intrinsically asymmet-
ric mesogens drive the self-organization of LCs into helical superstructures, cholesteric phases, Twist
Grain Boundary (TGB) phases, and ferroelectric smectic phases, each exhibiting distinct electro-optical
responses rooted in their broken mirror symmetry. Notably, biopolymers such as DNA and cellulose
nanocrystals adopt lyotropic chiral LC phases due to their inherent molecular handedness, establishing
a direct link between biological chirality and photonic functionality. These natural systems provide both
design inspiration and fabrication templates for synthetic chiral MMs.

Building on this foundation, Ji et al [154] demonstrated a single-layer chiral metasurface capable of
selectively absorbing circularly polarized light across multiple spectral bands. The structure exploited dif-
ferent plasmonic resonance conditions for LCP and RCP illumination, yielding absorption efficiency dif-
ferences of up to 40% between the two spin states. By infiltrating the metasurface with a nematic LC
layer, the authors enabled voltage-controlled reconfiguration of both the spin-selective absorption ampli-
tude and the dominant chirality handedness. The absence of a metallic backplate simplified the device
architecture and preserved multi-band operation—attributes directly relevant to polarimetric filtering
and reconfigurable photonic routing applications.

A complementary approach was demonstrated by Yin et al [59], who integrated a birefringent
nematic LC into the insulating spacer of a MIM chiral absorber. In its default state, the structure
strongly absorbed one circular polarization while reflecting the other, producing a high CD value. When
a voltage was applied, LC molecules reoriented from 0° to 90°, reversing the effective optical anisotropy
of the spacer layer and flipping the sign of the CD—effectively switching the absorption preference from
LCP to RCP without altering the metallic geometry. Simulations confirmed that absorption efficiency
remained above 80% and CD values near 70% throughout the switching cycle. This sign-reversal capa-
bility, which is inaccessible to a fixed chiral metasurface or a passive LC layer independently, is particu-
larly valuable for biological sensing (where differential CD measurements improve specificity), polarimet-
ric imaging, and chirality-selective optical communication.

At a broader materials level, Wang et al [155] reviewed self-organizing chiral LC nanostructures
across both thermotropic systems—cholesteric, cubic blue phase, and achiral bent-core LC phases—and
lyotropic systems based on DNA, nanocellulose, and graphene oxide. The review identified dynamic pho-
tonics, energy harvesting, and optical security as the most mature application areas, while noting that
scalable fabrication and long-term stability remain central challenges. Zhang et al [156] extended this
perspective to LC-templated chiral nanomaterials, systematically addressing the design principles and
bottom-up synthesis strategies used to produce chiral plasmonic and chiral luminescent nanostructures.
Their framework connects the molecular-scale chirality of the LC template to macroscopic optical activ-
ity in the assembled nanomaterial, offering a route to chiral MMs that are self-organized rather than
lithographically patterned.

This family provides functionalities that are inaccessible to achiral platforms, including spin-selective
absorption with efficiency differences of up to 40% between circular polarizations [154], and voltage-
driven reversal of the sign of the CD while maintaining absorption above 80% and CD near 70% [59].
Cholesteric and other chiral LC phases further contribute intrinsic, field-tunable chirality that no litho-
graphic structure alone can supply [153, 155]. Most reported devices are nevertheless isolated single
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demonstrations rather than systematically optimized designs, and chiroptical figures of merit (FoM)

are not standardized, which makes cross-study comparison unreliable. The coexistence of structural and
molecular chirality also substantially complicates modelling and inverse design. This is the youngest of
the architecture families, still at an early laboratory stage, with scalable fabrication and long-term stabil-
ity identified as open problems [155, 156]. It is best regarded as a research frontier with clear long-term
relevance to polarization-encoded communication, polarimetric imaging and chiral biosensing, rather
than a near-term product route.

As evident from table 7, ESS architectures achieve the best combination of low insertion loss and
wide angular stability, while plasmonic and SRR architectures achieve the highest modulation depth at
the cost of higher insertion loss. DFLC-based devices offer the fastest response times (1.89 ms) owing to
their frequency-driven switching mechanism, whereas electrically tuned SRR systems provide the widest
absolute frequency tuning range.

3.4.7. Critical comparison of architectures

The preceding sections have examined four principal LC-integrated MM architectures, SRR-based bulk
MM, fishnet structures, FSSs, and chiral/asymmetric metasurfaces. Each offers a distinct combination of
electromagnetic functionality, tuning performance, and fabrication complexity that determines its suit-
ability for specific applications.

SRR-based MMs provide the sharpest resonances and hence the highest sensitivity per unit permit-
tivity change, making them well suited to sensing and narrowband filtering. Their primary limitations
are polarization sensitivity and the difficulty of scaling periodic three-dimensional arrays to large areas.
Fishnet MMs sustain a negative refractive index across a usable bandwidth, but the multilayer metal-
lic geometry introduces significant ohmic loss, particularly at optical frequencies, constraining their use
to the microwave and terahertz domains where metal losses are comparatively low. FSSs are inherently
planar, scalable, and compatible with conformal substrates, making them the preferred architecture for
large-aperture applications such as reconfigurable radomes and adaptive electromagnetic shielding; how-
ever, their resonant phase control is limited compared to full metasurface designs. Chiral and asymmet-
ric metasurfaces occupy a distinct functional niche: they are the only architecture capable of circular
polarization discrimination and CD sign-reversal under bias, capabilities that are essential for polari-
metric sensing and chirality-selective photonics but unnecessary for simple frequency filtering.

In terms of LC integration, the tuning mechanism is the same across all four classes, bias-induced
molecular reorientation shifts the effective permittivity in the resonant near-field region, but the sensitiv-
ity to LC layer placement, thickness, and alignment varies significantly with architecture. The volumetric
coupling in SRR arrays and fishnet structures generally yields larger absolute frequency shifts, while the
confined gap fields in FSS and chiral metasurface designs permit thinner LC layers and consequently
faster switching. The optimal architecture for any given application must therefore balance resonance
sharpness, tuning range, switching speed, insertion loss, and fabrication scalability against the specific
electromagnetic functionality required.

Despite these advances, several unresolved technical barriers and conflicting results persist across
the literature. Reported tuning ranges for LC-FSS structures vary substantially, from 3% [148] to 7.9%
[82], with no consensus on the dominant limiting factor: whether the ceiling is set by LC birefringence,
electrode uniformity, or resonator Q-factor degradation under bias remains an open question. Similarly,
thermal tuning has been repeatedly proposed for fast switching applications, yet the inherently slow ther-
mal equilibration times (seconds to minutes) make this approach impractical for any communication
or signal-processing use case; the few studies pursuing this route have not progressed beyond laboratory
demonstration. Reproducibility across laboratories is also a persistent concern: EBL-fabricated LC-MM
devices from different groups operating at nominally identical geometries often report resonance fre-
quencies differing by 5%—15%, attributable to variations in LC cell gap, alignment layer quality, and LC
infiltration completeness, none of which are consistently reported in the literature. This lack of stan-
dardized characterization protocols is a systemic barrier to cross-laboratory comparison and field-wide
progress.

3.4.8. Engineering trade-offs in LC-MM design
The practical optimization of LC-MM devices requires careful navigation of interdependent performance
parameters. Unlike passive MMs where geometry alone determines response, LC-integrated systems
involve a coupled set of material, geometric, and electrical variables that cannot be optimized indepen-
dently. This subsection analyses the three principal trade-off relationships governing device design.

The achievable frequency shift scales approximately linearly with LC layer thickness up to an
architecture-dependent optimal value, beyond which field penetration into the LC layer no longer
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Table 7. Performance benchmark across LC-metamaterial platforms.

