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Ferroelectric materials undergo spontaneous polarization that can be reversed by applying an external
electric field. This property plays the most important role in applications such as logic gates, microwave
communications, piezo energy harvesting, memory storage such as ferroelectric random-access
memory (FeRAM), and ferroelectric sensors and actuators. Recently, hybrid halide perovskites (HHPs)
have started demonstrating impressive ferroelectric properties in addition to their excellent photovoltaic
performance. Compared to traditional oxide perovskites and organic ferroelectric materials, HHPs have
the advantage that they can be simple solution-processed yet with immaculate crystal quality which is

Received 15th December 2024, suitable for realizing next-generation thin film flexible electronics and FeRAM in neuromorphic

Accepted 4th April 2025 computing. This review focuses on the current status of ferroelectric properties of two-dimensional (2D)
DOI: 10.1039/d4tc05289g halide perovskite single crystals and covers the limited reports available on thin film HHPs. Furthermore,

we explain the challenges in the ferroelectric characterization of thin film HHPs and compare them with
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1. Introduction

Spontaneous electric polarization reversed by an external elec-
tric field is a unique feature of a ferroelectric material, which
plays the most important role in many related advanced
applications such as piezo energy harvesting, ferroelectric ran-
dom access memory (FeRAM), and ferroelectric sensors." Thin
film ferroelectrics are indispensable in modern technology due
to their versatility and ability to be integrated into a wide range
of applications, from electronics to energy harvesting and
beyond.”? Thin film ferroelectrics promise excellent mechanical
flexibility when compared to bulk materials and can be engi-
neered with specified properties based on their composition
and thickness.>* These attributes are important for non-
volatile memory devices and effective energy-harvesting system
applications.> Even though inorganic ferroelectric materials
like lead zirconate titanate (PZT) & barium titanate (BATiO3)
show superior ferroelectric properties with high saturation
polarization (P;) 20 to 70 & 25 pC cm™ 2, respectively,®” these
materials have some drawbacks such as rigidity, high proces-
sing temperature greater than 1000 °C, and difficulties in
integrating with modern flexible electronics. Although the so-
called organic ferroelectrics, such as polyvinylidene fluoride
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(PVDF) and its copolymers, are more flexible and require lower
processing temperature (below ~200 °C) these materials typi-
cally have very low polarization (PVDF = 0.13 uC cm ™ *)° values
and have inherently higher environmental instability. Thus
both families of existing ferroelectric materials suffer from
scalability issues and fall short in certain aspects when it comes
to satisfying the demands of advanced ferroelectric applica-
tions like self-powered flexible electronics & FERAM in neuro-
morphic computing.” Thus there is a strong demand for a novel
family of ferroelectric materials with excellent polarization
properties and yet capable of being integrated with modern
technological advancements.®

Recently, hybrid halide perovskites (HHPs) have emerged as
promising ferroelectric materials in addition to their photo-
voltaic performance. Originally, HHPs were widely investigated
mostly for their potential in photovoltaic applications, where
they have shown exceptional power conversion efficiencies
(27%, most recent certified value) within a decade since their
inception in 2009. These materials have superior light absorp-
tion and charge-transporting properties and can be processed
using simple solution processing methods.”'® Over time,
researchers have discovered their potential in other fields,
including light-emitting diodes, lasers, photodetectors, and
more recently, ferroelectric applications.'’ The presence of
additional ferroelectric behavior in the HHPs makes these
materials to be explored in other energy harvesting applications
such as piezoelectric energy harvesting and in technological
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applications such as FeRAMs. Exploring the ferroelectric beha-
viour in HHPs would unravel the fundamental properties of
these materials related to ferroelectricity, and will provide novel
insights into the dynamic properties of the organic cation
molecules. In addition, ferroelectric behaviour in HHPs gives
a detailed understanding of the charge carrier dynamics in
highly efficient photovoltaics and can even improve the photo-
voltaic properties due to efficient charge separation and extrac-
tion. From a technology point of view, ferroelectric HHPs
enable applications in non-volatile memory, logic gates, sen-
sors, actuators, piezo energy harvesters, and reconfigurable
optoelectronic devices.” The HHPs’ structural phase stability
issues are due to their easy ion migration and environmental
sensitivity (humidity and UV-induced degradation). However,
researchers are actively exploring strategies such as surface
passivation and encapsulation to stabilize these materials.'?
Among these different promising properties, ferroelectricity
has received tremendous attention because of its ease of
synthesis and tunable ferroelectric properties.”* HHPs exhibit
distinguishing dielectric properties, Curie temperatures well
above room temperatures (such as 200 °C) and notable piezo-
electric responses.'*" Thus, HHPs with exceptional ferroelec-
tric performance can have significant opportunities in
advanced applications in next-generation ultra-high density
data storage, energy harvesting, memory devices and high-
speed data communications.

Ferroelectricity in 2-dimensional (2D) single crystal lead
halide perovskites was reported for the first time in 2015 in
(benzylammonium),PbCl, by Heng-Yun Ye et al, using the
Sawyer-Tower ferroelectric tester & piezoresponse force micro-
scopy (PFM),'® and this has opened up an entirely new avenue
for this field.'” Single crystals contain fewer defects and grain
boundaries than polycrystalline thin film structures, leading to
better ferroelectric properties.” Single crystal halide perovskites
demonstrated higher dielectric constants, superior polarization
stability, and more excellent charge carrier mobility compared to
their thin film counterparts.’®'® Some single crystal HHPs are
(ATHP),PbBr, (ATHP = 4-aminotetrahydropyran), (BA),CsPb,Br,
(BA = butylammonium), and [(R)-N-(1-phenylethyl)ethane-1,2-
diaminium|Pbl,. These materials have a dielectric constant (&)
of 13, 37, and 10, and saturation polarizations (Ps) of 5.6, 4.2 &
0.15 pC cm > respectively.’*>* Halide perovskite thin films offer a
number of beneficial properties compared to single crystals,
especially in piezoelectric and ferroelectric applications. On the
one hand, thin films are flexible and can be easily integrated into
a wide range of device architectures, which is vital for the Internet
of Things (IoT) applications as these technologies require ultra-
lightweight, compact and portable power sources, energy storage,
memory devices and associated electronic devices for innumer-
able data transmission and reception.>**** Although single crys-
tal halide perovskites showcase most of the attractive features,
they are accompanied by several roadblocks constraining their
practical applications, such as the synthesis of large-area single
crystals with uniform properties, and is a longstanding
challenge.” Moreover, single-crystal ferroelectric HHPs are
mechanically brittle and environment-sensitive, and it is
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challenging to integrate these ferroelectric HHP single crystals
with advanced electronic components. However, thin film
HHPs have several advantages such as mass-scale fabrication,
low material consumption, cost-effective simple solution pro-
cessing and tunable ferroelectricity. Despite these advantages,
polycrystalline ferroelectric thin films face several challenges in
comparison to single-crystal ferroelectrics, such as defects and
grain boundaries, which can severely affect the electrical and
ferroelectric polarisation properties.>” Strategies to control the
ferroelectric behaviour in thin films include compositional
engineering for optimal perovskite structures, surface passiva-
tion during fabrication steps for low defect density, and inter-
face modulation providing a band alignment suitable for
charge transport; these are well-known and used techniques in
photovoltaics.”*>® Furthermore, the advancement in deposi-
tion methods, e.g., spin coating, blade coating, and thermal
evaporation, has allowed us to obtain high-quality thin films
with great ferroelectric properties.> ! In this review, we will
compare and discuss the ferroelectric properties of halide
perovskite single crystals and thin films with an emphasis on
2D halide perovskites to provide a guideline in identifying the
properties that are particularly interesting in realising next-
generation energy harvesters and memory devices.

