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ABSTRACT

Ferroelectric materials are poised to drive the next technological leap through their emergent functionalities, including negative capacitance
and resistance, charge accumulation without transport, and spontaneous polarization switching. The discovery of ferroionic material-systems
that combine room-temperature ferroelectricity and fast ionic conductivity has opened an unprecedented avenue for multifunctional devices
that merge the territories of electronics and ionics. These hybrid materials enable the direct coupling of ionic and electronic order parameters,
allowing long-range electrostatic interactions, wireless field communication, and energy transduction across solid-solid and solid-air interfa-
ces. Such capabilities offer potential solutions to long-standing challenges, including the Boltzmann limit in transistor subthreshold operation,
voltage amplification without power dissipation, and nonvolatile polarization states with ionic reconfigurability. Beyond conventional appli-
cations, ferroionics support a new generation of quantum sensors and adaptive devices, spanning optical, electrical, mechanical, thermal, and
magnetic domains. This review provides a comprehensive overview of the conceptual foundations, theoretical frameworks, and experimental
progress underlying ferroionic systems, highlighting their role as a bridge between ferroelectrics, solid electrolytes, and correlated quantum
materials. Finally, perspectives are offered on how ferroionic coupling may reshape device physics and enable sustainable, self-powered infor-
mation and energy technologies.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0251263
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3D  Three-dimensional
3R Rhombohedral crystal phase
6-31G"  B3LYP hybrid functional with the 6-31G
Gaussian basis set

I. INTRODUCTION

Ferroelectric materials have attracted considerable attention across
materials science, condensed matter physics, and nanodevice commu-
nity due to their potential for scalable and energy-efficient device appli-
cations’ (Fig. 1). In a crystalline material, ferroelectric polarization
arises from the spontaneous alignment of electric dipoles, creating dis-
tinct regions separated by domain walls. The structure and energy of
these walls are determined by the balance of internal forces. This polari-
zation can be reversed by an external electric field and is lost above the
Curie temperature, when the material transitions into a paraelectric
state.” * The ferroelectric behavior compares ferromagnetic, responsible
for the designation “ferro,” which comes from iron, “ferrum” in Latin.

However, at the nanoscale, the polarization behavior becomes sig-
nificantly more complex. In thin films or materials with mobile defects,
polarization is not governed solely by lattice and electronic factors, it is
also strongly influenced by ionic motion.” Alternatively, ferroelectric
materials are not only crystalline, but they are also amorphous.” The
migration of ions, such as vacancies and interstitials, can locally alter
the internal electric field and interact dynamically with ferroelectric
polarization.”

More recently, ferroionic materials, combining conventional fer-
roelectric properties with ionic conductivity, have emerged as

REVIEW pubs.aip.org/aip/are

promising candidates for next-generation technologies. These materi-
als exhibit ferroionic states, characterized by the intrinsic coupling
between ferroelectric polarization and ionic dynamics at the nano-
scale.” This interplay leads to complex behaviors, where ionic redistri-
bution and polarization are strongly interdependent. Furthermore,
these effects can be actively modulated by external stimuli such as elec-
tric fields and electrochemical bias.”

Understanding this coupling is crucial for future applications, as
it determines the stability, switching behavior, and reliability of energy
harvesting and storage devices based on these materials.

Tonic mechanisms in ferroionic materials refer to the role of ions
(both cations—positive charges—and anions—negative charges) in deter-
mining the polarized states of ferroelectric materials.'’ The ionic trans-
port mechanism in ferroionic materials, as described by Morozovska
et al,'" is primarily driven by the mobility of surface ionic charges and
their strong coupling with the bulk ferroelectric polarization.

One of the most extensively studied ferroionic is CulnP,Sq
(CIPS). In this compound, the mobile Cu™ ions play a key role in its
ferroelectric behavior. The migration of Cu* ions between the weakly
bonded van der Waals layers induces local dipoles, contributing to the
spontaneous polarization characteristic of ferroelectricity in CIPS.” As
in an electrolyte, the rate of ion migration depends on the activation
energy E,, which is the minimum energy required for ions to move
through the material, Eq. (1). The ionic conductivity o(T) is,
therefore,

In[o(T)] = Ingy — E—

kT’ 1

(As00
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FIG. 1. Schematics representative of ferroionics quantum sensing, its applications in thermal, magnetic, electrical, optical, and mechanical devices, and corresponding main
active materials. A3 ,xMyOCI (A = Li, Na, K; M= Mg, Ca, Sr, Ba; 0 < x < 0.1); BNT: BigsNag 5TiO3; CIPS: CulnP,Sg CCPS: CuCrP,Ss; OIHPS: hybrid organic-inorganic halide

perovskites; PZT: Pb(Zr,Ti;_,)O3. Schematics designed for this study.
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where ay is the ionic conductivity at “infinite” temperature, kg is the
Boltzmann constant, and T is the absolute temperature. With rising
temperature, more ionic carriers gain enough energy to overcome the
activation barrier, increasing conductivity.'”

The charge polarization varies upon applying an electric field,
leading to charge separation. This effect can alter how ions and elec-
trons move throughout the material. As shown by Sanchez et al,
induced electronic polarization can significantly impact ionic conduc-
tion, creating a two- -way interaction that adds another layer of tunability
for sensing applications'” and eventually leading to the amorphization
of the ferroionic.

Remnant polarization is the residual electric polarization left in a
material after the external field is turned off; it will likely influence how
ions move inside the material, which dlrectly impacts the sensitivity
and behavior of ferroionic quantum sensors.'

Another layer of control comes from defect chemistry with the
intentional introduction or manipulation of imperfections like vacan-
cies in the material’s structure. These defects can be engineered to
adjust both ionic and electronic properties.”'® This means ferroionics
conductivity, sensitivity, and even long-term stability can be fine-
tuned.”” Finally, the interplay between dielectric and electrochemical
properties provides an extra degree of flexibility. Morozovska et al.
suggested this coupling allows for sensors that can adapt to changing
env1r0nmental conditions while maintaining high performance and
precision."”’

Due to the interplay of electrical, ionic, thermal, and mechanical
responses, ferroionic materials are promising candidates for multifunc-
tional sensing applications.'” A deep understanding of how these
coupled mechanisms influence each other is essential for advancing
next-generation ferroionic quantum sensors.

This study presents a state-of-the-art review of ferroelectric and
ferroionic materials. It begins with an overview of the theoretical con-
cepts required to understand their behavior. The discussion then
moves to materials of interest, starting with some of the most promis-
ing van der Waals compounds, including MoS,, WTe,, and CulnP,S¢
(CIPS), followed by a review of perovskites, which include BaTiO; and
hybrid organic-inorganic compounds like MAPbI;. The review contin-
ues with an analysis of an emerging class of amorphous electrolytes,
A3 M OCL, where A=Li", Na*, or K*, and M = Mg*", Ca*", Sr**,
or Ba>", highlighting their ferroionic nature. Following this material
overview, a section on quantum sensors, their applications, and perfor-
mance divided into the optical, electrical, mechanical, thermal, and
magnetic fields is presented (Fig. 1, Table I).

Il. FERROELECTRIC AND FERROIONIC MATERIALS FOR
QUANTUM SENSING

To date, the majority of commercially available ferroelectric devi-
ces is based on Pb(Zr,Ti; )O3, PZT. In 1999, Fujitsu commercialized
the first integrated circuits with an embedded ferroelectric random-
access memory, with PZT.'”*° However, as device dimensions
continue to shrink, conventional ferroelectrics such as PZT exhibit
pronounced size-dependent depolarization effects, resulting in a signif-
icant reduction or complete loss of polarization at thicknesses below
~130nm.”"

Zirconium and Hafnium oxides are of the group IV of the transi-
tion metal oxides with widespread technological relevance.”” ZrO, is a
stable ceramic with a dielectric constant of approximately ¢, ~ 16 and
low leakage current, making it suitable for MOS devices.”” HfO, offers

REVIEW pubs.aip.org/aip/are

a higher dielectric constant (&, ~ 20 — 30), strong thermal and chemi-
cal stability, and an orthorhombic ferroelectric phase crucial for non-
volatile memories such as FeFETs and CMOS components. Gomes
et al”> comparative simulations and experiments show that ZrO,
responds by equalizing with different interfacial Fermi levels, favoring
energy-storage applications, whereas HfO, (in powder) displays polari-
zation consistent with its ferroelectric nature.”” Temperature-
dependent conductivity and Hall effect measurements reported by the
authors showcased polaronic and defect-mediated transport in both
oxides, with thermal transitions linked to carrier activation and inter-
nal reorganization.

In 2011, Boscke et al. reported the discovery of ferroelectricity in
ultrathin films of HfO,, placing this material as promising alternative
to traditional ferroelectrics.”” In HfO, ferroelectrics, the ferroelectric
properties strongly depend on the concentration of oxygen vacancies,
which are the most common intrinsic defects in hafnium oxide.”*
Oxygen vacancies play a key role in stabilizing specific polymorphs
and thereby shaping the resulting ferroelectric behavior of HfO,.”*
Moreover, the switching speed and endurance of ferroelectric memory
devices are closely linked to the concentration and redistribution of
oxygen vacancies.”* Since the first report of ferroelectricity in thin films
of HfO,, numerous HfO,-based ferroelectrics have been demonstrated.
By fabricating a 50 nm HfO,/ZrO,/HfO, multilayer using atomic layer
deposition (ALD), Yan et al. reported the thickest ferroelectric HfO,-
based stack reported to date.”” The authors propose that the polar
phase induced in the otherwise paraelectric ZrO, layer helps stabilize
the ferroelectric phase in HfO,.”” The film achieves a remanent polari-
zation of 9 uCcm > and exhibits accelerated wake-up behavior, the
increase in ferroelectric polarization that occurs after initial electric-
field cycling, attributed to its higher breakdown strength.”” Li et al.”
showed that ferroelectric switching in HfO,-ZrO, systems can be opti-
mized by varying the ZrO, ratio.” Devices with lower ZrO, content
exhibited a higher coercive field yet a shorter switching time, with the
switching times decreasing by a factor of 10 while the strength of the
coercive field increased by only ~37%.”° This effect was explained by
the lower uniformity of local fields in materials with lower ZrO, con-
tent, according to an inhomogeneous field mechanism model.”®

The use of HfO,-based ferroelectrics offers several advantages, as
these materials are fully compatible with silicon and CMOS technolo-
gies while maintaining robust ferroelectricity even at thicknesses below
10nm.”” Furthermore, their compatibility with deposition techniques
such as ALD enables the fabrication of uniform, conformal, and scal-
able ferroelectric films suitable for advanced three-dimensional device
architectures.”’ Reflecting this potential, GlobalFoundries has recently
reported ongoing development of HfO,-based FeFETs with the goal of
future commercialization.””

The future of FeFETs and FeRAM is closely linked to the integra-
tion of ferroionic materials, with lot of research being done in the lab
and at pilot scale. In the following subsection, we explore the main
classes of ferroelectric and ferroionic materials (Table I), beginning
with a discussion of layered van der Waals materials and perovskite
structures.

A. Layered van der Waals materials

Van der Waals (vdW) materials consist of atomic layers held
together by weak interlayer forces. They can be considered two-
dimensional (2D). These layers interact across vdW gaps, defined
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as the shortest distance between adjacent planes. Such materials
have emerged as a powerful platform for exploring novel physical
phenomena beyond the capabilities of traditional three-
dimensional crystals.”

While early research was centered around graphene due to its
exceptional charge mobility and mechanical strength, the absence of a
bandgap in pristine graphene limited its application in conventional
electronics. This challenge spurred a broader search for layered

Appl. Phys. Rev. 13, 011306 (2026); doi: 10.1063/5.0251263
© Author(s) 2026

13, 011306-6

1212580 9202 AN 80


pubs.aip.org/aip/are

Applied Physics Reviews

materials with tailored properties, particularly those that could support
switchable electrical polarization.”’

In this context, ferroelectricity in 2D van der Waals (vdW) mate-
rials has emerged as a rapidly expanding and exciting field of
research.”

Ferroelectric materials, exhibiting spontaneous electric polariza-
tion, can switch between two or more stable states due to broken inver-
sion symmetry in the crystal lattice.

Although vdW ferroelectrics share the same fundamental polari-
zation mechanisms as conventional ferroelectrics, their phase transi-
tion dynamics allow for classification into displacive, order-disorder,
or mixed-type ferroelectricity.”” A key distinction lies in the source of
polarization: while conventional ferroelectrics typically rely on bulk lat-
tice distortions, vdW ferroelectrics often derive polarization from
interlayer effects, such as sliding ferroelectricity—a mechanism in
which polarization arises from the relative displacement between
stacked atomic layers. Structural differences further distinguish vdW
ferroelectrics from traditional ones. Van der Waals ferroelectrics pos-
sess layered architectures with strong in-plane covalent bonds and
weak interlayer vdW interactions.”’ In contrast, conventional ferro-
electrics, such as oxide-based and polymer-based materials, exhibit
rigid three-dimensional crystal lattices, characterized by strong ionic
or covalent bonding throughout the structure.

Another significant advantage of vdW ferroelectrics is their
robustness against depolarization fields. These fields are generated by
unscreened bound charges at interfaces, producing an internal electric
field that opposes the material’s polarization. In conventional ultrathin
ferroelectrics, especially perovskite oxides, such depolarization fields
are known to strongly suppress ferroelectricity. However, vdW

(a)
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ferroelectrics demonstrate excellent immunity to this effect, enabling
the realization of stable ferroelectricity down to the atomic scale.

While still a relatively underexplored frontier, naturally occurring
and synthetic vdW materials, robust ferroelectricity can persist down
to a few atomic layers, sometimes even at room temperature.”’ These
findings are unlocking exciting opportunities for low-power memory
devices, reconfigurable logic, and neuromorphic computing, demon-
strating that 2D ferroelectrics are not just scientific curiosities, but
promising candidates for future nanoelectronic and flexible
technologies.

1. Transition metal chalcogenides

Transition metal chalcogenides (TMCs) are compounds of transi-
tion or post-transition metals with chalcogen anions (S, Se, Te),
forming layered van der Waals crystals, low-dimensional chains, and
three-dimensional frameworks with tunable electronic structure,
strong light-matter interaction, and rich catalytic behavior, which sup-
ports applications in optoelectronics, electrochemical energy storage,
and infrared nonlinear optics."**

a. In,Se;. Indium Selenide is an example of a layered polymor-
phic material with two ferroelectric phases (o and y) and a multiferroic
phase (f)."*"” It consists of a quintuple-layer structure arranged in
sequence Se — In — Se — In — Se. The interlayer spacing between the
central Se layer and the adjacent In layers is unequal, breaking inver-
sion symmetry. Ferroelectricity in o« — In2Se3 originates from the dis-
placement of the central Se layer (Fig. 2). This enables the
simultaneous reversal of both out-of-plane and in-plane polarization

i
1
i
i
i
|
.
i
i
|

@In
@ Se

ABCA

ABCA ABCA

FIG. 2. Structures of 2D In,Se; obtained by first-principles simulations. (a) Top view of the crystal structure of monolayer In,Ses. Each layer of In,Se; contains only one ele-
ment, and the atoms in each layer are located at one of the A, B, and C sites. (b) 3D structure of o phase with upward polarization. (c)—(f) Side and top views of ferroelectric o
phase with different polarizations, paraelectric 8 phase, and distorted 8" phase, respectively. The red and black arrows mark the directions of in-plane and out-of-plane polariza-
tions, respectively. Reproduced with permission from Huang et al., InfoMat 4, 12341 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution (CC

BY 4.0) license.
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in a coupled manner. The coordinated switching is driven by a lateral
shift of the Se atoms, which alters their interlayer spacing with neigh-
boring In atoms in both directions,” (Fig. 2). The transition between
phases can be achieved by both the choice of synthesis route and exter-
nal factors such as temperature, electric fields, light, and strain.** In
this way, the ferroelectric, piezoelectric, and ferroelastic properties of
the material can be tuned by external stimuli.

Tang et al"’ reported that the strength and orientation of
spontaneous polarization and optical absorbance of the ferroelectric
p — In,Ses monolayer were significantly influenced by the applied
strain on the material."” With polarization magnitudes higher than
typical values for o — In,Ses, Xu et al.”’ showed that the antiferroelec-
tric distortion in ' — In,Se; produced a strain on the few-layers thick
material, demonstrating the presence of ferroelastic domains.”” On a
different approach, He et al.”" explored the mediation of the ferroelec-
tric behavior in o-In,Se; by proton insertion. This unexpected behav-
ior was explained by the formation of metastable H*-In,Se; phases
that retained the polar behavior of the original material.”' Recently,
Long et al.” have identified the presence of a previously unknown
regime where both ferroelectricity and defect migration regulate the
switching behavior of 8’ — In,Ses. They highlight that by controlling
the Se vacancy rates through synthesis variation or postgrowth doping,
the polarity of the material can be tuned.”” Together, these works show
distinct ferroionic behavior in In,Se; and highlight the potential for
extrinsic and intrinsic ion migration to be a viable way of modulating
ferroelectric properties.