Architecture Freq. Band Tuning Range Mod. Depth Response Time Op. Voltage Insertion Loss References

LC-SRR (electrical) Ka-band 26.1-28.5 GHz >80% 150 ms 2.5-10V Low Wang et al [83]

LC Plasmonic (THz) THz 9.35% freq. shift 96% <ls ~10V Moderate Yang et al [101]

LC-FSS (Ka-band) 26.5-40 GHz 5% High ~100 ms <15V Low Lin et al [85]

LC-FSS (double-layer) mmWave 7.2% High ~100 ms <15V Low Yang et al [152]

LC-Fishnet (THz) THz Resonance shift >80% ~10 ms ~10V Moderate Zografopoulos and
Beccherelli [99]

LC Chiral MIM (optical) Optical CD sign reversal >80%, CD ~70% ms <10V Low—moderate Yin et al [59]

DFLC Metasurface Optical Phase 0-27 >50% 1.89 ms 1-40 kHz AC Low Kowerdziej et al [74]

Graphene/LC-Metasurface THz 0.75-1.0 THz ~80% ~50 ms JVAY Low Wang et al [65]
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increases the effective permittivity overlap with the resonant near-field. Chiang et al [66] demonstrated
that for THz SRR MMs, an optimal LC layer thickness of 710 pm maximizes birefringent interaction,
among the largest frequency shifts (up to 21 GHz) reported for electrically tunable THz MMs. Beyond
this optimal thickness, additional LC material contributes negligible additional tuning while substantially
increasing response time.

LC orientational relaxation time scales as:

2 N
Toxd Xl (1)
where d is the cell gap, v, is the rotational viscosity, and K is the relevant Frank elastic constant. This
quadratic dependence on cell thickness is the dominant engineering constraint: halving the LC layer
thickness reduces response time by a factor of four, but simultaneously reduces the available tuning
range proportionally. Wang et al [67] demonstrated that an 11.2 pm-thin LC layer achieves 150 ms
response time in a Ka-band SRR system—the optimal trade-off for millimetre-wave communication
applications where sub-second reconfiguration is sufficient. For optical applications requiring sub-
millisecond response, DFLC mixtures circumvent this constraint by enabling active switching in both
directions through frequency modulation rather than relying on elastic relaxation, achieving response
times as fast as 1.89 ms [74].
Operating voltage vs cell design and surface treatment. The Fréedericksz threshold voltage is

given by:
/[ K
Vi = . 2
th =T cole (2)

Critically, Vy, is independent of cell thickness, it depends only on the elastic constant K and the dielec-
tric anisotropy Ae of the LC mixture. This means that reducing cell thickness to improve response time
does not increase the drive voltage requirement, which is a favourable decoupling of these two parame-
ters. However, surface anchoring energy at the LC-electrode interface introduces an effective additional
voltage requirement beyond Vy,.

In summary, no single design point simultaneously optimizes tuning range, response time, and oper-
ating voltage. Application-specific prioritization, fast switching for communications, large tuning range
for sensing, low voltage for CMOS integration, determines the optimal cell thickness and LC mixture
selection for a given LC-MM platform.

3.4.9. Long-term stability, reliability, and environmental robustness

Despite the remarkable device-level performance demonstrated across LC-MM platforms, long-term
operational stability remains a critical and underexplored aspect of the field. Unlike the LC phase and
electromagnetic performance metrics extensively reported in the literature, systematic degradation studies
under realistic operating conditions are sparse. The following subsection identifies the principal degrada-
tion mechanisms, their physical origins, and practical mitigation strategies.

Mobile ions generated by electrode corrosion, residual impurities in the LC material, or progressive
alignment layer decomposition accumulate at the LC-electrode interface under DC or sustained low-
frequency AC bias. This ionic accumulation produces image sticking, a progressive increase in thresh-
old voltage (V,), and reduced electro-optic contrast over time. Mitigation strategies include: use of
high-purity LC mixtures with ionic impurity levels below 10 ppm; integration of ion-absorbing spacer
coatings at the electrode-LC interface; and adoption of AC drive waveforms at frequencies above the ion
mobility threshold to suppress directional ion drift.

Polyimide alignment layers, the standard in LCD manufacturing and widely adopted in LC-MM
cells, undergo photodegradation under UV illumination and thermal stress above approximately 150 °C,
resulting in anchoring energy reduction and pretilt angle drift. These effects directly compromise LC
director uniformity and, consequently, device tuning performance. Mitigation: replacement with inor-
ganic alignment layers such as obliquely deposited SiO, or diamond-like carbon (DLC) films, which
exhibit superior thermal and UV stability; alternatively, photoalignment polymers incorporating UV-
stable chromophores offer a non-contact solution compatible with nanostructured substrates [61-63].

Nematic LC phases exhibit strong temperature dependence of dielectric anisotropy and birefrin-
gence, with both parameters collapsing to zero at the nematic-to-isotropic clearing temperature (Ty).
For commonly used mixtures, Tx; = 60.5 °C for E7 and Tx; = 35.3 °C for 5CB—values that may be
approached under high-power illumination or elevated ambient temperatures. Operation near Ty causes
dramatic, uncontrolled permittivity fluctuations that destabilize device performance. Mitigation: selec-
tion of high-Ty; LC mixtures such as BL037 (T > 100 °C) or GT3-23001 [157]; thermal management
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Table 8. LC-metamaterial degradation mechanisms and mitigation strategies.

Mechanism Cause Observable effect Mitigation strategy

Ton contamination Electrode corrosion; LC Increased Vy,; image sticking High-purity LC; AC drive; ion-absorbing
impurities coatings

Alignment layer aging UV exposure; thermal stress ~ Pretilt drift; anchoring energy Inorganic alignment (SiO, DLC);
>150 °C reduction UV-stable photoalignment polymers

Temperature Operation near Ty Permittivity fluctuations; phase ~ High-Tn; LC mixtures; thermal

sensitivity transition packaging

Cyclic fatigue Repeated switching; Gradual Vy, drift; contrast Optimized waveform; >10° cycles target
flexoelectric buildup reduction

Humidity/chemical ~ Moisture absorption; Alignment disruption; increased Hermetic encapsulation; ALD barrier
environmental exposure ionic conductivity layers (Al,O3)

packaging; and temperature-compensating drive electronics that adjust bias voltage in response to moni-
tored device temperature.

Repeated electrical switching cycles can induce progressive mechanical fatigue in alignment layer sur-
faces through flexoelectric charge buildup and electrohydrodynamic stress. For standard nematic LC dis-
play devices, the literature reports stable operation exceeding 10° switching cycles without significant
performance degradation. However, systematic lifetime data for nanostructured LC-MM devices, where
alignment is achieved in sub-micron geometries under strong surface anchoring conditions, remain
limited. Durability studies in LC-based smart windows have reported stable operation over more than
5000 switching cycles without measurable optical contrast degradation, suggesting the LC layer itself
is mechanically robust, with degradation primarily localized to the electrode and alignment subsystems
[60].

LC materials can absorb trace atmospheric moisture through imperfect cell sealing, disrupting align-
ment homogeneity and increasing ionic conductivity, both of which degrade electro-optic performance.
Hermetic encapsulation using glass frit bonding or thin-film barrier layers deposited by ALD, notably
Al,O; at thicknesses of 10-20 nm, provides effective protection against environmental moisture ingress
while adding minimal process complexity.

The degradation mechanisms identified above and their corresponding mitigation strategies are con-
solidated in table 8 below.

3.5. Loss mechanisms and mitigation strategies

Despite the remarkable tunability demonstrated across LC-MM platforms, device performance is funda-
mentally constrained by electromagnetic losses arising from multiple sources. This subsection systemati-
cally identifies the primary loss mechanisms and presents targeted mitigation strategies for each.

Metallic resonator structures, most commonly gold (Au) and silver (Ag), contribute significant ohmic
losses through resistive dissipation of induced currents, particularly at optical frequencies where the
imaginary part of the metal permittivity is large. At THz and microwave frequencies, ohmic losses are
comparatively low, making metallic resonators practical. For near-IR and visible applications, replace-
ment with low-loss all-dielectric resonators (Si, TiO,, gap) eliminates metallic absorption entirely while
preserving strong electromagnetic resonances through Mie-type modes. Where metallic structures are
unavoidable, resonator geometry optimization, minimizing sharp corners and current concentration
points, can reduce resistive losses by 20%—30%.

Standard nematic LC mixtures such as E7 and 5CB exhibit non-negligible absorption in the mid-
IR range and at select THz frequencies due to molecular vibrational modes. For high-frequency appli-
cations, substitution with purpose-engineered low-loss, high-birefringence mixtures, notably LC1825
(An ~ 0.38, low loss) and NJU-LDn-4 (An ~ 0.31) as summarized in table 2, significantly reduces
absorption-induced insertion loss while maintaining large tuning range.