2. Ferroelectricity

Ferroelectric materials show spontaneous polarization, which
can switch/reverse under an external electric field. The
presence of a finite polarisation at zero electric field and the
direction reversal of the polarisation vector are the distinct
features of ferroelectrics over piezoelectric materials. In a ferro-
electric material, the regions of uniform electric dipole align-
ment (polarisation) are known as domains. The interface
between the two domains is called domain walls. These domain
walls are usually very thin and only a few lattices thick. The
direction of polarisation will be different in adjacent domains,
and the net polarisation of the specimen remains zero when no
electric field is applied.*” Fig. 1a shows the random alignment
of dipoles/net polarisation in a multidomain grain. A ferro-
electric crystal usually possesses a multidomain structure and
when a strong electric field is applied such that the direction of
the field is opposite to the direction of polarisation of a
domain, the spontaneous polarisation of the domain reverses.
This dynamic process of domain reversal is called ferroelectric
switching as shown in Fig. 1b. This ferroelectric domain switch-
ing depends on two factors such as the applied electric field
and temperature.

Polarisation P is defined as the dipole moment (p) per unit
volume.?®

V4
= 1
total volume (1)

The dipole moment is defined as j = Jd Vp(F)F (2)

where p(7) is the charge density in the molecule over the volume
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(a) Multidomain in a ferroelectric crystal, (b) domain switching in a ferroelectric crystal due to an external field, and (c) internal schematic of the

Sawyer—Tower circuit. Reproduced from ref. 33 with permission from Springer Nature, copyright 2019. P—E hysteresis loop plot of ref. 33 (d) ideal linear

capacitor, (e) ideal resistor, (f) lossy capacitor,*
copyright 2019.

dV. As the temperature increases, the bulk polarisation value
decreases, and the material changes from a ferroelectric to a
paraelectric phase. This temperature where this transition
happens (lower symmetry to higher symmetry phase) is called
the Curie temperature (7c).

Ferroelectric materials are characterized by their nonlinear
polarisation (P) with respect to the external electric field (E) and
hysteresis of the P-E loop as well. The Sawyer-Tower method is
the most widely known technique for measuring the P-E
properties of ferroelectric materials where an alternating elec-
tric field polarises a ferroelectric sample, and its polarization is
measured via the build-up of charge on a reference capacitor, as
shown in Fig. 1c. The Sawyer-Tower circuit is unique because it
directly measures the charge displacement.

Polarization (P) is a function of UyCy/S

(3)

where U, is the voltage on a measured sample, C, is standard
capacitance, and S is the sample’s surface area.

The method developed by Sawyer and Tower is simple to
implement and can measure many types of ferroelectric sam-
ples, such as ceramics, and thin films, as well as innovative new
materials like halide hybrid perovskites thin films.**

In the case of an ideal capacitor, the polarization varies
linearly with the electric field, as shown in Fig. 1d; this is
because voltage lags 90° by current, which results in charge and
voltages being in phase. In an ideal resistor, the current is in
phase with the voltage, and the resulting P-E loop is in a circle
from the centre, as shown in Fig. 1e. The lossy capacitor’s (the
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and (g) non-linear ferroelectric device. Reproduced from ref. 35 with permission from Springer Nature,

parallel combination of an ideal capacitor and linear resistor)
P-E loop is shown in Fig. 1f. Here, the area under the loop is
due to the loss tangent of the device, and this loss may be due
to the leakage current or dielectric hysteresis, and its slope is
proportional to the capacitance.* Fig. 1g shows the P-E loop of
ferroelectric materials; at E = 0 (origin), the sum of + and —
dipoles is equal, which is electrically neutral. At = £E,,,,, all the
dipoles are aligned in one direction, and here we can see that
maximum spontaneous polarisation is due to the sum of all
polarizations in the material, such as electronic, ionic, and
interfacial charges. These different types of dipole charges
again depend on the excited frequency range; at higher fre-
quency (>1 M Hz), ionic and space charge polarization is not
significant.®” After the electric field sweeps from Ep,. to zero,
we can still see the polarization at E = 0, which is remnant
polarization in the material. The electric field where the polar-
ization value reaches zero and polarisation switching happens
is called the coercive field, denoted as E.

