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Abstract

Halide perovskite are known by their (1) organic inorganic hybrid and (2) inorganic halide perovskite.
Having this in mind, monolithic perovskite/silicon tandem solar cell has already demonstrated
extraordinarily high performance in the field of photovoltaic with current efficiency of 34.6%, breaking
the efficiency limit for silicon solar cell while single junction perovskite solar cell achieved an
efficiency of 27%. Currently, halide perovskites become successful not only in photovoltaic but also in
many other related potential optoelectronic applications. Because of this reason, the origin of their
multifunctional properties, remarkable energy harvesting and emitting efficiency and the corresponding
potential applications in various optoelectronic devices become controversial issues and hot topics of
academic research this time. In this review, nano-engineering strategies, microscopic origins and
mechanisms are reviewed well to make clarity on what the origin of multifunctional properties such as
tunability, ferroelasticity, piezoelectricity, pyroelectricity and thermoelectric properties of halide
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perovskites. Moreover, the coexistence of multiple properties makes halide provskites possible for
synergistic applications and multifunctional perspectives such as emerging energy harvesting, conversion
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technologies, nano-plasmonic sensing and electromechanical applications, which are now open for the
scientific community for further detail investigations. To successfully explore this field, advanced
nanometer scale domain characterization tools are highly relevant to understand the microscopic origin of

(cc)

these electrical properties; aid the commercial enterprises and the research institutions. Not only the
microscopic origin but also identifying factors and issues affecting the successful understanding and
presence or absence of these electrical parameters should be primary task in this review. Finally, the big
challenges for operation of halide perovskites owing to temperature, moisture, light, air, etc. induced
material degradation and device deteriorations as well as lattice instability, nano scale defects, surface and
bulk defects should be considered while dealing with these future research topics.

Keywords: nano-engineering, microscopic origin, strain, energy harvesting, photo-sensing,
Nano-plasmonic sensing, photoflexoelectricity, halide perovskites
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1 Background

Perovskites materials are two types in nature: oxide and halide perovskites or chalcogenides and
organic perovskites. Likewise, halide perovskite semiconducting materials are of two types:
organic inorganic hybrid halide and inorganic halide perovskites. Perovskite/silicon tandem solar
cells demonstrated extraordinarily superior performance in the area of photovoltaic (i.e. above
34% efficiency) exceeding the single-junction Shockley—Queisser limit of 33.7%.!-* This record
breaks the theoretical limit for silicon solar cell.* 3 This device demonstrated an open-circuit
voltage of nearly 1.97 V and a fill factor of 83.0%. The great strategy implemented to achieve
this efficiency was a bilayer-intertwined passivation strategy that combines efficient electron
extraction with further suppression of non-radiative recombination.! On the other hand, a single-
junction perovskite solar cell under 5.9 sun illumination has performed an efficiency of 27.30%
using collecting hot carrier solar cells strategy and sulfur-modified phthalocyanine hole
transporting layer.® High power-conversion efficiencies using MAPbI; have been achieved in
both mesoporous structures and planar heterojunction structure devices. In addition to the

photovoltaic functionalities, the organic inorganic hybrid halide (OIHH)perovskite, containing of

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

ABXj3 (A organic monovalent cation, B divalent metal, X anion, could act as a potential

platform for the optimization and design of materials with preferred application’ for wide range
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energy applications such as electronic devices, photocatalytic and catalytic processes beyond the

(cc)

photovoltaic.

However, the secret and origin of their semiconducting properties, remarkable performance and
wide range potential applications are not yet successfully discovered. Numerous opinions have
been reported to clarify the outstanding solar cell performance, together with the high Voo/EG
ratio. A high V¢ indicates low charge recombination and, in fact, solar cells with appreciably
low recombination can be prepared with (OIHH) perovskite materials.® Theoretically, these
materials were considered as polar,” !0 as were confirmed by the experimental observations of
the piezoelectricity!!"!3 and ferroelasticity'® for MAPbI; materials. Later, such semiconductor
materials are proven to be polar and nonpolar depending on the environment, composition and

processing.!” Moreover, photo induced enrichment in the piezoelectric coefficient d33'% '! and
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photostriction effect'® in these materials propose a powerful relation between the optical
response and their polar nature. A much discussed suggestion to justify for the better
performance engages the presence of arbitrarily oriented ferroelectric domains. Furthermore,
ferroelectricity has been suggested as a potential explanation for the increasing charge carrier
lifetimes and low charge recombination rates,!” 20 resulting in efficient charge separation.?!
Besides, it was suggested that the hysteresis behavior observed in the I-V (current-voltage) of
OIHH perovskite cells was considered because of ferroelectric behavior® but later it is confirmed
that this hysteresis is because of intrinsic ion migration or ionic transport.?> 2> Moreover, it has
also been of high technological interest to explore the piezoelectric properties of the hybrid
perovskites for applications such as piezoelectric generators or energy harvesting devices.!* 13
The ability to control and manipulate the polar properties in these materials thus has important
implications in gaining enhanced understanding of its photovoltaic response and wide range
potential applications. Hence, the aim of this review article is to comprehensively review the
recent information about nano-engineering strategies such as strain and doping, polar order and
domain wall engineering, and interface and composition engineering strategies, microscopic
origin and mechanisms of multifunctional properties, nano-scale domain nano-characterization
approaches as well as their wide range functionalities and applications such as energy
harvesting, nano-plasmonic sensing, electromechanical applications and big challenges of halide
perovskites practical operation. Its objective is also to shed light on what the origin of
remarkably multifunctional properties, energy harvesting, nanosensing and electromechanical
applications beyond high photovoltaic efficiency of these highly relevant materials. Furthermore,
the scope of this article is starting from the idea of possible material nano-engineering strategies
with the intention on how to design new material with its new property to enlighten the current
scientific journey and make the scientific community become more alert towards four important
points: 1) whether halide perovskites own all these multifunctional properties or not; 2) whether
the remarkable energy harvesting, conversion, emitting and sensing efficiency are really
originated from those relevant electrical multifunctional properties or not; 3) whether these
materials are to this extent highly applicable and relevant in wide range research fields
integrating the physical and chemical science with engineering and biological applications or
not. 4) Whether nano-engineering strategy boost the performance of halide perovskite in wide

range applications or not. The researchers hope that this review will be useful for new paradigm
8
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shift in research, academia and enterprise in doing new breakthroughs for the development of

halide perovskite industry and education.

2 Nano-Engineering Strategy of Designing New Property

Can nano-Engineering make halide perovskite revolutionize new application paradigm shift?

Owing to growing desires of clean and renewable solar energy, researchers are constantly
investigating novel materials and basically investigating photoelectric conversion mechanisms
for the better performance of photovoltaic devices.?* 2> Furthermore, the photovoltaic effect is
employed to straightforwardly collect solar energy by changing the incident photons into flowing
free charge carriers and thus create electricity. In general, the ferroelectric photovoltaic effect?6-3!
initiates from the spontaneous electric polarization in ferroelectric materials.?> 33 A sole feature
of ferroelectric-photovoltaic devices is that the photocurrent direction can be switched by
altering the spontaneous polarization way of ferroelectrics with the electric field. Importantly,
there are two vital processes that verify the photovoltaic effect: 1) the electrical-charge carries
such as electron-hole pairs are generated by absorbing photons in active layers of the devices, i.e.
semiconductors, dyes.?* 35 2) the photo-produced electron-hole pairs are concurrently detached

by a built-in asymmetry potential made in p-n/Schottky junction’® or two electrodes with

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

dissimilar work functions.3”> 3 Furthermore, photovoltaic devices derived from ferroelectric

properties have drawn important concentration due to lots of sole compensation, for example the
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switchable photocurrent and photovoltage above band gap open circuit voltages.3® Moreover, the

(cc)

photovoltaic effect in polar materials has drawn considerable attention, since the
photoconversion mechanism can be developed for the expansion of superior photovoltaic devices
that produce a high voltage. Nevertheless, the voltage that can be generated by present
semiconductor-based devices is of the order of a few volts at most. Recently, it has been reported
that high voltages can be produced in ferroelectric thin films,*% 4! which has encouraged
energetic research and expansion of photoelectric conversion devices by means of ferroelectric
materials. However, numerous confronts left unsolved, for example complexity in launching
device blueprint and still unknown principles yet discovered following power generation. In
representative semiconductor solar cells, the photo-generated electron-hole pairs are separated by

the built-in field in the pn junction, and the photovoltage is bounded by the band gap.
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Nevertheless, with the absence of inversion symmetry in polar materials, photocurrents can be
produced beneath the consistent illumination because of noncentrosymmetry in their crystal

structures, which is named bulk photovoltaic effect.4? 43

Such ferroelectrics additionally demonstrate anomalous photovoltaic effect that the photovoltage
can reach numerous tens of thousands of volts, more than the band gap.**-* Halide perovskite
materials have been proposed as pyroelectric, piezoelectric, ferroelectric materials for
multifunctional energy harvesting beyond photovoltaic applications. However, the energy
harvesting properties and applications, and the engineering strategies to enhance these
multifunctional properties are not well developed. Therefore, in this section, energy harvesting
multifunctional engineering materials strategy such as strain engineering, doping engineering,
polar order engineering and domain wall engineering are well organized as performance

enhancement approaches and strategies.

2.1. Strain and doping engineering approach

In addition to band gap engineering,**-*® strain and doping engineering has been broadly applied
in the semiconductor industry to achieve fast transistors with both compressive and tensile strain.
Moreover, in order to enhance the ferroelectric, piezoelectric and pyroelectric properties of
halide perovskites, two nanoengineering approaches i.e., strain engineering**->! and doping

engineering’! have been proposed.
2.1.1. Strain engineering

Strain engineering, determined by relaxation mechanisms, interface and lattice mismatch,>? is
considered as modulator of broad multifunctional properties and electronic structures for wide
range applications® >* and thus it is useful strategy to improve the research field of halide
perovskites. The MA flip rotation is powerfully connected to cell aspect ratio (¢ = a) of MAPbI;.
It also becomes energetically less likely when ¢ = a bigger, indicating a bigger energy disparity
between ferroelectric state (this energy disparity is described as AEagg pg) and anti-ferroelectric
state. According to this result, one may anticipate that a compressive uniaxial or biaxial strain

can expand c=a of tetragonal MAPDbI;> 3¢ and increase the FE state's energetic benefit above the

10
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AFE states. In order to realize it, it was calculated AEArg g and c=a with respect to biaxial and
uniaxial strain from -3% to +3%, with negative (positive) values described as compressive
(tensile) strain®! and found compressive biaxial or uniaxial strain increases the energetic benefit
of the FE state over the AFE states, while tensile strain reduces it. Therefore, strain engineering

is an option to increase the trend of ferroelectric dipole ordering in tetragonal MAPbI;.>’

It has been reported that the strain is induced by mismatched thermal expansion between the
films and the substrates.’® Hence, it has also been suggested that halide perovskite films prepared
by presented techniques are strained during the thermal annealing process.® These
polycrystalline films have compressive strain in the in-plane and tensile strain out-of-plane

direction as shown in Fig. 1.
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Fig. 1. Characterization of halide perovskite strain property. Reprinted with permission.>®

Copyright 2017 American Association for the Advancement of Science

Furthermore, Fig. 1A shows there is a peak (110) shift towards lower diffraction angle,
indicating that there is presence of lattice strain. Fig. 2B shows that the (110) in-plane peak shifts
to a lower angle as compared to the strain-free peak of the single crystals, showing a tensile
strain in the horizontal direction for the polycrystalline MAPbI; film. As shown in Fig. 1C, the
spacing of crystal planes perpendicular to the substrate is measured by the out-of-plane XRD.
XRD peak shift from lower to higher diffraction angle, which belongs to smaller plane spacing,

as a result, the strain is compressive in the normal direction of the films. The in-plane XRD to
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measure spacing is shown in Fig. 1D, which belongs to the larger plane spacing, as a result the

strain is tensile strain as shown in Fig. 1B.

Moreover, strain engineering is useful mechanism for engineering strain sensitive energy
harvesting devices such as piezoelectric pressure/strain sensors, photodetectors and
nanogenerators.’*-®! This practical approach is essential to monitoring the optoelectronic and
electronic properties of piezoelectric inorganic materials through the application of working
internal or external stress. This time there become various energy harvesting devices fabricated
using halide peroveskite materials. Thus, strain engineering is useful to develop halide
peroveskite piezoelectric pressure/strain sensors, photodetectors and nanogenerators as well as to
solve stability issues. Materials with mobile ions are responsible to introduce stress and hence
halide perovskites have ions showing mobility upon which strain can change activation energy of
these migrating ions.> Thus, extensive analysis and understanding of strain is required to
improve energy harvesting halide peroveskite performance.®® But, strain formation at the
interface is observed reducing the device performance of solar cells and hence careful attention
shall be given not only for its usefulness but also for its side impact that may cause device

failure.%*

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Moreover, doping engineering is an enabler for achieving better performer and stable devices

(cc)

such as fabrication of piezoelectric energy harvester.®> This can be done via targeted doping.5% 67
In this case, it is vital to understand the effect of dopant structure®® during nanoengineering to
monitor nanostructure based devices in improving their performance in various applications such
as nanostructured thermoelectric.®® Furthermore, the elastic and piezoelectric properties are
highly important for energy harvesting devices. Thus, optimizing both properties at the same
time is quite difficult but essentially required. This difficulty can be solved via doping
engineering.”® For instance Seebeck coefficient is observed increasing through the application of
electrochemical doping in thermoelectric conductive polymers.”! Besides, doping is useful to
halide perovskites for the purpose of band alignment, enhanced charge transfer thereby

increasing performance. But, the effect of higher doping has an impact of increasing
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recombination and reducing charge carrier density and mobility thereby reducing power
conversion efficiency.”? Hence researchers shall consider not only its usefulness but also its side
effect of device deteriorations. Doping strategies are reported elsewhere’? to increase
performance of photovoltaic devices and shall be followed to unleash the potential of halide
perovskites’* for the fabrication of energy harvesting devices. This is not only to achieve energy
harvesting materials but also single-phase materials suitable for emission as can be seen in

[(CH3);S],SnCl¢ H,O crystals.”

Besides strain engineering, it has been proposed as alternative to improve ferroelectric dipole
ordering in the course of doping engineering,’! specifically, to replace I with smaller halogen
anions, like Br or Cl. This proposition is rooted in the idea that substitution doping with smaller
ions uses natural compressive strain on unit cells.”® 77 In addition, doping can also encourage
lattice strains that are less likely in the course of the function of external forces.”® That is, I sites
in tetragonal MAPDI; are either on the MAI layers or Pbl, layers. For example, the doping on the
MALI layers shortens Pb-halogen bonds along the c axis, and decreases the c¢ lattice parameter;
while doping of Br (CI) on the Pbl, layers shortens Pb-halogen bonds in the ab-plane, and
decreases the a and b lattice parameters. So as to add to c=a, the ideal doping should not be on
the MALI layers rather it is better if it is on the Pbl, layers.>! For instance, Br doping on the Pbl,
layers is energetically preferred to that on the MAI layers by 16 meV per unit cell owing to the
presence of eight I anions on the Pbl, layers per unit cell while four on the MAI layers.’! This
indicates that there is higher probability for doping to substitute iodine on Pbl, compared to
MALI. The higher amount of dopant, such as Br or Cl, gets more space on the doping site where

there is higher amount of substance to be replaced or substituted, i.e. Pbl; in this case.