Polydomain LC textures arising from poor alignment quality introduce significant scattering losses,
particularly in embedded and infiltrated integration geometries where surface-to-volume ratios are high.
Photoalignment via polarized UV exposure achieves uniform single-domain alignment even within
deep nanocavities, reducing scattering-induced insertion loss by up to 60% compared to conventional
mechanical rubbing techniques [61-63]. SAM treatments on metallic surfaces further improve anchoring
uniformity at the LC-metal interface [64].

ITO electrodes, while optically transparent in the visible range, contribute parasitic absorption losses
of 5%—15% at optical frequencies and significant attenuation at THz frequencies. Mitigation strategies

27



10P Publishing

J. Phys. Photonics 8 (2026) 032004 G Aydin et al

include: ultra-thin ITO layers (<5 nm) to minimize bulk absorption; substitution with graphene mono-
layers, which offer >98% THz transparency at ~400 2 sq~! sheet resistance [65]; and alternative trans-
parent conductive oxides (AZO, GZO) with optimized carrier density profiles that shift the plasma edge
away from the operating frequency.

In metal-LC hybrid systems, near-field energy localized within plasmonic hotspots is partially dis-
sipated through non-radiative decay channels in the metallic structure. This intrinsic loss mechanism
limits the quality factor (Q-factor) of plasmonic resonances. Mitigation approaches include: adoption
of Fano resonance configurations, where destructive interference between a broad plasmonic mode
and a narrow resonance produces a sharp spectral feature with reduced radiative damping; EIT ana-
logue designs that achieve narrow transmission windows with inherently lower loss; and replacement
of plasmonic resonators with dielectric Mie resonators supporting high-Q bound states in the continuum
(BIC).

3.5.1. LCs vs competing tunable material platforms

A critical assessment of LC-based tunable MMs requires systematic comparison with the principal com-
peting material platforms. Table 9 consolidates the key performance metrics of seven tunable material
technologies across eight comparative dimensions relevant to electromagnetic MM applications.

LCs offer a uniquely advantageous combination of very low power consumption (capacitive oper-
ation requiring no sustaining current), continuous analogue tunability, broad spectral coverage from
microwave to visible frequencies, and full CMOS compatibility—advantages that no competing mate-
rial simultaneously matches. The principal disadvantage relative to phase-change materials is switching
speed: LC response times in the millisecond range are several orders of magnitude slower than the sub-
picosecond switching achievable with VO, or GST under optical excitation. However, for the majority of
targeted LC-MM applications, reconfigurable antennas, adaptive radomes, beam-steering reflect arrays,
and tunable filters, millisecond-scale reconfiguration is entirely sufficient, making the speed disadvantage
practically irrelevant.

Graphene offers ultrafast switching (ps—ns) and gate-voltage tunability compatible with CMOS pro-
cesses, but its modulation depth in MM systems is limited by the relatively small change in sheet con-
ductance achievable within the linear response regime, and its fabrication at wafer scale with consistent
quality remains challenging. Vanadium dioxide (VO,) provides a dramatic metal-to-insulator transition
at 68 °C with large optical contrast, but requires sustained thermal input to maintain the metallic state,
making it inherently volatile and energy-inefficient for static configurations. GST phase-change mate-
rials offer non-volatile multi-level storage states and large optical contrast, but switching requires high-
energy optical or electrical pulses and the transition is not fully continuous. MEMS achieve large tun-
ing through geometric reconfiguration but introduce mechanical complexity, fragility under vibration,
and are practically limited to microwave and lower THz frequencies. Ferroelectric materials (BTO, PZT)
require high drive voltages and exhibit hysteresis that complicates analogue control. Transparent con-
ducting oxides provide CMOS-compatible gate tunability but with narrow modulation range at optical
frequencies.

LCs offer uniquely low power consumption (capacitive operation), broad spectral coverage
(microwave to visible), and CMOS compatibility—advantages no competing material fully matches. The
principal disadvantage relative to phase-change materials (VO,, GST) is slower switching speed (ms vs
ps) and temperature sensitivity. Graphene offers faster switching but with limited modulation depth.
MEMS achieve large tuning via geometry change but at the cost of mechanical complexity. For most
communication and sensing applications where continuous, low-voltage tuning is prioritized, LCs remain
the most practical and mature technology.

3.5.2. Standardized FoM for LC-MM devices

A persistent barrier to meaningful cross-platform comparison in the LC-MM literature is the absence

of standardized FoMs. Individual studies report performance metrics using inconsistent definitions—
some normalize tuning range to centre frequency, others report absolute shifts; insertion loss is vari-
ously reported in dB or as a percentage; response time is sometimes the rise time, sometimes the full
switching cycle. This inconsistency makes it impossible to objectively rank competing designs or identify
which architecture best suits a given application. To address this, we propose the following frequency-
regime-specific FoMs, adapted from analogous metrics in the photonic sensing and microwave engineer-
ing literature:
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Table 9. Liquid crystals vs competing tunable materials for electromagnetic metamaterials.

Material Tuning mechanism Response time Tuning range Power consumption CMOS compatible Key limitation Freq. Range
Liquid Crystal (LC) Electric/thermal/optical/magnetic 1.89 ms—seconds 3-21 GHz; 5%-10% Very low Yes Slow vs PCM; Microwave—Optical
(THz) (capacitive) temperature sensitive
Graphene Gate voltage (Fermi level) ps—ns Moderate (<10%) Low Yes Small modulation depth; THz-IR
fabrication complexity
VO, (PCM) Thermal/optical/electrical Sub-ps (optical) Large High (heating Partial High transition temp. THz-Optical
(metal-insulator) required) (68 °C); volatile state
GST (PCM) Optical/electrical pulse ns—us Very large Moderate Partial Non-continuous tuning; NIR-Optical
(amorphous—crystal) high write energy
MEMS Electrostatic/thermal actuation fts—ms Large (geometry Low Partial Fragile; complex Microwave-THz
change) fabrication; limited to
microwave/THz
Ferroelectrics (BTO, PZT) Electric field (piezo) ns—ps Moderate (1%-5%) Low Partial High voltage required; Microwave-THz
hysteresis
TCO (ITO, AZO) Gate voltage (carrier density) ns Small-moderate Low Yes Narrow tuning range; NIR-Optical

high loss at optical freq.
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Table 10. Standardized FoM comparison across representative LC-metamaterial platforms.

FoMmw FOMspeed
(% per FoMry, (% per
Architecture Vims) (MD/IL) ms) Notes
LC-SRR Ka-band 0.28 — 0.53 Wang et al [67]
LC Plasmonic THz — ~32 ~96 Yang et al [101]
LC-FSS Ka-band 0.33 — — Lin et al [85]
LC-FESS double-layer 0.48 — — Yang et al [152]
LC-Fishnet THz — >8 ~8 Zografopoulos and
Beccherelli [99]
LC Chiral MIM — — ~80 Yin et al [59]
DFLC Metasurface — — >26 Kowerdziej et al [74]
Graphene/LC THz — ~8 ~1.6 Wang et al [65]
Microwave and mmWave regime:
Af
fo
FoMyw = [% per Vips) - (3)
Vdrive

This metric normalizes the relative frequency tuning range by the required drive voltage, rewarding
designs that achieve large spectral reconfiguration at low operating voltages—a critical requirement for
CMOS-compatible 5 G/6 G beam-steering applications.

Terahertz regime:

Modulation Depth (%)

FoMry, = 4
oz Insertion Loss (dB) )
This ratio balances modulation performance against the penalty imposed by device losses, directly
reflecting the signal quality achievable in a THz communication or sensing link. A device with 90%
modulation depth but 10 dB insertion loss is less useful than one achieving 80% modulation at 1 dB
loss.
Optical regime:
An
FoMop: = [ Aty [RIU cm]. (5)
oss
This metric, effective refractive index change normalized by the absorption coefficient, is analogous to
the sensitivity-to-loss ratio widely used in optical biosensor benchmarking, and directly captures the
trade-off between tuning magnitude and optical transparency.
Switching-speed-critical applications (all regimes):
Modulation Depth (%
FOMspeed = P ( ) . (6)

Response Time (ms)

This figure of merit rewards designs that achieve high modulation at fast switching speeds, directly rele-
vant for adaptive optics, high-speed communications, and real-time beam steering.
Application of these FoMs to the eight representative LC-MM platforms provided in table 10 below.