The ferroelectric properties of HHPs are controlled by the
type of crystal structure, dielectric properties, Curie-Weiss
behaviour, and type of polarisation mechanism. The crystal
structure of the ferroelectric materials should be a polar, non-
centrosymmetric phase. Among 32 crystal point groups, only 10
polar point groups show ferroelectric properties (P1, P2, Pm,
Pmm2, Pmc2,, Pna2,, PAmm, P4nc, P3, and R3m).*® In addition
to that, one more parameter is the dielectric constant, which
determines the strength of the dipole moment. A higher
dielectric constant enhances dipole interactions, strengthening

This journal is © The Royal Society of Chemistry 2025
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ferroelectric behaviour. Consequently, the material exhibits
anisotropic dielectric behaviour, where the dielectric constant
varies with the direction, influencing polarization. Ferroelectric
properties manifest below the Curie temperature, while above
this temperature, the material transitions to a non-ferroelectric
phase. The Curie-Weiss law describes the relationship between
the Curie temperature and the dielectric constant. Eqn (4)
describes this relationship.*’

C

T Te @

Cr
where ¢, is the relative dielectric constant, T¢ & T are Curie &
absolute temperatures, and C is a Curie constant. For the tem-
perature (T) below Tg, all the ferroelectric domains align in one
direction, which strengthens and creates a net spontaneous
polarisation in the material. When T is near T, all the dipoles
are aligned easily, and it causes a sharp increment in the dielectric
constant. The ferroelectric response involves various mechanisms
such as displacive, geometric (tilting), order-disorder, and hydro-
gen bonding mechanisms depending on the direction of poling
and polarization, which mainly depends on the type of material.*’
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3. Background of ferroelectric hybrid
halide perovskites
3.1 Structure and composition of HHPs

HHPs are a class of materials with the formula ABX;, where
typically A is an organic cation such as methylammonium (MA" =
CH;NH;") or formamidinium [FA" = HC(NH,), '], methylhydra-
zinium (MHy" = CH,NH,NH,")*"** and aziridinium (AZR" =
C,H¢N"),*** B is a metal cation such as Pb**, Sn*", etc., and X is
a halide ion like I", Br™, Cl™. In the lattice structure of HHPs, as
depicted by a cubic lattice in Fig. 2a, the metal cation B and
halide group X form an octahedral BXs cage, and the larger-
sized organic cation A covers all corners of this BX¢ cage. The
2D HHPs are layered materials where one inorganic octahedral
cage (BX,) is sandwiched with two organic spacers, as shown in
Fig. 2b. The general formula is (A")5(A),—1B,X3n+1, where A’ is a
bulky organic cation, A is a small organic cation, B is a
metal cation, and X is a halide anion.*’ It begins as a single
layer (n = 1) and then gradually thickens with quasi 2D
structures at n = 2 to 4, followed by the 3D structure (ABXj;)
for larger values of n = oo. Fig. 2c shows how this 2D perovskite
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(a) The typical three-dimensional (3D) crystal structure of metal—halide perovskites with the general formula ABXs. Reproduced from ref. 54 with

permission from Springer Nature, copyright 2014. (b) The transition from 2D to 3D perovskites, (c) 2D perovskite structures evolve as they increase in
layer thickness. (d) Comparison of different types of quasi-2D crystal structures for n = 3. Reproduced from ref. 55 with permission from Springer Nature,
copyright 2021. (e) Tolerance factor variation with different halide hybrid perovskite compositions.®”
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structure changes from a monolayer to bilayers and eventually
to the bulk phase with an increase in thickness. This change
significantly affects the charge transport and defect density of
the perovskite, which in turn influence the electrical and
optical properties of the material. Fig. 2d illustrates different
phases of the quasi-2D crystal structures, which are Ruddle-
sden-Popper (RP), Dion-Jacobson (DJ), and alternating cations
in the interlayer space (ACI) perovskites. These 3 structures
have a different stacking of the organic and inorganic layers’
connectivity. In the RP phase, a large monovalent organic
cation separates the inorganic layers with weak interlayer van
der Waals forces. However, in some special cases like RP-
(MHy),PbBr, perovskites, van der Waals forces are eliminated
due to multiple strong interactions of the hydrogen bonds in
between the inorganic layers. In (MHy),PbBr, perovskites, the
interlayer distance is very small (8.91 A at 300 K), which leads to
strong interaction in inorganic (PbBr,) layers, resulting in
cancelling out the van der Waals forces.*® In the case of DJ, a
stronger hydrogen bonding exists between the inorganic layers
and diammonium cations. The ACI structure comprises two
cations in the interlayer space, for instance, guanidinium (GA")
and MA" in (GA)(MA),Pb,l5,.1,*” imidazolium (IM*) and MHy"
in IMMHyPbX,*®* or IM" and 1,2,4-triazolium (Tz) in
IMTzPbBr,,* which helps stabilize this phase with a reduction
in charge carrier recombination sites.’® Most of the previously
reported ferroelectric single-crystal HHP materials have a RP
structure phase as shown in Table 1. Because this phase has a
higher asymmetric crystal orientation, it results in enhancing
the dipole moment. The tuning of the polarisation properties of
HHPs provides pathways for designing them for different ferro-
electric applications, such as non-volatile memory and piezo
energy devices. In addition to the above 2D HHP crystal
structures, hexagonal HHP crystal structure is another new
dimensionality in the 2D HHP category. The crystal structure
of hexagonal 2D HHPs’ general formula is A,B,X3,1, and here,
inorganic layers are coupled with face-sharing or edge-sharing
connectivity. In addition, this structure has denser packing
than RP, DJ, and ACI 2D crystal structures.”” The 2D hexagonal
crystal structure has limited charge flow in the face-sharing
inorganic crystal connectivity.”*>*

The change of inorganic and organic ion sizes and tilting of
the BX, octahedral unit depend on the tolerance factor.®?

ra +rx

- V2(rg +rx) )

where 14, g, and rx represent the radii of the A, B, and X ions,
respectively, and the ferroelectric properties of HHP materials
highly depend on the A, B, and X radii. The above tolerance
factor is mainly considered for the 3D-ABX; structure. If the
HHPs are in a 2D phase (A"),(A),_1B,Xs,+1, then A organic
radius is considered as rq¢. The above Goldschmidt’s tolerance
equation is converted to a form shown in eqn (6).5%%

__TAefr +rx ©)

V2(rg +rx)

Similarly, a 2D-double halide hybrid perovskite Goldschmidt’s
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tolerance factor equation is modified as shown in eqn (7); here,
hxesr is the X-anions’ effective height.85

_ TAeff +7'X )
\/E(I”B + O.theff)