2.2. Polar order and domain wall engineering approach

With the perspective of enhancing energy harvesting performance, understanding the
mechanisms and polar order and domain engineering play a vital role. While the polar order
engineering could be at the A site or B site in the ABX; 3D structure, the domain engineering
could be at the surface, wall and interface for heterostructure architectures such as
CH;NH;PbI3/PZT. The important mechanism of ferroelectric phase transition involves order-

disorder, displacive type and mixed order-disorder.”>-#2 Moreover, energy harvesting
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performance can be enhanced using various strategies. Engineering materials strategy mainly
stress induced domain wall motion,®* domain wall switching,3* depolarization mechanisms,
domain wall propagation, stable domain pattern with suitable properties,®® etc. are useful in

developing energy harvester for various applications.
2.2.1. Polar order engineering

MAPDI; perovskites is reported as both polar and nonpolar material.!”> 86 37 Because of this
reason, polar order engineering is essential in the field of halide perovskites to investigate the
polar order and the effect of the presence of this polarity or the absence of this polarity. In spite
of the microscopic model, polar order is considered to recline at the center of the ferroelectric
photovoltaic effect. Additionally, it is well known that interactions between lattice, orbital order,
and polarization parameters in ferroelectric materials show the way to improvement of their
physical properties near phase boundaries. One notable example is the huge electromechanical
response resulting from phase and polar instability at the morphotropic phase boundaries in
relaxor ferroelectrics.®® On the other hand, polar instability would affect the ferroelectric
photovoltaic effect, but, remains mainly unidentified. Therefore, modification of the polar order

in a prototypical ferroelectric photovoltaic material at either A-site or B site substitutions would

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

lead to polar order engineering. In this case, understanding the photovoltaic enhancement for

compositions near the boundary between the polar and nonpolar phases should get attentions,
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especially for halide perovskite materials. Thus, chemical substitution leads to a direct-indirect
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bandgap transition and as a result a longer carrier lifetime, conclusions that are supported by

theoretical calculations.
2.2.2. Interface and domain order engineering

The atomic-scale growth practices of heterostructures interfaced materials offer a wealth of fine
potential for making novel states at their interfaces,3°-! directing to a huge number of developing
physical phenomena and applications as a result of the multifaceted interaction of spin, charge,
orbital and lattice degrees of freedom.”?-%* Furthermore, in ferroelectric materials, interfaces
participate an essential function in the formation of a variety of domain structures.®> Moreover,

the existence of switchable ferroelectric domains in B-CH3;NH;3Pbl; has been confirmed in recent
15


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00442f

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

Page 16 of 152

View Article Online
DOI: 10.1039/D4YA00442F

times via piezoresponse force microscopy.”® However, the local structure and the electronic
properties of domain walls in halide perovskites continue unidentified. In recent times, it has
been discovered the energies and electronic structures of 180 and 90° domain walls in MAPbX;
via DFT.?” Thus, both types of domain walls can be charged or uncharged, depending on the
orientation order of the organic molecules around the domain boundaries.®” Owing to the
interaction between strain, depolarization field and gradient energies, topological ferroelectric
vortices can be produced in heterostructure structure super lattices. Fascinatingly, the domain
structures can be engineered, for instance, from a,/a, domains to vortex—antivortex structures and
then to classical flux-closure domain structures with the raise of the super lattice period, strongly
depending on the interface effects of the depolarization field.”® Intriguingly, this approach to
enhance photovoltaic effect in halide perovskite materials is not yet touched and needs more to
investigate and engineer the domain at the wall and interface. Moreover, upcoming
investigations on the interface structure and its effect on switching or the inclusion of
additional electrostatic contributions, for instance, depolarizing fields from finite screening,

flexoelectric effects, and inhomogeneous space charges are open to the society.

The purpose of ferroelectric domains formation is reducing the electrostatic energy of the
depolarizing fields and the elastic energy associated with the mechanical constraints to which the
ferroelectric material is subjected as it is cooled through the paraelectric-ferroelectric phase
transition.”” Furthermore, the surface charge induced at the onset of the spontaneous polarization
with nonhomogeneous distribution and at the transition temperature generates an electric field
named as the depolarizing field E,, oriented in contrast to Pg (Scheme 1). The two important
minimizing mechanisms of electrostatic energy correlated with the depolarizing field is either:
(1) the splitting of a ferroelectric into domains with awkwardly oriented polarization, Scheme 1,
or (2) the compensating of a depolarizing charge by electrical conduction or by charges from the
nearby substance. (3) Ferroelectric split in crystal into domains may also take place because of
the persuade of mechanical stresses, as shown in Scheme 5.9% 190 Essentially, there are two types
of twinning in accordance with the direction of the polar axis between neighboring twined
domains in the tetragonal perovskite: perpendicular (90° domain) or antiparallel (180> domain)!°!

as shown in Scheme 1. Thus, a 180° phase-contrast or charged domain wall has been shown in
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the S-MAPDI; thin films!%> and generate high electric field that induces free charge buildup

across the wall and piercingly amplify the domain-wall conductivity.

4+
Ed s Ps
lTPs 180Y ferroelectric
domain wall

90° ferroelastic and
ferroelectric
domain wall

higher symmetry
parent phase
Cubic P37

A polar phase whose polar directions are linked to each
other by lost symmetry operations of the parent phase
1.e Tetragonal (I4cm)

Scheme 1 Schematic representation of two possible ferroelectric domain walls: domain type 180°

and 90e in a tetragonal structure.
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Important classes of materials are revolutionizing the energy harvesting research field as recent

(cc)

developments already indicated.!?-195 Such materials are named as organic inorganic hybrid
perovskites. The oxide perovskites are in completion with such new molecular ferroelectric
materials in this field. Such materials are summarized by Qiong Ye and Ren-Gen Xiong research
group.!% Their advantage of ease of low cost, solution processing, homochirality,
biocompatibility, environmental friendliness, a tunable chemical structure, as well as good
ferroelectricity, piezoelectricity deal make halide perovskites encouraging for the future of high-
performance.!” A precise molecular design has been suggested to engineer energy harvesting
molecular perovskite families.!%® This molecular design depends on the interaction of organic-
inorganic cage,'” role of chemical substitution at both organic and inorganic cages,’® 19112 role

of polar phonon interaction,'!> 14 composition (or mixing) the chemicals using ratio of atoms,'!>-
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120 polar order and domain wall,!!. 121-123 chirality of organic cations,!?* spin-orbit Coupling,'?’
hydrogen bonding,'?® cation ordering,'?-13! doping effect,’*?> quantum and dielectric
confinement.!3? Confinement engineering has also been reported to design 2D lead halide hybrid
perovskite ferroelectrics.!3* Materials with multifunctional properties are greatly required to
develop multifunctional devices upon introducing to various external stimuli. Such multiferroics
is due to the coexistence of two or more properties in a single material such as magnetism and
ferroelectricity, switchable dielectric and thermochromic luminescence properties as well as
photovoltaic and optoelectronic properties observed in the hybrid halide perovskites.!3> 13¢ But,
the coexistence of multiple properties in halide perovskites is not yet known whether such
multiple properties are mutually inclusive or exclusive. Ferromagnetism and ferroelectrics are
mutually exclusive because ferroelectrics needs empty d orbital while ferromagnetism requires
full d orbital. Moreover, feroelectricity/superconductivity/polarity coexistence is not yet
discovered. Thus, ferroelectric property in halide perovskites is composition dependent as
summarized in Table 1.

Table 1. Composition dependent ferroelectric halide perovskite materials

Material Eg/  ds; Ps/ Tc /K  Young’s Symmetry
eV /pCN1  uC cm™ modulus/GPa  change
(TMFM)(TMCM),_ - 1540 - 366.8 - -
xCdC1;1%7
MAPDI;!138: 139 1.56 - 7.2 to~8 330 E[100]=10.4 T4cm to Pmm
but 38 is
expected
BaTiO5!40 - 190 26 393 - -
Tetragonal to 2.2 - ~0.35 to - - Pna21 to I4cm
orthorhombic ~0.4
MAPDbBr;!'4!
CsPbl;!42 143 1.73 - - - 186 Pnma to Pmn21
MAPDI;Cl, 144 1.57 - - - - -
to
1.63
NH,4PbI;!'14 1.76 - 5.4 -
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(ChPy)4AgBiBrg!4 - - 3.2 305 - -
(MDABCO)RDbI;!46 14 22 448 R3 to P432
MPSnBr;!'4 262 - 4.5 357 - Pna21 to
Pm 3m

3-APRbBr;!'48 - - - 440 Pm 3m to Ia
MDABCONH4X; 119, - 14.7, -,- -
(X=CI~, Br~ and 248
)i, 149 and

178
MHy,PbBr,!4 - - 5.8 351 - Pmn2, (, Pmnm
MAPb(I;_Br,);'%° - - - - -
CH3NH;Snl; 15! 1.30 - = = - -
N(CHj3),SnI31>2 212 - 16.13 - - R3m
FAPbI;!33 147 - - ET100]=11.8  Psm;<>Pgmce
MAPDCI;!54-158 29 - - - E[100] =19.8 -
TMIM-Pbl;'>° - - 0.67 312 - C,Cy/m

HC(NH,),* = FA, trimethylbromomethylammonium=TMIM, MDABCO = N-methyl-N'-

diazabicyclo[2.2.2]Joctonium, ChPy = chloropropylammonium, 3-AP = 3-ammoniopyrrolidinium, TMFM

= trimethylfluoromethyl ammonium, TMCM = trimethylchloromethyl ammonium

3 Microscopic Mechanisms and Origins of New Property

To develop high performance energy harvesting halide perovskites devices, understanding of
both macroscopic and microscopic properties of these materials is highly required. Parameters
such as pressure, texture, colour, volume, density, and temperature are considered as
macroscopic properties while quantum states, atomic mass, electron spin, molecular bond
lengths, and bond energies, of individual particles are considered as microscopic properties. The
macroscopic properties of halide perovskites are entirely studied!®® while the microscopic
properties are not well studied yet. For this purpose, this section is mainly focusing on discussing
the microscopic properties of halide perovskites. This will help researchers to have clarity on
these microscopic properties while developing new energy harvesting and emitting devices. An
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interesting advantage of halide perovskite materials is their low cost solution based synthesis
method,'®! exceptional quantum yields coupled with structural and compositional tunability.!6?
Halide perovskites are easy to synthesize them but difficult to handle. This is because of their
degradation and unstable property when exposed to oxygen and moisture. 60 163, 164 jrregpective
of these problems halide perovskites have promising wide range energy harvesting and emitting
applications. What could be the origin of these wide range potential energy harvesting,
photosensing and nano-sensing applications? To elaborate this big question, understanding the
microscopic origins and mechanisms of multifunctional properties is a vital way that can’t be
ignored. This is the big issue we want to present for the betterment of the current energy

harvesting multifunctional properties of halide perovskites (Scheme 2).

Energy harvesting piezoelectric materials would be safe if they are non-toxic, stable, acceptable
cure temperature and easy poling treatments for the reasons of practical applications. Efforts
such as looking for materials that have non-toxic, stable, high cure temperature and easy poling
treatments have been made.! Energy harvesting halide perovskites are facing practical
applications because of toxicity, instability, bias-induced material degradation!®® and unexpected
inconsistency in forward-backward /- characteristics.'®” But, some reports indicated that halide
perovskites don’t face low cure temperature and difficulties in poling treatment owing to their
switchable spontaneous electric polarization.!®® Furthermore, ionic diffusion contribution has

been detected causing increased radiative recombination. !¢’

From the view point of discovering new energy harvesting material, materials with large proof
mass displacement, high strain and tolerant to high strain are required.!®® Thus, materials that are
not fragile but have high elasticity property are more attractive for piezoelectric energy
harvesting. For instance, polyvinylidene fluoride (PVDF) fulfills such requirement. All these
requirements are to maximize energy transduction. On the other hand, thermoelectric energy
harvesting requires low thermal conductivity K, high Seebeck coefficient a and high electrical
conductivity.'®® For this purpose, low phonon materials and scalable fabrication methods are
required.!’® Not only piezoelectric and thermoelectric effects but also pyroelectric effect is
important for energy harvesting. In pyroelectric energy harvesting both temperatures change in
time and polar point symmetry are required points every researcher shall know. As it is green

energy source, energy harvesting materials need to have piezoelectric, thermoelectric and
20
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pyroelectric properties based up on which energy is collected to fulfill human energy demand.
Furthermore, to enhance the efficiency of harvesting the quality factor would be required. The
higher quality factor the lower heat lost and less damping in energy conversion boosting

efficiency of the energy harvester.
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Scheme 2 Microscopic origins and mechanisms of multifunctional property of halide perovskites

The successful properties of halide perovskites are originated from both macroscopic and
microscopic point of view. The macroscopic properties arise from the arrangement and
interaction of the constituent cages while the microscopic properties are raised from the behavior
and interaction of the atoms, molecules and ions. In particular, the macroscopic properties are
property of a substance or matter that can be identified with naked eye and measured with no
change of the chemical identity. The mechanisms of action to the microscopic origin and
property-functionalization of a given material are atomic and molecular properties such as bond
energies, atomic mass and molecular bond lengths causing order-disorder, organic-inorganic

interactions, spin-orbit coupling, hydrogen bonding, switchable polarization, local non-
21


https://testbook.com/chemistry/atomic-mass-and-molecular-mass
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00442f

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy Advances

Page 22 of 152

View Article Online
DOI: 10.1039/D4YA00442F

centrosymmetry, dipole ordering, multiple polarization directions, ferroelectric domain,
polarization, structural transition and unique polar axis, etc.!06 114 171-175 Thig indicates that
understanding both macroscopic and microscopic properties of halide perovskites can lead the
way towards their multi-functionalization in wide range applications. And thus, researchers shall
dig out both properties for the betterment of the field for suitable applications. For instance, ions
such as Bi**ions and Pb? have two lone pair electrons at their 6s orbital. These electrons
haven’t any role in chemical bonding, but their order of lone pairs have the ability to determine

the microscopic origin of ferroelectricity.!7¢

3.1. Order-disorder property

Order-disorder phenomena occur in crystals in which two or more energetically and structurally
nonequivalent sites are occupied by two or more vacancies, ions, atoms, or other particles. This
order-disorder, In some cases, is linked with an “inversion” or first-order phase change which
encompasses a change in crystal symmetry.!”” The order-disorder property is responsible for soft
mode phonon and dielectric constant. Ideally, if the order parameter indicates the behavior of
phase transition then there is order-disorder property. In this case, the local distortion remains
unchanged. This means the octahedral structure remains stable. In order to confirm this property,
x-ray absorption fine structure (XAFS) studies are required to be done. Recently there are reports

regarding this order-disorder property in halide perovskite materials.!76 178-183

3.2. Hydrogen bonding and emerging van der Waals

The presence of hydrogen in halide perovskites has been reported elsewhere.!3* 185 o- and -
modesa- and f-modes types of hydrogen bonding has been detected.'8¢ a-interaction mode
determines the stability of the octahedral network.!3”-18 This hydrogen bonding has essential
contribution to the optical, structural and electronic properties of halide perovskites.!3® In
addition to this, hydrogen bonding facilitates outstanding decoupling of the crystal growth
process and nucleation.'?° It is also reported that hydrogen bonding stabilize the CH;NH;PbBr;
structure.!®! In addition to the presence of hydrogen bonding, emerging van der Waals are
important lessons in halide perovskite research. Such van der Waals interactions are responsible
for the presence of ferroelectric properties in a given materials in terms of switching kinetics,

polar stabilization and polarization origin.!®?
22
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3.3. Switchable polarization property

In addition to order-disorder and hydrogen bonding, switchable polarization (polar order) is an
indicator of the presence of ferroelectric properties. In halide perovskites, the presence of this
property has been detected.!®3-1°¢ Such reversible polarization is carrier activated and organic
molecular dipoles affected when exposed to light.!” The mechanism of light induced
polarization is light-induced free carriers due to carrier induced lattice distortion leading to the
formation of polarons, occurring below Curie temperature.!*® 1% The arrangement of anions and
cations under the application of electric field creates dipole moment that act as source of
polarization. This dipole moment has ordered polar electric dipoles from which ferroelectricity is
originated upon polarization. This is measured though measuring surface current of the
ferroelectric material. Therefore, this switchable polarization is expected to make halide
perovskites suitable for electro-optic devices, actuators, nanoelectronics and memory
applications. In order to achieve successful application, priority towards understanding of the
nature of this switching polarization is required. For simplicity, elastic strain, domain size and

domain wall energy are joint features that govern the nature of switching polarization.?%

3.4. Unique polar axis

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The unique polar axis is an axis where spontaneous polarization takes place along with Curie

temperature. But, its direction can be reversed with application of external electric filed.
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Researchers indicated that only ten point groups have unique polar axis, responsible for the

(cc)

presence of ferroelectrics.??! Thus, halide perovskites are materials that have unique polar axis

responsible for their spontaneous electric polarization induced ferroelectric properties.

3.5. Local non-centrosymmetry property

Halide perovskites have non-centrosymmetry property 202-204 the presence of this unique property
make them applicable in ferroelectrics, circular dichroism, pyroelectrics, nonlinear optics,
circularly polarized photoluminescence, etc.?> The idea of non-centrosymmetry is separating the
center of negative and positive ions to cause permanent polarization in a given material. This
polarization is reversible under applied external electric field. The microscopic origins for

ferroelectric properties during applied external electric field are the nucleation and growth of
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domains. Such domains are known as ferroelectric domains. Ferroelectric materials have
distinct areas about 1 um thick and domains, where polarization happens homogeneously.?0

Because of these properties halide perovskites are ferroelectric in nature.