3.6. Simulation studies used in LC-enhanced MM:s research

Simulation studies of LC-enhanced MMs inherently involve a multiscale and multiphysics problem,
where electromagnetic wave propagation is strongly coupled with the field-induced reorientation of
anisotropic LC molecules. Unlike conventional passive MMs, the tunability of these systems arises from
the dynamic redistribution of the LC director field, which directly modifies the local permittivity ten-
sor. Consequently, numerical modelling is not merely supportive but constitutes the backbone of design,
optimization, and physical interpretation in this field.

Early simulation approaches often relied on simplified isotropic approximations, where the LC
medium was treated as a homogeneous dielectric with an effective scalar permittivity [158]. Although
computationally efficient, this approximation has been shown to produce fundamentally incorrect pre-
dictions in resonant MM systems. In particular, isotropic models fail to capture localized near-field
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Figure 13. Electromagnetic response of a Te metasurface embedded in a liquid crystal (LC) environment. (a) Schematic illus-
tration of the unit cell, featuring cubic Te structures (1 pm X 1 gm X 1 pm) with a 2 pm lattice constant inside a nematic LC
medium. (b) Phase of the reflected light as a function of incident frequency. (c) and (d) Simulated scattering parameters (S;; and
S12) across the 30-70 THz range, respectively. The plots clearly demonstrate the stark contrast in resonance behaviour between
the simplified isotropic LC assumption (red curves) and the more rigorous anisotropic models where the LC director is aligned
along the X, Y, and Z axes (blue, green, and purple curves). Reproduced from [159]. CC BY 4.0.

interactions and polarization-dependent responses within subwavelength structures, leading to non-
physical results such as incorrect resonance shifts. As illustrated in figure 13, assuming an isotropic LC
medium (red curves) yields significantly different reflection phases and scattering parameters (S;;, S12) in
the 30-70 THz range, specifically failing to capture the ~4 THz bandwidth shifts and the precise depth
of the reflection nulls compared to rigorous anisotropic models where the LC is aligned along specific
axes. These discrepancies arise because the scattered electromagnetic fields within MMs are highly non-
uniform and not aligned with the incident field polarization, making scalar representations insufficient.

To address these limitations, modern simulation frameworks adopt a rigorous anisotropic formula-
tion, where the LC is described by a spatially varying permittivity tensor. This tensorial representation is
directly linked to the LC director orientation and evolves under external stimuli such as electric or mag-
netic fields. Accurate determination of this director field requires solving energy minimization problems
based on continuum theories, most commonly the Frank—Oseen elastic model or the more comprehen-
sive LdG formalism [160]. These approaches account for elastic deformations (splay, twist, bend), surface
anchoring conditions, and electrostatic coupling, enabling realistic modelling of LC behaviour within
complex MM geometries.

The simulation workflow therefore typically begins with the calculation of the equilibrium (or tran-
sient) LC director distribution. This step is often performed using finite element-based multiphysics
solvers such as COMSOL Multiphysics, where electrostatic and elastic equations are solved simultane-
ously. The resulting spatial director profile is then translated into a full anisotropic permittivity tensor
field, which serves as the input for electromagnetic simulations. Importantly, the accuracy of this step is
critical, as even small deviations in director orientation can significantly impact resonance behaviour and
tunability.

Once the local dielectric environment is mapped out, full-wave techniques such as the finite-
difference time-domain (FDTD) and the finite element method (FEM) are brought in to analyse the
actual electromagnetic wave interactions. FDTD and its integral-based counterpart, the finite integra-
tion technique (FIT), are highly versatile for discretizing Maxwell’s equations in both space and time,
making them highly effective for observing the temporal evolution of fields and extracting wideband
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Figure 14. Spatial distribution of electric (E) and magnetic (H) fields within an active metadevice at different resonant frequen-
cies (640 nm, 660 nm, and 540 nm). These simulated cross-sectional profiles demonstrate how dual-frequency liquid crystal
reorientation governs the localized plasmonic modes. Reproduced from [74]. CC BY 4.0.

spectral responses. A classic example is the work by Kowerdziej et al [161], who utilized FDTD simula-
tions in QuickWave to analyse a left-handed MM in the 10-14 GHz range. Their findings clearly demon-
strated that the device’s tunability is directly tied to the LC’s dielectric anisotropy, confirming that pre-
cise molecular control translates to a predictable resonance shift. Beyond simply predicting frequency
shifts, modern simulations delve into the underlying physical mechanisms by mapping electric and mag-
netic field distributions (figure 14). Wang et al [162], for example, provided a thorough analysis of a ter-
ahertz modulator by monitoring electric field distributions at resonance. As illustrated in their studies, it
is the transition between localized dipole modes and non-local surface-Bloch modes—driven entirely by
LC reorientation—that enables a modulation depth exceeding 90% and an insertion loss below 0.5 dB.

Beyond predicting frequency shifts, full-wave simulations such as CST Microwave Studio are vital
for visualizing near-field interactions. For instance, simulations of a graphene-assisted asymmetric cross-
shaped absorber revealed that the reorientation of the LC director under a 10 V bias does not merely
shift the resonance frequency, but radically redistributes the near-field hot spots. The intense THz elec-
tric field enhancement physically migrates from one arm of the cross-resonator to the other as the LC
transitions from a horizontal to a vertical alignment [65]. Such predictive near-field mapping is crucial
for designing advanced sensors and nonlinear metadevices.

Vasi¢ et al [163] leveraged FEM in COMSOL Multiphysics to simulate a unit cell of an LC-based MM
under periodic boundary conditions. FEM-based platforms like Ansys HFSS and CST Studio Suite are
often the standard for frequency-domain analysis, especially for complex volumetric geometries. Guirado
et al [157] introduced an insightful dynamic modelling approach for multiresonant planar cells. They
used FEM to solve the LC director equation in the longitudinal direction and integrated this physics
directly into CST Studio Suite. Their hybrid strategy showed that using a reduced number of strati-
fied layers can accurately model material inhomogeneity without sacrificing computational efficiency.

At terahertz (THz) and optical frequencies, simulations have focused on optimizing absorber perfor-
mance and dynamic control. For example, Ansys HFSS simulations demonstrated that leveraging the
temperature-sensitive refractive index of nematic LCs can achieve tunability in the range of 30 nm [80].
More recently, Wang et al [83] utilized Ansys HFSS to investigate the impact of LC molecular reorienta-
tion, demonstrating a tunability of 10.7% at 30.4 GHz.

In periodic optical and photonic structures, Rigorous Coupled-Wave Analysis (RCWA) provides an
efficient alternative, especially for grating-like geometries [164]. This method leverages Fourier expan-
sions and Floquet theory to solve Maxwell’s equations exactly for periodic media. For large-scale planar
systems, more efficient methods such as the Spectral Domain Method of Moments (SD-MoM) are pre-
ferred, as they significantly reduce computational complexity by solving integral equations only on con-
ductive surfaces rather than across the entire volume [165]. Additionally, analytical approaches such as
the Tight-Binding Method (TBM) have been introduced to estimate inter-cell coupling effects without
requiring full-wave simulations of large arrays.
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Figure 15. Continuous spectral tuning of the metasurface via magnetic field reorientation. (A) Measured and (B) numerically
calculated transmittance spectra for the sample with a periodicity of P,; = 730 nm, illustrating the effect of varying the in-plane
magnetic field angle (¢ = 0°, 30°, 45°, 60°, and 90°). (C) A simulated colourmap of the transmittance as a continuous function
of the magnetic field orientation ¢. The superimposed cyan and orange lines track the gradual spectral shifts of the M-QBIC and
E-QBIC resonance modes, respectively, highlighting the excellent agreement between the predicted continuous tunability and the
discrete experimental measurements. Reproduced from [167]. CC BY 4.0.

A critical aspect of LC MM simulation is the integration of different computational tools. Since
electromagnetic solvers typically do not natively include LC physics, hybrid workflows are commonly
employed. In such approaches, LC orientation data are first computed using dedicated LC simulation
software and then exported (e.g. as CSV datasets) to electromagnetic solvers. This data must be care-
fully interpolated onto the electromagnetic mesh to ensure consistency between mechanical and electro-
magnetic domains. Improper mapping can lead to significant errors in predicted optical or microwave
responses [166].