Fig. 2e shows the tolerance factor variation for different HHP
molecules with organic, inorganic, and halide ion variations. In
this case, MHyPbI; (methylhydrazinium lead iodide) is pre-
dicted to have a higher tolerance factor than AZRPbI; (aziridi-
nium lead iodide), FAPbI; (formamidinium lead iodide) &
MAPDI; (methylammonium lead iodide) mainly due to the
larger ionic radius of the MHy" (0.26 nm)***° cation compared
to AZR" (0.23 nm),*”” FA" (0.19-0.22 nm),>”** and MA"
(0.18 nm).”* Generally, the lower dimensional (2D, 1D) HHP
tolerance factor is higher than the 3D structures due to its bulky
organic cations in the A site.*®*° S. Burger and group reviewed
the current state of the art of HHP tolerance factors; the authors
explained the impact of tolerance factors on phase stability and
their role in dimensionality variation.’® This larger tolerance
factor could form a stabilized perovskite structure. Since the Cl
atom is smaller than the Br and I atoms, the tolerance factor of
FASnCl; is larger than that of FASnI;. Modifying the halide
component (e.g., changing I to Br or Cl) will modify the
bandgap and lattice parameters of the perovskite structure,
which can affect its ferroelectric behaviour. Tighter lattice
structures (smaller ions like Cl7) can promote ferroelectric
behaviour because of enhanced ionic polarization. Different
anionic frameworks (like Pb, Sn, or mixed anions) could fine-
tune the perovskite’s electronic environment, thereby influen-
cing their ferroelectric behavior.”*

3.2 Ferroelectricity in HHPs

The motion of organic cations with a large dipole moment in
the metal halide cavity gives rise to unusual electrical proper-
ties in hybrid perovskites. This dipole moment (u) is related to
the symmetry of the organic cation such as uMHy (2.80 D) >
UMA (2.26 D) » uFA (0.22 D) > uGA = 0.°>°® Based on the
symmetry, the hybrid perovskites can be classified as centro-
symmetric, asymmetric, and non-centrosymmetric. Moreover,
the degree of non-centrosymmetry can be tuned by applying an
external stimulus of heat, electric field, photon energy, stress,
etc.”* The orthorhombic structure of mixed halide perovskite
[MAPD(Br, 5l 5);] changes its space group from centrosym-
metric (P2,/m) to noncentrosymmetric (Pm) under light
illumination as shown in Fig. 3a.> This tuning of non-
centrosymmetry gives rise to many interesting properties of
piezoelectric, pyroelectric, and high switchable dielectric con-
stants. In the past decade, many conflicts have existed regard-
ing the origin of ferroelectricity in 3D-HHP materials, especially
in the case of MAPbI;, where most of the materials are
centrosymmetric crystals.’® In contrast, bulky organic cations
and inorganic moieties in 2D HHPs, which are easily coupled
with order and disorder transitions of the organic cations, lead
to spontaneous polarization. The dynamic motion of the
organic cation drives the ferroelectricity in the 2D HHPs. In
addition to that, the lattice distortion and displacive ions in the

This journal is © The Royal Society of Chemistry 2025
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PbX,>~ inorganic octahedral cage can also cause spontaneous
polarization. But still, most of the time, the PbX,>~ instability
alone is not sufficient to cause polarization unless a motion of
the organic cation is coupled with the PbX,*~ octahedral cage.
The asymmetry of the coupled separated positive organic cation
(MA" and BA"), and negative inorganic metal cation cage
(PbX,>7) in opposite directions creates an internal electric field,
which drives spontaneous polarization. Fig. 3(b and c) illus-
trates the ferroelectric mechanism in an ordered disordered
transition of the n-BA (butylammonium) cation coupled with
the MAPbBr; molecules.®” Fig. 3b shows the cubic structure of
the 3D MAPbBr; HHPs, which transforms into a 2D structure
(the right side) after the introduction of the bulky organic BA"
cations. This coupled BA" cation structure leads to possible
dynamic reorientation (shown in red arrows), which leads to
spontaneous polarization (Ps) in the (BA),MAPb,Br, structure.

The polarization in the (BA),MAPb,Br, molecule can origi-
nate from the motion: (a) after inserting the BA" cation, the
PbBre octahedra cage is not perfectly symmetric due to strain.
Ideally, the bond angles between Br-Pb and Pb-Br are 90°; due
to tilting, the bond angle of Br-Pb-Br changes between 87.8°
and 92.2°. This structural asymmetry leads to an internal dipole
moment between negatively charged (Br ) and positively
charged ions (Pb®"), which creates a spontaneous polarization
along the c-axis, as shown (red color arrow) in Fig. 3c. (b) The
organic cations (MA" and BA") are not fixed in the crystal
structure (BA,MAPb,Br,); they are dynamically reoriented
within the structure. The interaction between the reoriented
BA" and MA" undergoes charge separation. Here, order—dis-
order transitions of positive charge MA" cations perfectly align
with negative charge Br~ along the c-axis. The resulting dipole
moment (yellow color arrow) is shown in Fig. 3c. (c¢) In the final
possible way, hydrogen bonds from the ammonium group

Fig. 3

(b)

View Article Online
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(-NH;") in the BA" organic cation align with the Br~ along
the c-axis for the easy dipole moment (N-H- - -Br) (green color
arrow) in Fig. 3c to create spontaneous polarization. Finally,
3D-MAPDbBr; HHPs alone are not sufficient to generate sponta-
neous polarization. After inserting the BA" organic cations into
the 3D- MAPbBr; HHPs, the structure became asymmetric and
showed a free dipole orientation, as mentioned above, in three
possible ways.

In addition to this, external pressure also strongly affects the
HHP’s crystal structures; as a result, the HHP material may
change its crystal structure from a non-ferroelectric phase to a
ferroelectric phase. Juan and others previously studied
pressure-dependent polarization in NH,Cd(HCOO); HHPs.”®
Here, the authors vary the pressure from 0 to 18 GPa; at around
10 GPa, the (NH),Cd(HCOO); material is converted from the
orthorhombic (Pna2,) phase to monoclinic (Pc), and both
phases are polar non-centrosymmetric phases.’® Similarly, in
2021, Jung Hoon and their group further confirmed the
pressure-induced phase transition on the MAPbI; HHPs.”
The authors confirm that MAPDI; at 0.23 GPa changes its phase
from orthorhombic Fmmm to cubic Im3. This indicates that the
inorganic and organic bond lengths and the crystal orientation
of MAPbI; are getting affected at 0.23 GPa. The HHPs’ bond
length changes are the primary factor that affects the dipole
alignment which in turn leads to changes in ferroelectric
polarization. In 2024, Szymon and colleagues studied the
pressure-dependent ferroelectric transition in 2D-MHy,Pbl,
HHPs.'% The study shows that at ambient pressure and room
temperature (298 K), MHy,Pbl, exists in an orthorhombic (Pccn)
centrosymmetric crystal structure. When the pressure is
increased to 0.07 GPa, the crystal structure changes to orthor-
hombic (Pmmn). Above 1.15 GPa, the crystal structure of
MHy,Pbl, changes to orthorhombic (Pmn2,), and after 3 GPa,