3.6. Ferroic domains

Ferroelectric domain occurs when there is unit cell retaining polarization having identical
orientations. Electric field drives domain wall motion, which activates change in orientation and
size of the domain. Furthermore, it can compare the topography of a sample to other local
material properties, like piezoelectricity, conductivity or electrical potential in order to
investigate microscopic origin of these effects.??’-21 Especially, piezoresponse force microscopy
(PFM) is an AFM tool because of the converse piezoelectric effect and can locally probe the
electromechanical properties of piezoelectric samples. Since ferroelectricity is often paired to
piezoelectricity, PFM can also imagine ferroic domains.?’> 21 Numerous researchers have
achieved PFM studies on MAPDbI; films. However, the results of these reports were paradoxical.
Furthermore, switchable ferroelectric domains has been demonstrated,?!! which was also
supported by consequent PFM studies.!3% 212214 Nevertheless, It has also been suggested that
they did not come across any proof of ferroelectricity by PFM.?!> In recent times, two reports
argued that the MAPbI; does not shows ferroelectricity at RT according to macroscopic

polarization methods and advanced techniques such as PFM measurements.?!6- 217

Latest findings* revealed that coupling of nanoscale techniques and microscopic offers solid
proof for the presence of ferroelastic domains in both CH;NH;Pbl; single crystals and
polycrystalline films in the pristine state and under applied stress. Furthermore, experiments
explain design of CH;NH;Pbl; ferroelastic domains in polycrystalline films and single crystals
can be managed with applied stress, recommending that strain engineering might be utilized to
tune the properties of this material.** Since the ferroelastic domain boundaries may differ from
regular grain boundaries. no proof of concomitant ferroelectricity was experiential and the
discovery of ferroelasticity gives an original parameter to regard as in the mission for enabling
their widespread adoption and enhancing their stability indicating grain boundaries have an
impact on the long-term stability of halide perovskite solar cell device.*” PTIR technique has

been used in order to continuously characterize the domains at the nanoscale and examine in situ
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whether they are vulnerable to electrical bias?'® 219 has attracted much attention for caballing
label-free composition mapping,??0-223 material identification,?** and conformational analysis??>

226 at the nanoscale.

3.7. Rashba and Dresselhaus effects

The interaction among the orbital in motion and the electron’s spin round the nucleus is spin-
orbit coupling, where this phenomenon is core to spinotronics and magnetism by driving
magnetic damping, spin relaxation and magnetic anisotropy.??’” This application motivates
researchers to work out their effort on halide perovskite field. For this purpose, MAPbI; based
spin-optoelectronic devices have been reported elsewhere.??® Highly spin polarized
magnetization has been reported for MAPbI;.>2%-23! Exotic spin-splitting phenomena, for
instance, Dresselhaus and Rashba effects?32-23¢ usually are observed in the relativistic electronic
structure of nonmagnetic semiconductors.?3’-23 The phenomena might give rise due to spin-orbit
coupling (SOC), the presence of relatively heavy elements together with the non-centrosymmetry
of ferroelectric materials. A “dynamical Rashba effect”, which indicates that even in universal
centrosymmetric structures, is revealed by molecular dynamics simulations. The combined

inorganic-organic degrees of freedom can generate a spatially modulated Rashba effect, which is

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

differentiated using the MA dynamics at the sub-picosecond time scale.!?>> 240242 This

recommends that the local non-centrosymmetry owing to the local ordering of dipoles at unit cell

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

scale is still vital question to think though a universal centrosymmetry might occur at

(cc)

macroscopic scales. Nevertheless, the theoretical simulation of halide perovskites is enormously
difficult as it engages the treatment of numerous subtle, but vital aspects that are complex to

figure precisely.

Moreover, considering the relaxed unit cell structures suggested elsewhere!!3 and the supposition
of total organic cation ordering, Hu et.al.’’? calculated the spin-orbit splitting in energy band
structures and the principally likely electric polarization. This is of enormous significance
because the Rashba splitting have been proposed to decrease the electron-hole recombination
rate and to enlarge the carrier’s lifetime.?*>-247 Hence, Hu and his coworkers’”? have calculated
the spin-orbit energy-band splitting for all the 12 ABXj relaxed structures,. Even though obvious

tendency among the magnitude of the atomic spin-orbit splitting, ferroelectric polarization, and
25
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analogous Rashba parameters are challenging to deduce, in consequence of the difficult
relationship between the organic cation/framework atomic relaxations and electronic structure.
Because the spin conduction bands and properties of valence are vital for dropping the
anticipated spin-splitting parameters for the entire sequence of halides and the recombination rate
can assist to comprehend the fundamental characteristics of the exceptional functionalities of
halide perovskites solar cells. The Rashba effect is explained using the supposed Bychkov-
Rashba Hamiltonian as in equation I and is the outcome of the breaking of inversion symmetry

in the crystal in a direction orthogonal to a k-point sampling plane.?48-230

h? A

HRzzm*(kf)ao+aR(axk).Z, 1

with% is the polar direction, 6y and 6=(oy,0y,0,) are the identity and spin Pauli matrices and or
known as the Rashba parameter, respectively. To attain the highest Rashba parameters for a
known compound, the low energy Hamiltonian has been extracted with a set of maximally
localized Wannier functions.”' The Rashba splittings and its equivalent band structure of
MAPDI; are greatly anisotropic.!’? It is hence vital to think about this anisotropy?>?> when
reporting the Rashba parameters. Bulk MAPbDI; crystal has large static Rashba effect.?>® For
instance, for the MAPDbI;, the momentum offset k, in valence band can differ from 0.06 to 0.08
A" while the its aR can differ from 1.35 to 1.85 eVA.!”?> The importance of this effect is slowing
down the recombination effect in MAPbI;.25% 2%  Dynamic ferroelectric polarization also
protects charge carriers from being scattered by defects in MAPbI; perovskites.>* Another
debatable report clarifies that both MAPbI; and Csgo5(FA(83MAg.17)0.95Pb(1o.83Bro.17); are non-
ferroelectric semiconducting materials.?>> Unlike Cs05(FA53:MAg.17)0.95Pb(Io83Bro 17);3, this
report is against many literature reports. Although it is different report from the existing research
reports, it induces more research work to be done. This ferroelectric property of halide
perovskites need more deep research work to reach a conclusion that MAPbX; perovskites are

ferroelectric?® or not.

3.8. Vacancy ordered-provskites

Owing to their ion migration, ferroelectric, pyroelectric, piezoelectric and optoelectric properties,

halide perovskites become hot research field. Not only this but also flexibility to integrate into a
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system and high energy density as well as vacancy ordered material properties enable halide
double perovskites applicable to energy storage devices and energy harvesting as demonstrated
by double halide perovskites such as MA,SnXg for Li ion battery,!* Cs,NaBiCly for battery and
TMCM,SnClg¢ for nanogenerator®’ and Cs,Snlg for transistor.>® Moreover, development of
high-power rechargeable battery requires high mobility of Li* overcoming diffusion barrier.
Thus, the Sn based double halide perovskites have periodic Sn vacancy narrowing the diffusion
barrier in materials such as MA,SnXg for Li ion battery.!** Hence, such periodic metal vacancies
are highly useful for high efficiency Li based metal batteries and thus, researchers shall dig out

more to revolutionize the area of storage devices.

4 Multifunctional Properties beyond Ferroelectrics

Halide perovskites based solar cell has been revolutionizing the field of photovoltaic with power
conversion efficiency of 29.13%,2° breaking the maximum limit for silicon solar cell. This is
because of their interesting properties such as tunable absorption of light, superior charge-
transfer properties, tunable band gaps, diffusion length and facile processing.?¢0-2¢4 Beyond
photovoltaic, there are other fascinating applications due to their new promising properties such

as ferroelectrics, piezoelectrics, pyroelectrics and coexistence of multiple properties.?%

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Interestingly, the coexistence of two or more properties makes materials suitable for wide range

applications such as in photovoltaic, optoelectronic, thermoelectric, magnetism, ferroelectric and

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

magneto-ferroelectric applications at the same time. For this purpose, the multifunctional
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properties of halide perovskites of both types: organic inorganic hybrid halide perovskites and all
inorganic halide perovskites shall be discovered for wide range applications. Moreover, the
coexistence of multiple properties is yet discovered and thus needs more attention. Because of
this attention, some research work has been reported elsewhere.?%¢-27! As shown in Scheme 3

Halide perovskites are multifunctional materials required for various applications.
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Scheme 3 New operating stimuli and operation mechanisms with new electrical property for new

electromechanical and electronic applications proposed for the field of halide perovskite

Before directly discussing the details of ferroelectrics, pyroelectrics, piezoelectrics and dielectrics
properties of halide perovskite materials, it is of great interest and importance to present the
overview of these electronics properties at first. Accordingly, in order to maintain the analogy,
the term "paraelectric" should properly refer to polar dielectrics, which consist of grains with
polar region oriented randomly in the solid so as to result in no net dipole moment (i.e., no net
polarization). This phenomenon is the electrical equivalent of paramagnetism and generally
describes the condition of virgin (unpoled) ferroelectrics below the Curie temperature, Tc.
Because the grains/domains are polar, they are also piezoelectric. All but one of the 21 non-
centrosymmetric crystallographic point groups are piezoelectric (the symmetry elements
combine in the cubic group 432 to yield no net piezoelectric effect). Furthermore, Ten of the 21
non-centrosymmetric groups include a distinctive polar axis and are, consequently, suddenly
polarized. These are the "pyroelectric" materials, in which a variation in temperature results in a
variation in polarization. The reverse process is called the "electrocaloric" effect.?’> Several
pyroelectric materials have extra property that the direction of impulsive polarization can be

varied by a mechanical stress or applied electric field. When it is primarily due to stress, it is
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"ferroelastic"; when the variation is mainly owing to an electric field, the material is

"ferroelectric".

A piezoelectric or pyroelectric is not necessarily ferroelectric, but all ferroelectric materials are
also pyroelectric and piezoelectric as shown in Fig. 2(1). Ferroelectric materials above their T are
generally called "paraelectric", even if the similarity between ferroelectricity and ferromagnetism falls
apart here. Although a ferroelectric would lose its dipoles altogether above T¢ and become just a non-
polar dielectric, a ferromagnet would become paramagnetic above Tc. This material is centrosymmetric
and so includes no dipoles at all; but, polarization can be induced by an external field in such a way as to
expel or reduce the electrostatic energy from the solid. This incidence is fundamentally the electrical
equivalent of diamagnetism except that diamagnetisms would also have negative susceptibilities.

Moreover, coexisting properties shall also be studied in the field of the halide perovskites.?’3 274

Eefore external stimug [After external stimuli‘f]

e Applied harge Separation 2
-— C arge Separation 2
A) ielectrics Electric field, E

|
~ S . , FF £ IO EF I F
B . . \ Applied |/ [ho banical strai X
i ) Piezoelectrics Stress T echanical strain
. e _*_ T
‘ C) N Temperature T OO R O UL DURRT RO TRU T

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Gradient, AT *  Spontaneous polarization

—_— TS

Pyroelectrics

S e e e A

) Ferroelectrics Applied eversed polarization
s = e e m e Electric field, E

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

Fig. 2. Illustration showing functional relationships: Reproduced with permission.?”> Copy right

(cc)

2013 Macmillan Publishers Limited. 1) All ferroelectrics are pyroelectrics, piezoelectrics,
dielectrics, but not necessarily the reverse one; all piezoelectrics are dielectrics, but not all
dielectrics are necessarily piezoelectrics. 2) Important electrical properties of materials. A)
Dielectric materials show charge separation under electric field. B) Piezoelectric materials show
an electric polarization when stress is applied from the combination between electrical and
mechanical energy. C) A change in temperature induces a net polarization in pyroelectric
materials. D) The application of an electric field reverses the polarization in ferroelectric

materials. All these materials are both piezoelectric and pyroelectric.
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Moreover, the intrinsic electric polarization character of the ferroelectric materials can be altered by an
applied electric field. Nowadays the ferroelectrics become highly attractive for several technological
devices that utilize their pyro-, piezo-and ferroelectric properties (Fig. 2(2)), with the great
functionalities possibly for ferroelectric non-volatile memories.?’® These materials normally
undertake a phase transition into a low-temperature ferroelectric (polarized) state at the Curie
temperature 7¢ from a high-temperature non-polarized paraelectric state,?”” which results in the
spontaneous polarization. This is due to the structural transition as well as usually small
symmetry-breaking distortion which occur at 7¢,. The low-temperature ferroelectric material
always show non-centrosymmetric structure, consequently it does not exhibit inversion
symmetry, since this averts the charge separation intrinsic to the electric polarization.?’8 An
additional event with which an electric field provides variation in dimensions is electrostriction,
which is a quadratic effect between mechanical strain and electric field, and can be observed in

all dielectric materials, while piezoelectricity abides by a linear relationship.

Ultimately, ferroelectric materials provide highly valuable properties such as ferroelectric
hysteresis and high permittivities, high piezoelectric and pyroelectric coefficients, strong electro-
optic effects and anomalous temperature coefficients of resistivity. Of all these properties, the
formation of hysteresis loop is highly imperative property of ferroelectric materials due to its
polarization reversal property.?’”® Furthermore, this behavior originates with the use of electric
field and a cycling process becomes observed through the positive and negative directions in

ferroelectric materials, as represented by Fig. 3.

| @

Fig. 3 Polarization hysteresis loop. Reproduced with permission?®® Copyright 2015 Michele
Manzo, Doctoral Thesis
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Ec depends on defect concentrations, temperature, voltage waveform, the surface, electrodes,
mechanical pressure and stoichiometry. The polarization originally amplifies from zero to a
saturation polarization, Ps and leading to decline the electric field, decreases to a remnant
polarization, Pr as revealed in Fig. 3. Furthermore, the electric field needed to decrease the

polarization back to a zero value termed as coercive field, Ec.

4.1.Tunable material composition

The wide range electronic, structural, magnetic and optical properties of halide perovskites are
originated from tunable chemical composition and dimension (1D, 2D and 3D).?* This tunable
property makes halide peroveskite own multifunctional property reasonable for various
applications such as ferroelectricity, photovoltaic, thermoelectric, optoelectronics,
ferromagnetism, photocatalysis, storage devices, self-powered unit and wireless electronics, etc.
Such tunable properties are comparable electron and hole effective mass, point defects and grain
boundaries, and high optical absorption and electrically clean defect properties.?®! Moreover, the
great attention towards energy harvesting piezoelectric materials is owing to their flexibility to
incorporate into a system and promising energy density compared with electrostatic and

electromagnetic devices.?8> Thus, piezoelectric properties of halide peroveskite enable them to

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

get greater attention for various energy harvesting applications. The reason for this high energy

density of piezoelectric materials is owing to their high crystalline structures, giving dipole

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

moments and nonoverlaping centers of negative and positive charges.?%
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With respect to this general overview, the halide perovskite family is under study this time. This
is due to their tunable crystal structure ABX; and the corner sharing BX¢ octahedron with B site
cation in the middle in addition to their tunable chemical composition, where ‘A’ and ‘B’ are two
cations of different size with +1 and +2 valence, respectively, and ‘X’ is an halide anion, which
makes bonds with both A and B. The stability of the halide perovskite structure is described by
Goldschmidth tolerance factor t defined as in equation 2,

A r,+ry )

N ) (ry+1y)
Where, rp, 13 and rx are the ionic radii of the A, B, and halogen ions respectively.
Therefore, it is highly relevant to confirm and identify whether ferroelectric, piezoelectric,
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pyroelectric and ferroelastic properties are really demonstrated by halide perovskite materials. In
addition to these essential properties, there are very important processes such as spontaneous
polarization, polarization switching, spontaneous strain and strain switching that help us confirm
the presence or absence of these properties under the essential operating conditions of
temperature, electric field and mechanical stress (tensile and compressive stress) as summarized
by Scheme 4 and understanding the mechanisms and the photovoltaic switching mechanisms and
their origin in halide peroveskites is not yet well touched. It is also important to consider other
operating conditions that induce concern of degradation and stability issues suggested by Bing

Joe et.al.’%? such as moisture, light, excessive temperature and others affecting the success of this

study.
Spontaneous polarization
Pyroelectri -
yroglectric Ferroelectric
perovskite fil . .
rovskite film
Strain switchin
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< :
& Yoy
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Scheme 4 Representation of stress and field induced electrical properties of OMH Perovskite

materials

Understanding and identifying the unit and important parameters related to paraelectric,
piezoelectric, pyroelectric and ferroelectric properties of currently reported organic inorganic
hybrid perovskites is essential lesson in this field.!% Because of this, such unit and important
parameters regarding ferroelectrics and piezoelectric properties of organic inorganic hybrid

perovskites are reviewed well elsewhere. Such parameters are crucial to understand ferroelectric
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functional and structural diversity of these materials. This indicates that there are various organic

inorganic hybrid perovskites for various applications in the practical thermoelectric applications.