Transition metal dichalcogenides (TMDs) are a class of layered
materials (Fig. 3) with the general formula MX,, where M is a transi-
tion metal from groups 4, 5, or 6 of the periodic table and X is a chal-
cogen element (such as sulfur, selenium, and tellurium). These
materials share a structural similarity with graphite, consisting of
weakly bonded layers that allow for easy separation. Individual TMD
layers can be isolated from the bulk material through techniques
such as mechanical exfoliation, liquid-phase exfoliation, and ion
intercalation.

b. MoS, (Table I). Molybdenite (MoS,) is a widely abundant 2D
material that, in its 2H polytype, consists of layers stacked in an ABA
manner, with high-quality, large crystals readily available. Bulk MoS,
is an n-type semiconductor with an indirect bandgap of approximately
1.3 eV, which transitions to a direct bandgap of 1.85-1.90 eV when
reduced to a single layer.”” Additionally, a monolayer MoS, exhibits

2D Mos, - [001]

[T T

twist angle (2 plans)

FIG. 3. Symmetry breaking mechanism to polarize MoS, planes, inducing ferroelec-
tricity. Schematics obtained for this study.

REVIEW pubs.aip.org/aip/are

high carrier mobility (40-120 cm*V~'s™" at room temperature)’* and
a large on/off ratio, making it highly suitable for field-effect transistors
(FETs). It also demonstrates high photoresponse (up to ~1000 A/W)™>
and exceptional mechanical resilience, with a breaking strain of
6%-11%.° Despite MoS, not being a naturally occurring ferroelectric,
ferroelectric properties can be engineered (Fig. 3). Lipatov et al”’
reported the first direct experimental observation of ferroelectricity in
two-dimensional (2D) 1T”-phase MoS,, a previously unconfirmed
property despite theoretical predictions. The metastable 1T” phase was
synthesized from the common 2H phase via chemical lithiation and
verified its non-centrosymmetric P3m1 crystal structure, which sup-
ports out-of-plane spontaneous polarization.”” Using scanning probe
microscopy techniques, it was demonstrated that this polarization
can be mechanically switched—via local pressure from an AFM
tip—thanks to the flexoelectric effect. First-principles calculations con-
firmed the polar structure and predicted semiconducting behavior in
monolayers and metallicity in multilayers, classifying 1T”-MoS, as a
rare polar metal.”” Meng et al.” reported sliding induced multiple
polarization states in 2D MoS, (Fig. 3, Table I). This study demon-
strates that sliding ferroelectricity in rhombohedral (3R) MoS, enables
multiple stable polarization states, a mechanism distinct from conven-
tional ion-displacement ferroelectricity.”® Using dual-gate FET and
density functional theory (DFT) simulations, the researchers show that
while bilayer 3R MoS, exhibits conventional binary polarization, mul-
tilayer structures (three or more layers) reveal intermediate polariza-
tion states due to sequential interfacial dipole switching.”* A
generalized model is proposed, showing that the number of stable
polarization states scales exponentially with layer number, offering a
new strategy for designing multistate, high-temperature, and robust
ferroelectric devices based on two-dimensional materials.

c. WS, WS, is an n-type semiconductor with an indirect
bandgap of approximately 1.3eV.”® When thinned down to a single
layer, it transitions to a direct bandgap semiconductor with a bandgap
of ~2eV.” This material has attracted significant attention for spin-
orbitronics applications due to its exceptionally strong spin—orbit cou-
pling, with the valence band of monolayer WS, exhibiting a spin-orbit
splitting of approximately 420 meV, nearly three times greater than
that of monolayer MoS, (~150 meV).”” °' Similar to MoS,, this mate-
rial does not inherently exhibit ferroelectricity in its bulk monolayer
form. However, sliding ferroelectricity has already been reported for
this material (Fig. 3, Table I). Molino et al. reported ferroelectric
switching for a marginally twisted bilayer, demonstrated by scanning
tunneling microscope at room temperature.”” Sliding ferroelectricity in
3R MoS, enables multiple stable polarization states by interlayer slid-
ing, unlike conventional ferroelectric mechanisms.”” Through experi-
ments and DFT simulations, it reveals that while bilayers show binary
switching, multilayer structures exhibit intermediate states due to
sequential dipole flipping.”” A generalized model shows that the num-
ber of stable states increases exponentially with layer count, suggesting
a new approach for developing multistate, high-temperature, and reli-
able ferroelectric devices using 2D materials.

d. WTe, (Table I). WTe, belongs to the family of TMDs and nat-
urally crystallizes in a non-centrosymmetric orthorhombic structure
with a polar space group Pmn2,.”” Unlike most TMDs, which are typi-
cally semiconductors, WTe, exhibits Weyl semimetal behavior in its
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native crystal phase. A Weyl semimetal is a class of topological quan-
tum materials in which the conduction and valence bands intersect at
discrete points in momentum space known as Weyl nodes.”” Around
these nodes, electrons behave as Weyl fermions, massless, chiral quasi-
particles originally predicted in high-energy physics.”’ In addition to
its topological properties, WTe, has been identified as a rare example
of a metallic material exhibiting ferroelectricity, a polar metal, making
it a member of a small but growing group of ferroelectric Weyl semi-
metals.”’ This is particularly intriguing because ferroelectricity and
metallicity are traditionally considered mutually exclusive: in metals,
the presence of free electrons typically screens internal electrostatic
fields, suppressing the long-range dipole ordering required for ferro-
electricity. The latter ferroelectrics were previously designated as “polar
metals” as referred to previously herein.”” ** However, in WTe,,
ferroelectric-like polarization persists, likely due to its low carrier den-
sity and strong lattice asymmetry, challenging conventional under-
standing and opening new avenues in topological and ferroic material
research. Finally, ferroelectric domains in WTe, thin films have been
experimentally observed using PEM.”

e. WSe, (Table I). WSe, is a p-type semiconductor with an indi-
rect bandgap of ~1.3 V. Monolayer WSe, has a direct bandgap. WSe,
is not intrinsically ferroelectric in its natural state, but can exhibit
ferroelectric-like properties under engineered conditions, especially in
heterostructures or when influenced by external fields or strain.
Hassan et al.’' reported twist-controlled ferroelectricity in WSe,
bilayers. This study demonstrates that bilayer WSe, exhibits room-
temperature ferroelectricity when the layers are twisted within a small
angle range (0° < 6 < 3°) (Fig. 3, Table I), which vanishes for 0 > 4°,
due to a commensurate-to-incommensurate transition in moiré super-
lattices.”’ The twist angle controls inversion symmetry breaking and
enables the formation of electrically switchable dipoles, confirmed via
hysteresis in transport measurements. Zhou et al. reported enhanced
polarizability and tunable diamagnetic shifts from charged localized
emitters in WSe, on a relaxor ferroelectric.”” This study demonstrates
that charged localized excitons (LXs) in monolayer WSe,, when placed
on a relaxor ferroelectric substrate (PMN-PT), exhibit highly enhanced
polarizability and strong coupling to local ferroelectric domains.’* This
interaction enables a giant quantum-confined Stark effect (shifting and
splitting of atomic or molecular energy levels), significant energy tun-
ability, and strain-dependent modulation of optical and magnetic
properties, including diamagnetic shift and g-factor—all under
extremely small strain variations (~0.05%).”” Unlike neutral excitons,
the charged LXs display nonzero and strain-tunable circular polariza-
tion even at zero magnetic field, highlighting their sensitivity to local
electric fields and spin-valley dynamics.

2. Transition metal thiophosphates

a. CIPS (Table I). Copper indium thiophosphate (CIPS) is part of
the transition metal thiophosphate family, CuIMHIPZSG (MHI =1In, Cr,
or V), recognized for its vdW layered structure (Fig. 4).” These com-
pounds typically consist of metal cations embedded in thiophosphate
anions (P,S¢)*~, with general formulas including M*[PX]*
[M>T],[P,X]*, and M'™M>T[P,S¢]*~.” Maisonneuve et al.®® deter-
mined the crystal structure of CIPS at room temperature, confirming a
monoclinic symmetry with a layered vdW configuration. Structurally,
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Cu'M!p,S, (M!! = In, Cr or V):
CCPS - CuCrP,;S¢

CIPS - CuInPZSG

29 ° Cu
b0 S
%
gdéo~In

FIG. 4. Crystal structures of CIPS and CCPS. These compounds typically consist
of metal cations embedded in thiophosphate anions (P,Ss)*~, with general formulas
including M**[PXe]*~ [MZ1,[P,Xe]*~, and M"*M>*[P,Sel*~ (M" =n, Cr, or V).
Schematics designed for this study.

it resembles compounds of the Cu'M™P,S; type, featuring a dense sul-
fur framework in an ABC stacking sequence.” Within this framework,
Cu", In*", and P-P pairs occupy octahedral voids, forming a network
of alternating CuSg, InSs, and P,Ss units (Fig. 4).°” The ability of Cu™
and In’" ions to shift vertically within these octahedra induces sponta-
neous electric dipole moments, originating from out-of-plane ferro-
electric behavior. Due to weak interlayer coupling and variations in
Cu" and P-P positions between adjacent layers, the full unit cell of
CIPS includes two stacked layers to capture its true symmetry.”’

CIPS exhibits room-temperature ferroelectricity, characterized by
spontaneous electric polarization in the absence of an external electric
field (Fig. 5).” This behavior was first confirmed by Simon et al. in
1994, using a combination of x-ray diffraction, calorimetry, and dielec-
tric measurements.” Based on their findings, the Curie temperature
(T.) of CIPS was determined to be approximately 315K (42°C).”
Below this threshold, the material exhibits ferroelectric behavior, while
above it, it transitions into a paraelectric state, losing its spontaneous
polarization. Since its discovery, several strategies have been employed
to increase the Curie temperature of CIPS. These include applying
hydrostatic pressure, which raises Tc to approximately 360K
(87°C);" " developing indium-rich compositions, achieving
Tc=330K (57°C);"” and inducing chemical phase separation, result-
ing in a T, of approximately 338 K (65°C).”’ These findings demon-
strate that the ferroelectric behavior of CIPS’s is tunable through both
compositional adjustments and external stimuli (Fig. 5).

As expected, CIPS also displays ionic conductivity, Eq. (1), due to
the movement of Cu™ ions across the layers [Fig. 5(e)].”” In crystal
CIPS, Cu" ions are not in centro-symmetric positions; instead, there is
an out-of-plane order phenomenon, which leads to spontaneous polar-
ization and the formation of ferroelectric phases (Fig. 5).” The origin
of ferroelectricity in CIPS lies in the displacement instability of Cu™*
ions. These ions shift asymmetrically within the sulfur-centered octa-
hedral voids, generating intrinsic dipole moments. This same displace-
ment mechanism is also responsible for CIPS’ Cu* ions long-range
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FIG. 5. Universal axial nanogap platform for programmable flexoelectric engineering. (a) Schematic illustration of a free-standing 2D ferroionic memristor designed for spatial confine-
ment of conductive filaments. (b) Free-standing 2D a-In,Ses/CulnP,Sg heterostructure, along with its cross-sectional transmission electron microscope TEM image and selected area
electron diffraction (SAED) mapping. Local domain mapping highlights flexoelectric behavior and strain distribution. Schematics illustrate local strain-induced flexoelectric fields: (c) in
a nanowrinkle structure and (d) in a nanogap region. Self-powered 2D ferroionic conduction via spatial flexoelectric nanomanipulation. (e) Ferroelectric, ferroionic, and paraelectric
phase transition mechanism in the o-In,Ses/CulnP,Ss heterostructure, demonstrating its potential for flexoelectric energy storage. (f) Cross-sectional TEM image and corresponding
SAED pattern of a mechanically bent In,Se; lattice, revealing nanoscale flexoelectric effects. The self-powered ferroionic conduction system is experimentally validated through: (g)
Semi-logarithmic |-V characteristics. (h) Distribution of maximum current (I,ax)- (i) Piezoresponse force microscopy (PFM) amplitude hysteresis under nanoscale mechanical bending,
indicating a reduced conduction threshold. (j) Ratio of lnaxwith strain 1O Imaxswithout strains d€monstrating strain-enhanced conductlwty Reproduced with permission from Lee et al., Nat.
Commun. 15, 5162 (2024). Copyright 2024 Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license.®
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migration, especially along the vdW gaps between layers. When the
temperature is lower than the T, copper ions undergo a jump migra-
tion in the metastable state, which is accompanied by a deformable
coupling with the thiophosphate anion, resulting in ionic conduction.”

Additionally, it is also found that the ionic conductivity of CIPS is
related to the dielectric relaxation process. Under the action of an
external electric field, the ionic response time inside the material is cor-
related with the change in the dielectric constant. The direct confirma-
tion of Cu™ conduction was performed by Zhou et al. in 2020 using
scanning electron microscopy (SEM) to analyze the composition of a
cross-sectioned CIPS capacitor under prolonged direct current stress,
and the accumulation of Cu atoms at the cathode interface was
observed.”

Unlike conventional ferroelectric materials, which typically
exhibit a double-well potential associated with two degenerate polari-
zation states, CIPS features a quadruple-well potential.””" This unique
characteristic stems from its layered vdW structure, which enables
Cu* ions to occupy four energetically favorable positions across the
layers. The relatively low energy barriers separating these sites give rise
to more intricate polarization dynamics and switching behavior.””"
These four states are categorized into two low polarization (*LP) and
two high polarization (*HP) states, distinguished by their parallel or
antiparallel orientations relative to the z-axis.””'

CIPS also shows a negative piezoelectric effect, an uncommon
phenomenon where the crystal contracts instead of expanding along
the direction of the applied electric field.”” This contrasts with most
ferroelectrics, which exhibit positive longitudinal piezoelectricity.
Similar to what has been observed in ferroelectric polymers, like
PVDEF, theoretical predictions and experimental data suggest that the
contraction in CIPS is linked to the large, field-responsive displacement
of Cu” ions and the associated reduction in lattice dimensions.””””
This behavior is thought to be a hallmark of low-dimensional
ferroelectrics.

Finally, although most ferroelectrics exhibit polarization aligned
with the direction of the applied electric field, CIPS demonstrates
anomalous ferroelectric switching. As Neumayer et al.”* reported, in
CIPS the polarization can switch against the applied field direction.”
This counterintuitive behavior is attributed to interlayer Cu™ migra-
tion across vdW gaps, suggesting a strong coupling between ionic
mobility and ferroelectric polarization. Such switching dynamics high-
lights the complex interplay between structure, charge displacement,
and ionic transport in CIPS.”"

b. CCPS (Table I). CuCrP,Sg (CCPS), a member of the transition
metal thiophosphates family, has traditionally been regarded as an
antiferroelectric material. However, recent studies suggest that it also
exhibits out-of-plane ferroelectricity. Cho et al.” proposed a procedure
to obtain highly tunable ferroelectric and antiferroelectric properties
on CCPS. They demonstrated controllable switching of spontaneous
polarization via external poling fields, concluding that the observed
local ferroelectric behavior and defect-dipole polarization depend on
the uniaxial quadruple potential well. The authors highlight, however,
the need for direct observation of polarization in nanoscale devices. Lo
et al.” reported the direct observation of polarization states in 2D
CuCrP,S¢. Using polarization-electric hysteresis tests showed moder-
ate remnant polarization of 14.97 uC cm ™ > and saturation polarization
values of 16.05 uCcm ™2’ The presence of ferroelectric domains was
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further verified via PEM. An external electric field was applied through
conductive PFM tips, effectively writing a phase contrast in CCPS
nanoflakes. Second harmonic generation (SHG) nonlinear optical pro-
cess indicated that the non-centrosymmetric nature of CCPS was
responsible for its ferroelectric characteristic. This indirect measure
was complemented by direct observation using scanning transmission
electron microscopy along with high-angle annular dark-field
(HAADF) imaging. These techniques confirmed, through direct obser-
vation, that the off-center ordering of Cu ions resulted in non-zero net
polarization below the T, while this polarization disappeared above
T.. These findings were in agreement with DFT simulations, strength-
ening the conclusions of the physical measurements. Liu et al.”” dem-
onstrated the out-of-plane ferroelectricity and hysteresis loop of 2D
CuCrP,S¢ using PEM. The origin of such behavior was revealed
through second harmonic generation (SHG), which showed the pres-
ence of a non-centrosymmetric structure due to the shift of Cu™ ions

in the sulfur octahedron.””

B. Perovskites

Perovskite oxides follow the general chemical formula ABX,
where A and B are cations of different sizes, and X is typically an
anion, such as oxygen (Fig. 6). Some of the most well-known perov-
skite oxides include barium titanate (BaTiO3) and lead zirconate tita-
nate (PZT). Lately, hybrid perovskites, which incorporate both organic
and inorganic components, have attracted significant attention. A
common feature among these materials is their ferroelectric nature,
the ability to exhibit a switchable electric polarization under an exter-
nal electric field.

1. BTO (Table I)

Barjum titanate (BaTiOs, BTO) is one of the most widely studied
ferroelectric perovskite oxides. In the crystal structure of BaTiOs3, bar-
ium (Ba*") ions occupy the corners of the unit cell, titanium (Ti*") is
located at the body center, and oxygen (O*~) atoms sit at the face cen-
ters.”® Under the application of a coercive electric field, the Ti*" ion

ABX,
YV NPV

e o

% + PBe X
ABX,
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Ti4+
X = 07"
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I

FIG. 6. Schematic structure of a perovskite ABX3;. Schematics designed for this
study.
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can shift off-center relative to the surrounding oxygen octahedra. Due
to the small ionic radius and high positive charge of the Ti*" ion, its
off-center displacement within the oxygen octahedron results in the
storage of significant potential energy, which underlies the ferroelectric
behavior of the material.”® BaTiO; exhibits a T. of approximately
400K (127°C),above which it transitions to a paraelectric phase.”®
Strontium titanate (SrTiO;, STO), another perovskite oxide, has a
much lower T, ~105K (—168°C) and is thus paraelectric at room
temperature.”” Notably, partial substitution of barium with strontium
leads to the formation of barium strontium titanate (Ba,Sr;_,TiOs,
BST).”® The ferroelectric properties of BST can be finely tuned by
adjusting the barium-to-strontium molar ratio (x), allowing for tai-
lored dielectric and ferroelectric characteristics suitable for a wide
range of applications.”” These materials are examples of solid solutions
formed between BaTiO; and SrTiOs;, and their tunability has made
them attractive for use in capacitors, actuators, and other electronic
devices.