CH:NH:PbBr:

Organic
layer

L) L) Perovskite:
) bilayer
m-\" =
©Br
oN
Cubic perovskite ec
WH

(Pm3m)

(a) Light irradiation effect on the crystal structure of the HHP material. Reproduced from ref. 95 with permission from American Chemical Society,

copyright 2021. (b) Schematic of cubic perovskite MAPbBr3 and structure modification to (BA),MAPb,Br; after incorporation of the BA* (butylammonium
cation) cation and spontaneous polarization in the c-axis, (c) the ferroelectric mechanism in the (BA),MAPb,Br; HHPs. Reproduced from ref. 97 with

permission from American Chemical Society, copyright 2019.
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the crystal structure changes to monoclinic (P2,), and both of
these are non-centrosymmetric polar phases. Authors further
confirmed these structural transformations using X-ray diffrac-
tion and second harmonic generation studies. Increasing the
pressure alters the Pblg octahedral coordination and changes
the cation disorder (MHy") in the MHy,Pbl,, leading to changes
in its crystal structure. Nonetheless, pressure-induced crystal
changes are higher in the HHPs as compared to conventional
inorganic and organic materials due to their soft crystal lattice.
The pressure effect-dependent ferroelectric polarization leads
to pathways for energy-efficient piezoelectric applications and
pressure-sensing technologies.

(a) State of the art halide perovskite ferroelectric single crystals

Chen et al in 2019 reported ferroelectric properties in
(ATHP),PbBr, (ATHP = 4-aminotetrahydropyran) single crystals
with a decent P-E hysteresis loop and a P, ~ 5.6 uC cm™ > at
363 K as shown in Fig. 4a.”° The ferroelectric properties of
(ATHP),PbBr, are consistently retained up to a high T¢ value of
503 K [much higher than that in BaTiO; (BTO, 393 K]. And this
material has a giant piezoelectric voltage coefficient (g33), which
is 660.3 x 107> V. m N, and this value is higher than that of
the conventional ferroelectric materials such as Pb(Zr, Ti)O;
(PZT) ceramics (~20 to 40 x 10> V. m N *),'* and PVDF (286.7 x
107 V. m N ")."°* The g3; is a piezoelectric voltage coefficient
that describes the electrical voltage generated under mechan-
ical stress in the same direction as the applied voltage. Fig. 4b
shows the temperature dependence of the dielectric constant
(¢') during heating and cooling cycles of (ATHP),PbBr,. A
material phase transition around 510 K is observed, which is
a hallmark of ferroelectric behaviour. The authors claimed that
the (ATHP),PbBr, material has the highest g3 and 7 among all
existing HHPs reported up to 2019. The (ATHP),PbBr, single
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crystal displays superior ferroelectric properties caused by its
particular structural and chemical composition. Fig. 4c shows
the ab plane arrangement of the C, H, O, N, Pb, and Br atoms of
a 2D layered single crystal (ATHP),PBr, perovskite. The atoms’
distribution confirms the layered nature of the perovskite,
which is key to its extraordinary ferroelectric properties.
Fig. 4d shows a side view of the crystal structure along the bc-
plane, revealing also the atom connectivity and organization in
this plane, underlining continuity between layers. Finally,
Fig. 4e depicts another cartoon of the 2D crystal structure in
the ac-plane of the single crystal (ATHP),PbBr, perovskite. This
describes in even more detail the bonding and spatial struc-
ture, which is critical for understanding these materials’ fer-
roelectricity and piezoelectric properties. From Fig. 4c, it is
observed that the organic ATHP cations interact with the
inorganic PbBr, layers through hydrogen bonding. The hydro-
gen bonding connectivity, along with structural factors
such as cation tilting and rotation coupled with inorganic
layers of HHPs, plays a crucial role in stabilizing the non-
centrosymmetric phases. However, this condition alone is not
sufficient for spontaneous polarization, and dipole alighment
is also important; otherwise, both dipoles cancel each other
out. For example, in (MHy),PbBr, HHPs at 380 K, even though
it has strong hydrogen bonding with organic cations and
inorganic layers, anti-parallel dipole arrangement leads to net
zero spontaneous polarization in this molecule.*® The carbon
atoms in ATHP organic molecules help the structural rigidity
and influence the orientation of the organic cations within the
lattice. The polarization value (5.6 pC cm™?) of ATHP,PbBr,
HHPs is relatively higher than most of the HHP perovskites
mentioned in Table 1. This is probably due to the significant
displacement of Pb atoms and the unique structural alignment
of the ATHP cations. The large organic cations in ATHP might

—o—Heating
—o— Cooling

100
804

w 60

»H
o
1

20

01— T T T T T
360 390 420 450 480 510

Temperature (K)

Fig. 4

(a) Polarization—electric field (P—E) hysteresis loop of single crystal (ATHP),PbBr, perovskites at 363 K. (b) Graph showing the temperature

dependence of the (ATHP),PbBr4 perovskite dielectric constant (¢') during heating and cooling cycles. (c) (ATHP),PbBr4 layered perovskite along the ab-
plane, (d) (ATHP),PbBr,4 layered perovskite along the bc-plane, and (e) (ATHP),PbBr,4 layered perovskite along the ac-plane. Reproduced from ref. 20 with

permission from the American Chemical Society, copyright 2020.
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Fig. 5

(@) The crystal structure of the Ruddlesden—Popper perovskite, (PEA),Pbl,, (b) Dion-Jacobson perovskite (4AMP)Pbl, crystal structure,

(c) chemical structure of the organic cations, (d) single crystal ferroelectric sample structure, (e) current—voltage (/-V) hysteresis plot, and
(f) polarization—voltage (P-V) hysteresis loop. Reproduced from ref. 104 with permission from American Chemical Society, copyright 2019.

create larger dipole moments, contributing to the higher overall
polarization.