4.2. Ferroelastic new properties

Another important electrical property of perovskite materials is a ferroelastic phase transition,
which shows the ways to a distortion of the crystal lattice resulting in a spontaneous strain in the
material — analog to the magnetization / spontaneous polarization in ferromagnetic/ferroelectric
materials.'” Upon the appliance of an external stress, this spontanecous strain can switch its
direction in the crystal lattice.?®3 Thereby, the formation of twin domains oriented along different
crystalline axes lowers the internal strain. For instance, a tetragonal structure let spontaneous
strain orientations along the a;, a, and ¢ axes.?® Like ferroelectricity, ferroelasticity and magn
etoelasticity?®> 28 is usually viewed in perovskites with ABX; structure and is a nonlinear
property.?83 284 Recently, ferroelectricity has been suggested to be possible mechanism to clarify
the high solar cell PCE in halide perovskites; although realistic experimental proof supporting
this premise becomes absent. Distinguishing and identifying ferroelectricity as of another
characteristic, for instance piezoelectricity, ferroelasticity, etc., is normally appreciable since this

occurrence can coexist in many materials.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Ferroelastic twin boundaries as typical grain boundaries have been identified in CH;NH;Pbl;.2%7

Such ferroelastic twin boundaries influence neither on the charge carrier dynamics nor behave as

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

non-radiative recombination centers but easy to fade.?®” Fig. 4a-c shows x-ray diffraction peak
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(a) and images of the MAPbI; single crystal using polarized optical microscope (c) while Fig.4d-
f shows optical images of domain pattern in MAPbI; single crystal using polarized light before

the application of external stress (d), under tensile stress (e), and after reliving the stress (f).
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Fig.4. Polarized optical microscope confirming presence of ferroelastic domain pattern in

MAPDI; domains. Reproduced with permission?8” Copyright 2020 Nature publishing group

The changed stripe pattern beneath the external tensile stress is confirming the ferroelastic nature
of MAPDI; domains. Moreover, the presence of hysteresis behavior for the motion of such
ferroelastic domains are confirmed by the domain boundaries that did not completely return back

to the original location after the release of applied strain.
4.2.1. Stiffness and elastic compliance

The association resulting strain x;; (-) with the stress X;; (N m2) used ahead of elastic material is
shown in Equation 3 given by Hooke’s law:

Xjj = SijaXp - 3

The elastic compliance s;; (M*N™!) is 4®-rank tensor and x; and Xj; are 2"d-rank tensors. The
converse connection X;; = c¢;uxy explains elastic stiffness tensor ¢ (N m™2). The correlation
between s and ¢ 1S SijkiCrimn = CijiaSiimm = OimOin. The stress and strain are symmetrical second-
rank tensors, 1.e. X;;= Xj; and x;; = x;;. The symmetry of the stress and strain tensors need that s,
= Sjik , hence most autonomous elements of the stiffness tensors and compliance is decreased
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from 81 to 36. By means of thermodynamics, many of self-governing fundamentals is,
consequently, decreased to 21 because s, is a symmetrical tensor s, = sy %820 Strain tuning

is required in halide perovskite ferroelectrics.?!> 292

4.3. Piezoelectric new properties

Like ferroelectrics, it would of great interest to deal with and understand piezoelectric properties
and applications of halide perovskite materials. In order to begin with, the word piezoelectric is
used to explain an attractive property of technological important class of materials with a
diversity of functionalities, ranging from ultrasound transducers, fuel injectors and waveguide
devices to gyroscopes and accelerometers.>?>-2% It is of high technological interest to explore the
piezoelectric properties of the hybrid perovskites for applications such as piezoelectric
generators or energy harvesting devices.??% 27 In this section, origin of piezoelectric, the sunrise
of piezoelectric, methods to enhance hybrid perovskite piezoelectric, possibility of constructing
dampers and low loss piezoelectric, issues that should not be missed during studying

piezoelectric and others important points are discussed well.

In the recent times, CsPb,Brs/PVDF composite based piezoelectric nanogenerator has been

reported with working process.?’® Adding CsPb,Brs into PVDF enhance the current and output

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

voltage, indicating that a self-poled composite that don’t need additional poling is generated.>*®

Thus, halide perovskites have great advantage in increasing the poling effect when added.

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

Moreover, metal halide peroveskite has been reported as piezoelectric material applicable for
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nanogenerators as shown in Fig 2.2% The result showed a molecular piezoelectric coefficient
(d33) of 165 pm/V and maximam peak power density of 43 uW/cm? at 50 kPa. This is the largest
power reported for energy harvesting for EDABCO-CuCly based piezoelectric materials. The
advantage was obtained from increasing polarization through lattice distortion of CuCly>. This
polarization effect increased the dielectric constant, giving a trade of ds; and g33.2*° Fig.5a shows
Cu?*—3d orbitals as a projected density of state for EDABCO-CuCl, where a single state dy, and
two double degenerate states dy, and dy, are obtained from splitting triple-degenerate ¢, d-levels.
Similarly, a single state d,, and dy,y, are obtained from splitting double degenerate e d-levels.
This indicates that there is Jahn-Teller lattice distortion. Adding a quasi-spherical cation into

this lattice distortion causes enhanced mechanical response giving large dss.
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Fig. 5. Electronic structure and piezoelectric response of EDABCO-CuCl,. Reproduced with
permission?? Copy right 2023 Nature publishing group.

Fig. 5b also shows two intense bands as referred by the optical absorption spectrum. While
ligand-to-metal charge transfer is observed at the visible band 2.6 eV, the d—d electronic
transitions is observed at the near infrared peak with in the crystal field of [CuCl4]>. This is
caused by the Jahn-Teller lattice distortion. The splitting of The Cu?'—3d orbital energy level is
shown in Fig.5c while the stable structure of EDABCO-CuCl, is indicated by Fig. 5d.
Furthermore, 165 pm/V value of high d;; of was obtained as a function of temperature,
indicating enhanced mechanical flexibility for EDABCO-CuCly (Fig.2e). Fig 5f shows the
transduction coefficient (g33*ds3), where the electrical energy of energy harvester depends on the
trade-off piezoelectric voltage coefficient (gs3) and piezoelectric charge coefficient (ds3).3%0 301
Remember that the trade-off between piezoelectric voltage coefficient and piezoelectric charge

coefficient for molecular metal halides is not fixed yet. This requires further in depth study.
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4.3.1. Origin of piezoelectricity

Piezoelectric effect is strain development under the application of electric filed. Because
piezoelectricity is a basic procedure including multiple piezoelectric equations exist and diverse
electromechanical effects.!40. 288, 302-306 The direct piezoelectric effect relates the produced
polarization that build up in i direction (APi) with an applied stress in direction j(c; in Voigt
notation) as in equation 4:307

AP; = djo; 4

Where, (djj) 1s 3rd-rank tensor and every d;; is typically called piezoelectric coefficient or direct
piezoelectric strain coefficient, in units of pC/N. An additional piezoelectric equation between
the polarization with the strain 1 is specified by equation 5:3%7

AP; = ejn; 5

Where, the ¢; is the piezoelectric stress coefficient in the unit of C/m?. It is indicated that the d;;
and e; parameters are associated with each other using stiffness and/or elastic compliances,
though dj; is simple to determine experimentally. The total generated polarization articulated in

the ¢ direction is given by equation 6:397

AP = eyn; +ey,(n, +1,), 6
Where,
X — X

= ( 0)3

XO 7
7, = (y - YO)

Yo
= (Z - ZO) 8

Zy

are strains along the x, y, and z axis, with Xo, yo, and z, are lattice constants for structure not

strained.

In order to disclose the source of piezoelectricity,*® it is important to split the total polarization

originated from contributions of the 1) A-site MA cations and 2) B-site Pb atoms. The Pb atom
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induced polarization is measured using (Pb) x D(Pb)/Vu * Pp, = Z33,%7 where Z33*(Pb) is Born
effective charge of Pb, D(Pb) is average displacement of Pb alongside the ¢ axis with respect to
the center of its I cage and Vu is the volume of the primitive unit cell. Thus, +4.24 is measured
value from the contribution of Z33* (Pb), considerably greater than the supposed charge of Pb
(+2.0) in a pure ionic image3?’ that implies the presence of dynamic charge transfer coupled with
the change of Pb-I bond length and the strong covalence of the Pb—I bonds. It is obvious that
although both molecular dipoles and Pb displacements are in charge of the total polarization, in
which Pb atoms contribute nearly all the piezoelectric response, with the negligible contribution

from the MA™* molecules.

In perovskites with unusual atomic substitutions in the ABXj architecture, the competition
between B—X metal-halide bond and A-X hydrogen bond monitors the piezoelectric
characteristics drawing attention to the prospective of halide perovskite design for manipulative
latest useful photopiezoelectrics and photoferroelectrics,’” such as applications in sensors,
actuators, and energy harvesting.?®>> 298 309, 310 Because of the pairing of semiconducting
properties with its piezoelectrics, micro- and nanowires of piezoelectric semiconductors have
been utilized as fundamental building blocks for developing ground-breaking devices:3!! for
instance, piezo-phototronic devices,'? 313 piezoelectric diodes,>'* piezoelectric field-effect

transistors,?!> piezoelectric chemical sensors3!® and nanogenerators.3!7-319

Thus, halide perovskites possesses a cubic cystal structure that gives rise to ferroelectric
polarizations similar to other class of perovskites with identical structural character.!®- 320-323 Coll
et al. have demonstrated the polarization switching and light-enhanced piezoelectricity of
CH;NH;Pbl; materials.!! Furthermore, an output piezoelectric of 2.7 V and 140 nAcm™2 have
been reported,’?* hindering the practical functionalities due to its modest output performance.
Moreover, a highest piezoelectric current density and output voltage of 3.8 pAcm™? and 8.5 V
have been demonstrated from the piezoelectric nanogenerator under periodically vertical
compression. Multilayered halide perovskites even have larger large polarization or strong
piezoelectricity ~1540 pCN-1.325 This output is quite promising compared to other literature

reports.3? This could help charge LED and capacitor through a bridge rectifier.
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4.3.2. Enhancing halide perovskite piezoelectricity

The scientific possibility and the procedure how to enhance piezoelectricity are great concerns in
the field of hybrid organic-inorganic or fully inorganic perovskites. It is remarkable that the
maximum values are experiential from a rhombohedral composition only when the single crystal
is poled along the [001] spontaneous polarization axis for oxide perovskites, but not along [111].
However, this is very important issue for the field of halide perovskites. Furthermore, Fig.6
demonstrates schematic representation of an approach on how to enhance and understand these
piezoelectricity enhancement procedures in accordance with the crystal orientation in perovskite
ferroelectrics. The impression of the present ‘domain engineering’ is approximately similar to

the octahedron rotation.
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Fig. 6. Schematic of the domain engineering for piezoelectricity enhancement strategy.

(cc)

Reproduced with permission.3?”-328 Copyright 1997, IOP publishing. The large d;s is the key for

oxide perovskites. What about for halide perovskites?

A dsy; value of 2.7 pm/V for MAPbI; single crystals has been found,’?° close to the value for
quartz (~2.0 pm/V)*9, considerably lesser than the values for Pb(Zr,Ti)O; (~400 pm/V)*! and

ZnO (~12 pm/V)*2. Additionally, PFM has been used in polycrystalline thin films to confirm

the local ds3 value of 6 pm/V.333 To date, no effective material strategy has been developed to

engineer polar axis of piezoelectric response. For MAPDI; film on Au and ITO, the ds; value is ~

0.3 pm/V, almost two orders of magnitude lower than that of PZT.33* Recently, the piezoelectric
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coefficient was found to be ~ 4 pm/V for both polarization directions, with no appreciable

dependence on the film thickness.>3* The films on Au and ITO, on the other hand, reveal
consistently a low d53 value of about 0.3 pm/V. This value is about one order of magnitude lower
than that obtained on bulk single crystal samples®?® Notably, in 1969, physically powerful
piezoelectricity was demonstrated in Poly-vinylidene fluoride (PVDF) materials. Since then,
PVDFs are used for a variety of functionalities on behalf of PZTs because of its cost,
accessibility and other piezoelectric parameters. When poled, PVDF is a ferroelectric polymer,
showing competent piezoelectric and pyroelectric characteristics. These properties creates it
helpful in sensor and battery functions.?3> Therefore, the use of this material and its derivative
may be important research directions for the piezoelectric enhancement of halide perovskite
materials. There are also numerous other synthetically fabricated piezoelectric materials like
Active Fiber Composites (AFC) and Quick packs™ which are flattering more and more
accessible for different functions. However, Lee et al.33% 337 did his experiments to contrast
PVDFs and PZTs for energy harvesting functionalities and found that PVDF with a certain
electrode configuration proved to have the longest fatigue life and hence more suitable for

energy harvesting.

4.3.3. Constructing low loss halide perovskite piezoelectric

From the current time onwards and from the energy efficiency improvement perspective, it is
time to think about how to realize sufficient output piezoelectric with completely no loss or at
least low loss of power as burning issue. In addition to this, raising the mechanical quality factor
to amplify the resonance displacement and dropping hysteresis is the prime target from the
transducer application perspective. Though halide perovskite materials were reported as
piezoelectric materials, there is no literature reporting how to construct low loss piezoelectric
from these materials. Before going to construct low loss piezoelectric halide perovskites device,
it is important to understand the universal loss mechanisms and loss study method in
piezoelectric, magnetostrictors, and smart materials: mechanical quality factors Qa for the
resonance and Qg for the antiresonance in the admittance/impedance curve and deriving
physical losses.33% 33 There are three losses in piezoelectric:34° elastic tan ¢, piezoelectric tan 0,

and dielectric tan 8, where the 0’ obtained in the k3; mode (equation 9):34!
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=g (L[l oy ;
2 NG, O ks,

A common way for calculating the piezoelectric loss, where, tan ¢’ obtained from the inverse
value of Q4 in the k3; mode whereas tan &' obtained from an a capacitance meter at a frequency
or impedance analyzer away from the antiresonance range or resonance.’*’ Furthermore,
parameters from an admittance/impedance spectrum around the antiresonance (B-type) and
resonance (A type) range obtained experimentally: w,, @y, Qa, Qp (from the 3 dB bandwidth
method*), and the normalized frequency €y =wyl//2v. The calculated electromechanical
coupling factor k from the ®, and o, with the IEEE Standard equation in the k;; mode equation
10:

k312 _7[0)17 tan|:7z.(a)b_a)a):| 10

-k’ 2w, 20,

In addition the magneto-electroluminescence property has been reported. Such results are
observed as negative, but turn-on voltage in 2D-C¢Hs(CH;),NH;),Pbls-based LED devices is
larger than in 3D CH;NH;Pbl; because of larger bandgap and multiple quantum wall in the

first.>#2

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

4.3.4. Essential issues during studying piezoelectric properties
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In order to achieve the final goal of piezoelectric materials, it would be important to consider all

(cc)

the issues that could block the realization of these properties and its applications. With respect to
this great concern, numerous factors present that apparently affect the piezoelectric response,
together with the level of polarization, orientation of the film, mechanical clamping to the
substrate and breakdown field strength as shown in Scheme 5. In addition to those factors, the
effects of defect on the domain-wall roles to the piezoelectric effect are other effects that have
not yet been investigated in more detail. Consequently, it is currently not understandable
whether, for instance, the influence of donor and acceptor dopants on the important
characteristics of halide perovskite films might give rise to the same effects as in bulk materials
or not. Furthermore, studies of the piezoelectric coefficients by means of the converse or direct

effect considering the stresses enforced on the film by the substrate because of the diffusing of
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the film to the substrate. With respect to the converse piezoelectric effect, the efficient
piezoelectric coefficient might be simply determined based on piezoelectric constitutive
equations®® for isothermal processes. For example, let us consider a polycrystalline film with
arbitrarily allocated grains that is poled along at right angles to the plane of the substrate (the z-
axis). For perfect clamping in the plane of the substrate (x—y plane), x; = x, = 0 and x3 #0.
Similarly, X; = X;, because of the symmetry of the film in the plane of the substrate and X3 = 0
for the reason that the surface of the film is free. Piezoelectric constitutive equations then gives
the piezoelectric coefficient®** for the efficient converse d3; in arbitrarily oriented films
(distinguish the appendix elsewhere in reference*) given by equation 11:

E
(dy;)meas =dy, —2d i

31 E E
(s, +51,)

11

Because in the majority of materials, s13 < 0, d3; < 0 and d5; is comparatively huge (in PZT d5, is
approximately 1/3 of dj3), the calculated coefficient in films is at all times lesser than in

unclamped materials.

ﬂfect present Thickness of film External ﬁelq \
Mechanical clamping and polarization

) . Factors
Or diffusion \ : : /
Of impurities é Plezoelectrlc > ~.
I Pyroelectric E‘.;B \

Ferroelectric

Domain wall .
displacemen _ Microstructure an
\\ homogeneity of film film orientation

Scheme 5 Representation of proposed factors affecting piezoelectricity: All factors affecting

ferroelectricity affects both piezoelectricity and pyroelectricity.
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4.3.5. Measurement of piezoelectric coefficients

In principle, both procedures let to compute the piezoelectric coefficient di;,charge constant

described by equation 12 or 13:3%3

d, =| S 12
OF, ).
or
@;(Z%) 13
3JE

Where, E the electric field, S is the strain, T the stress, and D the electric displacement. The x;3
axis is the direction of polarization (poling). This is the direction at right angles to the surface for
thin films. Note that one has to take into account that the thin film is at all times clamped to a
substrate during the measurement of the piezoelectric properties of thin films. So, the ratio S;/E;
(or D;/T3) does not stand for the piezoelectric coefficient d;; of the free sample other than an
effective coefficient. This effective piezoelectric coefficient dss(ip) is correlated to the actual
coefficient dj; (equation 14) for the inverse piezoelectric (ip) effect where a voltage is used to

persuade a strain which is computed:343

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Where, ds; is the transverse piezoelectric coefficient and parameters such as si3, 1, and s;; are

(cc)

the mechanical compliances of the piezoelectric film. Because the values of ds;, s, and s;3 are

typically negative but the value for sy, is positive and greater than s,.