2. PZT (Table I)

Lead zirconate titanate is a well-known class of ferroelectric per-
ovskites with the chemical formula Pb(Zr, Ti; _,)Os. It exhibits tunable
T, and piezoelectric properties, which can be adjusted by varying the
Zr/Ti ratio. The T, typically falls below 673 K (400 °C) and generally

pum 100s of nm

(a) Oyg— g

(d) (e)

(8)

u NH3C
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decreases with increasing zirconium content.’” Structurally, PZT
adopts the perovskite crystal structure, where lead (Pb*") ions occupy
the corners of the unit cell, oxygen ions are located at the face centers,
and titanium (Ti*") and zirconium (Zr*") ions reside at the center of
the unit cell.” Doping PZT with other elements (such as La and Nb) is
a common strategy to tailor its properties, including modifying the T,
enhancing piezoelectric coefficients, and optimizing other electrical
characteristics.*’

3. MAPbIs (Table I)

In hybrid halide perovskite structure, A is an organic/inorganic
cation, B is a metal cation, typically lead (Pb*>") or tin (Sn*"), and X is
a halide anion, such as iodine (I-), bromine (Br-), and chlorine (CI-).
The organic cation occupies the A-site, while the metal cation and
halide anions form an octahedral framework.”* The use of organic cati-
ons in hybrid perovskites serves several purposes. Organic cations,
such as methylammonium (CHsNH;"-MA) and formamidinium
(HC(NH,),"-FA), are relatively small and can fit within the perov-
skite lattice without disrupting its structure (Fig. 7).”” These cations
contribute to the material’s electronic properties, influencing the
bandgap and charge carrier dynamics.”” The organic component intro-
duces flexibility in tuning the material’s optoelectronic characteristics,
which is not easily achievable with purely inorganic perovskites.”’

FIG. 7. Schematics of charge separation
pathways in different junction types.
lllustrations show the one-dimensional
built-in potential profiles (top panels) and
corresponding  two-dimensional  charge
separation pathways for electrons and
holes (bottom panels) in: (a) and (d) a
conventional macroscopic p-n junction,
(b) and (e) a single-domain ferroelectric
thin film, and (c) and (f) a multidomain fer-
roelectric thin film. In the proposed multi-
domain ferroelectric ~ structure—relevant
for hybrid perovskites—electrons preferen-
tially migrate along potential minima, while
holes follow pathways along potential max-
ima, corresponding to antiphase domain
boundaries. (g) Substantial enhancement in
dipole moment—from 2.3D to 6.6D (calcu-
lated in vacuum using B3LYP/6-31G*)—is
observed with increasing levels of methyl-
fluorination. Reproduced with permission
from Frost et al, Nano Lett. 14, 2584
— 2590 (2014). Copyright 2014 Author(s),
licensed under a Creative Commons
Attribution (CC BY 4.0) license.”’
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Hybrid halide perovskites are primarily used in optoelectronic
applications, such as solar cells, light-emitting diodes (LEDs), photode-
tectors, and lasers.”” Their popularity in these applications stems from
their favorable optoelectronic properties, including high absorption,
high charge carrier mobility (25cm®V's™!),*” and tunable bandg-
aps.”” These characteristics make them highly efficient at converting
light into electrical energy or vice versa. For example, in solar cells,
hybrid perovskites can achieve high power conversion efficiencies due
to their ability to absorb a broad range of sunlight and efficiently trans-
port charge carriers.”* Similarly, in LEDs, their tunable bandgap allows
for light emission across a wide range of wavelengths, making them
suitable for displays and lighting,”

Sample position 1

REVIEW pubs.aip.org/aip/are

In perovskite solar cells, hysteresis is a commonly observed
phenomenon, where the electrical output depends on the direction
of the voltage scan and the device’s measurement history. This
results in discrepancies in the current-voltage (I-V) characteris-
tics, complicating accurate performance evaluation. This variability
makes it difficult to compare results across studies or assess the
true potential of perovskite solar cells for practical applications.*®
This hysteresis has been attributed to various phenomena, includ-
ing trapping/detrapping of charges, ferroelectric effects, unbal-
anced charge transport, and ionic migration.”” * While no
definitive explanation has been universally accepted, ongoing
research continues to explore these mechanisms in detail. In this

Sample position 2
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FIG. 8. (a) Lateral piezoresponse force microscopy (LPFM) amplitude images of a MAPbI; thin film before (left) and after (right) poling. Following poling at E=+4.5V
um~" for 11 min, notable changes in domain size and morphology are observed. (b) Second scanned region exhibits similar domain evolution after poling. (c) Schematic
top view of the AFM cantilever orientation during scanning, indicating LPFM sensitivity directions relative to the sample’s piezoresponse. (d) and (e) Enlarged views of
the white-framed regions in (a) and (b), highlighting domain widening and narrowing induced by poling. Gray and white arrows mark the deduced polarization directions,
based on the correlation between LPFM amplitude, cantilever sensitivity, and the applied electric field direction. Arrow lengths correspond to the projected width of each
domain along its polarization direction. (f) Diagram illustrating the interaction between the sample’s polarization direction and the torsional response of the cantilever
(black arrows), which underpins the LPFM signal. (g) Current-electric field (I-E) sweep of a representative MAPbl; thin film, measured between two laterally aligned Au
electrodes forming a 5 um-wide and 10 mm-long channel, displays Schottky-diode-like behavior. At an onset field of =1.6V um™~", the conductivity increases. When the
sweep direction is reversed, the film sustains its enhanced conductivity. (h) During DC poling at +2V um~" for 10min, the conductivity initially rises before gradually
diminishing to a steady-state current of approximately 120 nA. (i) Following DC poling, the I-E sweeps demonstrate a reduced onset field (Eqy = +0.5V um~"), and the
device effectively blocks charge carriers under reverse bias conditions. (j) Applying a subsequent negative DC poling bias of —2V um~" results in the sample current ris-
ing from —1 to —110nA within the first 6 min. (k) I-E sweep characteristics are inverted compared with those obtained under forward poling. The schematics beneath
each |-E curve illustrate the proposed formation of a net built-in field within the perovskite grains after poling. (I) lllustration of the proposed mechanisms governing the
electronic behavior of MAPbI; thin films: the schematic depicts the interplay between ferroelectric polarization within perovskite grains, ionic and electronic screening
charges, grain boundary effects, and metal-semiconductor interfaces, all contributing to the complex electronic response of MAPblI; thin films. Perovskite grains can form
Schottky contacts with gold electrodes (highlighted in red), resulting in diode-like behavior during |-V measurements. Following poling, the remnant lateral ferroelectric
polarization of individual grains induces the accumulation of screening charges at grain boundaries and establishes a net macroscopic polarization along the poling direc-
tion. Reproduced with permission from Rohm et al., Adv. Funct. Mater. 30, 1908657 (2020). Copyright 2020 Author(s), licensed under a Creative Commons Attribution
(CC BY 4.0) license."”’
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discussion, an overview of the studied phenomena will be provided,
examining how some of these effects, often seen as challenges in
solar cells, could be leveraged for use in ferroionic devices such as
memristors, transistors, and sensors. In these applications, hystere-
sis is often a desirable feature, enabling memory effects, switching
behavior, and signal modulation.”’ This effect coupled with their
optoelectronic properties makes them ideal for sensors and neuro-
morphic devices, which combine both photonic and electric
inputs.”

The spontaneous polarization of perovskites was first proposed as
an explanation for the hysteresis observed in the MAPDI; system,
based on polarization-electric field (P-E) measurements’”* and
PFM.”"* These techniques supported the interpretation of hysteresis
using a ferroelectric diode model.”” However, subsequent studies’"”°
revealed that the polarization loop was strongly frequency-dependent
and diminished rapidly at room temperature, which is inconsistent
with the presence of a bulk ferroelectric phase.

Two primary effects can contribute to electric polarization in
hybrid perovskites (Fig. 7). The first, common to all perovskite struc-
tures, involves the displacement of lattice sites to non-
centrosymmetric positions. For instance, the shift of the B cation from
the center of the BXy octahedron creates a charge asymmetry, leading
to spontaneous polarization, which alone can result in a weakly polar-
ized lattice.”’ Theoretical simulations suggest that the size of the A-site
cation, which is larger in organic molecules, can enhance this effect.
Specifically, the calculated lattice polarization for MAPbI; is approxi-
mately 8 uC cm 2, while for FAPDI;, it is 63 uC cm 2, due to the larger
size of the formamidinium molecule.”’ Other studies have focused on
the displacement of iodide atoms caused by the polar nature of MA™,

REVIEW pubs.aip.org/aip/are

suggesting that a ferroelectric phase could be possible at room
temperature.42

The second effect arises from the permanent dipole nature of the
A-site cation. Methylammonium has a molecular dipole moment of
2.29 Debye,”" which can be oriented by an internal or external electric
field [Figs. 7(a) and 7(f)]. The former effect is significantly stronger
and would account for most of the ferroelectric behavior if spontane-
ous dipole ordering occurs.”' However, a high degree of dynamic dis-
order in the A-site cations and the absence of a polar space group
structure at room temperature were observed by neutron diffraction
and time-resolved SHG measurements.”””*

Despite these findings, several studies have demonstrated the pos-
sibility of inducing remnant polarization and switching in hybrid per-
ovskites.””'” Rohm et al'”" applied a small DC voltage across a
MAPbI; perovskite for several minutes (a process known as “poling”)
and observed nanoscale ferroelectric domains and macroscopic rem-
nant polarization [Figs. 8(a) and 8(f)], which modulated the non-
linear I-V curves. It was noted that the applied poling fields (E=2V
pm~ ') were comparable in magnitude to those generated during nor-
mal operation under light absorption, suggesting that some level of
self-induced poling might occur during standard operation and con-
tribute to the observed I-V hysteresis [Figs. 8(g) and 8(k)].""" The
authors also emphasized the importance of aligning the poling field
with the direction of perovskite grains [Fig. 8(1)],""" a factor overlooked
in earlier studies,” which often resulted in no remnant field or even
the destruction of domains. Complementing this, Saraf et al.'”” used
conductive atomic force microscopy (c-AFM) to demonstrate the pres-
ence of intrinsic spontaneous polarization, along which the photocur-
rent is notably enhanced. This enhancement increased further with
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electrical poling and disappeared following a temperature-induced
phase transition from the tetragonal to the cubic phase. These observa-
tions support the conclusion that ferroelectric behavior is responsible
for the increased photocurrent (Figs. 6 and 7).

Studies on multi-cationic halide perovskites, employing
techniques such as contact Kelvin probe force microscopy (cKPEM),
band excitation PFM, and dynamic-strain-based scanning probe
microscopy, have provided strong evidence for photo-enhanced polar-
ization and the presence of ferroelectric domains. These effects are
often obscured by fast ionic migration, leading to many studies failing
to detect such effects. Still, ferroelectricity has been associated with
beneficial secondary effects such as more efficient charge transport
along domain walls, through the so-called “ferroelectric highways”
[Figs. 7(a) and 7(1)],”" and improving open circuit voltage.'”

The elusive nature of ferroelectricity in hybrid perovskites has led
many researchers to explore alternative explanations for I-V

103,104

REVIEW pubs.aip.org/aip/are

hysteresis. Numerous studies have pointed to ionic migration and
accumulation at the electrodes as primary contributors.'**"'%

Among the migrating species, halide ions are the most mobile
due to their low activation energies, which range from 0.08 < E,
(eV) <0.68 depending on the perovskite composition and migration
pathway.''" Experimental studies on methylammonium lead iodide
MAPbBI; (CH3;NH;PbI;) report activation energies of 0.14< E,
(eV) <0.30 for I- migration (Table II), while theoretical calculations
suggest slightly higher values around 0.5 eV, with migration occurring
primarily through vacancy-mediated mechanisms along the edges of
Pbl octahedra. In mixed-halide systems, bromide (Br-) and chloride
(Cl-) are less mobile, due to stronger lattice confinement and hydrogen
bonding,'”” Organic cations, such as MA™ and formamidinium cation
FA" (FAPDI;), also migrate but with higher activation energies com-
pared to halides. MA™ exhibits activation energies 0.36 < E,
(eV) < 1.24 (Table 1I), while FA™ is generally considered to be more

TABLE II. Summary of hybrid organic inorganic perovskites identifying the mobile species and activation energies of these perovskites obtained via DFT simulations or

experimentally.

Characterization method Material and condition =~ Mobile species Activation energy [eV] Ref.
I 0.58
DFT simulation MAPbI, Pb** 231 119
MA™ 0.84
I 0.08
MAPbI; Pb*" 0.80
DFT simulation MA* 0.46 109
Br— 0.09
MAPDbBr; MA™* 0.56
I 0.32(0.44)
o MAPbl, MA* 0.57(0.89)
DFT simulation I 0.48(0.55) 120
FAPb, FA* 0.59(0.61)
I 0.34
MAPDI3 MA™* 0.74
DFT simulation Br- 0.33 107
MAPDBr,I;_, I 0.46-0.52
MA™ 0.80
DFT simulation MAPDI; HY 0.29 121
MAPDI, MA* 0.58
Temperature dependent transient test (impedance) MAFA,_Pbl; MA"/FA* 0.63 122
FAPbI, FA™ 0.22
Temperature dependent transient test (PL) MAPDBr,I5_, I"/Br~ (attributed) 0.27 113
Temperature dependent transient test (PL) MAPbDI; I 0.14 123
Temperature dependent transient test (PL) MAPDI; 1™ (attributed) 0.19 124
Temperature dependent transient test (conductivity) MAPDI; MA™ (attributed) 0.36 125
Temperature dependent transient test (current) MAPDI; Bulk 0.4 126
MAPbI, MA™/T™ (attributed) ~ 0.15-0.82 (light dependent)
Temperature dependent transient test (current) MAPbI, H* (attributed) 0.06-0.13 127
MAPbI, Bulk 0.26
Temperature dependent transient test (current) MAPbI; film Bulk 0.08 (light) 128
MAPDI; plate Bulk 0.21 (light)
Temperature dependent transient test (current) MAPbDI; Bulk 0.43 129
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TABLE II. (Continued.)
Characterization method Material and condition =~ Mobile species Activation energy [eV] Ref.
Temperature dependent transient test (current) MAPDCLI;_ 1™ (attributed) 0.23-0.31 130
Bulk 0.314 (1 sun)
Temperature dependent transient test (current) MAPbI; Bulk 0.341 (0.1-0.2 sun) 131
MAPDBr; Bulk 0.168 (1 sun)
Bulk 0.5 (dark)
MAPDI; large grain Bulk 0.14 (light)
Bulk 0.27 (dark)
Temperature dependent transient test (current) MAPbI; small grain Bulk 0.08 (light) 132
Bulk 1.05 (dark)
MAPbI; single crystal Bulk 0.47 (light)
Temperature dependent transient test (voltage) MAPbDI; Bulk 0.68 119
Temperature dependent transient test (voltage) MAPbDI; Bulk 0.58 133

stable due to its larger size. Both are influenced by illumination, mois-
ture and temperature.' ' In contrast, B-site cations like Pb*" are effec-
tively immobile under normal operating conditions, with activation
energies as high as 2.31 eV, making their contribution to ion migration
negligible unless the material undergoes severe degradation or under
iodide rich synthesis conditions.''” Mixed-halide perovskites, such as
MAPbBr,J;_,, exhibit modified migration barriers due to lattice strain
and altered defect chemistry. With the addition of Br-, the activation
energy for I- migration increases from 0.34 to 0.46¢eV.'"” Similarly,
mixed-cation systems (e.g, FA"/MA"/Cs") show suppressed ion
migration, as different-sized cations distort the lattice and raise energy
barriers (Fig. 9).""'

Extrinsic ions, introduced from external layers or environmental
exposure, complicate the migration dynamics. Although difficult to
directly measure, protons (H"), originating from moisture or residual
solvents, are highly mobile, with activation energies as low as 0.29 eV,
contributing to device degradation through transient hydrogen
bonding (Fig. 9).""* Alkali metal ions, such as Li* from doped hole-
transport layers, can migrate into the perovskite lattice, altering its elec-
tronic properties (Fig. 9).""” Metal electrode ions, including Ag" and
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FIG. 9. Diffusion behavior and migration pathways of ions in perovskite solar cells.
HTL: hole transport layer; ETL: electron transport layer. Reproduced with permis-
sion from Yan et al., Nano Today 44, 101503 (2022). Copyright 2022 Elsevier.""’