Beyond steady-state analysis, recent studies have increasingly focused on transient and dynamic sim-
ulations to capture switching behaviour and response times. Furthermore, these numerical models are
highly effective at capturing continuous dynamic responses rather than just discrete states. These models
incorporate hydrodynamic effects, rotational viscosity, and time-dependent field interactions, enabling
the prediction of millisecond-scale LC dynamics. Furthermore, these advanced numerical frameworks are
highly effective at capturing continuous parametric variations. As illustrated in figure 15, systematically
varying the external magnetic field orientation (y) allows for the continuous tuning of specific resonance
modes, yielding a precisely tracked wavelength shift of approximately 40 nm. The excellent agreement
between the measured intermediate states (figure 15(A)) and the calculated continuous spectral map-
ping (figure 15(C)) confirms that the complex reorientation dynamics of the LC director field can be
reliably predicted. More recently, data-driven approaches have begun to complement traditional numeri-
cal methods. Machine learning (ML)-based surrogate models can approximate electromagnetic responses
with significantly reduced computational cost, and physics-informed neural networks (PINNs) have been
introduced to embed Maxwell’s equations directly into the learning process, ensuring physically consis-
tent predictions while accelerating inverse design tasks.

Ultimately, the true test of these predictive models lies in their experimental validation [168]. As
demonstrated in figure 16, the simulated transmittance spectra and local field profiles (Panels (C), (D))
align remarkably well with the experimental measurements (Panels (A), (B)) under varying magnetic
field orientations.

Kowerdziej et al [74] demonstrated this beautifully with dual-frequency liquid crystal (DFLC)
hybrids. Their simulated transmission spectra (T) aligned remarkably well with the experimental mea-
surements (Ty) as depicted in figure 17. This agreement not only validated the bidirectional spectral
tuning—showing a redshift at 1 kHz and a blueshift at 40 kHz—but also confirmed that these compu-
tational models can be trusted to design devices that bypass the slow relaxation times typical of single-
frequency LC systems. While strong agreement is often achieved, discrepancies can occasionally arise
due to fabrication imperfections, finite-size effects, and deviations from ideal boundary conditions.
These challenges highlight the ongoing need for improved multiscale modelling strategies that bridge
molecular-level LC behaviour with macroscopic electromagnetic responses.

Collectively, these diverse simulation methodologies have significantly advanced our understanding of
LC-MM interactions. The performance metrics of various LC-based MMs discussed in these simulation
studies are summarized in table 11.

3.7. Wide-ranging applications of LC-based MMs
The integration of LCs with MM and metasurface architectures has enabled a paradigm shift from static
electromagnetic components to dynamically reconfigurable and programmable photonic systems. Unlike
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Figure 16. Measured (A), (B) and numerically calculated (C), (D) normalized transmittance spectra for two metasurface sam-
ples with periodicities Py; = 730 nm (A), (C) and Py, = 670 nm (B), (D) after nematic liquid crystal (NLC) infiltration. The

red curves illustrate the resonance positions when the applied magnetic field, B, is aligned along the x-axis (¢ = 0°), whereas the
blue curves correspond to alignment along the y-axis (¢ = 90°). The insets in panels (C) and (D) depict the simulated electric
field amplitude profiles of the QBIC resonances, highlighting the capability of these numerical models to map local field distribu-
tions accurately. Reproduced from [167]. CC BY 4.0.
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Figure 17. Transmission spectra demonstrating bidirectional spectral tuning in a dual-frequency liquid crystal (DFLC)-
integrated plasmonic metamaterial. (a) Simulated transmission spectra (T's) showing a redshift at a low driving frequency

(1 kHz) and a blueshift at a high driving frequency (40 kHz). (b) Experimental measurements (T) confirming the frequency-
dependent spectral shifts. This bidirectional tunability leverages the DFLC’s frequency-dependent dielectric anisotropy, enabling
active optical switching and eliminating the slow relaxation times associated with conventional single-frequency LC devices.

conventional MMs, whose functionality is fixed after fabrication, LC-based MMs leverage the electrically
controllable birefringence of LCs to achieve continuous and low-power tunability across a wide spectral
range. This capability has led to a broad spectrum of applications, which can be systematically catego-
rized into three major domains: SLM, optical and spectral filtering, and display/colour technologies.
One of the most transformative application areas is SLM and active polarization control. Traditional
LCoS systems are widely used for beam shaping, holography, and adaptive optics; however, they suf-
fer from intrinsic limitations such as large LC layer thickness and pixel crosstalk due to fringing fields.
LC-integrated metasurfaces overcome these constraints by decoupling phase modulation from physical
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Table 11. Comparative summary of material properties, frequency tunability, simulation methods, and performance metrics of liquid
crystal-based electromagnetic structures.

Frequency range

References Software Structure/materials® LC properties® & tuning Performance metrics
Kowerdziej QuickWave Teflon fibreglass, LC orientation: 10-14 GHz, Resonance frequency
etal [161] metals, LC 0° to 90° Resonance shift tuning via LC
loss tangents: 11.35 GHz reorientation
tand, = 0.025
tand. = 0.001
Wang et al COMSOL Poly(3,4- n, = 1.55+10.03, 60 GHz tuning Modulation depth
[162] Multiphysics ethylenedioxythiophene), 1. =1.83 4i0.001 for Incident >90%, insertion
polyimide, LCMS-107 quality angle: 0°-15°, loss < 0.5 dB
factor = 68 at 140 GHz for
1.75 THz Incident angle:
50250
Shih et al [120] FDTD SRR, PET Substrate, Nematic LC, 0.551 THz to Losses above 0.6 THz,
Simulation Dye Layer (SD1) change in 0.566 THz, Experimental peak at
Software refractive index tunable by LC 0.688 THz aligns.
based on LC director
alignment alignment.
Guirado et al COMSOL Quartz, GT3-23001 LC ~ Height of Frequency tuning 360°
[157] Multiphysics (LC between two LC:0.075 mm range: 100 GHz, phase control,
and CST electrodes) Losses: 6 dB low-loss operation
Studio
Mirbagheri Ansys HFSS Silicon wafer, SiO», 1. = 1.69, Wavelength Temperature-driven
and Crouse Silicon Nanodisk, 5CB n, = 1.53 at Tuning range: refractive index
[80] LC, glass wafer 24 °C, 30 nm tuning
n =158 at
39°C
Wang et al [83]  Ansys HFSS Metallic electrodes, er| = 3.16, Resonance Shift: Phase change
fused silica, NLC er) =2.47, 30.4 GHz—27.3 60°, power contrast:
tand| =0.0033,  GHz(10.7% 10 dB,
tand | = 0.0151 tunability) S;; =—2.5dB
for 30 GHz
Mamonova COMSOL ITO, polyimide, LC Director Visible light Diffraction efficiency
etal [169] Multiphysics (E7), chromium distribution, spectrum transmittance, optical
stearyl surfactant response to (450 nm— switching speed,
electric fields, 700 nm), tunable alignment quality
reorientation by electric fields,
dynamics fast switching
times (ms range)
Han et al [170] CST Metal-LC-Metal Electrically X-band Achieves dynamic
Microwave tunable (9.5-10.5 GHz), phase shift up to 27
Studio permittivity, Tuning achieved
Low dielectric by applied electric

loss, Anisotropic

field, Reflection
angle tuning: 20°
and 30°

2 §i0;: Silicon Dioxide, 1,: LC’s ordinary refractive index, n.: LC’s extraordinary refractive index, er): Relative dielectric constant
when the electric field is parallel to the liquid crystal and er | : Relative dielectric constant when the electric field is perpendicular to

the liquid crystal.

propagation distance. By electrically controlling the molecular orientation of LCs, researchers have devel-
oped highly efficient reconfigurable antennas [83], and polarization converters [73, 163]. These func-
tionalities are particularly valuable in high-frequency applications, such as THz spatial light modulators
[75, 171], where active control over wave interactions enhances optical performance. As a representative
architecture, figure 18 details the design and working principle of a dual-colour THz SLM, illustrating
how LC-permittivity tuning enables precise reflectance control. The dynamic modulation of polarization
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Figure 18. (a) Schematic diagram of the dual-colour THz SLM. (b) Exploded view of the THz SLM; the resonant structures are
on the back of the top quartz substrate (300 zm), and the pixelated gold patches are on the front of the bottom quartz substrate
(500 pem). The LC layer thickness is 10 pm, and the side length (w) is 19.7 mm. (c) Simulated reflectance spectra of the SLM for
different permittivities of LC (e1¢). The inset displays the unit cell of the MMA with d = 240 gm and b = 173 pm. Reproduced
from [172]. CC BY 4.0.

states—ranging from linear to circular polarization—demonstrates the versatility of LC-based MMs in
controlling electromagnetic behaviour with minimal energy input, critical for emerging technologies such
as LiDAR, free-space optical communication, and programmable optical computing.