On the other hand, the piezoelectric coefficient can also be determined from layered
heterostructure such as MAPbI;/PTZ layered heterostructures in which the greater part of the
bias voltages were constantly applied in the course of the MAPbI; layer, in which the fraction of
voltage (Vmapbiz = Vmapbiz/Viias) Varying between 87% and 93% because of the enhancements in
film thickness from 20 nm to 60 nm.*** Once the voltage fractions across the two layers (vpzr =

Vprz/Viias) have been determined, the ds; value of MAPDI; calculated using equation 15:
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tot _dMAPb13
— %33

aov,

bias

PZT
Visapor, £ dyy Ve 15

In this case “-” for out-of-phase (destructive) and “+” for in-phase (constructive) piezoelectric
responses between these two layers has been determined. It has also been extracted a value of

MAPDI, _
ds3

3.7£0.1 pm/V for the region that is in-phase with the piezo-response of bare PZT and

4.2+0.2 pm/V for the out-of-phase region.334
4.3.6. Piezoelectric effects

Besides an electric field using a mechanical stress, piezoelectric materials are a class of materials
which can be polarized, (Fig. 7). The direct connection between stress Xj applied to a
piezoelectric material and resultant charge density D; is the direct piezoelectric effect and shown
in equation 16.

D; = dy = Xy 16

Where, dj (C N7') is a 3"-rank tensor of piezoelectric coefficients. Whereas another interesting
property i.e applied electric field induced converse piezoelectric effect that explains the strain in
a piezoelectric material given by equation 17):

x; =dE, :d;'tjkEk 17

Where, ¢ is the transposed matrix. The units of the converse piezoelectric coefficient are . mV~1.
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Fig. 7 Piezoelectricity. Reproduced with permission.3*¢ Copyright 2013 Springer
Science+Business Media Dordrecht

Furthermore, easier molecular model used to explain the piezoelectric effect is given by Fig. 8

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

and is the production of an electric charge because of a force exercised on the material.

Moreover, the centers of the positive and negative charges of every molecule happen together

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

prior to subjecting the material to an external stress—ensuing into an electrically neutral

molecule as illustrated in Fig. 8a. On the other hand, in the existence of an external mechanical

(cc)

stress the internal reticular can be distorted, thus raising the division of the positive and negative
centers of the molecule and producing little dipoles as shown in Fig. 8b. Consequently, the
contrary facing poles within the material revoke each other and fixed charges emerge on the
surface. This is demonstrated in Fig. 8c. This effect in the material which is polarized is said to
be direct piezoelectric effect and produces an electric field engaged to change the mechanical
energy, engaged in the material’s distortion, into electrical energy. Although halide perovskites
have not been reported to exhibit reverse piezoelectric effect, a number of materials demonstrate

the reverse piezoelectric effect.
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Fig. 8 Schematic representation of simple molecular model for piezoelectric effect: Reproduced

F

with permission.’*  Copyright 2013 Springer SciencetBusiness Media Dordrecht a) An
unperturbed molecule with no piezoelectric polarization; b) The perturbed molecule exposed to

an external force (Fy); ¢) polarization effect.

4.4. Pyroelectric new properties

Like the ferroelectric and piezoelectric properties, it is crucial to consider pyro-electricity in
order to understand the electronics properties and related applications of halide perovskites.
Furthermore, pyro-electricity is an important property to express the crystallographic character of
the material without external fields. Accordingly, the MAPbI; has a noncentrosymmetric
structure is polar and, which will hopefully put a closing stage to the uncertainty about the space-
group of the tetragonal halide perovskite, which is I4cm rather than I4/mcm. Moreover,
understanding whether this symmetry is impressive and special to MAPbI; or universal to the
other its derivative tetragonal symmetries is grateful. The latest information on the lack of SHG
in MAPDbI; 347 confirmed the rationale to the uncertainties though this query regarding the
symmetry is verified using the existence of pyroelectricity, as well as showing the obvious proof

for SHG as well as giving details of why no SHG was presented in ref.347

Recently, motivating research outputs have been forwarding such as shown in Fig. 9A in which
a clear pyroelectric response, Jyyro, in the direction of <001> is observed.’*® Furthermore, the

direct proportionality between conductivity and a semiconductor’s thermoelectricity verifies that
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thermoelectric currents will happen to be further principal at elevated temperatures due to the
increase in semiconductor conductivity with temperature. Although at RT the pyroelectric
response is still exists, it is greatly small at low temperature, where it becomes the controlling
element of the thermally stimulated electric response (TSER). Despite decreased
thermoelectricity, inferior electrical conductivity also should usually increase the effective
spontaneous polarization and decrease leakage currents which ought to enlarge the pyroelectric
response. Likewise, Fig. 9B shows further proof for the pyroelectric character of MAPbDI;
derived from the peak-current value reliance on temperature. Moreover, the local maximum near
the phase transition temperature (Tc) at 330 K reveals an increase in the pyroelectric response as
anticipated in the theory discussed elsewhere’# at a ferroelectricto-paraelectric phase transition.
As a result, the local extreme around Tc is a physically powerful sign that tetragonal MAPbI; is
ferroelectric.>? Determining the imaginary (&;,,) and real (&) relative permittivity with respect to
temperature demonstrates a dielectric irregularity around Tc (Fig. 9C), as well formerly
examined in MAPbI;films?!, which holds up the termination that tetragonal MAPDI; is
ferroelectric.33% 333 The fading and regeneration of the pyroelectric response following beyond
the Tc provide additional shore up to the non-polar character of the cubic phase and the polar

nature of tetragonal MAPbI;, which agrees with results for MAPbBr3.33
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Fig.9. Relative permittivity and pyroelectric response measurements. Reproduced with

permission.?*® Copyright 2011 Macmillan Publishers Limited.

4.4.1. Pyroelectric effect
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For studying materials for electronics applications, considering and understanding piezoelectric
effect is very important rationale.’>> This piezoelectric effect is defined by the variation of the

vector of spontaneous polarization with temperature 7 as described in equation 18:

OP .
_ Ok 18
oT

'z
Where, p;(Cm~2 K!) is pyroelectric coefficients vector. Also equation 31 may be rewritten as:
Di= AP ;= piAT 19

Where, Di (Cm™2) is the surface charge density and AT is temperature change. Furthermore, It
should be clearly known that the spontaneous polarization can take place only if an exceptional
polar axis (section 10.2%28%) present in a given materials of an interest. With the perspective of
pyroelectrics, these materials are the property of subset of noncentrosymmetric point group with
10 polar crystallographic point groups. Accordingly, while all pyroelectric materials show
piezoelectric behavior, only a few piezoelectric materials whose symmetry belongs to polar

groups behave pyroelectrics such as CH,CF,,,, Pb.Zr;Ti/O;, and ZnO, but organometal halide

perovskites are under investigation to own these essential properties.

In the recent time, synergistic photoexcited and photovoltaic pyroelectricity has been reported as
an efficient method for guiding the charge carrier behavior of electronic and optoelectronic
applications.3>%-338 This synergy of two effects is caused by the light-matter interaction. During
light matter interaction, polarization electric field causes stable photovoltaic current while
thermal redistribution results in instantaneous pyroelectric current. Such coupling of unique
physical properties and spontaneous polarization make halide perovskites such as
(NPA),(EA),Pb;Br;; (NPA = neopentylamine, EA = ethylamine) possible candidate for light
induced pyroelelctric effect research. Such property of halide perovskites are useful to develop
light induced pyroelectric effect based self-powered X-ray devices better than heterojunction
based self-powered devices. Thus, halide perovskites are not only useful in photovoltaic and
electronic but also in novel self-powered X-ray optoelectronic devices. Such novel self-powered
X-ray optoelectronic devices are because of the energy harvesting property of halide perovskites.
Moreover, this alignment of coupling photovoltaic and pyroelectric properties gives enhanced

open-circuit voltage and transient short-circuit current, boosting device performance.?
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As shown in Fig.10, recently, it was possible to develop device architecture (Fig.10a), working
mechanisms (Fig.10b) and self-powered ZnO/peroveskite hetero-structured performances
enhanced via Pyroelectric effect (Fig.10c-e). During ultraviolet illumination, polarization
induced Pyroelectric effect owing to non-central symmetric crystal structures is created. This
Pyroelectric effect is produced owing to the temperature increased during Ultraviolet
illumination of the sample. This Pyroelectric effect present at the interface facilitates charge
transfer and reduces possibility of recombination. This increases enhance the open-circuit
voltage and transient short-circuit current.’° Fig.10c-d showed the presence of Pyroelectric
effect and photovoltaic effect together at some stage where there are temperature gradients but
the Pyroelectric effect disappeared at the stage where temperature becomes constant. The halide
peroveskite power conversion efficiency would be the result of the synergistic effect of both
Pyroelectric and photoelectric effects, together boosting the efficiency under light illumination.
This is good opportunity for halide peroveskite to have energy harvesting and photo-sensing
wide applications including in nano-sensing. In Similar fashion, such photo-Pyroelectric effect
has been observed in N-isopropylbenzylaminium trifluoroacetate (N-IBATFA).3%° Furthermore,
for better understanding the result, specific detectivity, D*, has been measured as shown in Fig.
10e. In all cases, the Pyroelectric effect is responsible for both photoresponsivity and detectivity,

where D* = R(2e.I4an/S)*3.>% Note that R = (Iight — Igarc)/Pill, where Py = Iy x S. S is the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

effective area of the photodetectors, R is the corresponding photoresponsivity, Py, is illumination
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power and I is short circuit current with illumination.
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Fig. 10. Schematic demonstration of the structure, mechanisms and Pyroelectric effect induced
of self-powered ZPH PDs. Reproduced with permission.>>® Copyright 2015 Macmillan
Publishers Limited.

4.4.2. Non-centrosymmetry and spontaneous polarization
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From the perspective of crystal symmetry of materials, clear understanding of symmetry element
and symmetry group has its own vital role in determining the properties of materials whether it is

a thin film, a crystal, an amorphous material or a polycrystalline and is displayed as in scheme 6.

Crystal symmetry
Centrosymmetry
Noncentrosymmetry
Nonpolar symmetry element Spontaneously polarized
Spontaneously polarized Reversible ferroelectric effect

Piezoelectric effect
Pyroelelctric effect

Scheme 6 Halide perovskite crystal symmetry showing ferroelectricity, piezoelectricity and

pyroelectricity effects

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

For instance, if a physical characteristic is themed to a symmetry element of the material, this

characteristic should not alter its value.?%® Rather, it pursues from the Neumann’s principle that a

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

number of characteristics, for example, pyroelectricity and piezoelectricity can be presented

(cc)

merely in materials with sure symmetries and that other properties for instance elastic
compliance, electrostriction and dielectric permittivity) are present in all materials. Furthermore,
the symmetry requirements could considerably decrease the number of independent and nonzero
elements of a property tensor. Moreover, the piezoelectric and other effects explained via odd-
rank tensors are not allowed through the symmetry in crystals that belong to 432
noncentrosymmetric point group and eleven centrosymmetric groups. Accordingly, crystals that
belong to the remaining twenty noncentrosymmetric groups from the total thirty two point
groups can show the piezoelectric effect and are occasionally called piezoelectric point groups

from which ten of the piezoelectric point groups could show and own a unique polar axis without
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a spontaneous polarization vector, PS, the pyroelectric effect present and an external electric

field.
4.4.3. Strain properties

From the perspective of synthesis procedures, it would be crucial to consider the strain properties
happened during materials preparation and due to other factors. Consequently, this concern is
highly important in the field of halide perovskites that perovskite films synthesized using various
procedures have analogous lattice strain indicating the strain should derived from a shared
process that all these halide perovskite films have practiced. The XRD measurements of the
MAPDI; thin films on ITO substrates at 100°C were not strained. Since thermal expansion of the
lattice possibly will account for the peak shift, the peak shift of the scraped MAPbI; powder was
measured over the same temperature range. However, its peak shift is much smaller than that of
the thin film (Fig. 11C and D), indicating that the peak shift observed in the thin-film materials
are mainly due to the introduction of strain. Considering the large thermal expansion mismatch
between the ITO/glass substrate and the perovskite, strain formation during cooling (Fig. 11A
and B) has been proposed.’® When the perovskite forming at 100°C cools to room temperature, it

tends to contract due to the positive thermal expansion coefficient (Fig. 11A).
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Fig. 11. Process of strain formation. Reproduced with permission®® Copyright 2017 American

Association for the Advancement of Science

As shown in Fig. 12, mixed halide perovskites such as (FAPbI3),gs(MAPbBr3)0 5 have

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

inhomogeneity, resulting strain properties.’®! Not only these mixed perovskites but also MAPbI;

has inhomogeneity.3®> This inhomogeneity is believed to be source of strain in halide

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

perovskites. The tensile strain was observed decreasing up on flipping heat treatment procedure

(cc)

(Fig.12a-b). This indicates homogeneity of the lattice structure is small at smaller strain.
Furthermore, compressive strain was observed in the as-synthesized peroveskite film, indicating
the solvent left pinhole after annealing since it didn’t distribute smoothly during annealing
process (Fig. 12c¢, d). This caused trap-assisted recombination as shown in Fig. 12d. Thus, the
power conversion efficiency is observed with or without tensile strain, strains free and
compressive strain as shown in Fig. 12e-f. Such strains are cause by the temperature gradients

during film preparation.
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Fig. 12 The presence of Strain study in (FAPbIs)os5(MAPbBr3)15. Reproduced with
permission.?¢! Copy right 2019, Nature publishing group

The presence of strain and gradient distribution in the film shows there is structure
inhomogeneity serving as recombination center thereby reducing charge transfer and device
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efficiency. This suggests that energy harvesting devices can be fabricated via strain engineering
like memory and sensors devices, particularly in the electronic devices, for instance, nonvolatile
memory,3%3 3% tunable capacitors,3®® solar cell,3*® and tunnel junction.3¢’ Furthermore, there are
two approaches to increase piezoelectric energy harvesting to generate power: increasing strain
via applied stress and coupling mode. Such coupling mode depends on applied force and

material poling directions.

4.5.Thermoelectric properties

Thermoelectric materials are essential for thermoelectric applications. For this purpose halide
perovskite are recently reported as thermoelectric materials. 363-377 Qutstanding thermoelectric
performance is expected from N-type semiconductors and thus Cs(Ge,Sn)I; becomes a possible
alternative material 3% It’s See-beck coefficient increases as its band gap increases. This makes it
suitable for thermoelectric applications. Moreover, CsSnBr; is an additional thermoelectric
property recently reported with promising results. 368 Its ZT value was maximized at ~0.01 and
its promise indicates that its thermoelectric performance can increase with doping engineering.36%
378, 379 1t was observed that photoexcitation was an effective way to enhance electrical

conductivity and See-beck coefficient through excited states in CH;NH,PbI,.38° Cs;Cu,ls has

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

also been reported as candidate thermoelectric material for possible thermoelectric

applications.’®' The result indicates that this material is a possible n-type candidate material

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

corresponding to a thermodynamic heat-to-electricity power conversion efficiency of 15% and a

(cc)

thermoelectric figure-of-merit Z7 of 2.6.3%! Thermoelectric figure-of-merit ZT'is given by ZT
=0S’T = PT/k, where P(=6S?) is the thermoelectric power factor, k is the thermal conductivity,
T is temperature and o is the electrical conductivity and S is See-beck coefficient (a measure of
the thermoelectric property). Thermoelectric materials with superior See-back coefficient are
adaptable and vigorous for waste-heat recovery. Both electrical conductivity and See-beck
coefficient are dependent on carrier concentration; charge carrier mobility, temperature,
relaxation time, average band effective mass, Fermi—Dirac distribution function and density of
state. A material to have multiferroicity, ferroelectricity or piezoelectricity it has to possess non-
centrosymmetry, but to be thermoelectric it is not constrained by symmetry.3#? It must be known
that thermoelectric conversion merit requires high electrical conductivity (s) and low thermal

conductivity (k). This requirement makes thermoelectric materials difficult to engineer.
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Even if promising research work has been done in the field of halide perovskites, much work is
remaining yet discovered. It is time discover much research result to make halide perovskites
applicable for thermoelectric applications. Essential parameters such as Hall coefficient and
thermal conductivity, electrical resistivity, and calculation of the charge carrier concentration,
See-beck coefficient and mobility shall be discovered for better understanding of the
thermoelectric properties and applications of halide perovskites. The application of
thermoelectric materials is in cooling such as in optoelectronics, small scale refrigeration and
detectors as well as power generation such as in deep space missions.?® Halide perovskites shall
be tested whether they can succeed or not in these potential thermoelectric applications with deep

understanding.