Au™, diffuse under bias, forming halide salts (e.g., Agl) and accelerat-
ing interfacial degradation (Fig. 9)."'“""” In more extreme situations,
the migration of iodide vacancies in Agl has been shown to form con-
ductive filaments, which can be used for resistive switching devices.'*
Overall, the hierarchy of ion mobility in perovskites follows the trend
I- > Br- > Cl- for anions and MA" > FA" > Cs™ for cations, with
extrinsic species like H™ and Li* exhibiting high mobility under cer-
tain conditions (Fig. 9). Finally, it is worth noting that the potential
barrier for ion migration in these perovskites is asymmetric, indicating
the presence of dipoles, possibly resulting from the ferroelectric nature
of these structures.'"”

The mixed ionic-electronic conductivity of perovskites enables
directional ion migration under an applied electric field. Charged
defects such as iodide vacancies (V;") and interstitial halides (I;")
migrate toward oppositely charged electrodes, forming interfacial accu-
mulation and space-charge regions.''' This phenomenon has been
directly observed via photothermal-induced resonance (PTIR) micros-
copy and TOF-SIMS, revealing segregation of MA™ and halide ions
near the respective electrodes."' Xiao et al. investigated ion accumula-
tion in both lateral and vertical configurations, confirming that electri-
cal poling induces significant ion migration.'” Further evidence
comes from Shao et al., who combined AFM with macroscopic electri-
cal measurements to demonstrate that poling redistributes ions along
grain boundaries, contributing to strong hysteresis effects that could be
exploited in photoelectric memory devices."”> AFM-IR spectroscopy
has provided high-resolution imaging of MA™ electromigration, with
increasing absorption intensity near the cathode under prolonged pol-
ing, confirming long-range MA™ drift (Fig. 10)."”° Lan et al.”’ using
KPFM revealed that perovskite polarization led to faster response
times (reduced from 25 to 13 ms) and a tenfold increase in photocur-
rent in forward-poled MAPbBr; photodetectors.

Studies have demonstrated that illumination reduces the E, for
ion migration [Eq. (1)], for instance, E, for I- migration drops from
~0.58¢eV in the dark to ~022eV under light. This photo-
acceleration is attributed to excess charge carriers that weaken
ionic bonds and facilitate defect-mediated hopping.''’ Similar
electronic-ionic processes explain the photo-demixing of mixed-halide
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FIG. 10. (a) Schematic representation of the photothermal-induced resonance (PTIR) measurement setup. (b) Representative absorption spectrum recorded at the center of
the device. (c), (e), and (g) AFM topography maps (80 x 80 um?) of the MAPbI, film over the same sample area: (c) before poling, (e) after 100's, and (g) after 200s of electri-
cal poling. The applied poling field was 1.6V um~". (d), (f), and (h) Corresponding PTIR maps showing the absorption of the CH; asymmetric deformation mode of the methyl-
ammonium (MA™) ion at 1468 cm ™", captured (d) before, () after 100 s, and (h) after 200 s of poling. (i) Line-averaged PTIR intensity profiles (based on 256 vertical lines)
from the perovskite region before and after poling, highlighting the redistribution of MA™ ions. Error bars indicate uncertainties in the background level across different scans.
All scale bars represent 20 um. Reproduced with permission from Yuan et al., Adv. Energy Mater. 5, 1500615 (2015), Copyright 2015 Wiley. *®

perovskites, where illumination reversibly forms iodide-rich and
bromide-rich domains.'”’

Tsai et al. observed an expanded lattice structure with illumination
in mixed cation perovskite films,'”® while Shao et al. revealed
morphology-dependent effects, showing that noncompact perovskite
films exhibit severe light soaking compared to compact counterparts.'””
The light soaking phenomenon was further explained by Zhao et al."*’
as resulting from defect reduction at interfaces through ion migration,
thereby improving the heterojunction.'*’ DeQuilettes et al.'** reported
photo-induced halide redistribution in the vertical direction using TOF-
SIMS measurements.'”* Tt was observed that there was a decrease in
iodide levels after light soaking and proposed a gradient trap-filling
mechanism, where an induced electric field drives ion migration to fill
vacancies."”* Such light-induced ionic conductivity can be orders of
magnitude higher than in the dark conditions, following consistent
trends across different A-site cations.'*' Notably, these measured values
represent apparent conductivity that may be influenced by concurrent

electronic processes during polarization measurements (Fig. 11). These
effects significantly impact device optoelectronics and degradation path-
ways while simultaneously enabling novel control of ionic behavior
through optoelectronic stimuli."**

4. 2D OIHPs

Two-dimensional OIHPs are layered halide frameworks
described by the general formulation (A"),, (A),—; ByX3p11, where A’
is a bulky spacer cation, A is a small A-site cation, B is a metal such as
Pb and Sn, and X is a halide'** (Fig. 12). They arise when bulky spacer
cations insert between slabs of corner-sharing BX, octahedra, replacing
the interfacial A sites. The result is a stack of quantum-well-like inor-
ganic layers, separated by insulating spacer layers. In the Ruddlesden-
Popper formulation, n = 2 and ¢ = 0 (no X vacancies). For n = 1 the
material is a pure 2D perovskite with a single octahedral layer between
spacer sheets. For 1 < n < 4 the structure contains multiple stacked
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FIG. 11. Initial dark and relaxed closed-loop KPFM analysis of CsFAMAPDbBTl. (a) Topography channel plotting surface height. (b) KPFM image prior to light pulse plotting Vpg.
(c) KPFM image seconds after the light pulse plotting V. (d) 3D topography overlaid with the calculated AV,q map. () Histograms of before and after V¢, maps, separated
into grain and GB responses. The double arrows indicate the difference between the mean values of the distributions. (f) Connection diagrams for Kelvin probe force micros-
copy (KPFM). Measurements: schematics of the setup for conventional and pump-probe KPFM measurements. In both configurations, an electrically driven AFM probe is
employed to probe the electrostatic response of the perovskite material under illumination. Reproduced with permission from Toth et al., ACS Appl. Mater. Interfaces 12(42),
4805748066 (2020). Copyright 2020 Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license.**

octahedral layers and is often termed quasi-2D or 2D/3D. Compared
with fully 3D perovskites, these layered phases were introduced to
boost device stability against moisture, heat, and ion migration.“/l
Their reduced symmetry and inherent layering can also induce signifi-
cant ferroelectricity, which, when coupled with their high

photosensitivity, results in anomalous photovoltaic behavior and
switchable functionalities." "’

Ferroelectricity in 2D hybrid perovskites arises primarily from
the dipolar character of the bulky spacer cation together with its sub-
stantial rotational freedom'**'*” (Fig. 12). This freedom creates pairs
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FIG. 12. (a)—(c) Types of ferroelectric mechanisms: (a) order—disorder; (b) displacive; and (c) mixed order—disorder and displacive. (d)-(g) Example of on-plane ferroelectricity:
paraelectric—ferroelectric transition driven by the concerted motions of BA™ organic cations and the inorganic anion cage in 2D hybrid perovskites (d) (BA),(MA)PbBr; ferro-
electric phase viewed along the b-axis. (e) Corresponding PbBrg framework with MA™ at the ferroelectric phase. (f) (BA),(MA)Pb,Br; at the paraelectric phase. (g)
Corresponding PbBrg octahedra with MA™ at the paraelectric phase. (h)—(i) Example of out-of-plane ferroelectricity: (h) Asymmetrical crystal structure of (AMP)Pbl, crystal
[AMP = 4-(aminomethyl)piperidinium] at the ferroelectric phase. The out-of-plane spontaneous polarization is along the a-axis; (i) Symmetry crystal structure of (AMP)Pbl, at
the paraelectric phase. The yellow arrows indicate the direction of spontaneous electric polarization. Reproduced with permission from Leng et al., Trends Chem. 3, 716

(2021). Copyright 2021 Elsevier.'**

of energetically stable, off-center positions for the cations. Above the
Curie temperature, the molecules rotate freely and, on average, occupy
centrosymmetric sites with the mirror plane along the a-axis
[Fig. 12(f)]. In this state, the dipolar fields cancel, so no net polarization
appears. Below the Curie temperature, rotational motion is quenched,
and the cations lock into one of the stable positions. Spontaneous
in-plane polarization (P lies in the same plane as the layers) emerges
when the dipolar molecules align uniformly along a single c-axis direc-
tion [Fig. 12(d)].”° Out-of-plane polarization can occur when the
A’-cation’s rotational axis lies in the b-c plane and the molecular
dipole moment points perpendicular to the layered framework
[Figs. 12(h) and 12(3)].

The dependence of polarization on the A" spacer molecule ena-
bles tunability by altering the molecular composition. A common
strategy to enhance polarization strength is fluorine substitution on the
benzene ring of the widely used benzylammonium (BA) molecule.
Zhang et al."”' reported that the BA-based perfluorinated derivative
(PFBA),PbBr, (PFBA = perfluorobenzylammonium) exhibits sub-
stantially stronger second-harmonic generation, larger spontaneous
polarization, and a higher Curie temperature than any other fluori-
nated variant. Zhang et al.">” further showed that replacing trimethy-
lammonium (TMA) in (EATMA)PbBr, with the larger, heavier
trimethylphosphanium (TMP) raises the rotational energy barrier suf-
ficiently to enable a ferroelectric phase below 534K. Park et al.'”
introduced a lead-free alternative with a spontaneous polarization of
10 uCcm 2, exceeding typical values for lead-based counterparts.'”

Recently, Hu et al.'” have demonstrated ferroelectricity in both bulk
quasi-2D hybrid perovskites and their derived monolayers, with devi-
ces showing switchable polarization alongside photoelectric functional-
ity, a behavior uncommon in conventional ferroelectrics, which
typically lose ferroelectricity at ultrathin or monolayer thickness. The
latter properties point to a promising pathway for ultrathin, efficient
photonic and ferroelectric devices.

C. Az»,M,OCl, where A =Li*, Na*, or K*, and M = Mg?*,
Ca?*, sr**, or Ba?™*

A novel family of materials has emerged in the field of battery
technology, defined by the general formula A;,M,OCl, where
A:Li+, Na+, or K+, and M=Mg2+, Ca“, Sr2+, Ba2t 6:6364,156-161
These electrolytes have attracted considerable interest due to their
unique self-charging behavior, which is attributed to their intrinsic fer-
roelectric/ferroionic properties (Fig. 13).°

The first report on this class of materials was published in 2015
by Braga et al.,'"” who synthesized these glassy and semi-amorphous
compounds via water-mediated wet synthesis. * The crystalline ver-
sion of these electrolytes is the lithium-rich antiperovskite Li;OCI,"*
with a “reversed” perovskite structure A = 0> ,B=Cl,and X=Li".
Doping with Ba®* had the objective of creating vacancies (one for each
Ba®t ion), resulting in increased lithium ion conduction as the activa-
tion energy for creating vacancies is avoided.'®” The study reported an
ionic conductivity approximately 25 mScm ™' at room temperature for
the Li, 99Bag 0osOCL ' a significant increase when compared to the
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FIG. 13. (a) Equivalent circuit simulating the Zn/Nay g9Bag 0osCIO/Cu self-charging battery cell. (b) Zn/Nay g9Bag 00sClIO/Cu battery cell discharge with an external resistor of
1000 Q showing self-charge (red) and matching simulations (blue). (c) Simulated phase portrait of (b). (d) Vortices in the electron localization function (ELF) are analyzed
through DFT simulations of (Na3ClO),; slices along the [001] cube surface. (e) 3D adaptation from (d) representing the FETI. (f) TGA platinum sample holder and crucible con-
taining Na"—ferroelectric electrolyte topologic insulator FETI. (g) Mechanical model of self-oscillating Na ggBag 0gsCIO via surface polarization. (h) (NasClO),; 3D nanoparticle
with surface localized edge electrons (in light blue), which generate electric fields and drive sample oscillations. (i) Schematics for the mechanical surface waves in the FETI; (j)
Self-excited mechanical surface waves at the glass transition. (k) “Shapiro” steps on a Ferroionic electrolyte. () Poincaré map showing coherent piezoelectric states under
Floquet dynamics. (m) Detailed view of the beat patterns from (j). Reproduced with permission from M. H. Braga, Chem. Commun. 60, 5395-5398 (2024). Copyright 2024

Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license.”
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highest reported value of conductivity for Li;OCl to 1 mScm ™" at
room temperature.'“ Since the first synthesis,”’2 based on simula-
tions,'** the ferroionic-electrolyte has been implemented in different
all-solid-state devices.

Anode-less cells incorporating Li; 99Bag 00sOCl as the solid-state
electrolyte, LFP as the cathode, and no anode have been reported by
Baptista et al.'®' During charging, Li metal was nucleated directly onto
the current collector (CC) surface. These batteries were tested at differ-
ent temperatures, with nucleation layers added to reduce the overpo-
tential associated with Li nucleation on the Cu CC.'®! Recently, the
same research group have demonstrated cells connected in series,
advancing this technology toward real-world applications, where bat-
teries typically consist of multiple cells associated in series.'””

The ferroelectric nature of these electrolytes arises from the dis-
placement of alkali metal ions (Li*, Na', K") within the solid
matrix.””’ This mechanism is analogous to the ferroelectricity
observed in CIPS, which originates from Cu™ ion displacement along
the van der Waals layers.” Like CIPS, this family of electrolytes com-
bines ionic conductivity with ferroelectricity at room temperature, tra-
ditional ferroionic behavior.” When incorporated in battery
architectures, this family of electrolytes has showcased self-charging
behavior.”>**'"* "> The self-charging effect arises from an electronic
feedback current that flows in the opposite direction to the discharging
current through the surface.”>** When this feedback current exceeds
the discharge current, the cell undergoes self-charging.” This phenom-
enon is made possible by the ferroionic behavior of the material and
topologic metallic behavior, like in polar metals. Notably, the feedback
current does not screen the bulk charge stored on the solid electrolyte,
as noticed herein for TMDs, CIPS, and OIHPS (Fig. 1, Table I); other-
wise, the battery cells with these electrolytes would short-circuit.
Rather travels along its surface, suggesting the appearance of exotic
surface states.”’ These surface phenomena are consistent with the
characteristics of ferroelectric topological insulators (FETT).'*

I1l. SENSING AND APPLICATIONS

Ferroionic materials provide a versatile platform for multifunc-
tional devices, where the coexistence of ferroelectric polarization and
ionic dynamics enables rich cross-coupled responses to diverse exter-
nal stimuli. Beyond their promising role in optoelectronic sensing,
these materials have demonstrated remarkable performance in electri-
cally driven memristors, ferroelectric field-effect transistors, and tunnel
junctions, as well as in mechanical, thermal, and magnetic sens-
ing."”'°"' Such broad functionality arises from the strong coupling
between electronic, ionic, and lattice degrees of freedom, which allows
precise modulation of charge transport, optical transmission, and
polarization states. Representative ferroionic systems, including perov-
skites (e.g., BTO, PZT, Bi;_,SmFeO;, MAPbI;, and MAPbXj;), chal-
cogenides (e.g., CIPS, o-In,Se;, MoS,, WSe,, and WS;,), and solid
electrolytes (e.g., A 99Bag0sOCl, A =Li, Na, and K), have been engi-
neered to exploit these coupled responses across optical, electrical,
mechanical, thermal, and magnetic domains. This section reviews
recent advances in these directions, highlighting how ferroionic mate-
rials enable adaptive, energy-efficient, and multifunctional sensing
architectures for next-generation of integrated technologies.

REVIEW pubs.aip.org/aip/are

A. Optical

The integration of ferroelectric and ferroionic materials into opti-
cal devices introduces novel functionalities that extend beyond tradi-
tional performance limits in detection, signal modulation, and data
storage technologies.'”’ The inherent coupling between electric polari-
zation and mobile ionic species in ferroionic materials enables
dynamic control of optical properties in response to external stimuli,
making them attractive for next-generation optoelectronic systems.'*’

While conventional three-dimensional magnetic thin films have
historically been used in tunable optical components, recent advances
highlight the superior potential of 2D ferroionic materials.'”"'”* These
materials offer enhanced tunability, reduced footprints, and seamless
compatibility with silicon-based photonic platforms.'® This subsec-
tion explores key device functionalities enabled by ferroionic effects,
organized into the following subcategories: photodetectors, electro-
optic modulators, and nonlinear optical phenomena (Fig. 14).

1. Photodetectors

The interplay between ferroelectric polarization and ionic con-
duction in ferroionic materials enhances the tunability and sensitivity
in photodetectors, as changes in polarization can dynamically modu-
late interfacial barriers and light-matter interactions. Such characteris-
tics are particularly valuable for designing multifunctional
photodetectors that integrate memory and sensing capabilities within a
single device.'””

a. CCPS (Table I). Dushaq et al'® demonstrated ionotronic
modulation in a silicon photonic platform by incorporating multi-
layer CuCrP,Ss (CCPS), a ferroionic two-dimensional material, into
microring resonators (Fig. 15). Although the primary focus was on
electro-optic tuning, the ferroionic mechanisms underlying the
optical modulation have direct implications for photodetector
development; specifically, electric-field-driven ionic migration and
polarization-dependent changes in refractive index. These processes
can be harnessed to design bias-tunable photodetectors where light
exposure dynamically alters local ionic configurations, leading to
shifts in optical or electronic response. Such hybrid platforms hold

FIG. 14. Optical sensor Au/CCPS/Au (schematics designed for this study).
Symmetric planar device cell.
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Attribution (CC BY 4.0) license.'®”

promise for multifunctional photonic components capable of both
light detection and signal modulation.'®”

b. BTO (Table I). Tenreiro et al.”’ investigated a ferroionic mem-
ristive device composed of a Lag;Sry;MnOs5/BaTiO3/In,05:5n0,
(90:10) heterostructure, where a 3 nm-thick BaTiO; ferroelectric bar-
rier plays a central role. The device exhibits a nonvolatile resistive
switching behavior driven by modulation of the Schottky barrier at the
Lay 7Sry 3MnOs5/BaTiO; interface. Importantly, under ultraviolet illu-
mination (3.3 eV), the device shows a photovoltaic response that varies
with the resistive state. The open circuit voltage (OCV) scales linearly
with the resistance, allowing for optical readout of the memristive state.
This capability enables resistive state sensing at light intensities as low
as 20 mW cm 2 and temperatures down to 100 K (—173 °C), showcas-
ing the potential for optoelectronic memory-sensor integration.”