Another major application domain lies in optical and spectral filtering, where LC-based MMs func-
tion as tunable FSS, perfect absorbers [59, 173], and compact spectroscopic elements. In microwave and
terahertz regimes, LC infiltration into periodic metallic structures allows dynamic tuning of resonance
frequencies through voltage-controlled permittivity changes. The introduction of compact, polarization-
insensitive bandpass filters showcases the potential for high-performance signal processing. For instance,
Lv et al [82] proposed a polarization-insensitive LC-based MM filter featuring a flat-top passband and
sharp roll-off, demonstrating a 7.9% continuous tuning capability within the 10.88 GHz to 11.78 GHz
range. Moreover, LC-integrated MM absorbers can dynamically switch between high-absorption and
reflective states, making them highly suitable for applications such as thermal camouflage and hyper-
spectral sensing. In the visible and near-infrared ranges, architectures like dichroic metagrating cavities
have demonstrated wide tuning ranges, paving the way for on-chip spectrometers.

In the visible and near-infrared ranges, more advanced architectures—such as dichroic metagrat-
ing Fabry—Perot cavities—have demonstrated wide tuning ranges (hundreds of nanometres) with rela-
tively high transmission efficiencies. These systems utilize LC layers as electrically controlled polariza-
tion modulators, enabling ‘mode switching’ between distinct spectral resonances. Such capabilities pave
the way for compact, high-resolution, and energy-efficient hyperspectral imaging systems and on-chip
spectrometers.

A rapidly advancing and highly impactful application field is displayed technologies and ultrafast
photonics. Conventional display systems rely on bulky optical components and polarization filtering,
which limit efficiency. LC-based metasurfaces address these challenges through structural colouration,
where colour generation is achieved via nanoscale optical resonances. Another groundbreaking applica-
tion involves the development of voltage-controlled metasurfaces capable of displaying vivid red, green,
and blue pixels. These systems utilize LCs to achieve dynamic subwavelength pixel control, enabling
ultrahigh-resolution colour printing, multicoloured cryptography, and full-colour reflective displays
[174]. Furthermore, by reducing LC layer thickness and optimizing the resonant near-field, researchers
have significantly improved response times, achieving modulation speeds up to 50 times faster than con-
ventional LCD designs [175]. Additionally, the ability to fine-tune light transmission enhances the func-
tionality of smart windows, offering energy-efficient solutions for next-generation architectural and auto-
motive applications.
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Additionally, voltage-controlled LC metasurfaces enable dynamic colour tuning and pixel-level mod-
ulation, supporting applications such as high-resolution reflective displays, optical encryption, and
adaptive camouflage. The ability to generate vivid and tunable RGB responses at subwavelength scales
highlights the strong potential of LC-based MMs in next-generation AR, VR, and holographic display
systems.

Beyond these primary domains, LC-based MMs are increasingly explored in sensing technologies,
where their birefringence properties enable highly sensitive detection mechanisms. By embedding LCs
within nanoporous structures or integrating them with resonant metasurfaces, researchers have engi-
neered bio-photonic sensors and thermal detectors capable of real-time monitoring. For instance, Rahimi
and Motahari [176] developed a novel sensor utilizing E7 Nematic LC, achieving a remarkable refrac-
tive index tolerance of 500 nm RIU™! and a thermal sensitivity of 11 nm K~!. Additionally, the combi-
nation of zero electrical permeability MMs with high-birefringence LC films has enabled tunable pho-
tonic devices with enhanced detection sensitivity [177]. These robust systems leverage the environment-
dependent refractive index of LCs, making them highly promising candidates for label-free biomedical
diagnostics, environmental sensing, and integrated photonic circuits.

In summary, LC-based MMs provide a versatile and scalable platform for dynamic electromagnetic
wave manipulation. Their ability to combine subwavelength optical control with continuous, low-power
tunability has unlocked applications ranging from beam steering and adaptive filtering to structural
colour displays and intelligent sensing systems. As fabrication techniques and material engineering con-
tinue to advance, these hybrid systems are expected to play a central role in the development of next-
generation, compact, and multifunctional photonic technologies.

3.8. Opportunities and challenges

LC materials provide a unique opportunity for the development of tunable metasurfaces, enabling
dynamic control of electromagnetic properties in real-time. Their ability to manipulate light with high
precision opens new avenues for adaptive optical devices [35]. They can adjust key electromagnetic prop-
erties such as refractive index, resonance frequency, and polarization in real time. This adjustment is
achieved by applying external stimuli including electric fields, magnetic fields, temperature variations,

or light. As a result, these materials operate without the need for any mechanical reconfiguration. They
cover a wide frequency range, from microwaves and terahertz to visible and infrared wavelengths. This
versatility makes them suitable for various applications in communication, sensing, and imaging.

LC-enhanced MMs also have fast response times, particularly in the terahertz and optical ranges.
Thin LC layers allow for rapid reconfiguration, with response times measured in milliseconds (as
demonstrated in figure 19), which is essential for adaptive optics and high-speed communication sys-
tems. Furthermore, these systems consume low power because they operate using low-voltage inputs.
Their compatibility with plasmonic materials, metasurfaces, and nanophotonic circuits supports the
development of compact and multifunctional devices that can be produced using standard fabrication
techniques.

Despite these advantages, LC-enhanced MMs face several challenges. The degradation mechanisms
underlying long-term stability concerns, including ion contamination, alignment layer aging, temperature
sensitivity, cyclic fatigue, and environmental exposure, are analysed in detail in section 3.4.9, along with
targeted mitigation strategies for each. Additional challenges include the following:

Fabrication complexity is a significant concern. Integrating LCs with nanostructured MMs requires
precise alignment and encapsulation, increasing both production cost and complexity. Achieving uni-
form LC alignment over large areas remains a difficult technical problem. Although these systems use
low power during tuning, continuous operation in devices like displays or sensors may lead to concerns
about cumulative energy consumption.

In summary, LC-enhanced MMs offer promising dynamic control for next-generation electromag-
netic devices. They have strong potential for applications in communication, sensing, and imaging.
However, challenges related to lower-frequency response speed, environmental sensitivity, fabrication
complexity, material limitations, and long-term stability need to be addressed. Future research into
improved LC materials, advanced fabrication techniques, and innovative hybrid integration methods is
essential to overcome these obstacles and fully exploit the potential of LC-enhanced MMs.

The key advantages, challenges, research directions, future prospects, and potential applications of
LC-enhanced MMs are summarized in table 12.

3.9. Looking to the future: the potential of LC-enhanced MMs
The integration of LCs with MMs has opened a new frontier in dynamic and adaptive electromagnetic
devices. As research advances, the potential applications of LC-enhanced MMs are expanding into areas
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Figure 19. Experimental response times of a metadevice using a dual-frequency switching mechanism. By utilizing frequency-
dependent dielectric anisotropy, both switch-on and switch-off times can be driven actively, achieving millisecond response times
and overcoming the natural relaxation delay of conventional nematic liquid crystals. Reproduced from [74]. CC BY 4.0.

previously considered technologically infeasible. These materials combine the dynamic properties of LCs
with the extraordinary electromagnetic capabilities of MMs, enabling real-time control over light and
other electromagnetic waves. Below, we explore the transformative potential of LC-enhanced MMs across
various domains, highlighting their future impact.

Building on the advances documented throughout this review, five scientific bottlenecks have been
identified as the highest-priority targets for future research, ranked by their impact on the field’s transi-
tion from laboratory demonstration to practical deployment.

(1) Nanoscale LC alignment—Priority: High.