From the thermodynamic approach, understanding and considering the coupling mechanisms
among the electrical, thermal and elastic parameters and their synergistic effects on the
performance of halide perovskites would be vital for the future development. The outcomes are
equations of state which present relationships among material parameters computed under
different experimental conditions and the coupling mechanism is via the thermodynamic
approach. These relationships are necessary for understanding and modeling the response of
ferroelectric, ferroelastic, pyroelectric and piezoelectric devices. Moreover, the coupling
thermodynamic approach is presented in the next discussion and broadly elsewhere.?%0 384, 385
From the first and second laws of thermodynamic concepts, the reversible change dU in the
internal energy U of an elastic dielectric subjected to a small change of the, entropy dS, strain dx
and electric displacement dD is shown in equation 20.

dU = TdS + X;d,; + EdD; 20

Where, T is the temperature of the material. Under isothermal circumstances using electric field
and stress, it is practical to alter the set of self-governing variables from (S, x, D) to (T, X, E). In
order to alter the independent variables from the initial set to the other applying Legendre
transformation of U using additional term —7s —Xx — ED to U becomes crucial. The resultant free
energy relation as in equation 21:

G=U—-TS—-X;x;—ED, 21

is called the Gibbs free energy. The differential of G offers in common with equation 22

dG = _SdT_X,'j dlej - DidEl‘ 22
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Using equation 22:

S:_(G_Gj (X, =— 06 D =— oG 23
T e ox,; T.E OF; )r x

Where, the subscripts specify variables kept constant. The total differentials of S, X and D can be

0] .

= written as

g

P -2 d(a_SJ , (G_SJ i, y
§ T )y oX,, . OE, .

[32)

S heat capacity, piezocaloric effect, electrocaloric effect

E Ox; Ox;; Ox;

@ dx, =|— | dT+|— JdX, +| — | dE, 25
é oT YE 0X,, E oE, rx

Q

E thermal expansion, elastic compliance, converse piezoelectricity

B

S D, D, D,

w dDi:(Lj ,dT+[ oD, ] ,a’Xy.+(L] dE, 26
E oT )y X, i, OF, ey

k:

g Pyroelectric effect, direct piezoelectricity, dielectric permittivity

§ Every partial derivatives in equations 24-25 recognizes a physical effect?®® as specified in the
E equations. Because the order wherein derivatives are in use is irrelevant®®, it follows from
'_

equation 22 and equation 24-25 that, for example,

T _ ox; _ [ o6 | [ oG |_ [eD | _ JTE .
ijk kij
OE, . 6Ek6XU aXl.JﬁEk 8Xi]. .

Converse piezoelectric effect, direct piezoelectric effect
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Equation 8 shows the thermodynamic equivalence of the converse and direct piezoelectric effect.

Equally, it can be revealed that this is thermodynamically comparable pyroelectric effect,

(@D, =0T), , to the electrocaloric effect, (0S = OF,

Dr.x

and piezocaloric effect, (aS =0X U.)

T.E

to the thermal expansion(dx, =0T), .. All these thermal, electrical and elastic effects are

related to each other and represend by the general Scheme shown in Scheme 7.
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Scheme 7 Representation of the general relationships of mechanical and electrical domain, and
dielectric and elastic behaviors observed in ferroelectric materials. Reproduced with

permission.3¥¢ Copy right 2004 Oxford University Press

5 Nanometer Scale Domain Characterization

From the perspective of advanced materials characterization at nanoscale, developing and
establishing nanometer scale domain characterization in line with the materials development
would be of the first step unless materials properties become challenging to understand at the end
because of the limit or lack of sensitive techniques with high detection limit and resolution.
Moreover, understanding the origin and mechanisms of strain switching, compressive and tensile
stress at nanoscale, absence or presence of inversion center, noncentrosymmetric and
centrosymmetric properties, polarization switching, domain formation mechanisms, and polar
order at surface, interface and wall, nanoscale structural characterization is necessary because of
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many controversies regarding the presence or absence of ferroelectricity in MAPbI;.3%7 Therefore,
it is pleased to organize nanoscale and advanced characterization tools for successful
understanding of the halide perovskite field such as atomic force microscopy (AFM),
piezoelectric force microscopy (PFM), photothermal induced resonance (PTIR), photoinduced
force microscopy (PiFM), nonlinear optical spectroscopy, second harmonic generation (SHG)
and theoretical or computational methods such as first principle calculations as discussed in

detail in this sections and summarized in Scheme 8.

Nanometer scale

™ Domain patterns |
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Scheme 8 A representation of perovskite characterization methods and approaches
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5.1. First-principles calculations

(cc)

In parallel to the experimental perspectives, considering and understanding the theoretical
perspectives and principles have vital contributions in designing and modeling of new materials,
and predicting its properties with its functionalities. Numerous most important coming
progresses in the sympathetic of ferroelectricity, piezoelectric and pyroelectrics need
contributions from first-principles. Furthermore, there are very important concepts that first-
principles studies can realize them: 1) the importance of hybridization. Contrasting the respected
Slater rattling ion model,*®® the main element in oxide ferroelectrics is covalence or hybridization
between the cation and its oxygen neighbors that lets the cation to travel off-center. This idea is
at the present extensively applied in experiments and improvement of novel piezoelectric

materials which it should be borrowed to the halide perovskite field. 2) the idea of polarization
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rotation, which is accountable for the huge electromechanical coupling seen in relaxor

ferroelectrics like Pb(Mg ,Nb, )O_ (PMN)-PbTiO, (PT).3% 3) the association between cation

ordering and polar nanoregions in relaxors.’*% 3°! 4) the guess of a morphotropic phase boundary
in pure PT at high pressures with vast electromechanical coupling in the transition region.3? 5)
the discovery of reentrant ferroelectricity, with ferro-electricity regenerating at extremely high
pressures, representing the option of entire novel lessons of ferroelectric materials.?*? Likewise,
there are essential and more advanced concepts that should be addressed in hybrid perovskites
using this method: (a), the role of large effective charges in electromechanical coupling, (b)
sympathetic the function of hybridization and covalence in ferroelectric instability (c) the
function of polarization rotation in the single crystal relaxor ferroelectrics, (d) the idea of polar
ferroelectric superlatcies, (e) a primary sympathetic of macroscopic polarization, (f) plan paths
for novel materials, and (g) an sympathetic of the necessities for materials to be multiferroics.
Therefore, the movement and ordering of organic cations in halide perovskites is

still controversial both theoretically3%4-3°7

Therefore, from the current theoretical perspective, the polarization intensity donated form the organic

b

cations becomes predominantly controversial. For instance, Walsh et al’s point out
a spontaneous formation of ferroelectric domains in MAPbI3 and a huge polarization value of 38
uC/cm? has been demonstrated.?*® Another study showed that MA cations in tetragonal MAPbIs have a
special position along the c axis, and the polarization intensity is approximated to be 4.42 uC/cm?, which
is mostly denoted by the MA dipole.**® The authors also clarified that the large inconsistency from
the Walsh’s study was perhaps because of the abandon of the relaxations or the possible
inclusion of polarization quanta. From other research groups, the bulk polarization involvement
solely from the organic molecular dipole moment is less than 2.5uC/cm?, and the Pbl; inorganic
lattice has a main donation to the polarization.’*® Furthermore, their calculations demonstrated
that the anti-ferroelectric tetragonal structure with almost zero net polarization is more stable
than its ferroelectric complement by 21 meV, indicating that the ferroelectric domains cannot
form spontaneously at room-temperature. Conversely, electronic structure has been calculated
using first-principles to disclose a ferroelectric tetragonal structure with polarization of about 8

uC/cm? above all denoted by the organic cations.%*
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5.2. Atomic force microscopy

In order to investigate the microscopic origin of ferroelectric, piezoelectric and pyroelectric
properties, AFM can associate the topography of a sample to other local material electrical
characteristics, like conductivity and electrical potential.?08 400-402This technique has been
instrumental in ushering in the age of nanotechnology owing to its high resolution and sensitivity
across a range of interaction forces, allowing AFM to find applications in materials science,
physics, chemistry, and biology.*%3 Initially developed to map surface topography of materials,**
various modalities were subsequently developed to probe, e.g., mechanical, magnetic, electrical,

and chemical properties.*0>-412

5.3. Photo induced force microscope

This technique is still under growth, though previous models already able to extract quantitative
information from PiFM images.*!3- 414 It is based on photoinduced forces between the sample and
a sharp tip. A diagram of the interaction between the tip and the (nano) particle is shown by Fig.
13a in which the system is light up via an inward light field E,. The condition in the tip—sample
junction can be illustrated by estimating both the sample particle and the tip apex as polarizable

spheres and bearing in mind only dipolar offerings.
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Fig. 13. Photoinduced interaction and configuration of PiFM. Reproduced with permission.*!3
Copyright 2015 American Chemical Society a) Representation of the interaction between the
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photoinduced tip dipole in the focal plane of a tightly focused field and in the target particle. b)
Configuration of the PiFM.

Fig. 13b shows an inverted optical microscope which applies an AFM detection head in place of
a photodetector. The primary signal in PiFM is the time-integrated, photoinduced force as
registered by the AFM head rather than detecting optical radiation. Furthermore, the light source
in the PiIFM system is a laser, which can be either a continuous wave (cw) of pulsed laser,

relying on the type of optical experiment.

5.4.Visualizing nanometer-scale domain patterns

PFM is an instrument to set up polarization switching by visualizing nanometer-scale domain
patterns*!6-42 as well as nanoscale piezoelectricity and ferroelectricity.*??> Recently, the
properties of 1D piezoelectric nanostructures were investigated with PFM.#23 This is an effective
technique for drawing topography and conducting nondestructive property characterization of
piezoelectric and ferroelectric materials at the nanoscale, giving convincing imminent keen on
switching behavior and domain structures in single crystal and polycrystalline of MAPbI;.
Nevertheless, it is recognized as it is disreputably sensitive to surface charging and ionic,***
because it is applied in the electrochemical force microscopy.*?>4?7 Likewise, surface topography
leads to strong topographic cross-talk,*?® 422 which can give rise to recognition of step edges as
ferroelectric domains or ferroelastic domains.**® Thus, the surfaces of these materials are
particularly unsteady in ambient environment seriously leading to the formation of the secondary
phases like Pbl,, etc. that can further facade intrinsic materials characters.3? 431 432 [n similar
way, it is possible that PFM is an AFM method based on the inverse piezoelectric effect that

locally probe piezoelectric samples, visualize ferroic domains.20% 402

5.5. Photothermal induced resonance

It computes the transient thermal expansion caused as a result of sample light absorption via
contact mode AFM tip. This technique is also a composition sensitive scanning probe technique
that unites the lateral resolution of AFM with the chemical exact of absorption spectroscopy.*3*-
435 In order to better illuminate, samples are light up from the underneath in an entire internal

reflection design to reduce the interaction of light with the AFM tip as shown in Fig. 14a.
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Additionally, the absorption of a laser pulse in the sample results in sample expansion, excitation
of the AFM cantilever motion, and local heating, controlled by shinnying the AFM laser beam
from the cantilever onto a four-quadrant photodetector (Fig. 14a). Moreover, the ability for
quantifying the chemical composition®® 47 with a spatial resolution down to 20 nm* has
earned this technique considerable popularity for analyzing thin organic*%44° or metal-organic
materials.*37- 441. 442 However, because the PTIR signal is also proportional to the sample linear
expansion coefficient, inorganic samples are typically challenging to measure. Furthermore, the
thermal expansion is additional rapid compared to AFM response. It is sufficient to stimulate a
number of the smallest-frequency mechanical modes of the cantilever (Fig. 14c). The recurrence
frequency of the laser pulses is sufficient to let the cantilever to finish the ring down (Fig. 14b)
prior to the latest pulse appears. Prominently, the PTIR signal is relative to the energy
absorbed,'’*c and openly as good as with FT-IR spectral libraries**3: 44 letting material

recognition.
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Fig. 14. Instrumentation: Reproduced with permission.**> Copyright 2013, American Chemical
Society. (a) Picture of the PTIR technique: (b) high peak to peak deflection (c) getting amplitude

of different contact resonance modes.

5.6. Differentiating noncentrosymmetric and centrosymmetric crystals

Nonlinear optical spectroscopy is important to analyze films, which is an efficient and simple
tool to differentiate between noncentrosymmetric and centrosymmetric crystals that indicate

polar or nonpolar character of the crystal structure.

5.7. Identification of inversion center and non-centrosymmetry

The second-harmonic generation (SHQG) is nonlinear optical technique developed to confirm
absence or presence of an inversion center in crystals.*% 447 Since only non-centrosymmetric
materials are SHG-active because of non-zero hyperpolarizability, 3, it is also a sensitive tool for
probing the loss of inversion symmetry in a phase transition. Furthermore, the molecular
bottleneck for competent SHG functions are ruled by the necessity of insignificant absorption in
the spectral region of attention and large first-order molecular hyperpolarizability (B).4*® Even
though wide-ranging research has sketched a variety of issues for approximating, {,%°45? the
main building blocks for development of this ground is the translation of molecular non-linearity
into a limited macroscopic second-order susceptibility (y?), which demands crystallization into a
non-centrosymmetric lattice. The total SHG intensity (I,,) emitted by a sample calculated with
the Kurtz-Perry method*? shown in equation 28:

1 2 2

(12(32 = Apy <de.ti" >PM + Ayey <d‘fff'>NPM :

where lo is the incident intensity, <d

2 1 . . oqe
eﬁ’>pM is an efficient susceptibility because of all djj

coefficients for which phase corresponding happens, <d >jva depends on the d;j coefficients for

eff

which phase matching is not likely, and Apy; and Anpm are two functions that rely on the sample

size, refractive indices, and particle size of the material for the wavelengths involved. If all djx

: . 2 : :
coefficients contribute to <a’ o >PM , then this parameter can be roughly estimated by doum.
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5.8. Identification of the polar crystallographic orientation

For investigation of a polar dielectric crystal, identification of the polar crystallographic
orientation is required. Following powder X-ray diffraction of pulverized crystals, which
confirmed the grown crystals to be MAPbDIS;, it is possible to determine the polar direction of a

crystal, using specular diffraction from the surface of a single crystal.

6 New Application Trends beyond Photovoltaic

Piezoelectric energy harvesting devices are great solutions for a give application that requires
high energy density, high voltage, little mechanical damping and high capacitance.*** For this
purpose halide perovskites have been tested as new energy harvesting piezoelectric materials.*>>:
436 This time, their wide range energy harvesting applications beyond photovoltaic become hot
issue with great attention from the scientific community.*3” In this section, we have presented
piezoelectric energy harvesting, electromechanical and electronic energy conversion and storage
device applications beyond photovoltaic, light emitting diode and laser applications, which are

useful to the scientific community.

Halide peroveskite materials are widely researched for various applications such as photovoltaic,
laser, light emitting diode, photocatalysis, etc. But, recently these materials become essential
materials for energy harvesting applications such as self-powered unit, wireless electronics,

storage devices, etc. as shown in Table 2.

Table 2. Values of the electric power for halide peroveskite selected energy harvesters

Energy Output  Output Current specific dj; Reference
harvesting voltage/V  current capacity
materials density/
4C1-MAPbl; PENG 5.9 ~0.61 108
HA/cm?
CsPbCl; 257 3.04 Wm™ 27.87 458
LA

65


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00442f

Energy Advances Page 66 of 152

View Article Online
DOI: 10.1039/D4YA00442F

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

(cc)

FASnIL;:PVDF 23 35.05 73 pm/V 103
mWem 2
FASnBr; 94.594.5 18.95 19.1 5050 105
Vp-p uW/cm? HApP-p pm/V
MA,SnClg 7.33uW cmr 589.98 2
z mAh gl

Cs,NaBiClg Stable 459

300 mAh
gl

TMCM,SnClg 81 0.6 kV/cm 2 pA 137 pC/N 250

CH;NH;PbBr; 175.5 460
mAh g!

CH;NH;PbI; 2.7 140 nAcm-2 43.6 5.12 pm/V el
mAh g!

CH3I\IH3P]Z)BI'3,:3Li+ 200 461
mAhg™!

CsPb,Brs 200 45 mW 2.8 72 pmV-! e

Poled 2.7 140 nAcm-? 455

CH;NH;PbI;

LisTi504, 175.5 Ao
mAhg!