¢. MAPbI; (Table I). Liu et al."” explored the tunability of photo-
detection in halide perovskite single crystals. Electrical poling induces
ionic migration and interfacial polarization, which can significantly
modulate the Schottky barrier height at the metal, semiconductor junc-
tion. This, in turn, enables dynamic control of the photocurrent and
photodetectivity. The findings highlight the intrinsic ferroionic behav-
ior of these materials and their potential for reconfigurable and self-
powered photodetector applications. Such tunable responses open new
pathways for developing adaptive optoelectronic systems with inte-
grated memory and sensing functionalities.

2. Electro-optical modulators

Electro-optic modulators (EOMs) represent a natural and com-
pelling application area for ferroionic materials. Unlike conventional
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modulators that rely on carrier injection or thermo-optic effects, fer-
roionic systems exploit both ferroelectric polarization and mobile ionic
species to achieve low-voltage, nonvolatile, and often polarization-
sensitive modulation. These effects enable enhanced phase shifting,
resonance tuning, and refractive index control, key functions in pho-
tonic circuits.

a. CCPS (Table I). Dushaq et al.'” reported electric-field-induced
refractive index tuning in hybrid silicon photonics using CCPS.
Integrated into microring resonators, CCPS enabled reversible and
efficient modulation while maintaining low optical losses. This plat-
form achieved compact, energy-efficient modulation with potential for
polarization-sensitive designs. In a detailed experimental study,
Dushaq et al.'® integrated CCPS into silicon microring resonators
(Fig. 15), achieving electro-optic modulation through Cu" ion dis-
placement. The system showed a refractive index change of
~2.8 x 10> RIU with high modulation efficiency (0.25V-cm) and
polarization-sensitive behavior between transverse electric (TE) and
transverse magnetic I modes.”” These attributes surpass traditional
transition metal dichalcogenide (TMD)-based modulators and point
toward energy-efficient and compact solutions for integrated optics.
Recently, Dushaq et al. have achieved non-reciprocal electro-optic
modulation in CCPS-based resonators at short-wave infrared (SWIR)
wavelengths. By leveraging ferroionic asymmetry, the device exhibited
unidirectional light propagation without magnetic bias, a key mile-
stone toward reconfigurable and nonvolatile photonic circuits. While
challenges such as switching speed and ion drift remain, the latter
work demonstrates the feasibility of using ferroionic materials for mul-
tifunctional and directional light control.

b. BTO (Table I). Cook et al.'’* demonstrated the synthesis of
single-domain ferroelectric BaTiO3 nanoparticles stabilized by internal
strain and incorporated them into liquid crystal systems. Their strong
internal dipole fields led to significant enhancements in electro-optic
behavior, including reduced Fréedericksz transition voltages and
improved optical gain in photorefractive two-beam coupling. These
findings highlight how ferroionic nanoparticles can serve as effective
functional dopants for modulating light propagation in composite
media. Kelley et al.'”” investigated how the piezoelectric coefficient in
BaTiO; thin films varies with thickness and strain. Their findings
revealed a strong suppression of the converse piezoelectric coefficient,
ds3, in ultrathin films, attributed to depolarization field screening. This
insight is critical for electro-optic modulators relying on strain-
mediated optical control, as it emphasizes the need for careful engi-
neering of film thickness and interface conditions to maintain effective
modulation performance.'””

¢. MaPbX; (Table I). Vasiljevic et al."”® showed that organometal-
lic perovskites (MAPbX3) can display light-enhanced piezoelectric-like
responses under electric field and UV illumination, driven by ionic
redistribution. This coupling between light and ionic dynamics allows
for direct optical control over polarization, opening the door for all-
optical modulation strategies where light modulates piezoelectric
response through ferroionic effects.'”

d. KTiOPO,. Among other interesting material systems is the
work by Lindgren et al.,'””” which explores elasticity modulation in the

REVIEW pubs.aip.org/aip/are

ferroelectric superionic conductor KTiOPO, (KTP), where polariza-
tion reversal is coupled with K ion migration. This ionic movement
led to softening of the lattice and surface charge redistribution, accen-
tuating how ionic transport modulates electromechanical properties.
These effects, in turn, influence optical parameters such as birefrin-
gence, suggesting the utility of KTP and similar materials for dynamic
optical tuning.

e. Bi;_Sm.FeOs; Additionally, Morozovska et al'’® explored
reentrant polar phases in Bi; ,Sm,FeO; nanoparticles. Though
focused on phase transitions, the study’s emphasis on ferroionic cou-
pling and external tunability reinforces the concept of field-
controllable optical behavior, essential for adaptive EOMs.'”®

3. Nonlinear optics

Nonlinear optics (NLO) provides a powerful lens to investigate
the dynamic responses and symmetry-breaking behaviors of ferroionic
materials. These systems, distinguished by their coupled ionic and fer-
roelectric characteristics, offer rich opportunities for manipulating
nonlinear susceptibilities [X(z) and X(3)] through electric fields, strain,
doping, or ion migration."”” Compared to conventional ferroelectrics
or electro-optic crystals, ferroionic materials uniquely combine sponta-
neous polarization with ionic mobility, enabling field-reconfigurable
nonlinearities, optical bistability, and enhanced harmonic generation.

a. WS, (Table I). Chen et al.'* investigated WS, matter coupling
(nanofiber hybrids exhibiting strong light). While their study focused
on tunable photoluminescence under linear regimes, the confined
geometry and intensity-dependent optical response suggest potential
for nonlinear processes such as third-harmonic generation (THG) and
exciton-enhanced susceptibility. When integrated with ferroionic sub-
strates such as CCPS for field-tunable ferroelectrics, such hybrid sys-
tems could realize electric-field-controlled nonlinearities, paving the
way for ultrafast optical switches, frequency converters, or dynamically
reconfigurable nonlinear metasurfaces."*’

b. WSe, (Table I). Li et al.'®" demonstrated how complex exci-
tonic species, including trions, biexcitons, and dark excitons in mono-
layer WSe,, can be selectively manipulated via surface plasmon
polaritons (SPPs). Through tailored exciton-photon coupling, they
achieved control over nonlinear emission pathways, revealing a mech-
anism to enhance and tune nonlinear responses at the nanoscale.
When applied to ferroionic environments, where local fields, strain, or
charge distribution can be externally controlled, these findings suggest
the feasibility of multi-modal nonlinear devices for frequency conver-
sion, optical switching, and quantum photonic applications. '

c. CIPS (Table I). Hou et al."*” demonstrate how interfacial strain
and polarization coupling in 2D CulnP,S¢ can be optically probed
through photoluminescence spectroscopy, revealing strain-mediated
bandgap modulation. Although not a direct nonlinear optical device
study, their work provides key insight into how ferroionic strain polar-
ization interactions can dynamically tailor the electronic and optical
landscape of layered materials, laying important groundwork for tun-
able nonlinear optical responses in future adaptive photonic
systems.'*
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d. CCPS (Table I). Wang et al."® explored CCPS and revealed
coupled ferroelectric and antiferromagnetic order with strong anisot-
ropy. These characteristics imply the presence of robust second-order
nonlinearities, making CuCrP,Ss a promising platform for SHG and
magneto-optical switching. The authors highlighted that the dynamic
interplay between ionic transport and polarization in such materials
allows for real-time modulation of nonlinear optical coefficients,
enabling adaptive photonic functionalities such as electro-optic Kerr
effects and field-tunable harmonic generation in nanoscale devices.
Aoki et al."®* provided direct evidence of tunable second-harmonic
generation in CCPS through magnetoelectric coupling. The SHG
response was strongly dependent on temperature and magnetic field,
confirming that the nonlinear optical behavior of the material is sensi-
tive to external stimuli. Furthermore, the study revealed layer-
dependent modulation of SHG efficiency, linking the number of
atomic layers to symmetry and magnetoelectric interactions. These
results highlight the potential of 2D multiferroic ferroionic materials
for precise, field-tunable nonlinear optics in integrated systems.'**

Overall, these findings feature the transformative potential of fer-
roionic materials across multiple domains of photonic technology. In
photodetectors, they enable a new generation of light-responsive devi-
ces with integrated memory, sensing, and modulation capabilities, pav-
ing the way for multifunctional and reconfigurable optoelectronic
systems. In electro-optic modulators, the coupling between ionic
motion and polarization switching imparts a unique combination of
tunability, sensitivity, and energy efficiency, offering a promising route

REVIEW pubs.aip.org/aip/are

toward compact and adaptive modulators, particularly as integration
with silicon photonics advances.'**'**'#*

In the realm of nonlinear optics, ferroionic materials emerge as
highly versatile platforms capable of supporting electric-, magnetic-, and
strain-tunable nonlinearities. This intrinsic adaptability opens new fron-
tiers for ultrafast modulation, harmonic generation, and programmable
nonlinear metasurfaces. Complementing these functionalities, ferroionic
materials also show great promise for tunable optical filters, where their
ability to induce localized refractive index changes and nonvolatile tuning
supports the development of reconfigurable, high-performance filter archi-
tectures for modern photonic systems.'**'*'** Other emergent ferroionics
also show promising optical response in small demonstrators (Fig. 16).

B. Electrical

Ferroionic materials, due to their unique combination of ferro-
electricity and ionic conductivity, are highly responsive to external
electrical stimuli. Their ferroelectric nature enables the reversible
switching of spontaneous polarization under an applied electric field,
allowing for precise detection of electric field variations.””

1. Memrristors

Memristors have emerged as essential components in neuromor-
phic computing, owing to their ability to emulate synaptic plasticity
through conductance tuning (Fig. 17)."°° Their strong appeal lies in
key performance advantages, including high switching ratios,
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FIG. 16. Optical response of a Zn/Li, ggBag 0osOCIITO demonstrator photovoltaic cell (2 x 2cm2). Short circuit current for different electromagnetic radiation wavelengths.

Schematics obtained for this study.
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Artificial Neuron

FIG. 17. Neural networks (schematics designed for this study). Vertical (v)-MoS,/
graphene threshold switching memristor artificial neuron. Reproduced with permis-
sion from Kalita et al., Sci. Rep. 9(53), 53 (2019). Copyright 2019 Author(s),
licensed under a Creative Commons Attribution (CC BY 4.0) license.*

exceptional storage density, low energy consumption, and robust oper-
ational stability.'”” The emergence of 2D ferroelectric materials has
created new opportunities for advancing high-performance memristor
technologies. Their ability to form vdW heterostructures (Fig. 17) ena-
bles precise tuning of electronic and ferroelectric properties, which is
crucial for optimizing device performance. Several studies have identi-
fied mixed ionic-electronic conduction in OIHP-based solar cells
(Fig. 1, Table 1),"**"*""" indicating that ion migration plays a signifi-
cant role in their operation. This property highlights the potential of
OIHP materials for memristor applications.'”' Memristive behavior
typically arises from two main mechanisms: ionic migration and
charge trapping/detrapping, both influenced by the choice of electrode
materials and the composition of the OIHP layer.'”’

a. MoS, (Table I). Kalita et al.'® developed a two-terminal Ni/v-
MoS,/graphene memristor, utilizing vertically grown MoS, (v-MoS,)
as the switching layer and graphene as the bottom electrode in a vdW
heterojunction structure (Fig. 18). The device exhibited volatile
threshold-switching behavior, with fast and repeatable transitions
between high and low resistance states, enabling key neuronal charac-
teristics such as all-or-nothing spiking, threshold-driven firing, refrac-
tory period, and input-strength-modulated frequency response.'*”
Unlike traditional complementary metal-oxide—semiconductor
(CMOS), in neuron circuits, the switching mechanism is driven by
oxygen ion migration along vertical grain boundaries in polycrystalline
MoS,, allowing for low-power operation and scalability in neuromor-
phic computing applications (Fig. 18)."*

Abnavi et al."” reported strong resistive switching behavior in a
free-standing 2H-phase single-crystalline multilayer MoS, device with
an Au/suspended MoS,/Au structure. The switching was attributed to
adsorbed O, and H,O molecules on both sides of the MoS, channel.
The device showed an on/off ratio of ~10> between the low- and high-
resistance states, which increased up to ~10° under a modulated
continuous-wave laser beam, with higher laser power enhancing the
effect.””” Additionally, the memristor successfully emulated synaptic
plasticity functions, including short-term memory (STM), long-term
memory (LTM), and the STM-to-LTM transition, controlled by
adjusting light intensity, pulse duration, and pulse count.'”

b. WS, (Table I). Yan et al."” developed a two-terminal memris-
tor based on 2H-phase 2D WS, with a Pd/WS,/Pt structure, exhibiting
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ultrafast switching (13 ns SET, 14 ns RESET), low ON-state current
(1 puA), and femtojoule-level energy consumption—making it suitable
for low-power neuromorphic computing.'” Its resistive switching is
attributed to the formation of sulfur and tungsten vacancies, along
with electron hopping between these defect sites. The device also
mimics essential synaptic behaviors, including paired-pulse facilitation
(PPF), spike-time-dependent plasticity (STDP), and short-term plas-
ticity (STP) to long-term plasticity (LTP) transitions.'””

c. a-In,Ses (Fig. 1). Zhang et al.'”* developed a two-terminal Au/
o-In,Ses/Ti memristor that exhibits dual-mode operation based on
applied voltage. At low voltages, it exhibits analog resistive switching
based on Schottky barrier modulation by ferroelectric polarization,
enabling key synaptic functions such as excitatory postsynaptic current
(EPSC), inhibitory postsynaptic current (IPSC), LTP, long-term
depression (LTD), and STDP. A neural network simulation using this
device achieved 93.2% recognition accuracy on the Modified National
Institute of Standards and Technology (MNIST) dataset [198]. At
higher voltages, the device transitions to a digital switching mode
driven by filament formation, exhibiting nonvolatile resistive switching
with an on/off ratio >10°, current density up to 10° Acm 2, fast
switching speed (~10ns), and robust retention over 10* s."* Zhao
et al'® fabricated an o-In,Ses-based memristor device by spin-
coating «-In,Se; onto an indium tin oxide (ITO) substrate and
depositing an Ag electrode on top, resulting in an Ag/o-In,Ses/ITO
structure. This device exhibited typical bipolar resistive switching behav-
ior, demonstrating excellent endurance, high switching speeds (16.4 ns
for the SET process and 18.0 ns for the RESET process), and continuous
tunability under AC pulse stimulation.'® Moreover, the device could
implement four distinct STDP learning rules. Additionally, reinforce-
ment learning behavior was successfully simulated, providing a founda-
tion for future applications in brain-inspired computing and
artificial intelligence.'** Li et al'”” highlighted the potential of
o-In,Se; for vertical memristor applications by successfully fabricat-
ing a few-layer graphene/ua-In,Ses/few-layer graphene heterojunc-
tion. Through electrical measurements of the device, they observed
hysteresis behavior, which they attributed to the formation of a
Schottky-like barrier at the metal-semiconductor interface induced
by polarization modulation'””

d. CIPS (Table I). Chen et al."*® developed a planar CIPS memris-
tor device with Cr/Au electrodes, leveraging the high conductivity
from Cu’ ion migration. By precisely controlling the movement of
these ions under an electric field, they were able to regulate the device’s
electrical conductivity and replicate various synaptic plasticity behav-
iors, such as STP, LTP, and STDP. The controlled movement of Cu*
ions allows for gradual changes in conductance, replicating how synap-
tic weights adjust in biological neurons.'” This mechanism enhances
memory retention while enabling low-voltage operation (as low as
0.5V) to minimize power consumption. This device demonstrated
strong potential for energy-efficient neuromorphic computing, offering
a retention time of up to 3500 s and durability exceeding 100 cycles.'”®
Zhong et al.”* developed a two-terminal Cu/CIPS/graphene memris-
tor. This device demonstrated robust threshold-switching behavior,
achieving a high on/off ratio of up to 10 low operating voltages, an
ultra small subthreshold swing (<1.8mV/decade), and exceptional
cycling endurance.” Unlike conventional memristors that rely on
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FIG. 18. (a) Schematic representation of a biological neuron, illustrating signal transmission from the pre-neuron to the output. (b) Neuronal output spiking behavior as a func-
tion of the input threshold. (c) Conceptual diagram of an artificial neuron based on a v-MoS,/graphene memristor structure. (d) Diagram of v-MoS,/graphene threshold switching
memristor artificial neuron. (e) optical photograph of the device in (d). (f) 200 devices of (d) in a prototype chip. (g)-(h) Raman spectra of as grown MoS, on graphene and of
graphene after chemical vapor deposition (CVD). (i) High resolution transmission electron microscopy (HR-TEM) of v-MoS,/graphene interface. (j) AFM topography of MoS, to
determine the thickness. Reproduced with permission from Kalita et al., Sci. Rep. 9(53), 53 (2019). Copyright 2019 Author(s), licensed under a Creative Commons Attribution

(CC BY 4.0) license.'®

conductive filament formation, its stable switching mechanism was
driven by controlled Cu” ion migration within the ferroionic CIPS
layer, enhancing reliability and performance.”* Liu et al.'”” devel-
oped an Ag/CIPS/Au memristor device using Ag as the top elec-
trode and Au as the bottom electrode. At a compliance current
(maximum current limit set during electrical testing to prevent
device damage) of 10 uA, the device exhibits volatile resistive
switching, achieving a high rectification ratio of 10° sustained
for up to 500 cycles.'”” However, when operated at a compliance
current below 5 uA, it exhibits nonvolatile resistive switching,
with an on/off ratio of 10* and an impressive retention time of up
to 10* s.'”” Furthermore, the device successfully emulates synaptic
plasticity, namely, STP and LTP."”

e. BTO (Table I). Pérez-Martinez et al.'”® developed a planar
perovskite-based memristor with an FTO/MAPbI;/PMMA/Ag struc-
ture, achieving strong performance metrics: retention time >10° s, an
on/off ratio of 10°, and endurance over 2000 cycles.]98 The device
forms stable conductive filaments from iodide vacancies and metallic
Pb after initial cycles, enabling reliable switching with low SET and
RESET voltages. Its behavior is governed by Ohmic conduction in the
low-resistance state and thermionic emission in the high-resistance
state. While Ag filaments can also form under high voltage, they cause
device failure due to irreversible electroforming.'**

f. MAPbI; (Table I). Patil et al."” advanced a Pd/MAPbL/ITO
diffusive memristor to mimic the operation mechanism of nociceptors
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associated with biological pain perception (Fig. 19). This device pre-
sented a high on/off ratio of 10% a bending endurance of over >10%
excellent uniformity, and forming-free behavior for a volatile diffusive
memristor.'”” The device successfully emulated the key features of an
artificial nociceptor, such as “threshold,” “no adaptation,” and “relaxa-
tion” by modulating the pulse signal, which is crucial for pain
perception."”