The crystal structure of typical 2D layered Ruddlesden—
Popper (PEA),Pbl, perovskites consisting of lead iodide Pbl,
octahedra separated by organic double corner-shared 2-
phenylethylammonium (PEA) organic cations is shown in
Fig. 5a. Fig. 5b shows the crystal structure of Dion-Jacobson
perovskite (4AMP)PbI, consisting of lead iodide (Pblg) octahe-
dra layers with 4-(aminomethyl) piperidinium (4AMP) cations
intercalated between them. The distinct layering in the Dion-
Jacobson perovskite (4AMP)Pbl, is due to the shorter interlayer
bifunctional nature of the 4AMP** cations to form stronger
hydrogen bonds between the inorganic (Pblg) layers. This leads
to stable interlayer coupling as compared to (PEA),Pbl, HHPs.
In the (PEA),Pbl, HHPs, a weaker van der Waals force will
connect the Pblg layers, and the interlayer distance is longer
than in (4AMP)PbI,. Fig. 5c illustrates the chemical structures
of the organic cations employed in Ruddlesden-Popper (2-
phenylethylammonium, PEA) and Dion-Jacobson perovskites
[4-(aminomethyl)piperidinium, AMP]. The sample structure for
measurements of ferroelectric properties in a (4AMP)PbI, sin-
gle crystal is shown schematically in Fig. 5d. The current
switching hysteresis loop of the (4AMP)Pbl, single crystal in
Fig. 5e implies the material to be ferroelectric, and numbering
from 1 to 4 indicates different current switching states achieved
during its switching process. Fig. 5f shows the hysteresis of the
polarization-voltage (P-V), showing remanent polarization
(10 pC em™?) and coercive field. The (4AMP)Pbl, Dion-Jacob-
son perovskites exhibit the Rashba effect, which involves spin-
band splitting caused by the absence of inversion symmetry
and spin-orbit coupling in a material. Such a Rashba effect can
enhance the charge carrier separation and mobility, making it
beneficial to stabilize polar phases, thereby improving the
ferroelectric properties of the material.'®®

In 2025, Yu Ma and group reported the first study on the
ferroelectric behavior in the single crystal HHP heterostructure
(EA;Pb,Br,)(EA)4Pb;Bry, (7 = 2/3)."%° Here, the authors used

10496 | J Mater. Chem. C, 2025, 13, 10488-10506

neopentylamine (NPA), a molecular scissor, as a self-
assembling layer to develop the (EA;Pb,Br,)(EA),Pb;Br;, struc-
ture. In the n = 2/3 heterostructure, the bulkier size of the
neopentyl (-C(CHz)3) group increases the structural asymmetry,
which leads to enhanced polarization. Here, ethylamine (EA)
acts as a spacer between the n = 2/3 heterostructure; due to its
smaller size, it stabilizes the hydrogen bonding network and
stacks the layer periodic layer thickness as shown in Fig. 6a.
The ferroelectric polarization value of the (n = 2/3) heterostruc-
ture is higher than the individual n = 2 & 3 as shown in the P-E
hysteresis loop in Fig. 6b. The saturation polarizations of n = 2,
3 &n=2/3 are 3.1, 4 & 5 pC cm™ 2 respectively. The enhanced
polarization in the heterostructure is due to an increased
fourfold reorientation disorder of EA organic cations, allowing
higher net dipole moments. In addition to this, temperature-
dependent P-E hysteresis loops of the n = 2/3 heterostructure
from 300 to 320 K confirm that this material has strong
polarization retention in this range as shown in Fig. 6c. This
material further confirms that in the ferroelectric fatigue test,
heterostructure (n = 2/3) maintained its stable polarization
states for up to 120000 cycles, as shown in Fig. 6d. However,
in the case of n = 2 & 3 individuals, their polarization states are
not stable for more than around 50000 cycles; this confirms
that the heterostructure has excellent fatigue resistance.

Table 1 shows that most of the 2D HHP ferroelectrics are in
the orthorhombic (Cmc2,) crystal structure. This crystal struc-
ture is the most energetically favorable and thermodynamically
stable structure compared to other ferroelectric phases (mono-
clinic or tetragonal phases).'®® Most of the 2D HHP ferro-
electrics listed in Table 1 are RP phase. The RP phase is more
stable than DJ due to its larger interlayer spacing and flexibility.
At the same time, ferroelectric polarization is also relatively
larger in the RP phase than in DJ. In 2024, Wang N. & group
showed the highest ferroelectric polarization (23.3 pC cm™?) in
(4-CBZACL),PbCl, 2D single layer RP HHPs. The authors claim
that the para-chlorine substitution in the (4-CBZACL),PbCl,
molecule enhances the dipole alignment and octahedral

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) The figure illustrates self-assembling heterostructure (EA),(EA),_1Pb,Brz,41 (n = 2/3) and individuals n = 1 to 3 single crystal halide hybrid

perovskites, (b) ferroelectric P—E hysteresis loops at 50 Hz, (c) the P—E loops of n = 2/3 heterostructures at different temperatures, and (d) the fatigue test
forn =2, n = 2/3,n = 3. Reproduced from ref. 72 with permission from John Wiley and Sons, copyright 2025.

distortion, leading to enhanced polarization.®> The coercive
field in the 2D-RP HHPs ranges from around 2 to
500 kv cm ™", which is relatively larger than the multi-layered
(quasi-2D) RP phase. The 2D RP single layer has strong dielec-
tric confinement compared to the multi-layered structure,
resulting in a higher energy to switch the polarization
state."”

(b) Ferroelectric HHP thin films

Zhang et al. have shown the ferroelectric properties of (PEA),-
(MA),,_1Pb, I3, thin films with 7 varying from 2 to 0. Fig. 7a
shows a schematic Ag/PCBM/(PEA),(MA),_1Pb,I3,,1/PEDOT:
PSS/ITO-Glass of the layer structure of a perovskite-based device
used in the study of ferroelectric behavior. Fig. 7b shows the
P-E loop of the (PEA),(MA), 1Pb,l3,.; (7 = 5) perovskite thin
film. The polarization is not saturated even at higher electric
fields, and the loop is somewhat open, indicating incomplete
polarization switching. However, the observed unsaturated P-E
loop shows a resistive behavior at a higher electric field likely
because of the dominant ion migration over ferroelectricity,
indicated by the circle-shaped loop. Thinner layers of perovs-
kite ~300 nm might not exhibit saturated polarization due to
the insufficient material volume to support full domain switch-
ing. The coercive field is reducing (PEA),(MA),_1Pb,I5,.; from
n = 2 to 5, as shown in Fig. 7c; this may be due to reduced
dimensional confinement compared to lower n values, making
it easier for domain walls to move, reducing the energy barrier

This journal is © The Royal Society of Chemistry 2025

for polarization switching and thus lowering the coercive field.
As shown in Fig. 7d, the polarization increases with the n value,
which is typically due to better dipole alignment and less
disruption from organic cations, which results in higher net
polarization for organic spacers at n = 5. The n = 5 (quasi 2D)
structure represents an optimal balance between 2D and 3D
characteristics, resulting from higher Ps and lower E¢.