BaTiO; 6.5 70 nAcm™2 462

EDABCO- 63 43 uW/cm? 2.1 165 pm/V ED

CuCly@PVDF UA/cm?
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EDABCO = N-ethyl-1,4-diazoniabicyclo[2.2.2]octonium), PVDF (polyvinylidene fluoride),

6.1. Electrical properties and corresponding applications

From the perspective of harvesting energy, it would be crucial to test halide perovskites for
electronics functionalities beyond the photovoltaic, photonics or optical applications. In
realization of these applications, the external stimuli which produce a corresponding application
would also be better to consider. For instance, when a certain type of perovskite photovoltaic
device is exposed to external stimulus such as light and thermal energies, the related processes
are similar for different applications. In order not to present a generalized concept, we discussed
the properties and applications*** of several vital phase mixed-metal oxides based perovskite as
shown in Table 3. The importance for these materials is in accordance of their intrinsic
ferroelectric, piezoelectric, pyroelectric and dielectric properties of significance in related
electronic applications such as field effect transistors, capacitors, transducers, high-k dielectrics,
logic circuitry, actuators, dynamic random access memory, and electromechanical devices.463-467
This is an excellent opportunity and great assignment for scientific communities in order to
check whether halide perovskite materials can be used as alternative materials for the electronic
applications described in the Table 2 or not. Above all, it would be of great concern whether the

halide perovskite materials really own all the electronics properties stated in the Table 3 or not.

Table 3. Perovskite-phase metal oxides and halides: Properties and Applications324 326, 436, 464, 468,

469
Materials Properties Applications
(Ba,Sr)Ti0; pyroelectric pyrodetector
BaTiO; dielectric capacitor, sensor
PbTiO; piezoelectric acoustic transducer
pyroelectric pyrodetector,
Pb(Zr,T1)O3 pyroelectric pyrodetector
piezoelectric surface acoustic wave device, substrate
dielectric nonvolatile memory,

electro-optic waveguide device
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(Pb,La)(Zr,Ti)O;

(LiNbO4/Ti)

LiNbO;
K(Ta,Nb)O3

Pb(Mg;3Nb,3)O3
FAPbBr;

MAPbI;

CSPbX3

electro-optic
pyroelectric

electro-optic

piezoelectric
electro-optic
pyroelectric
dielectric
Piezoelectric
pyroelectric

electro-optic?

Piezoelectric,
Pyroelectric,

Electro-optics?

Piezoelectric?
Pyroelectric?

Electro-optics?

waveguide device, optical memory display
pyrodetector

waveguide device, second harmonic generation,
optical modulator

pyrodetector, surface acoustic wave device
waveguide device, frequency doubler
pyrodetector

memory, capacitor

Piezoelectric nanogenerator

Acoustic transducer?, pyrodetector?
Waveguide device?, second harmonic

generation?, optical modulators?

Piezoelectric ~ energy  harvesting  devices,

Acoustic transducer?, pyrodetector®

Waveguide device?, second harmonic

generation?, optical modulators?

Piezoelectric  energy  harvesting  devices?,

Acoustic transducer?, pyrodetector®

Waveguide device?, second harmonic

generation?, optical modulators?

Note that the symbol ‘a’ indicates the proposed semiconducting properties and its corresponding

applications are ‘not yet reported,” which need future investigations.

As shown in Fig. 15a, dielectric constant of CH;NH;3Pbl; and CI-MAPDbI; have been studied and

found to be dependent on frequency.!?® The dielectric constant for CH;NH;Pbl; was ~43 at 100

kHz. To understand the property of the dielectric constant, various amount of Cl was added and

~90.9 was found for 4CI-MAPbI; sample but ~62 for the 10CI-MAPbI; sample. This indicates

that there should be an optimum value of Cl amount to obtain an optimum value of dielectric
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constant. Moreover, the value of the dissipation factor (D) for both CH;NH;Pbl; and CI-MAPbI;
is shown in Fig.15b and indicates that D increases with increasing amount of Cl. Furthermore,
Fig.15¢ shows dissipation factor and dielectric constant at 100 kHz as a function of the amount
of MACI and MAI. Dense and smooth morphology of the sample film is suggested as possible
cause for the larger dielectric constant obtained for Cl incorporated MAPDI;. To further
understand what is happening with increasing amount of Br in which the dielectric constant get
increased gradually. 6Br-MAPbI; sample achieved ~71.6 at 100 kHz. As shown in Fig.15d-e,
lower dissipation factor was observed owing to the incorporation of Br that results the formation
of dense perovskite films. This incorporation of Cl and Br amounts shall create strain effect for
the piezoelectric energy harvesting for effective power generation. Based on this concept, a
compressive strain has been created generating output voltage of ~0.78 V and output current
density of ~0.11 uA/cm? from CH3NH;3Pbl; and 2.75 V from 4CI-MAPbI; mixed peroveskite.
The larger current density observed in Fig. 15g shows that halide incorporation results the
formation of surface morphologies which is denser and smoother. A P—E hysteresis loop is
shown in Fig. 15h and 0.56 pC/cm? was obtained from 4C1-MAPDI;. The increased polarization
and dielectric constant is owing to the interfacial polarization caused by the coexistence of two

phases such as MAPbCl; and MAPbI;.47% 471 Such high leakage of current density and larger

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

dielectric constant properties demonstrated by each sample are useful for high energy harvesting

applications.
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Fig. 15. Dielectric study of the mixed halide-MAPbI; films: Reproduced with

permission'® Copy right, 2020 American Chemical Society

6.2. Structure preference of halide perovskite nanogenerators

From the perspective of device architecture or structure, understanding and developing the
suitable hybrid perovskite nanogenerator device architecture in order to satisfy triple ‘E’ rule:
efficient, economical and environmentally friendly would be of current and burning issue for
scientific society. There are reports on peroveskite nanogeneratore that reflect halide perovskites
are promising energy harvester for nanogenerator applications.'®* 472 In recent times, a
periodically release operations and vertical compression in the course of the piezoelectric

structure has been reported as shown in Fig. 16.326 Moreover, halide controlled perovskites based
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nanogeneratore and capacitors are reported.'® 48 the reasons for high density powered
nanogenerators is suggested as charging polarities,*¥! soft elastic nature and soft polar optic
phonons.'?3 The operation of the nanogenerator is in either of the ways that Fig. 16a shows that
once electric dipoles are aligned in a single direction when vertical compression is used to the
nanogenerator, the piezoelectric potential caused electrons move from the top electrode to the
bottom electrode side through the external circuit. On the other way as demonstrated in Fig. 16
the piezoelectric potential inside the device directly vanishes when the compressive is removed
and the collected electrons from the bottom electrode flow back to the top electrode and an
electric signal is shown in reverse direction. The intension here is not just to explain the
operation but to point out the important concepts that motivate researchers to be curious on how

to realize nanogenerator made of halide perovskites which satisfy the triple ‘E’ regulations.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Fig. 16. Hybrid perovskite piezoelectric nanogenarator structure. Reproduced with permission.32

Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

(cc)

More importantly, the concern of how to produce electrical energy from mechanical vibration is
also a challenging lesson. Of these concerns considering beam structure as the most frequent
solution to obtain electrical energy from mechanical vibrations has vital contribution.
Accordingly, considering main factors such as generator structure, the generator size, electronic
system of the control and storage of energy and piezoelectric material during the generation of
effective electric energy using the piezoelectric generators has great importance. The most often
tested piezoelectric generator structures are designs, in which the basic element, apart from the
piezoelectric actuator, is the cantilever beam. One can single out a few possibilities of the

connection of piezoelectric materials to the beam:
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1. beam made of the base material, with no piezoelectric properties, on which there is one
(unimorph) or two piezoelectric material layers (bimorph). Generator with two plates of
PZT ceramics (bimorph) is presented in Fig. 17a,

2. beam with an additional element influencing the increase of stresses in the piezoelectric
material layers. An example of generator with one piezoelectric layer and an additional
element is presented in Fig. 17b,

3. beam without piezoelectric material layers with the additional setup containing a

piezoelectric material. An example of a generator of this type is presented in Fig. 17c¢,

4. beam with an additional element*’3, making it possible to install more piezoelectric layers

(Fig. 17d).

Fig. 17 Various alternative cantilever beams as the structure base of the piezoelectric generator.

Reproduced with permission.*’* Copyright 2013 Pomiary Automatyka Robotyka

During beam bending, stresses appear in the piezoelectric material, on which electric charge
builds up. An additional mass M installed at the end of the beam to increase stresses in the
piezoelectric layers. Taking into consideration the fact that generators can power wireless
sensors, generator structures should be small: about 1 cm?. It is to be noted that in generator

structures based on cantilever beams and the PZT plates, the direction of external forces action is
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perpendicular to the direction of polarization. Hence, the piezoelectric coupling is indicated by
the coefficient k3;.47> The increase of stresses in the piezoelectric element can be acquired by
various beam shapes: most often a rectangle, but also a triangle*’®, as well as by various

geometry solutions of beam fixing to the object which is a source of vibration (Fig. 18).

v
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i/ . Source of vibration 2 1 . Source of vibration

Fig. 18. Cross-sections of the beam in generators. Reproduced with permission. 4’7 Copyright

2010 from Proceedings of PowerMEMS

From the perspective of coupling modes for easy operations in line with the device architecture

perspective, it would be of considering at least two frequently utilized coupling modes for

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

piezoelectric power generators, recognized by the direction of the electric charge and mechanical

force. Fig. 19a illustrates the ‘33’ mode which indicates the charges accumulated on the

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

electrode surface at right angles to the direction of polarization when compressive mechanical or

tensile forces are applied in the axis of polarization. In similar way, Fig. 19b shows the ‘31’

(cc)

mode which indicates the charges accumulated on the electrode surface at right angles to the
direction of polarization when a force is applied in the direction at right angles to the axis of
polarization.*’® For most piezoelectric materials, the coupling factor of the 33-mode, k33, is larger
than the coupling factor of 31-mode, k3 but it is not yet reported what this value is. In the 31-
mode, the mechanical stresses are directed along the 1-axis. The stresses can be simply realized
by bonding the piezoelectric element to a substructure experiencing bending while the 33-mode
energy conversion can attain superior output power by increasing the layer of the ceramic (Stock
type). For very low-pressure source and limited size, the 31-mode conversion may have a better
benefit in energy conversion.*”” Because of the small size of the generator with the limited

environmental sources for mechanical energy 31-mode energy conversion is appropriate for
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piezoelectric microgenerator applications in the micro-electromechanical systems (MEMS)

structures.

= li";—|

s

b

— {7—|

Fig. 19. Important coupling modes for piezoelectric materials. Reproduced with permission.*3°
Copyright 2004 Institute of Physics Publishing (Smart Materials and Structures) (a): ‘33’

coupling mode, (b): ‘31’ coupling mode.

6.3. Expected piezoelectric energy conversion from perovskite materials

From the global direction and demand of energy conversion, there is a great concern and need to
at least achieve enough energy or to also own extra or reserve energy. Another global concern is
that which type of semiconducting materials can really satisfy the global energy demand in
addition to the additional global concern of what kind of device architecture or structure to
satisfy the triple ‘E’ rule as well as operating conditions discussed in the previous sections.
Therefore, it is true to rise a great issue and concern of how much energy could be globally
achieved from those energy harvesting semiconducting materials that everyone bears in his/her
mind. Up to now, oxide based perovskite piezoelectric materials, along with the a number of
energy conversion materials, are broadly applied for smart structures, generally categorized into
two various kinds depending on the energy conversion route:*¥° 1) The sensor type, wherein an
electric charge is generated when a mechanical stress is used.; 2) the actuator type, where the
piezoelectric element experiences a dimension variation when an electric field is utilized by

which electric energy is changed into mechanical energy derived from the indirect piezoelectric
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effect. The field of potential applications of piezoelectric generators in energy harvesting
systems is marked by the range of the electric power that can be generated by these generators.
On the basis of published laboratory research results of piezoelectric generators one can state that
the generated power does not excess several mW. The maximum power for selected piezoelectric

generators with its dimensions is presented in Table 4.

Table 4. Exemplary values of the electric power for selected piezoelectric generators*8!1-483

Structure of Piezoelectric Dimension of Dimension of Frequency Generated

piezoelectric material piezoelectric generator of Power

generator material [mm] source [mW]
[mm] vibration

[Hz]

Cantilever beam PZT 4 x patches: 14,3x50,8x1, 29,5 1.4
25,4x50,8%0,254 27

Cantilever beam  MFC 2 x patches: 114,3x50,8x1 29,7 1.7
85x28x0,3 ,27

Connected four PZT 4 x patches: 200x200x0,2 35,5 8.0

cantilever beams 30x10%0,5

M-shaped beam  PZT 2 x patches: 220%25,4x0,2 14.5 2.6
25%25,4 54

Cantilever FAPbBr; - 1x3 - 32.3x 1073

According to the published research results three general factors influenced on the energy
conversion efficiency can be enumerated: the greatest electric power is generated for a generator
resonant frequency nearing to the driving frequency of the vibration source; the value of
electrical power depends on a strain of piezoelectric material in the generator. Hence, generators
with additional elements influencing on the increase of this strain generate more electrical power
than typical cantilever beam generator; electrical power is proportional to a size of piezoelectric

material used in generators.*84
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The performance of FAPbBr;-PDMS nanogenerator is approximately 0.44%%5-488 as shown in
Table 5. An external compression cannot generate large strain on a piezoelectric FAPbBr;
nanoparticle because of the existence of PDMS matrix which bears the greater part of the
compression.*®® Nevertheless, the hybrid composite piezoelectric nanogenerator can successfully
avert the cracking and breaking of embedded piezoelectric nanoparticles under mechanical
stress. Above all piezoelectric are smart for employ in large-scale piezoelectric energy

harvesting, owing to their cost benefit, mechanical robustness, and easy device fabrication.32¢

Table 5. Reported performance of nanogenerators made of hybrid composite piezoelectric

materials. 326, 489-493

Nanogenerator Output Output current Efficiency
voltage
[VI
NaNbO;/PDMS 3.20 16 nA cm2 -
LiNbO;/PDMS 0.46 9.11 nA -
BaTiO;/PDMS 5.50 350 nA -
ZnSnO;/PDMS 9.70 0.9 A cm™2 -
PMN-PT/PDMS 7.80 2.29 pA -
FAPbBr;/PDMS 8.50 3.4 pA cm™2 0.44%
MAPDLX;/PDMS ? ? ?
CsPbX3;/PDMS ? ? ?

Note that the symbol ‘?’ indicates research question which need further investigation in the

future applications of halide perovskites.

6.4. Constructing halide perovskite piezoelectric dampers

It is clear that those inspiring devices are constructed from important materials with inspiring
semiconducting, electrical, optical and structural properties. In order not to make general
discussion we use PZT as example of those important materials with inspiring properties for
inspiring applications. One of a fascinating function of PZT composites is to construct a passive
mechanical damper as motivating concept to think the important question how to construct
inspiring piezoelectric dampers from halide perovskites. For instance, taking the capacitance of
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the piezoelectric material as C and the vibration frequency as f with the series resistance as R,
damping happen mainly quickly when the series resistor is chosen when the impedance
corresponding condition, R=1/(2nfC), is fulfilled.*** When a composite of piezoceramic powder,
carbon black and polymer is fabricated (Fig. 20a), the electrical conductivity of the composite is
significantly altered using the addition of small amounts of carbon black (i.e., percolation
effect).*>> A very interesting question to the halide perovskite community is that how these
piezoelectric dampers can benefit from these low cost and materials simple to fabricate.
Wondering that halide perovskite materials are not yet tested for this purpose although they were

recently reported as materials which fulfill piezoelectric properties.
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Fig. 20 Damping and Modes of Energy harvesting. Reproduced with permission.*>> Copyright
1991, IOP Publishing. a) Representation of vibration damping. Is it possible to replace PZT
ceramic by CH3;NH;PbX; or MPbX; composite for vibrating damping, where M is metal with +1
cation and X is halides? Frequent models of piezoelectric energy harvesting devices: b)

Piezoelectric 33- Model and ¢) Piezoelectric 31- mode.
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6.5. Constructing halide perovskite piezoelectric energy harvesters

Wearable electronic devices®® and wireless intelligent sensor network*”’ have been recently
grown quickly in areas such as medical science, energy, roads, bridges and military affairs. But,
an essential trouble that needs to be considered is the energy delivered by these devices.
Chemical batteries show a number of drawbacks, for example, large volume, inability to
integrate with MEMS devices and short storage time with respect to the main energy. Also, their
installation positions are not suitable for replacing the chemical batteries in case of a number of
sensors. Consequently, the piezoelectric energy harvester that can acquire energy from the
vibration environment is now a hot research topic as per the concern of an energy substitute for
chemical batteries.*?3-3% Moreover, the advantages of piezoelectric energy harvester includes:
easy miniaturization, simple structure, no pollution, no electromagnetic interference and no fever
in order to meet the energy need of low power consumption products. As a result, it is becoming

vital choice of piezoelectric energy harvesting devices.