2. Tunnel junctions

Ferroelectric tunnel junctions (FTJ) employ an ultrathin ferro-
electric layer as the tunneling barrier, whose potential profile can be
modulated by reversing the ferroelectric polarization.””’ These struc-
tures are considered promising candidates for memory and computing
applications owing to their low power requirements, nonvolatile
switching behavior, and nondestructive readout capability. However,
achieving a high tunneling electroresistance (TER) remains a challenge
in these devices.”’' Two-dimensional vdW ferroelectric materials offer
significant potential for achieving large TER due to their minimal
defects, the absence of interfacial states in vdW heterostructures, and
the easy tunability of their chemical potentials.””” The ABOs-type
perovskite oxides, such as BaTiO3, PbTiO;, and PbZr, Ti; O3 (PZT),
are among the most widely used materials in FTTs. To function effec-
tively, they must be fabricated as nanometer-thin films; however, ferro-
electricity tends to degrade below a critical thickness. To overcome
this, researchers have focused on enhancing polarization to improve
the TER ratio, making precise control of film thickness a key priority
in FTJ development.”’

a. a-InySes (Fig. 1). Luo et al”” developed a robust vdW FTJ
based on a 2D semiconductor (2DS)/o-In,Ses/metal structure, which
demonstrated endurance over 4000 switching cycles. They investigated
various 2DS materials, including MoS,, PdSe,, SnSe,, and graphene.

FIG. 19. Perovskite structure of MAPbIs.In the perovskite structure ABXs:
A=MA™, B=Pb?", and X = I™. Schematics designed for this study.

REVIEW pubs.aip.org/aip/are

Notably, the MoS,-based device exhibited a room-temperature nega-
tive differential resistance (NDR) effect with a peak-to-valley ratio
exceeding 100, alongside a TER exceeding 10 both of which are
highly gate-tunable.”” The study also reveals that the dominant cur-
rent transport mechanism depends on the choice of 2D electrode:
MoS, and PdSe, favor tunneling-dominated transport, while SnSe,
and graphene are governed by thermionic emission. To address leak-
age issues, the authors, supported by temperature-dependent measure-
ments, propose using less conductive 2D materials to suppress
thermionic current.””’

b. CIPS (Table I). Wu et al.”” reported a FIT based on a gra-
phene/CIPS/Cr vdW heterostructure, achieving a TER exceeding 10
(Fig. 20). This performance is primarily attributed to pronounced
modulation of the tunneling barrier height, enabled by ferroelectric
polarization reversal in CIPS, which induces a Fermi-level shift of
~1eV in the graphene electrode.”” This effect is further amplified by
the large out-of-plane effective mass in CIPS and the presence of a
~4 nm barrier, which supports low-power operation.””’

Wang et al.””* developed a FTJ based on a vdW heterostructure
composed of the 2D ferroelectric CIPS and various 2D electronic
materials, including graphene, MoS,, and WSe,. Their device demon-
strated a record-high TER exceeding 10'° at room temperature, which
is attributed to the substantial ferroelectric modulation of both the
tunneling barrier height and the electronic band alignment of the 2D
materials.””> Notably, an additional order-of-magnitude increase in
TER was achieved in Cr/CIPS/graphene junctions by simply inserting
a monolayer of MoS, or WSe, between CIPS and graphene.””

c. BTO (Table I). Wang et al.” explored the thickness-dependent
TER and the associated evolution of charge transport mechanisms in
Pt/BaTiO;/LaNiO; FTJs with BaTiOj; layers of 2.0, 3.2, and 4.8 nm. A
clear TER effect was observed in the 3.2 nm-thick device, yielding an
on/off current ratio of approximately 170, attributed to polarization-
driven modulation of the barrier height.”® Increasing the thickness to
4.8 nm enhanced the ferroelectric modulation of the barrier, resulting
in a transition of the dominant transport mechanism from quantum
tunneling to thermally activated thermionic injection. This shift led to

Tunnel Field Effect Transistor

FIG. 20. Ferroelectric CIPS-based tunnel field effect transistor. Graphene/CIPS/Cr
vdW heterostructure. Schematics designed for this study.
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a substantial reduction in the off-state current, primarily due to the
suppression of Fowler-Nordheim tunneling as the barrier became
both wider and higher. Consequently, the 4.8 nm-thick FI] demon-
strated a markedly improved on/off current ratio of approximately
12500.”

3. Ferroelectric field-effect transistors

Transistors are fundamental to modern electronics, powering
devices from computers to smartphones. Recently, ferroelectric field-
effect transistors (FeFETSs) have gained attention for their potential in
nonvolatile memory and neuromorphic computing.””* However, tradi-
tional ferroelectric oxide-based FeFETs face several commercialization
challenges, including poor memory retention due to charge trapping
and interfacial oxide formation, as well as reduced efficiency from indi-
rect channel modulation via gate polarization.”’”

The emergence of vdW layered ferroelectrics has addressed key
limitations of conventional oxide-based ferroelectric FeFETs. These
materials maintain robust ferroelectricity down to atomic thickness
and possess dangling bond-free surfaces, reducing charge trapping and
interfacial issues, allowing for high-quality, lattice-mismatch-free vdW
heterostructures.”””

a. MoS,-PZT. Lipatov et al’” presented MoS,-PZT-based
FeFETs as a powerful alternative to graphene-based and traditional fer-
roelectric random-access memory (FeRAM) devices. These devices

@) (b)

Enhanced Polarization
by Dipole Attraction

REVIEW pubs.aip.org/aip/are

employ monolayer or few-layer MoS, as the channel material and PZT
as the ferroelectric gate dielectric. Due to MoS,’s sizable electronic
bandgap, in contrast to graphene’s zero bandgap, the FeFETs exhibit
large hysteresis in electronic transport and high on/off current ratios,
making them well-suited for nonvolatile memory applications. The
study also reveals a reversed polarization-dependent hysteresis influ-
enced by interfacial charge effects and shows that these memories sup-
port nondestructive readout, low-voltage operation, and dual
electrical-optical switching, offering advantages for future nonvolatile
memory technologies.”

b. a-In,Se; (Table I). Baek et al”” reported a FeFET based on
vdW materials, incorporating CIPS as the ferroelectric gate dielectric,
o-In,Se; as the ferroelectric semiconducting channel, and hexagonal
boron nitride (hBN) as the insulating layer (Fig. 21). The device exhib-
ited a wide memory window of 14.47 V, an on/off current ratio exceed-
ing 10°, robust data retention (>10*s), and excellent endurance (>10*
cycles). These results are attributed to dipole coupling at the o-In,Ses/
CIPS interface.””” To further explain the observed hysteresis enhance-
ment, the authors extended the Landau-Khalatnikov model to account
for interactions between two ferroelectric layers.("203 Moreover, the
device demonstrated neuromorphic functionality by emulating key
synaptic behaviors.”"”

c. CIPS (Table I). Baek et al’® reported an all-ferroelectric
FeFET device comprising CIPS, hBN, and «-In,Se; flakes, serving as

© @
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FIG. 21. Ferroelectric field effect transistors with integrated ferroelectric and ferroionic heterostructures. (a) Diagram of a three-terminal vdW heterostructure ferroelectric
Fe-FET incorporating CIPS, hBN, and o-In,Se;. (b) Optical microscopy image of the vdW heterostructure Fe-FET constructed from an o-In,Ses/hBN/CulnP,Sg layered stack.
(c) AFM topography of the Au/a-In,Ses/hBN/CIPS/AFM-tip stack, along with the locations where PFM hysteresis loops were measured. (d) Map showing the coercive width
(lower right), derived from averaging nine hysteresis measurements per point. (e) lllustration of the atomic arrangement representing the upward polarization state in the
o-In,Se,/CIPS heterostructure. (f) Comparison between the structure of a biological synapse and the architecture of a three-terminal vdWH Fe-FET functioning as an artificial
synapse. Reproduced with permission from Baek et al., Adv. Sci. 9, 2200566 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license.”
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the ferroelectric gate dielectric, insulating layer, and ferroelectric semi-
conducting channel, respectively (Fig. 21). The device exhibited out-
standing performance, including a high on/off current ratio exceeding
10°, robust data retention exceeding 10* s, and reliable endurance over
10* switching cycles at room temperature.”’” These enhanced charac-
teristics are primarily attributed to dipole coupling at the «-In,Ses/
CIPS interface. Furthermore, the heterostructure device effectively
emulated key biological synaptic behaviors, including excitatory/inhib-
itory post-synaptic currents (EPSC/IPSC), PPF, and LTP/LTD.*”

Si et al.””” demonstrated the fabrication of FeFETSs based on a 2D
vdW heterostructure comprising MoS, as the channel and CIPS as the
ferroelectric gate insulator. The devices exhibit clear room-
temperature ferroelectric behavior with counterclockwise hysteresis in
their transfer characteristics, confirming nonvolatile memory function-
ality. The dual-gate structure enables modulation of the memory win-
dow and on/off current ratio via back-gate bias, enhancing
performance. Additionally, the CIPS layer shows resistive switching
with an on/off ratio exceeding four orders of magnitude, suggesting
potential for resistive memory applications.”””

d. PZT (Table I). Jo et al.*! developed FeFETs using epitaxially
grown single-crystal PZT films as gate insulators and amorphous
indium gallium zinc oxide (a-IGZO) as channel materials to emulate
biological synapses. The devices exhibited clockwise hysteresis in their
transfer curves, attributed to charge trapping and ferroelectric polariza-
tion effects. Synaptic plasticity was demonstrated under voltage pulse
stimulation, with nonlinearity values of 0.00 and 5.41 for 16 pulses
(potentiation), and 0.51 and 7.05 for 32 pulses (depression).”'

e. As99Bag 0ps0Cl (A =Li, Na, K) (Table I). Na,g9Bag 005OCI has
been explored in various electrode-less battery-cell configurations,
which are like the device-cell in Figs. 6(c) and 6(f) or the SG circuit in
the cell of Figs. 19(a). In pouch-cell format, Freitas et al."”® reported a
Cu/Na, g9Bag 00sOCl/Zn cell that, despite lacking traditional electrodes,
exhibited an OCV of 1.2V and was capable of undergoing charge-
discharge cycles. A self-charging effect was observed during discharge.
This self-charging behavior had been previously reported by Danzi
et al,"”” who assembled structural cells using Cu as the positive current
collector and Al as the negative current collector. In their study, a self-
charging cell left in discharge mode with an external resistor for
approximately 8.6 months never dropped below 1.43 V, highlighting
the persistent internal polarization effect of the Na, g9Bag 0sOCl fer-
roionic and its potential for long-duration surface electronic feedback,
maintenance-free energy systems. 7

Although originally intended for battery applications, the ferro-
electric/ferroionic nature of this electrolyte, along with the emergence
of exotic surface states, makes it a promising candidate for broader
technological uses, such as advanced switching applications. Braga
et al.” reported two transistor-like structures: Au/Li; goBagosOCl/Au
(Fig. 22) like the optical sensor Au/CCPS/Au (Fig. 22) and Zn/
Na, 99Bag 0osOCl/C. Both configurations demonstrate the ability to
overcome the Boltzmann tyranny, highlighting their potential for low-
power electronic devices.

In summary, the studies discussed in this section highlight how
the combination of mobile ions with ferroelectric character is redefin-
ing material functionalities, allowing reconfigurable states, tunable
transport, and memory effects beyond conventional limits. These

REVIEW pubs.aip.org/aip/are

ferroionic architectures demonstrate the power of dynamic ionic-
electronic coupling to induce new physical behaviors, from nonvolatile
resistance switching to reversible polarization states. As understanding
deepens, these systems are set to unlock transformative possibilities in
adaptable, low-power electronic and neuromorphic applications.

C. Mechanical

Pressure sensors based on ferroionic and piezoelectric effects
have attracted significant interest due to their potential for integration
into flexible, wearable, and self-powered electronic systems. These sen-
sors transduce mechanical deformation into electrical signals, taking
advantage of the piezoelectricity or piezoresistivity of functional mate-
rials such as MoS, and BaTiOs.

1. Pressure sensors

a. MoS, (Table I) MoS, has emerged as a promising material for
pressure sensors due to its mechanical flexibility, high piezoresistive
sensitivity, compatibility with flexible substrates, and very good
mechanical transmittance.”” Its tunable bandgap and strong interac-
tion with mechanical deformation enable precise transduction of pres-
sure stimuli into measurable electrical signals.”"”” W. Park et al.
demonstrated one of the earliest integrations of MoS, into pressure
sensors, specifically a novel touch sensor, by fabricating a piezoelectric
hybrid device using a PVDF-TrFE/MoS, composite stack.
Additionally, the inclusion of a thin AL, O; interfacial layer significantly
enhanced sensitivity by enhancing interface passivation and reducing
charge scattering. Optimizing the thickness of the PVDF-TrFE and
AL O; layers also significantly increased the pressure sensitivity. The
sensor showed high flexibility, reliable switching over 120 cycles, and
suitability for tactile sensing.

M. Park et al.”” created an ultrathin and flexible tactile sensor
with MoS, and graphene electrodes using chemical vapor deposition
(CVD). The design took advantage of the piezoresistive behavior of
MoS,, achieving high sensitivity and excellent mechanical properties.
The sensors were tested for electronic skin (E-skin) applications and
demonstrated real-time detection of pressure distributions, providing a
foundation for future developments in biomedical devices and wear-
able electronics. In 2019, the group introduced a MoS,-based active-
matrix flexible tactile sensor, with integrated thin-film transistors and
ALO; dielectrics.”'’ By sandwiching MoS, between high-k dielectric
ALO; layers, the device offered low crosstalk, high sensitivity
(0.011kPa™b), fast response (~180ms), and accurate multitouch
detection on a human palm.”'’ Dai et al.”'" showed that grain bound-
aries (GB) in monolayer MoS, enhance piezoelectric output due to
polarization generated by asymmetric GBs. A flexible sensor using GB-
MoS, on PDMS detected wrist pulses (~72 bpm), confirming its utility
for self-powered sensing. Jang et al.”'” introduced MoS,-based sensors
integrating air-dielectric FETs and ZnS:Cu mechanoluminescent
layers. This architecture achieved high spatial resolution and pressure
sensitivity, from cellular motions to footsteps, via innovations like
glycerol-loaded spacers and light-induced photocurrent amplification.
Veeralingam et al.”"” developed a low-cost and flexible pressure and
strain sensor using hand-written exfoliated MoS, on standard paper, a
concept often designated as “papertronics.” The device operated pie-
zoresistively with high sensitivity, supporting compressive and tensile
strain detection, and enabling disposable electronics. Chen et al.”"
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developed a MoS,/HEC/PU sponge-based pressure sensor for motion
tracking and speech recognition. Using a machine learning algorithm,
the system classified seven spoken words with ~97% accuracy by
detecting throat vibrations. Choi et al”’> combined PVDF/MoS,/
MXene layers on Nylon-6,6 fabric to create a hybrid triboelectric-
piezoelectric sensor for simultaneous energy harvesting and movement
detection. Integrated with a one-dimensional convolutional neural net-
work (1D-CNN), it achieved >99% accuracy in gesture classification
from body motions. Bokka et al.”'® designed a sustainable, water-
soluble MoS,/PVA sensor enabling reuse and full dissolution in water

within 300 s, allowing for efficient recovery and recycling of MoS, with
negligible performance loss (Fig. 23).

b. BTO (Table 1) BaTiO5 has been widely employed in flexible
piezoelectric pressure sensors due to its high dielectric constant and
ability to enhance the f-phase content in polymer matrices. Yang
et al”” incorporated PDA-modified BaTiO; (PDA@BTO) into
PVDF, improving nanoparticle dispersion and interfacial bonding,
which significantly increased output voltage and mechanical respon-
siveness. Luo et al.”'® used near-field electrohydrodynamic writing to
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FIG. 23. (a) MoS,/PVA pressure sensor integrated into a bandage applied to the neck area for pulse monitoring. (b) and (c) Sensor output capturing carotid pulse signals.
(d)~(f) Pulse signals measured from the radial artery at the wrist. (g) Functional demonstration of the sensor as interactive input keys for a gaming application; shown here in
use for controlling movement in a Mario game with the upward-direction key. Reproduced with permission from Bokka et al., J. Mater. Chem. C 13, 10804 (2025). Copyright

2025 Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license.”®

fabricate fibrous PVDF/rGO/BaTiO; films. Here, reduced graphene
oxide (rGO) enhanced conductivity and mechanical integrity, while
BaTiO; retained piezoelectric functionality. Yang et al.”'” designed a
wearable capacitive sensor using electrospun PVDF/BaTiOs fibers lay-
ered on a microstructured PDMS dielectric. Graphene-coated polyi-
mide electrodes formed a compressible sandwich structure with
enhanced dielectric performance.