Fig. 7e and f show the PFM image recorded for thin film
(PEA),(MA),,_1Pb,l3,+; (n = 5) ferroelectric at —4 V poling
voltage and the corresponding dipole orientation in the upward
direction. Switching this poling voltage to +4 V, the dipole
orientation direction is reversed, and the corresponding phase
plot can be seen in images Fig. 7g and h respectively. The dipole
switching with the field confirms the ferroelectric features in
(PEA),(MA),,_1Pb,l3,.; (n = 5). Fig. 7i and j show the PFM
amplitude and PFM phase plots of (PEA),(MA),,_1Pb,I3,.1 per-
ovskite thin films (n = 2 to n = o). As n increases from 2 to 5,
the width of the PFM hysteresis amplitude loops increases, and
this affects the remnant polarization. MAPbI; (n = c0) shows
the lower coercive field with narrow phase width suggesting
minimal ferroelectric behavior compared to other composi-
tions, which is due to the lack of layered structure in 3D.
Among all, n = 5 shows wider amplitude PFM hysteresis loops,
indicating less polarization retention, and at the same time, the
PFM phase plots become wider, indicating increased polariza-
tion stability. For the same thin film (PEA),(MA),_1Pb, I3, (7=
2 to n = o) perovskite material though the P-E loop is

J. Mater. Chem. C, 2025, 13,10488-10506 | 10497
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(g) micrograph at —4 V & +4 V poling (n = 5), (f) and (h) dipoles switching plots at —4 V & +4 V (n = 5), (i) hysteresis phase plot of n = 2 to w0, (j) amplitude
plot of n = 2 to w0.1°8 Reproduced from ref. 108 with permission from American Chemical Society, copyright 2019.

measured by using the Sawyer-Tower circuit technique, no
indication of ferroelectric behavior could be observed. The
Sawyer-Tower circuit measures macroscopic polarization,
which might not capture subtle or nanoscale ferroelectric
features present in (PEA),(MA), 1Pb,l3,,q (n = 2 to n = o0)
perovskite thin films. PFM is more sensitive to local piezo-
response and can detect ferroelectric domains in (PEA),(-
MA),_1Pb,l3,+1 (n = 2 to n = o) at the nanoscale, revealing
ferroelectric properties which were not observed in bulk
measurements."%°

In 2023, B. Han et al. are the first to show the saturated P-E
loops with proper current switching of the (3-PyA),Pbl, (PyA-
pyridinium acetate iodide) (2D), (FA)o.7CSo 3Pbl; ¢sBro.0s (3D)
and 2D/3D thin film HHPs using the double wave ferroelectric
tester."'® Fig. 8a-c show the I-P-E graphs of the PEN/ITO/SAM/(2D),

(3D), and (2D/3D)/PCBM/BCP/Ag device structure, respectively. The
(3-PyA),Pbl, (2D) HHPs show higher saturation polarization
(12.78 puC cm %) as compared to the stacked 2D over
(FA)o.7Cs¢.3PbI, gBrg o perovskites shown in Fig. 8a. Generally,
2D perovskites have confined charge carriers in their layered
structure; this confinement leads to a strong interaction
between the organic and inorganic molecules, which leads to
higher spontaneous polarization. Another reason is the con-
fined organic cation, which creates a strong dipolar interaction
with displaced hydrogen bondings in the crystal structures. In
the case of (FA),,Cso3Pbl, 0sBrgo, (3D) perovskites, the P-E
loops and respective current look like resistive as shown in
Fig. 8b. It is clear that (FA),;Cs¢ 3Pbl, ¢gBro o, thin films do not
show any ferroelectric nature; this is probably due to this
molecule having a symmetric isotropic crystal structure with a

(a) (b) (c)
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o
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Fig. 8 Polarization—electric (P-E) field hysteresis ferroelectric loop of (a) (3-PyA),Pbl, (2D), (b) (FA)o7Cso 3Pbls0gBroos (3D), and (c) (3-PyA),Pbls/
(FA)0.7Cs0.3Pbl> 0gBro.92 halide perovskite thin films. Reproduced from ref. 110 with permission from John Wiley and Sons, copyright 2021.
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Fig. 9 (a) Thin film HHPs (EA)4PbsBrio piezoresponse force microscopy

(PFM) phase image during polarization switching, (i) phase image before

applying the +50 V to the PFM tip, (i) phase domains are switched because of +50 V tip bias, (iii) the ferroelectric domains up to 2 h, (b) P-E loops of the
(EA)4Pb3Brip SCFs at a frequency of 3.33 kHz, (c) schematic of flexible (EA)4PbsBrip HHPs, (d) photo switching characteristics of thin film HHPs
(EA)4Pb3Brio under different strain. Reproduced from ref. 112 with permission from John Wiley and Sons, copyright 2021. (e) The schematic of
(HA)2;MA,PbsBrio HHPs' ferroelectric field effect transistor memory, (f) the ferroelectric device memory working mechanism with a pulse (with reading
and writing bit 1 & 0). Reproduced from ref. 113 with permission from John Wiley and Sons, copyright 2023.

less confined structure as compared to the 2D perovskite. The
authors further verified the non-ferroelectric & ferroelectric
properties of (FA)y;Csg3Pbl, ¢gBrg gz, and (3-PyA),Pbl, mole-
cules with the DFT simulations. Here they found that the (3-
PyA),Pbl, molecule has an asymmetric crystal structure, which
leads to a strong dipole moment. In the hybrid 2D/3D perovs-
kite structure, the saturation polarization is 5.1 uC cm 2. Here,
by inserting the (3-PyA),Pbl, molecule over the (FA),;Cso3P-
bl, 0gBro.o, perovskite, one can somewhat interrupt the collec-
tive dipole moment in the (3-PyA),Pbl, perovskite, which leads
to lower polarization values as compared to the 2D structure.
Thin film (EA),Pb;Br,, HHPs’ PFM phase image in Fig. 9a(i)
confirms the random distribution of dark and bright regions,
which suggests that ferroelectric domains are unswitched. After
applying the +50 V PFM tip bias, the image in Fig. 9a(ii) shows
new switched domains with opposite phase contrast. This
confirms that (EA),Pb;Br;, HHPs have switchable ferroelectric