Current photoalignment methods reliably achieve molecular ordering down to approximately 100 nm
feature sizes; below this threshold, surface energy gradients from adjacent metallic structures dominate
over the alignment layer’s anchoring torque, producing unpredictable polydomain textures that elevate
scattering losses and reduce device Q-factor. This barrier directly limits the operating frequency ceiling
of LC-MM devices. Promising research directions include bio-inspired anchoring layers that mimic the
hierarchical surface chemistry of biological alignment surfaces, and topology-optimized resonator geome-
tries engineered to produce self-aligning LC configurations through deliberate surface energy patterning,
eliminating the need for a separate alignment layer entirely.

(2) Low-voltage operation—Priority: High.

Current LC-MM drive voltages of 5-15 Vs are incompatible with standard CMOS logic supply levels
of 1.8-3.3 V, necessitating dedicated high-voltage driver circuitry that increases system complexity, power
consumption, and cost. Closing this gap is a prerequisite for monolithic integration with CMOS read-
out and control electronics. Key research directions include ferroelectric LC phases, where spontaneous
polarization enables sub-1 V switching through field-induced polarization reversal rather than director
rotation, and DFLC mixtures, where reconfiguration is achieved by shifting drive frequency rather than
increasing voltage amplitude.

(3) Ultrafast switching—Priority: Medium-High.

Millisecond-scale LC response times are sufficient for beam-steering and adaptive filtering applications,
but are four to six orders of magnitude too slow for optical-packet-switching and ultrafast photonic
routing, where nanosecond to picosecond reconfiguration is required. Blue phase LCs, which exhibit
intrinsic sub-millisecond electro-optic response owing to their cubic lattice structure and absence of a
slow elastic relaxation mode, represent the most mature near-term pathway. Polymer-stabilized nematic
networks and plasmonic-enhanced all-optical switching via LC photoisomerization offer complementary
routes to sub-microsecond operation.
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Table 12. Key advantages, challenges, research directions, future directions, and potential applications of LC-enhanced metamaterials.

Advantages

Challenges

Research directions

Future directions

Potential applications

Dynamic tunability with
external stimuli [33, 178]

Fabrication complexity [179-181]

Develop nano-patterning and laser-assisted
alignment

Multifunctional Devices

Imaging & Sensing [182]

Broad frequency range [35]

Temperature sensitivity

Combine LCs with low-loss materials like
graphene [65]

Reconfigurable Devices

Telecommunications [183, 184]

Fast response times
(optical/THz)

Cost and scalability challenges

Use high-birefringence materials for optical
use [36]

Hybrid Metamaterials

Terahertz Devices [185-187]

Integration with existing
technologies

Limited response speed in lower frequencies
[188]

Al-Driven Design: Utilize machine learning
for geometry optimization [189]

Cognitive Environments:

Real-time adaptive EM
spaces

Neuromorphic Computing [190]

Energy-efficient operation
[103]

High sensitivity to alignment defects [36]

3D Nanoprinting: Advanced manufacturing
(e.g. TPP)

Wearable Photonics:
Flexible and stretchable
systems

Smart Windows

High sensitivity for sensing

Durability and aging issues

Space Exploration:
Telescopes and satellite

comms

Adaptive Camouflage [103, 191]

Reconfigurable optical
properties [192]

Limited tunability in some configurations

Quantum Sensors [193, 194]

Nonlinear optical
capabilities [195]

Power consumption in continuous operation

Holographic Displays [196]

In-memory computing and
fuzzy logic hardware based
on LC hysteresis
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(4) CMOS integration—Priority: Medium.

The realization of large-scale programmable LC-MM platforms for 5 G/6 G RIS requires monolithic
integration of LC cells with CMOS backplane electronics, analogous to the LCoS architecture estab-
lished in display technology but adapted for millimetre-wave and THz operation. Key enabling research
includes via-hole electrode array designs compatible with standard foundry design rules, and thin-film
LC deposition processes compatible with back-end-of-line (BEOL) thermal budgets below 400 °C.

(5) Standardized characterization—Priority: Medium.

The absence of community-agreed reporting standards for LC-MM devices makes cross-laboratory com-
parison unreliable and impedes cumulative progress. At minimum, publications should report: centre
frequency and tuning range under specified bias conditions; insertion loss at peak tuning; response time
(both rise and fall); operating voltage; LC cell gap and mixture identity; alignment method; and num-
ber of characterized polarization states. Adoption of the FoMs proposed in section 3.5.2 of this review
as community reporting standards would substantially improve reproducibility and accelerate the field’s
development.

LC-enhanced MMs are poised to revolutionize telecommunications by enabling the development
of reconfigurable antennas, filters, and adaptive waveguides [197]. These devices can dynamically
adjust their operating frequencies and radiation patterns, promoting more efficient exploitation of the
electromagnetic bandwidth. For example, reconfigurable antennas could seamlessly switch between
different communication standards, such as 5 G and 6 G, without the need for multiple hardware
components. Additionally, LC-enhanced MMs could be used in beam-steering systems for satellite
communications, improving signal strength and reducing interference. This adaptability makes them
ideal for next-generation wireless networks, where flexibility and efficiency are critical.

Furthermore, the convergence of Al and ML with LC-enhanced MMs represents a transformative
frontier in both device design and real-time operation. Traditional design workflows rely on iterative
full-wave simulations (FDTD, FEM) requiring hours to days per design cycle, fundamentally limiting
exploration of the vast LC-MM parameter space. Al-driven approaches disrupt this bottleneck across
three distinct paradigms. First, forward neural network models, deep neural networks (DNNs) trained
on simulation datasets, predict the electromagnetic response of an LC-MM unit cell given geometric
parameters and LC director configuration as inputs, reducing inference time from hours to milliseconds
and enabling rapid screening of thousands of candidate designs. Second, inverse design via tandem neu-
ral networks, variational autoencoders (VAEs), and generative adversarial networks (GANs) enables the
reverse mapping: specifying a target electromagnetic response and automatically retrieving the corre-
sponding device geometry and LC operating conditions. Applied to LC metasurface beam-steering, this
approach has achieved 80% beam-switching efficiency and 144° steering angles—substantially exceed-
ing the <30% efficiency typical of manually designed devices [198]. Third, reinforcement learning (RL)
and topology optimization methods iteratively refine resonator geometries under fabrication-aware con-
straints, producing non-intuitive designs that simultaneously minimize insertion loss and maximize tun-
ing range; Zhan et al recently demonstrated this for bidirectional MM absorbers, achieving performance
metrics superior to all manually designed counterparts [189].

Beyond algorithmic design, Al plays a central operational role in programmable LC-MM platforms
[199]. Deep learning models integrated into the control loops of RISs for 6 G networks can predict the
electro-optical response of the LC layer in real time, adapting instantaneously to changing channel con-
ditions without the computational latency of conventional Maxwell solvers [183]. This closed-loop Al-
LC-RIS architecture—receiving real-time channel state information from the base station and reconfig-
uring the LC director field within the device response time (1.89-150 ms), has been identified as a key
enabling technology for achieving the >120° beam coverage and >22.5% aperture efficiency targets of
next-generation 6 G reflect array systems.

Beyond algorithmic and operational Al, the physical properties of LCs offer intrinsic hardware capa-
bilities for neuromorphic computing. Certain LC phases—ferroelectric smectics and nanoparticle-doped
nematics—exhibit significant hysteresis and memory effects, enabling retention of optical states without
continuous power consumption [70]. This optical memory transforms metasurfaces from passive tunable
devices into non-volatile storage elements. Furthermore, the continuous molecular reorientation of LCs
allows for distinct analogue states aligned with fuzzy logic principles, suggesting that LC-enhanced MMs
could serve as physical layers for neuromorphic computing, processing information directly through
material response [200].

In the field of medical imaging, LC-enhanced MMs hold the potential to create superlenses that
overcome the diffraction limit, enabling higher-resolution imaging than traditional lenses [201]. These
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lenses could be used in advanced imaging systems, like optical coherence tomography (OCT) and mag-
netic resonance imaging (MRI), to provide clearer and more detailed images of biological tissues. Beyond
imaging, LC-enhanced MMs could power biosensors capable of detecting minute changes in temperature
or chemical composition with high sensitivity and specificity. Such sensors could revolutionize diagnos-
tics, enabling early detection of diseases and real-time monitoring of environmental conditions.