He et al.””” introduced a gradient multilayer structure of P(VDF-
HFP)/MXene/BaTiO; nanofibers via electrospinning, improving the
f-phase content and thus piezoelectric, dielectric, and mechanical
properties. Liu et al.””' functionalized BaTiO; with MXene nanosheets
and electrospun the composite into PVDF-TrFE nanofibers. MXene
improved nanoparticle dispersion, interfacial polarization, and output
performance. Wang et al’”’ enhanced PVDF-TrFE sensors by
co-doping with Sb nanosheets and BaTiOs, increasing f-phase con-
tent, dielectric performance, and charge transport via interfacial polari-
zation. Mirjalali et al””’ proposed a layered sandwich design by
electrospraying BaTiO; between PVDEF-TrFE nanofiber layers. This
configuration outperformed traditional dispersions, likely due to
increased strain-induced effects in BaTiO;. Yu et al.””* developed a
self-powered sensor combining BaTiO; and PAN in a silicone elasto-
mer matrix. Mechanical shear and electric fields induced PAN confor-
mational changes, enhancing piezoelectricity. Madbouly et al.”*
embedded rGO and BaTiO; into PU foam, achieving high sensitivity,
fast response, and minimal hysteresis.

Collectively, these flexible pressure sensors, enabled by material
innovations such as surface functionalization, hybrid fillers, and struc-
tured layering, have been successfully applied in real-time human
motion monitoring, including finger and joint bending, walking, run-
ning, speech recognition, bite force detection, and pulse sensing. Their
demonstrated performance highlights their strong potential for inte-
gration in wearable electronics, artificial skin, and soft robotics.

2. Strain sensors

Another key category of mechanical sensors is strain-based devi-
ces, which play a vital role in flexible and wearable electronics.

They detect subtle deformations, such as stretching, bending, and
twisting, by converting mechanical strain into measurable electrical
signals. These are widely applied in health monitoring, soft robotics,
and human-machine interfaces.

a. MoS, (Table ) Wu et al.”* provided a foundational study by
experimentally demonstrating the intrinsic piezoelectricity of mono-
layer MoS,, mechanical strain generates voltage and current outputs
only in odd-layered samples due to broken inversion symmetry.
Strain-induced modulation of electrical transport (piezotronics) was
further demonstrated, as well as high gauge factors for strain sensing.
Wu et al.””’ demonstrated the piezophototronic effect in single-layer
MoS, photodetectors, where mechanical strain modulated the
Schottky barrier height at the metal-MoS, interface, enhancing photo-
current generation. Kim et al.”*" explored the directional dependence
of the piezoelectric effect in CVD-grown monolayer MoS,, showing
that the magnitude of the output signal is sensitive to the strain direc-
tion relative to the crystal orientation, confirming anisotropic piezo-
electric behavior critical for device design. Choi et al.”*’ introduced
asymmetry into MoS, films via a thermal-solvent annealing process
that selectively etched sulfur atoms, breaking inversion symmetry. This
defect engineering yielded an increase in output voltage, significantly
enhancing piezoelectric performance in a scalable manner. Han
et al.”"” introduced a strategy to enhance the piezoelectric output of
CVD-grown monolayer MoS, nanogenerators via sulfur vacancy pas-
sivation. S-treatment suppressed carrier screening effects, increasing
the piezoelectric coefficient, current, voltage, and power, demonstrat-
ing that defect control can dramatically enhance piezoelectric perfor-
mance in scalable devices. Cao et al. 2022)”" fabricated a flexible
piezoelectric sensor by incorporating ZnO-encapsulated MoS, nano-
sheets into a PVDF matrix, forming a heterostructure that effectively
promoted the transformation from « to f§ phase in PVDF. The device
successfully sensed joint movement, demonstrating good flexibility
and responsiveness to human motion, making it suitable for wearable
sensing applications. Huang et al.””* developed a highly sensitive flexi-
ble piezoelectric sensor based on a PAN/MXene/MoS, nanofiber film
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with a novel gradient multilayer architecture. The design enhanced
dipole alignment through 2D/2D heterostructure interactions, signifi-
cantly improving the dielectric, ferroelectric, and piezoelectric proper-
ties, resulting in superior sensing performance and rapid response and
recovery times. Tsai et al.””” demonstrated highly uniform, wafer-scale
flexible FETs based on trilayer MoS,, exhibiting gate-tunable piezore-
sistive responses with gauge factors up to 40 and stable performance
over 180 bending cycles. Strain-induced changes in the bandgap give
rise to piezoresistivity in MoS,, and tuning the Fermi level enables
strain sensitivity control. Zheng et al.”** employed kirigami-inspired
structures in monolayer MoS, to achieve highly stretchable nanodevi-
ces capable of multidimensional deformation. By engineering the
geometry of the 2D material, they enabled higher reversible strain
ranges through a combination of in-plane stretching and out-of-plane
buckling. Chhetry et al.”* fabricated a highly sensitive, hysteresis-free,
and durable strain sensor by laser-scribing MoS,-decorated polyimide
into porous graphene. The resulting device exhibited a giant gauge fac-
tor (~1242), a broad strain range up to 37.5%, and long-term cycling
stability (>12000 cycles), showcasing its potential for wearable appli-
cations. Sridhar et al.”* developed a highly sensitive etched fiber Bragg
grating (eFBG) strain sensor enhanced by nanometer-thick MoS, coat-
ings deposited via physical vapor deposition, followed by sulfurization.
The optimal MoS, coating yielded a maximum intrinsic strain sensitiv-
ity nearly six times that of a bare FBG, due to strong evanescent field
interaction and strain-induced refractive index modulation. Rana
et al.”” contributed with scalable fabrication of polycrystalline MoS,
thin-film strain sensors, where tunable gauge factors (12 to 102) were
achieved through variation in encapsulation thickness, making them
well-suited for body motion tracking. Puneetha et al.”*" developed a
flexible piezotronic device using CVD-grown monolayer MoS, thin
films sandwiched between graphene layers on PET. Through strain
engineering, the device exhibited high gauge factors, with the piezo-
tronic effect being tunable via mechanical strain and temperature. The
reduction of screening at cryogenic temperatures further enhanced
performance, positioning the device for high-sensitivity applications in
bioelectronics and soft robotics. Bhakhar et al”*” introduced a biode-
gradable, low-cost, and flexible paper-based sensor functionalized with
MoS, nanosheets obtained via sonochemical exfoliation. The device
exhibited high responsivity and pressure sensitivity (0.638kPa"),
retaining its performance after hundreds of cycles and 10 months of
ambient storage, thanks to the environmental stability of MoS,.

b. WS, (Table 1) Xu et al.”"’ developed a planar photodetector
based on a WS,/CsPbBr; vdW heterostructure. The device exhibits a
high on/off current ratio enabled by efficient photocarrier transfer
from CsPbBr; to WS, and channel depletion effects that suppress dark
current. Notably, when fabricated on flexible substrates, the device also
demonstrates  strain-tunable performance through the piezo-
phototronic effect. Mechanical strain modulates interfacial charge
transfer by altering band alignment via polarization in the CsPbBrs;,
leading to significant changes in photocurrent and responsivity. These
results demonstrate a novel strategy for realizing high-performance,
energy-efficient systems with built-in mechanical responsiveness and
multifunctional integration.

c. WSe, (Table 1) Lee et al.”*" investigated the piezoelectric prop-
erties of bilayer WSe, and demonstrated that a non-centrosymmetric
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structure, and consequently piezoelectricity, can be preserved by
assembling monolayers using turbostratic stacking, rather than the
usual Bernal configuration that cancels polarity. In this method, each
monolayer, synthesized by CVD, is transferred independently, allow-
ing misaligned orientations that break inversion symmetry in the
bilayer. The resulting bilayers not only retain a measurable piezoelec-
tric response but also display superior mechanical resilience. The
energy harvested by these bilayers is sufficient to power small elec-
tronic components like an LCD, unlike monolayer-based devices,
which degrade at lower strains. The latter work highlights the potential
of turbostratically stacked WSe, as a scalable and durable material for
flexible energy-harvesting systems.

d. a-In,Ses (Fig. 1) Feng et al.”** developed a scalable method for
fabricating flexible, high-sensitivity strain sensor arrays using 2D
o-In,Se; films grown by vdW epitaxy CVD on mica. Their devices
reached a gauge factor of up to 237 in a narrow strain range, outper-
forming conventional metal and graphene-based sensors. Patterned
growth enabled arrays with high spatial resolution and mechanical
durability, showing stable performance in real-time conditions such as
wrist and elbow motion, and highlighting potential for E-skin applica-
tions in robotics and health monitoring, Dai et al.”*’ introduced multi-
layer o-In,Se; as a novel class of 2D vdW piezoelectrics with in-plane
polarization alignment and strong piezoelectric response. Unlike tradi-
tional 2D materials, where interlayer dipole cancelation limits perfor-
mance, o-In,Se; maintains consistent polarization across layers,
enabling thickness-dependent enhancement. This supports their use in
flexible, durable, and self-powered sensors for wearable electronics and
real-time health monitoring. Hou et al.”** studied the effect of in-plane
strain on the photoresponsivity of flexible transistors based on ferro-
electric o-In,Ses. Applying small compressive strain enhanced perfor-
mance under low light intensity due to the combined effects on carrier
mobility and polarization-induced band structure modulation. Their
findings demonstrate how static strain can be leveraged to tune opto-
electronic properties in 2D ferroelectric semiconductors. Zhao et al.**’
explored the piezo-phototronic effect in o-In,Ses/WSe; heterostructure
photodetectors. Mechanical strain modulated the band alignment at
the p-n junction via o-In,Sesy’s intrinsic piezoelectricity, improving
carrier separation and transport. The resulting device achieved high
photoresponsivity and detectivity, showcasing its promise for strain-
tunable optoelectronics.

Over the past decade, ferroionic mechanical sensors have
advanced from simple stacked structures to sophisticated systems,
enabling applications in electronic skin, human-machine interfaces,
and wearable devices. Research highlights how incorporating fer-
roionic and ferroelectric materials into these sensors benefits innova-
tions in material design, hybrid architectures, substrate engineering,
and scalable fabrication techniques.

e. Naj 99Bag00s0CI Na, 99Bag 0osOCl as a piezoelectric solid elec-
trolyte is a promising candidate for mechanical sensing applications.
Christoff et al. investigated the use of a Zn/Na, 99Bag 00sOCl/Cu cell,
traditionally studied as a battery, in a strain-sensing configuration
under dynamic loading. To assess its sensing capabilities, the authors
conducted vibrational tests by attaching the battery to an aluminum
beam subjected to controlled excitation using a mechanical shaker,
Fig. 24(a). The primary objective was to experimentally verify whether
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the cell exhibits a piezoelectric response, specifically, whether it can tested configuration was initially designed for battery operation, opti-
generate a measurable voltage in response to bending-induced strain. mized electrode and cell designs could further enhance sensing perfor-
The results showed voltage generation at lower vibration frequencies, mance in future iterations. This material shows potential for use in
where larger displacement amplitudes, and consequently, greater pressure sensors, for example, in airplanes to detect structural failures.
bending strains occur, Fig. 24(b). Among the tested parameters, vibra- An experimental setup was constructed using a battery with the

tion amplitude was identified as one of the most critical factors configuration Zn/Na, g9Bag osOCl/Cu, which exhibited an initial OCV
influencing the sensor’s output. Authors also noted that while the of 1.179V, Fig. 24(c). The battery was connected to a multimeter, and
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pressure was manually applied to its surface, Fig. 24(c). The user
pressed the battery for a few seconds, typically between 5 and 10h,
Fig. 24(c). During the pressing period, the cell's potential difference
increased, reaching a maximum of +47 mV after being pressed for
9.65s, Fig. 24(c). Upon release, the voltage dropped back near the ini-
tial OCV. Repeating the pressure application resulted in another
increase in voltage, followed again by a decrease upon release, clearly
demonstrating sensor-like behavior, Fig. 24(c).

D. Thermal

Thermal sensors are used to measure physical input signals
related to temperature variations, either directly or indirectly (Fig. 25).
These sensors also detect temperature variations by absorbing radia-
tion from a target object. The absorbed radiation induces changes in a
temperature-dependent property of the sensor, which are then electri-
cally measured.”*

Pyroelectricity is the ability of certain materials to develop a tem-
porary voltage when they are heated or cooled.”” **° This occurs due
to a change in the material’s polarization caused by temperature varia-
tion. The pyroelectric mechanism is the basis for self-powered sensors
sensitive to thermal perturbations, such as heat sensors, thermal imag-
ing, and infrared (IR) sensors.””’ VAW 2D materials and different
types of ferroelectric perovskites are usually applied in pyroelectric
thermal sensors (PTS).””” Other thermal sensors used in thermo-
graphic imaging rely on the optoelectronic properties of materials to
determine the target’s temperature, as the emission spectrum of a tar-
get varies with temperature.

a. MoS; (Table I). A high temperature coefficient of resistance
(TCR) is just as important as low thermal hysteresis loss for rapid ther-
mal sensing devices.””*** Mono-to few-layer MoS, nanosheets show a
large direct bandgap (1.2-1.9 eV).”*****° Temperature tracking in
MoS,-based sensors relies on analyzing charge carrier dynamics at spe-
cific temperatures. The carrier transport through the MoS, channel is
affected by multiple scattering mechanisms, including phonon-
phonon, electron-phonon, electron-defect, and phonon-defect interac-
tions between the terminal electrodes.””” %" Among these, phonon-
phonon and electron-phonon scattering are the dominant
temperature-dependent factors.”"