This journal is © The Royal Society of Chemistry 2025

domains under external fields. After 2 hours, the ferroelectric
domains are clear and stable, as shown in Fig. 9a(iii); this
confirms that the material has a good polarization retention
over time. Thin film (EA),Pb;Br;, HHPs’ P-E loop at 3.33 kHz is
measured using the Sawyer-Tower circuit shown in Fig. 9b.
These ferroelectric P-E loops confirm that (EA),Pb;Br;, HHPs
are not well saturated, and it looks like this material shows
high leakage behavior when measured over a large area. How-
ever, this could be because the thin films of HHPs are typically
polycrystalline, known to have higher defect density and grain
boundaries as compared to single crystals. This is due to the
crystallization process of thin films in which there would be
several individual grains nucleating and growing indepen-
dently till they meet each other. These resultant grains and
boundaries increase the leakage current, which ultimately
degrades the ferroelectric properties in thin films of HHPs.
Among all the low-dimensional HHP polycrystalline thin films,
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ion migration is significantly increased at grain boundaries
because of their specific structural and chemical features.'""
However, this migration of ions can create local electric fields,
counter to the applied field, which in turn reduces net polar-
ization. Grain boundaries generally contain more defects,
vacancies, and dislocations than grain interiors. These defects
provide pathways with lower activation energies for ion move-
ment, making it easier for ions to migrate along grain bound-
aries than through the bulk of the grains."'' With the large
concentration of defects, grain boundaries can inhibit the
polarization domains from connecting in a straight line, redu-
cing the overall polarization efficiency. These grain boundary
effects are more significant in large areas of ferroelectrics. The
(EA),Pb;Br,, HHP thin film ferroelectric effect is confirmed by
PFM, but not with the Sawyer-Tower P-E loop measurement.
The PFM scanned (EA),Pb;Br;, ferroelectric device active area
is less than the Sawyer-Tower ferroelectric tester measured
active area. Recently, our group (Muddam et al.) also studied
the ferroelectric response in thin film BA,MA,,_;Pb,Br;,., (n=1
& 2) HHPs using the PFM and Sawyer-Tower circuit method.?®
Here, we understand that macroscopic polarization values from
a large ferroelectric device area (0.1 cm?), confirmed by the
Sawyer-Tower P-E loop, have a higher leakage current as
compared to a small area (210 pm x 30 pm) ferroelectric
response from the PFM method. In addition to this, ion
migration also contributes to the instability in the ferroelectric
hysteresis P-E loops that leads to poor performance in applica-
tions such as memory devices and energy harvesting systems.
Meanwhile, the single crystals of HHPs have a coherent crystal
structure with no interruption. Since single crystals lack grain
boundaries, the issues associated with these boundaries, such
as increased ion migration and defect-related charge carrier
pathways, are absent. Single crystals have a uniform structure,
which reduces the phonon scattering and ion migration, which
enhances their ferroelectric properties. In addition to this,
(EA),Pb;Br,, HHPs are prepared on a flexible plastic substrate
for the piezo photonic response as shown in Fig. 9c. Each pulse
peak shown in Fig. 9d corresponds to an on-off cycle of light
exposure. The pulses show different strain values (+1.17%,
+0.95%, 0%, —0.67%, and —1.17%); all the pulses show fast
and reversible photo switching. Under tensile strain (+%), the
photocurrent increases compared to compressive strain (—%),
confirming that +% tensile strain improves charge carrier
transport. Without any strain, photo-charge carriers’ perfor-
mance is higher than the compressive strain, which indicates
that the charge carriers’ flow is hindered under compressive
strain. The strain-dependent piezo photonic response of
HHPs holds significant potential for application in wearable
optoelectronic devices. In 2023, Haojie & group fabricated
(HA),MA,Pb;Br;, (HA = hexylammonium) HHP thin films for
ferroelectric field effect transistor memory, as shown in Fig. 9e.
It is a simple three-terminal device (source, drain, and gate).
Here, the gate bias control is used to determine the direction of
the ferroelectric domain alignment, which sets the FERAM
state for reading or writing binary bits, either 1 and 0, as shown
in Fig. of. Initially, the ferroelectric FET device state is zero
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under zero gate voltage (V, = 0); this memory state corresponds
to the reading condition. Under a negative switching pulse (V, =
—60 V), all the ferroelectric dipoles will switch to a specific
direction, and this state is considered a stable polarization state
as (P—) and the corresponding storing binary bit is zero.
Similarly, under positive gate voltage (V, = +60 V), all the
ferroelectric dipoles switch to the opposite direction of the
negative gate supply, which leads to a positive polarization state
(P+). And this state corresponds to storing binary bit 1. The
HHP FERAMs are essential in the generation of data storage
due to their simple, low-cost solution processing and easy
integration with flexible & wearable electronics. Their multi-
functional (piezoelectric, ferroelectric, and light absorbance)
properties make HHPs a single device for self-powered, high-
density modern computing and data storage applications.

4. Conclusion

This review systematically examined the ferroelectric properties
of various halide perovskites with emphasis on layered 2D
single crystal and thin film HHP materials. Compared to 3D
HHPs, 2D perovskites show enhanced saturated polarisation,
higher Curie temperature and higher coercive field in general.
Our comprehensive review shows that while in the case of
halide perovskite single crystals, the most commonly used
technique to confirm the ferroelectric properties is the Saw-
yer-Tower method (macroscopic), this method can be challen-
ging in thin film halide perovskites especially when additional
layers are included. However successful application of this
technique to thin films is also emerging. As of now, PFM
(microscopic) is the most commonly used technique to char-
acterize ferroelectricity in halide perovskite thin films. This
may be because thin film HHPs have surface defects that
influence the bulk performance of thin films, thereby quench-
ing their ferroelectric properties and making it very difficult to
detect using macroscopic ferroelectric techniques. This review
gives the current status and challenges of ferroelectric proper-
ties in thin film HHPs. We suggest that it is more important to
passivate the surface and interface defects in the HHP thin
films to achieve better ferroelectric properties, especially for
future ferroelectric applications like FeRAM in neuromorphic
computing and self-charging flexible electronics applications.
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