The display industry is another area where LC-enhanced MMs are making significant strides. These
materials are already being used in pixels, adaptive lenses, and holographic displays. Future advance-
ments could lead to ultra-high-resolution displays with dynamic colour tuning and wide viewing angles,
offering a more immersive visual experience. Moreover, LC-enhanced MMs could enhance AR and VR
devices, creating more realistic and interactive environments. By enabling precise control over light, these
materials could pave the way for next-generation optical devices that blur the line between the digital
and physical worlds.

To solve the world’s energy problems and advance renewable energy technology, these applica-
tions may be extremely important. Energy harvesting and storage systems could also benefit from LC-
enhanced MMs; for example, tunable MMs could optimize light absorption in solar cells, increasing
energy conversion efficiency across a wide range of wavelengths. Similarly, they could improve the
efficiency of wireless power transfer systems, enabling more effective energy transmission over long
distances.

Quantum photonics represents a prospective, rather than experimentally established, application
domain for LC-integrated metasurfaces, and the distinction deserves emphasis. What has been demon-
strated to date concerns static, all-dielectric metasurfaces operating in the quantum regime. Such plat-
forms have performed multiphoton interference and full reconstruction of multiphoton polarization
states [202], and have generated entanglement between the spin and orbital angular momentum of single
photons [203]. When structured as metalens arrays, they have also served as high-dimensional, multi-
path sources of entangled photon pairs [204] and produced complex multi-frequency quantum states
through resonantly enhanced spontaneous parametric down-conversion [205]. Metasurface interferome-
try has further been proposed as a compact route toward quantum sensing [206], and the field has been
consolidated in recent perspective articles [207]. In all of these demonstrations, however, the quantum-
optical transformation implemented by the metasurface is fixed at the moment of fabrication. Physically,
a dielectric metasurface acts on the photonic degrees of freedom by imposing a spatially varying Jones
matrix: geometric (Pancharatnam—Berry) phase couples circular polarization to orbital angular momen-
tum, while nanoresonator arrays define the multiport interference geometry that determines the output
quantum state. Because LC reorientation modifies precisely this local Jones matrix through the effective
index seen by each resonator, the same tuning mechanism described in section 2.2 would, in principle,
render the quantum-optical transformation itself programmable.

The role envisaged for LCs is to make such transformations electrically reconfigurable, turning a
fixed quantum-state preparation or tomography element into a programmable one, in the spirit of
recently proposed space-time-modulated quantum metasurfaces [208]. Several caveats temper this
prospect. First, no LC-tunable metasurface has yet been operated with non-classical light; the concept
remains theoretical. Second, quantum logic imposes far stricter requirements than classical wavefront
shaping: linear-optical two-photon gates are intrinsically probabilistic [209, 210], and any scattering
or absorption introduced by the LC layer translates directly into photon loss and hence reduced gate
fidelity, which disfavours lossy plasmonic implementations. The realistic near-term opportunities there-
fore lie not in high-fidelity quantum gates, but in reconfigurable quantum-state preparation, adaptive
quantum tomography, and tunable front-end optics for quantum sensors. High-fidelity gate operation
should instead be regarded as a long-term research direction, contingent on low-loss dielectric platforms
and on experimental validation of LC-metasurface operation at the single-photon level.

LC-enhanced MMs could also play a key role in developing smart and adaptive environments. For
example, they could be used in smart windows that dynamically adjust their transparency to control
light and heat transmission, improving energy efficiency in buildings. Similarly, they could enable adap-
tive camouflage systems that change their appearance to blend in with the surroundings, with appli-
cations in defence and security. These materials could also enhance intelligent transportation systems,
where adjustable properties could improve the efficiency and safety of autonomous vehicles.

LC-enhanced MMs represent promising candidates for space-based applications as another appli-
cation area due to their special characteristics. They could be used in space-based telescopes to
improve image quality and resolution, enabling more detailed observations of distant celestial objects.
Additionally, they could enhance satellite communication systems increasing signal strength and reduc-
ing interference. These applications could significantly advance our capabilities in space exploration and
communication.
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At this point, the future of LC-enhanced MMs is exceptionally promising, with the capacity to trans-
form a broad spectrum of industries and technologies. From revolutionizing telecommunications and
advancing medical imaging to enabling next-generation displays and pioneering quantum technologies,
the scope of possible applications is broad. As research continues to advance, the improvement of new
LC materials, advanced fabrication techniques, and hybrid approaches will further enhance the function-
ality and performance of LC-enhanced MMs. By addressing challenges such as precise LC orientation,
minimizing absorption losses, and scaling to optical frequencies, researchers can unlock the full potential
of these materials, paving the way for a new era of innovation and discovery.

4. Conclusion

The integration of LCs with MMs has established a transformative framework for adaptive electromag-
netic systems, merging the tunable properties of LCs with engineered subwavelength structures. By lever-
aging external stimuli such as electric fields and temperature, this synergy enables dynamic control over
resonance frequencies, polarization states, and phase responses across microwave, terahertz, and opti-
cal regimes. Recent advancements include terahertz MMs achieving over 10% frequency tunability with
millisecond-scale response times and optical metasurfaces demonstrating modulation depths of 18.3 dB.
These innovations address the static limitations of conventional MMs, enabling reconfigurable filters,
absorbers, and polarization converters critical for modern technologies.

Challenges such as optical losses in metallic nanostructures, precise LC alignment at subwavelength
scales, and scalable fabrication remain barriers to practical implementation. Emerging strategies involve
high-birefringence LCs, hybrid systems incorporating graphene or vanadium dioxide, and advanced
manufacturing techniques like 3D nanoprinting. Computational tools, including FDTD simulations,
have accelerated design optimization by modelling complex LC-MM interactions and predicting device
performance.

Despite the breadth of device demonstrations reviewed here, it is important to acknowledge that
only a handful of LC-MM concepts have progressed beyond laboratory proof-of-concept toward prac-
tical deployment. The primary barriers are not electromagnetic in nature, the tuning ranges and mod-
ulation depths reported across platforms are largely sufficient for target applications, but rather stem
from the alignment, stability, and fabrication challenges detailed in sections 3.4.8 and 3.5. Specifically,
the absence of scalable alignment solutions for sub-micron LC infiltration, the lack of long-term relia-
bility data under realistic operating conditions, and the 10-100x cost premium relative to conventional
LCD manufacturing collectively prevent industrialization. Addressing these barriers requires the field to
shift emphasis from demonstrating new device geometries toward systematic characterization of device
lifetime, yield, and environmental robustness—metrics that are conspicuously absent from the current
literature.

The applications of LC-enhanced MMs span diverse domains. In telecommunications, reconfig-
urable antennas and beam-steering metasurfaces enhance 6 G network efficiency, exemplified by sys-
tems achieving 120° beam steering [84] with minimal power consumption. Medical imaging bene-
fits from LC-tuned superlenses capable of sub-diffraction-limit resolution, while energy harvesting
systems use tunable MMs to optimize solar cell efficiency under varying environmental conditions.
Quantum photonics remains a prospective direction, in which LC-integrated metasurfaces could provide
reconfigurable polarization control of entangled photons for secure communication and ultra-sensitive
sensing.

Future progress hinges on interdisciplinary efforts to address thermal stability, fabrication scalabil-
ity, and high-frequency losses. Innovations such as ML-driven design and quantum-material integra-
tion could unlock ultrafast, low-power devices. By bridging these gaps, LC-enhanced MMs will transition
from laboratory prototypes to industrial applications, reshaping fields like AR, space exploration, and
smart infrastructure.

To facilitate future cross-platform comparison, this review proposes standardized FoM adapted to
each frequency regime: FoMyw for microwave and mmWave systems, FoMry, for THz devices, FoMop
for optical platforms, and FoMgpeeq for switching-speed-critical applications. Adoption of these metrics
as community reporting standards would substantially improve the reproducibility and comparability of
LC-MM research.

In summary, the fusion of LCs with MMs represents a paradigm shift in photonics, offering unprece-
dented adaptability across the electromagnetic spectrum. Continued advancements in materials, fabri-
cation, and computational modelling will drive their real-world impact, transforming both cutting-edge
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technologies and everyday applications. Addressing existing challenges through collaborative research will
unlock the full potential of these dynamic systems, paving the way for multifunctional devices that revo-
lutionize technology and improve daily life.
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