In hybrid configurations, such as those incorporating rGO,
phonon energy transfer to MoS, enhances carrier mobility. This

Thermal Sensor

Thermopile
terminals

& hot junction
(absorption) Thermopile

terminals

FIG. 25. lllustration of a thermal sensor. Thermal sensors used to measure physical
input signals related to temperature variations, either directly or indirectly.
Schematics designed for this study.
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reduces recombination rates and shortens carrier transit time,
resulting in higher current output and improved sensor
sensitivity.

b. WS, (Table I). Lee et al.”” investigated the use of WS, for fab-
ricating on-paper thermal sensors, demonstrating their high sensitivity
to temperature variations. An increase in temperature causes an abrupt
decrease in the resistance of the WS, sensor.”*” This resistance drop
cannot be described by a single exponential trend, indicating the
occurrence of multiple thermally activated processes. The TCR for the
WS, sensors reported here ranges from —20000 to
—160 000 ppm °C~'.”*” In contrast, previously reported paper-based
thermal sensors using graphite exhibited much lower TCR values, typi-
cally between —2500 and —3700 ppm °C".****** These results high-
light the significantly higher temperature sensitivity of WS,-based
devices compared to earlier graphite-based sensors. To evaluate the
response speed of the WS, sensor, the authors pre-heated it to 45°C
and then rapidly cooled it by blowing cool air onto its surface.”*” The
sensor responded with an immediate increase in resistance, occurring
within the instrumentation’s acquisition time (~0.2s).”%” Following
this sharp change, the resistance decayed exponentially as the sensor
re-thermalized with the environment, exhibiting a recovery time of
approximately 1s, primarily limited by the system’s specific heat and
thermal conductivity.””> The WS, thermal sensor is proposed for
application in respiration monitoring devices. When the test user
breathes over the sensor, the resistance drops by ~8%, corresponding
to a temperature increase of ~1.5°C.”"* During breathing tracking,
the resistance oscillates due to temperature fluctuations induced by the
inhaling/exhaling cycles. The magnitude of the resistance change
reaches ~2%-3%, being larger than in graphite-based (~0.5%) and
carbon nanotube-based (~0.2%-0.3%)"*>"*° thermoresistive breathing
Sensors.

c. WTe, (Table I). Faella et al.”®” reported the use of WTe, field-
effect transistors (FETSs) as temperature sensors operating in cryogenic
regimes.”” Recognizing that the properties of WTe, are sensitive to
temperature variations,”*” the authors analyzed the FET resistance as a
function of temperature, which was well described by a power-law
relationship  (p(T) o T~ whereb ~ 1.149 *+ 0.023).>% During
repeated heating and cooling cycles, the current levels remained stable,
showing no significant fluctuations with increasing cycle number. The
measurements demonstrated high repeatability, and no signs of sample
degradation were observed.””’

d. CIPS (Table ). Qiu et al.”” reported a dual vdW heterostruc-
ture comprising MoS,/CulnP,S¢/WSe,, which demonstrated sensitiv-
ity to subtle temperature changes induced by weak light ranging from
ultraviolet to mid-infrared wavelengths. The device exhibited out-
standing pyroelectric coefficients, exceeding 130 and 978 uCm ™ >°C "
for 45 and 70nm CIPS layers, respectively.”” This heterojunction
achieved high detection accuracy, with a minimum detectable temper-
ature change of just 0.1 K and an optical power detection range extend-
ing down to 1uWem 2 Additionally, it offered exceptional
detectivity across various wavelengths. The authors also noted that the
device maintained stable, self-powered detection performance for sev-
eral months under natural environmental conditions, without notice-
able degradation.”®”
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e. PZT (Table I). Yang et al. manufactured a PTS sensor for
detecting temperature at fingertips, composed of PZT microwires. As a
result of PZT’s superior pyroelectric coefficient, the PTS has a sensitiv-
ity of 0.4K at room temperature. Succeeding the fingertip’s surface
temperature measurement, finger touch recognition was exhibited and
applied for touch-based thermal haptics using thermal effects.”” Due
to the rapid dipole moment under thermal stimulation, the sensor
demonstrated a fast response time of 0.9 s. The correlation between
variation in temperature and voltage output is linear, easing effective
calibration of the PTS.”’” The toxicity of lead limits the handling of
these materials for wearable and epidermal
applications.247’252‘254’270’37]

f. BNT (Fig. 1). Ferroelectric BiygsNaysTiOs; (BNT) exhibits a rea-
sonable pyroelectric coefficient of 50.74 nCcm >°C™" (Fig. 26).”” Ji
et al.”” reported a self-powered thermal sensor based on an ITO/BNT/
Ag structure, achieving a sensitivity of up to 27.6nC°C ™", This BNT-
based sensor enabled a robotic hand to detect ambient temperature and
assess thermal conductivity in real time, with a high accuracy of
97.2%."

g OIHPs (Fig. 1). Yakunin et al.””* developed a high-speed, pre-
cise, and low-cost thermographic imaging method using time-of-flight
fluorescence lifetime imaging (TOF-FLI) combined with thermally sen-
sitive low-dimensional tin-halide materials such as GuSnBr, and
Cs,SnBrg (Gu = Guanidinium = [C(NH,);]™).””” They demonstrated
the technique using a compact prototype capable of video recording at
up to 100 frames per second. The system successfully captured temper-
ature dynamics through glass, something difficult for standard bolo-
metric cameras due to IR absorption. The tin-halide materials exhibit

Pyroelectric-photovoltaic effect

h* h* h* () !

e e’ e \ +
x + +
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FIG. 26. Pyroelectric-photovoltaic effect working mechanism. Reproduced with per-
mission from Yu et al., Adv. Sensor Res. 3, 2400049 (2024). Copyright 2024
Author(s), licensed under a Creative Commons Attribution (CC BY 4.0) license.”’
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strong temperature-dependent photoluminescence lifetimes, enabling
sensitive thermal mapping over a wide temperature range (—100 to
110 °C). The latest results showed high spatial resolution and accuracy,
with temperature precision comparable to commercial IR
cameras.”’*””

The integration of ferroionic and low-dimensional materials into
thermal sensing platforms has enabled a new generation of highly sen-
sitive, fast, and self-powered devices capable of precise temperature
detection across diverse operating regimes. From pyroelectric perov-
skites and layered TMDs to hybrid heterostructures, these systems
demonstrate excellent temperature responsiveness, reproducibility,
and versatility, even under challenging conditions like cryogenic tem-
peratures or ultralow light exposure. Collectively, these advancements
show the transformative potential of ferroionic materials in reshaping
thermal sensing technologies, enabling innovative applications in
healthcare, robotics, environmental monitoring, and beyond.

h. K5.99Bag00sOCI (Table I). Braga’s group has been investigating
the thermal response of the solid electrolyte A, g9Bag 00sOCl, where
A =Li", Na™, or K7, for an extended period. Danzi et al. reported an
all-solid-state coaxial cell with the composition Al/K; g9Bag0osOCl/Cu,
designed to discharge at room temperature through an external 1.8 kQ
resistor. Although the cell was intended to discharge continuously for
600h, its potential never dropped below 0.8V, exhibiting a self-
charging behavior [Figs. 27(a) and 27(b)]. Notably, when the authors
closely examined the voltage profile between 54 and 58h, they
observed that the self-charging behavior manifested as coherent oscil-
lations, which matched with fluctuations in the cell’s temperature.
Specifically, during self-charging phases, when the cell voltage
increased, there was a corresponding rise in temperature. Conversely,
during discharge phases, the temperature decreased. This periodic
temperature increase is closely associated with the self-charging cycles
of the cell, and showcases the electrolytes potential to act as a thermal
sensor.

i. Nay.g9Bag 0psOCl (Table I). A coaxial cell composed of Al/
Nay 00Ba 00sOCl/Cu, reported by Danzi et al.,'”” showed outstanding
thermal response by increasing the OCV from ~0 to 0.9 V in 4.3 h just
by increasing the system external temperature from 22 to 60 °C, keep-
ing the potential difference of >0.4V for T >40°C during a period of
8 h. A maximum OCV value was achieved for 60 °C with the OCV
value marking ~1V, Fig. 27(c). This experiment was simply repro-
duced, for this article, with a pouch cell battery with composition Zn/
Nay .99Bag 00sOCl/Cu, showing an increase in OCV from 1.082 to
1.184V, after warming the battery from 25.5 °C, with an external heat
source to 78.4°Cin 72 s, Fig. 27(d).

E. Magnetic

Magnetic sensors are devices capable of detecting magnetic fields
and converting this information into electrical signals for measure-
ment or control applications. They are essential in a wide range of
technologies, from navigation systems and medical devices to informa-
tion storage and emerging quantum technologies. Their performance
critically depends on material properties such as sensitivity, noise lev-
els, and the ability to operate at room temperature.””*

Among advanced magnetic sensing approaches, spintronic and
ferroionic magnetic devices are gaining attention for their potential to
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obtained for this study.

combine high sensitivity, multifunctionality, and low power consump-
tion, opening new possibilities for next-generation smart sensing
systems.

a. MoS, (Table I). Yan et al.”’ demonstrated a two-dimensional
spin field-effect switch based on a graphene/MoS, vdWs heterostruc-
ture, where spin current in graphene could be turned ON or OFF by
tuning the gate voltage. This mechanism relies on gate-tunable spin
absorption by MoS,, acting as a spin sink. The latter work showcases
the potential of using ferroionic 2D materials for creating reconfigura-
ble spintronic elements that could be adapted for sensitive, field-
controllable magnetic sensing applications (Fig. 28).

b. WS, (Table ). Zatko et al®® introduced vertical spin-valves
using monolayer to trilayer WS, as tunnel barriers, revealing
thickness-dependent spin polarization, including spin reversal in mul-
tilayers. This spin filtering arises from band structure effects and selec-
tion rules. These findings support the potential use of WS,-based
junctions in magnetic sensors where sensitivity and polarity could be
tuned by atomic-layer control. Wees et al.”' demonstrated a giant

spin-relaxation anisotropy in bilayer-graphene/WS, heterostructures,
enabling discrimination of in-plane and out-of-plane spin lifetimes.
Although it is not a direct sensor, this anisotropy could be leveraged to
design directionally sensitive quantum magnetic sensors.

¢. BTO (Table I). Rouco et al.””’ demonstrated ferroionic control
of spin polarization in a spin-memristor based on Lag;Sry3MnO;
(LSMO)/BaTiO; (BTO)/ITO heterostructures. In this system, ion
migration induced by electric fields modulated the spin polarization,
enabling the reversal of the spin signal. Although primarily investi-
gated for memory applications, this coupling between ionic motion
and spin transport positions ferroionic perovskite structures as prom-
ising platforms for novel magnetic sensing concepts, particularly for
reconfigurable and multifunctional sensors.

Additional materials with potential applications in spintronic and
ferroionic magnetic devices include VSe,, Fe;GeTe, (FGT), and hBN.
Jimenez et al.”* demonstrated a magnetic sensor where a single-layer
VSe, film was integrated into an LC resonator structure. The sensor
operated by detecting shifts in the resonance frequency under external
magnetic fields, reaching a remarkably high sensitivity of
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FIG. 28. (a) Schematic of a 2D vdW heterostructure to control spin transport in lateral spin valve. (b) False-color SEM image of the device. (c) lllustration of a typical non-local
magnetoresistance measurement. Reproduced with permission from Yan et al., Nat Commun. 7, 13372 (2016). Copyright 2026 Author(s), licensed under a Creative Commons

Attribution (CC BY 4.0) license.”

16 x 10°Hz.Oe ™. The 2D nature of VSe, allowed for enhanced inter-
action with external stimuli, highlighting the potential of vdW magnets
for compact, high-sensitivity magnetic sensors operating at ambient
conditions. Wang et al.”®" introduced a strain-sensitive magnetization
control approach using FGT. In their work, tensile strain applied to
FGT flakes significantly modified the coercive field (H.) and T, sug-
gesting a pathway to design strain-controlled magnetic sensors.
Although not a direct magnetic sensor yet, the strain-sensitivity of
magnetization opens the door for “straintronic” magnetic sensors that
could potentiate lattice deformation for magnetic field detection and
control. Gottscholl et al.”* explored spin defects in hBN, particularly
negatively charged boron vacancies (V). These defects exhibited opti-
cally detectable magnetic resonance and sensitivity to magnetic fields,
temperature, and pressure. Due to the layered nature of hBN and the
proximity of defects to external environments, hBN-based spin sys-
tems are highly suited for nanoscale quantum sensing, enabling
atomic-scale magnetic field imaging with high spatial resolution. Gao
et al.”™® reported spin defects in boron nitride nanotubes (BNNTSs).
Unlike planar hBN, defects or diamond nitrogen-vacancy (NV) cen-
ters, BNNT spin defects possess an S=1/2 ground state without a
fixed quantization axis, enabling omnidirectional magnetic field sens-
ing. Their tubular geometry and atomic-scale size offer unique oppor-
tunities for ultra-compact, orientation-independent quantum
magnetic sensors.

These studies illustrate the transformative potential of spintronic
and ferroionic materials in advancing magnetic sensor technology.
Harnessing properties such as gate-tunability, spin filtering, strain sen-
sitivity, and optically addressable spin defects enables high-
performance, reconfigurable, and even quantum-level sensing. As
research progresses, integrating these novel materials into practical
devices may unlock a new generation of compact, energy-efficient, and
multifunctional magnetic sensors tailored for diverse applications,
from precision navigation to next-generation quantum technologies.

IV. OUTLOOK AND PERSPECTIVE

The integration of ferroelectric and ferroionic materials into
quantum devices has revealed new paradigms for charge modulation,
sensing, and non-contact energy transfer (Fig. 29). Among the materi-
als discussed, the A;_,,Ba,OCl family (A = Li, Na, K) has emerged as a
particularly rich model system, combining ferroionic conductivity with
robust, nonvolatile electrostatic behavior and long-range coherent
interactions across interfaces and even air gaps. Yet, this development
represents only one facet of a rapidly expanding field that now spans
from layered van der Waals ferroelectrics to hybrid perovskites and
classical oxide systems—each contributing unique physical mecha-
nisms and functionalities to the ferroionic paradigm.

In Cu-based thiophosphates such as CIPS and CCPS, ferroelec-
tricity arises from the displacement of Cu* ions within sulfur-based
octahedra, producing vertical dipoles and switchable polarization at
room temperature. These materials illustrate how layered van der
Waals structures can host stable polarization in the absence of strong
interlayer coupling, paving the way for ultrathin ferroelectric and mul-
tiferroic devices. However, their ionic motion is typically limited to
Cu* hopping, resulting in modest ferroionicity and partial screening
of polarization fields. The coupling of ferroelectricity to electronic
states in these systems has already enabled memristive and tunneling
junctions, and further interface engineering could lead to hybrid ferro-
electric—ferroionic architectures with lateral ionic mobility.

Transition-metal dichalcogenides, including MoS, and WSe,,
represent another class of 2D ferroelectrics that exploit symmetry
breaking through in-plane strain, stacking order, or atomic displace-
ment. Their ferroelectricity, often stabilized in the 1T’ or 1T” phases,
can coexist with semiconducting or topologically non-trivial electronic
bands. While their ferroionic properties are confined to ultra-thin
regimes, the atomic precision and tunability of TMDs make them ideal
for heterostructures where ferroelectric and ionic polarization can be
controlled via interfacial gating or ionic intercalation—an emerging
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strategy for quantum information transduction and polarization-
mediated spin control.

Hybrid halide perovskites, typified by MAPbI;, bring another
perspective: they exhibit dynamic molecular dipoles (from the
organic A-site cation) coupled to deformable Pb-I octahedra.
These materials bridge the electronic, ionic, and ferroelectric
worlds naturally. Their strong photoresponse, soft lattice, and
defect-tolerant chemistry enable polarization-assisted charge sep-
aration and hysteretic current-voltage behavior reminiscent of
ferroionic switching. Despite challenges with environmental sta-
bility and halide migration, compositional engineering (e.g., FA/
Cs alloying and Pb/Sn substitution) continues to stabilize ferro-
electricity and tune ion transport, making halide perovskites cen-
tral to both photoferroelectric and ferroionic photovoltaic
research.

Classical perovskites such as BaTiO; remain benchmark ferro-
electrics due to their well-defined Ti*" displacement within oxygen
octahedra, large spontaneous polarization, and established domain
engineering. Doping and nanostructuring have progressively intro-
duced ionic transport channels into these systems, yielding mixed
ferroelectric-ionic conduction that could be exploited for solid-state
synapses and reconfigurable capacitors. When combined with 2D or
glassy ferroionics, BaTiOs-based systems may provide the structural
rigidity and dielectric stability needed for scalable architectures. The
ferroelectricity in Hf; ,Zr,O, is a size- and strain-stabilized structural
phenomenon, where the orthorhombic Pca2; phase emerges from
constrained lattice distortion and selective doping, giving rise to
switchable polarization at nanometer scale—a “ferroelectricity by
design” rather than by intrinsic instability. It is often described as a dis-
torted sevenfold coordination—between octahedral (sixfold) and cubic

(eightfold). This kind of ferroelectricity enables FeFETs for nonvolatile
memory, negative capacitance transistors that beat the Boltzmann
limit, and CMOS-compatible integration, as HfO, is already used as a
high-k gate dielectric.

In this broader landscape, Aj;,,Ba,OCl compounds distinguish
themselves by achieving bulk ferroionicity—stable, reconfigurable
polarization sustained through aliovalent doping and vacancy dynam-
ics in semi-amorphous matrices. Unlike van der Waals or hybrid per-
ovskites, the absence of long-range crystallinity does not suppress their
polarization memory. Instead, disordered local environments enhance
ionic polarizability and allow persistent electric field gradients that
extend across macroscopic distances. Their mobile ions do not fully
screen internal fields allowing electrons to circulate along the surface,
suggesting topologically active edge states. This behavior underpins
self-charging, self-cycling, and structured air-gap capacitance—
phenomena pointing toward ferroelectric topological insulators and
new paradigms of non-contact electrostatic communication.

From a conceptual viewpoint, all ferroionic materials—whether
crystalline, layered, hybrid, or glassy—share a common octahedral
coordination motif as the structural cradle of polarization. Yet, their
responses diverge dramatically depending on how symmetry, dimen-
sionality, and disorder govern the coupling between electronic and
ionic degrees of freedom. This diversity emphasizes a unifying design
principle: ferroionic functionality emerges when local polar distortions
are dynamically coupled to mobile ions that can mediate long-range
order without electronic conduction.

Looking ahead, several challenges and opportunities define the
path forward. Achieving reversible ferroionic switching under device
operation requires improved control of vacancy dynamics, interface
stability, and fatigue mechanisms. The development of operando

Appl. Phys. Rev. 13, 011306 (2026); doi: 10.1063/5.0251263
© Author(s) 2026

13, 011306-38

1212580 9202 AN 80


pubs.aip.org/aip/are

Applied Physics Reviews

multimodal probes-combining SKP, PEM, and time-resolved spec-
troscopy—will be crucial to visualize coupled ionic-electronic phe-
nomena at the nanoscale. On the theoretical side, multiscale
simulations that integrate DFT-level potential landscapes with meso-
scale ionic kinetics are needed to capture ferroionic polarization
dynamics beyond static approximations. Finally, hybrid heterostruc-
tures that combine van der Waals ferroelectrics, oxide ferroionics,
and halide perovskites could yield programmable devices with tun-
able charge-ion coupling for neuromorphic, quantum-sensing, and
self-powered architectures.

In conclusion, the emerging field of ferroionics bridges long-
separated domains—ferroelectricity, ionics, and topology—into a
unified physical framework. From ordered oxides to disordered
halides and chalcogenides, these materials redefine what consti-
tutes a polar solid, introducing functionalities that transcend con-
ventional dielectric or electrochemical limits. The continued
exploration of this class promises not only to deepen our under-
standing of collective charge phenomena but also to catalyze the
design of autonomous, adaptive, and sustainable quantum devices
for the next technological era.
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