For constructing halide perovskite piezoelectric energy harvester, it is crucial to consider
influencing parameters such as resonance voltage, structure type and resonance frequency in
addition to the universal factors such as moisture. Researchers should consider the prevention
mechanisms from moisture other environmental factors like the solar cell material prevention
mechanisms listed elsewhere.'®® Hence, researching halide perovskite materials with low
frequency piezoelectric energy harvesting capability are in great interest and are not yet tested
for this purpose. With respect to the structure perspective, the piezoelectric energy harvester with
a flexible cantilever beam becomes one of the major structural forms because of the concern of
getting fast deformation response. For this structure, numerous correlated studies have been
done, whether in the MEMS structure 3°!- 592 or in the macro-structure .%3-3% Thus, there are two
universal troubles for these accessible structures to be realized: the low power and output
voltage, enforcing it challenging to be used and stored by the circuit rectifier, as well as the high
frequency resonance frequency, which is complicated to harvest energy in the everyday
environment. This will be of a great assignment for the halide perovskite community in order to
confirm whether these materials can fill the listed two main challenges of the existing structures
of piezoelectric energy harvester. Generally, piezoelectric energy harvesting devices are usually

utilized in two modes: 33-Mode and 31-Mode. As Fig. 20b-c displays, in 33-mode, the external stress
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direction and generates a voltage in the same direction, and in 31 mode, the applied stress is axial and

perpendicular to the direction of the voltage generated.
6.6. A self-charging power unit and wireless electronic applications

Recently, halide peroveskite materials particularly MA,SnX¢'% X = CI, Br, and I and
(CH(NH,),SnBr; (FASnBr3))'% are used for powering self-charging power and wireless
electronics. MA,SnClg perovskite demonstrated promising power density of 7.33 uW cm2 for
self-charging power unit. Similarly, FASnBr; demonstrated high output power density 18.95
uW/cm? for wireless electronics applications.!® This indicates that self-powered Internet of
Things devices built will be powered by halide perovskites in the near future. But, much effort
for the development of this promising application is required. The current work is not well
cultivated yet. Note that halide perovskites are not only useful for self-powered unit and wireless
electronics but also may be useful for low power electronic devices to harvest waste heat because

of their outstanding Pyroelectric and piezoelectric properties, and switchable polarization.

In order to understand the working mechanisms, Short-circuit I-t curves for self-powered ZPH

photodetectors (PDs) was studied under wavelengths of 325 nm and 442 nm as shown in

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Fig.21a.3%° This was aimed to understand the physical mechanisms of Pyroelectric effect together
with photosensing and hence the Pyroelectric effect was detected at 325 nm (Fig. 21a, b). Light-

self-induced pyro-electric effect indicated by the short-circuit I-t curve under 325nm was

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

divided in to I, II, IIT and IV (Fig. 21b, ¢). It is easy to understand the physical mechanisms in

(cc)

these three stages. In Stage I, free carriers are generated in the form of photocurrent and
distribution of polarization Pyroelectric charges due to temperature increase is achieved. In stage
II, temperature becomes constant and illumination was retained because of which the
Pyroelectric potential vanishes quickly owing to the presence of leakage, where a stable plateau
was achieved by the output current(Il, Fig. 21b, c). In stage III, the pyro-potential distribution
follows in the opposite direction to into stage ‘I’. This is caused by decrease in temperature
directly, leading to current flows from FTO to Cu electrode. At this stage, thus, the photocurrent
thus disappeared and similarly illumination is eliminated (III, Fig. 21b, c¢). In Stage IV, the
temperature becomes room temperature and get steady. The output returns to dark current and

the pyro-potential disappears owing to leakage (IV, Fig. 21b, c).
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Fig. 21 Working mechanism of self-powered ZPH PDs. Reproduced with permission.’>® Copy
right 2015 Macmillan Publishers Limited.

6.7. Nano-plasmonic sensing and photoflexoelectric effect

Can nano-engineering halide perovskites bring new potential research records to the field of
nano-plasmonic sensing and photoflexoelectricity? Let us know the bottleneck challenge in nano-

plasmonic sensing and photoflexoelectric applications and ask halide perovskite to overcome it.

Nanostructured materials are highly essential in nanosensing applications owing to their stability,
high sensitivity, selectivity, robust response, real time detection, and portability at nanoscale
level’% The stimuli for such nanosensing are temperature, light, moisture, pH, etc. such
nanosensors are electrical, electrochemical and chemical sensors useful for various detection
applications.’”” Thus, materials with shape dependent chemical, electrochemical and physical
properties and tunable size**® are highly required. Moreover, sensitivity and selectivity of such
sensing devices are highly useful parameters. The sensitivity of nanostructured material

originates from its surface to volume ration while selectivity originates from surface
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functionalization and surface chemistry nature. The operational nanosensing mechanisms need
great attention in any given nanostructured material for sensing purpose. The nanostructured
material may be present in various forms such as nanowire, nanorod, nanotube, nano-sheet, etc.
on the other hand; nano-plasmonic sensing is an alternative sensing platform, where geometries,
various shapes and structural design are essential plasmonic properties are place of modification
for various applications.’” Moreover, nanoplasmonics is the study of electron oscillation in
metallic nanoparticles and nanostructures, where surface plasmon has optical properties with the
ability to confine light thereby monitoring light-matter interactions at the nanoscale.’'? Plasmon
properties, for instance, resonance frequency and localization are monitored via nano-
engineering the size, shape and composition of nanomaterial up on which monitoring plasmonic
nanostructure properties is possible. Its main principle is that electron oscillation process where
coherent electron oscillations called surface plasmon polaritons are travelling together with an
electromagnetic wave along the interface between the dielectrics and the metallic
nanostructure.’'? For this purpose, halide perovskites are applicable®'!- 312 owing to their tunable
shape and composition dependent crystalline structure-properties,>®”> 313 and photosensing
properties up on nano-engineering strategy.>>° The reason that halide perovskites are required in

this discussion is owing to their extraordinary light-harvesting efficiency.’'4>!” Furthermore,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

owing to their distinctive optical properties, large specific surface area, reduced stiffness and

high electrical conductivity, nanoporous metal nanoparticles are plasmonic materials that may

Open Access Article. Published on 20 novembre 2024. Downloaded on 2025-01-09 12:19:46.

trigger halide perovskites to have potential for wide range applications such as photocatalysis,

(cc)

spectroscopy photovoltaic, energy harvesting, nanosensing and photoflexoelectric induced
electromechanically systems.’!® Moreover, there is one big concern in this field. This concern is
about how to integrate nano-plasmonic sensors new technologies such as communication and
digital technology. In this concern, whether halide perovskite based nanoplasmonic sensors can
improve the advanced integration suitable for modern technology or not? In addition to this,
combining halide perovskite based plasmonic sensors together with Internet of Things (IoT),
portable devices and smartphones bring new breakthrough? Such advanced integration into one
platform demands in-depth technological innovations that create economical, simple and robust

sensor kits. The issue here is that whether halide perovskites are useful or not.
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Not only nanosensing but also photoflexoelectric effect has been observed indicating that there is
bending induced polarization in halide perovskites.3!® Such photoflexoelectric effect is caused by
surface piezoelectricity, semiconductor barrier polarization, bulk flexoelectricity, flexoionics, or
residual/ macroscopic piezoelectricity. This property is useful for photo-electromechanical multi-
harvester and flexophotovoltaic applications. In the presence of dark and light, MAPbBr;
perovskite showed Bending-induced polarization as shown in Fig. 22a. The “photoflexoelectric
coefficient” of 10000% is observed and hence, this is the highest record. This coefficient is given

in equ. 29

Y = (Miight — Mdark)/ Mdark 29

Under illumination, this coefficient goes higher and become independent of frequency at its
saturation point but increase with light and strain as compared to flexoelectricity alone.
Furthermore, the flexoelectric coefficient for various materials is shown in Fig. 22b and thus, the
highest coefficient is recorded for semiconductor photoflexoelectricity but the lowest is recorded

for dielectric flexoelectricity.
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Fig.22 Photoflexoelectricity: Reproduced with permission®'® Copy right 2020, Nature publishing

group. a) polarization of MAPbBr; up on bending in the dark and light, b) flexoelectric

coefficients of various perovskite oxides and halides
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This highest semiconductor photoflexoelectricity is obtained from MAPbBr; in the presence of
light. This record is promising for new potential application and research platform in the field of
halide perovskites. Flexoelectricity or bending induced polarization is given by:*?° Py= f (1/R; +
1/R;), where Ps is polarization per unit area, f is flexoelectric coefficient, R; and R, are radius of
bending material surface up on which a mechanical degree of freedom is produced. This is a
direct flexoelectric effect the converse of which is trans-material voltage induced bending stress,
given by: 2/R,, = fE (K + o (1?/8). R, is voltage induced bending, E = U/d =electric filed, U is
material voltage and d is material thickness, K is bending elasticity of the material, ¢ is material
tension and r is radius. Thus, photoflexoelectric effect is obtained from light, bending (curvature)
and electricity. This flexoelectricity empowers piezoelectric effect that brings an abundant

opportunity to actuation, energy harvesting and sensing applications.>?!

Moreover, strain gradient coupled with mechanical stress’?! and quantum tunneling3*? are
responsible for the formation of bending induced polarization during which electromechanical
coupling happens and hence is useful to characterize nano-scale flexoelectricity of
nanostructured materials.>>® Such strain gradients are cause by lattice mismatch, spatial
inhomogeneity of polarization and competing interfacial structures.>?* This effect is enabled by
monitoring crystal structures symmetry and 4 rank tensor since it exists in all point groups i.e. it
is the property of dielectrics, ferroelectric, semiconductors and others.’3 Recently, enabled using
photo-mechanical coupling has been used for catalytic hydrogen production confirming wider
application scope of photoflexoelectric effect.”?> Thus, such photoflexoelectric effect is not only
the property of halide perovskites but also general property of semiconductors up on illumination

generating photovoltaic transduction and electromechanical harvesting together.>!”

Plasmonic nanoparticle are quite essential to enhance the performance of nanosensors owing to
their surface plasmon such as resonant optical scattering; local field enhancement and peculiar
optical properties’® from which free electrons are generated causing useful interactions between
the active layers of a semiconductor and metallic nanostructures.’?® Recently, AuN@
CsPbBr;NCs@BaSO,, (MIP-PEG/CH;NH;Pbl; and CsPbBr; QDs/RGO nano composites have
been implemented for nanosensing applications.>” Thus, the nano-plasmonic sensing for halide
perovskites is not yet unleashed unlike for many sensing work progress as shown in the Table 6.
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Nano-sensing devices Sensitivity LOD Ref.
%/kPa~!
CsPbBr 51, 5/TiO, 0.012 uM 527
NIPs@ CsPbBr; QDs 1.45 22
ng/mL.

HC(NH,),Snl5/SnO,/Pt-NPs nano- 65 ppb 529
composite

MAPbI; (SCN), 3 530
ZnO nano-sheets/MAPbI; 0.57 0.5 331
CH;NH;Pbl; Cl, based ozone sensor 9.69 532
(RNH;), Pbl, 1.3 533
CsPbX; quantum dot with Oleic acid ligand 0.1 nM >34
CsPbX; (Br/I) Quantum dots/picric acid 0.8 nM 335
CsPbBr; QDs/Cu?* and Yb*" ions 2x10°m =
CsPb(Br/Cl); nanocrystals 5 ppm 337
CsPbBr; QDs film 8.85 ppm 238
Cs;3Bi,Brg:Eu?" PeQDs 10 nM 539
CH;NH;Pbl; based NH; gas sensor 55 10 ppb 540
CH;NH;PbI;_ (SCN), for NO, detection 5.3 x 107" 200 ppb 41

ppm™

MAPDbBr; room-temperature NO, sensors 0.1 ppm o7
(MA),Pb(SCN),I, for Os detection 5 ppb 343
CsPbBr; nanocubes 54% 187 ppb 44
Dual ligands capped CH;NH;PbBr; QDs 3.2 uM 43
MAPbI; thin films on SiO, 70 ppm 346
CH3NH;Pbl;_Cix hydrogen sensing 10 ppm =
CsPbBr; QDs for H,S detection 0.18 uM 548
Porous CsPbBr; network 1 ppm k2

MAPDI; pellet sensor 200 %

550
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Ethylenediamine lead iodide 65% 331
chloride (EDPIC) perovskite

thin film

Paper coated with MAPbI; 55% 332
(APTES)-capped CsPbBr; QDs 18.8 ng/mL 333
AuN@(CsPbBr;NCs@BaS0O,)@ melamine 0.42 nmol/L 334

7 Big Challenges for Halide Perovskite Functionalization

Halide perovskites are widely known semiconducting materials with multifunctional
properties.®” Current studies focused mainly on the studying energy harvesting multifunctional
properties of these materials such as in nanogenerators, capacitors, self-powered unit, dampers
and wireless electronics. However, ferroelectric instabilities, effect of impurity carrier and
defects, surface and bulk effects as well as degradation and deformation influences on
multifunctional properties of energy harvesting halide perovskites are not yet solved. In
particular, the issues of stability and degradation may hinder the wide range of applications
during energy harvesting.!6® With this perspective, halide perovskites particularly CH;NH;PbX3
and CH;NH;SnX; based perovskite energy harvesters are easily affected by temperature,
moisture, air exposure, etc. and hence this may retard their application. The other limitation in
energy harvesting devices is limited power supply, which is expected to be enhanced by the use
of halide perovskites. Other challenges facing ferroelectric energy harvesting devices are
improving output power and controlling vibrations or resonant frequency.>> on the other hand,
intermittent nature of ambient kinetic energy input primary challenges the performance of
piezoelectric energy harvester and hence limits the market of self-powered sensor.>>® Moreover,
dielectric, piezoelectric and elastic losses are distinct type of loses in ferroelectric materials.>>’
The mechanism of these loses and strategies to overcome such challenges are essential issues
that are considered as main challenges in energy harvesting devices. In this section, all these
concerns are highlighted to get great attention from the halide perovskite scientific communities
and make them alert in this field though there may be many other challenges discussed elsewhere

in the field of halide perovskite solar cells.>>® Magnetoelectric or electric control of
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magnetization and multiferroic properties are also essential in this field that must be clarified.?"

559

7.1. Lattice instability and subtle steadiness between the short-range
repulsions

Halide perovskites are normally narrow band gap semiconductor materials with exceptions that it
ranges up to 3.1 eV for chloride perovskites. These semiconductors show lattice instability due to
phase transition from cubic to orthorhombic crystal structures. However, it is not clear that
whether lattice instability affects the ferroelectric properties of halide perovskites or not. Let us

consider an effective Hamiltonian, He¢ for ionic motion in the form that equation 30:
2
N O P
Heff(lon)_zg-i_U(RnR/a)+E(R1,RJ,) 30

where the first and second terms are individually the kinetic and potential energies of the lattice
of particle centers and E(R;, R;,...) is the commitment of the valence electrons by means of the
electron-particle (or vibronic) interaction. The last is inferred in the adiabatic estimate which
expect that valence electrons react basically promptly to a redistribution of ionic co-ordinates R;,

R;,...

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

In the ensuing improvement of the essential model Hamiltonian a further critical supposition was
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made, to be specific that the electronic commitment E(R;, R;,...) to viable potential is autonomous

(cc)

of temperature. This estimate in this manner dismisses every single warm excitation of electrons
from the valence to the conduction band and thus is equal to a supposition that the important
band hole is extensive contrasted and warm energies. In this cutoff, or, in other words most
ferroelectrics talked about to this point, the valence electrons assume just a detached role, in spite

of the fact that the commitment E(R;, R;,...) to the resultant viable potential,

V(R;, R;,...) = UR;, Rj,...) + E(R;, Rj,...) may in any case be fundamental for the adjustment of
ferroelectricity in numerous materials. The principal term can be communicated in the ordinary
route regarding ionic energy and uprooting co-ordinates. The aggregate free vitality currently

takes the form that equation 31:
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F(T,é) :%Na)zfoz — NkT ln[2+ 2cosh{(2/’cT)_l (A2 +4W ' & )UZH 31
and can explain a ferroelectric instability if OF (T , 50)/ 0, =0 has a real solution, & # 0. From

equation (34) by direct differentiation, we get equation 32,

12 2
£ = Wiz tanh? {(4kT)_l (A +4m s, & )l/2 - 43, > } 32
12

()

As A/kT — 0 (high temperature) we find & — —A’/4W "7, so that lattice distortion is absent.

However, at the low-temperature extreme we find equation 33,

sz AZ
2 _ 12
Z ot AT,

33

which is positive, representing a real value for & when 205, > @°A .

Obviously when this condition is fulfilled the low-temperature stable stage is ferroelectric while
the high-temperature one is paraelectric. The ferroelectric insecurity is incited at a temperature

Tc which, by putting in equation 31, can be computed in the form that equation 34,

-1
2
kT, :é{arctanh[ @ é ]} 34
4 2w,

2
and approaches zero as @4

e approaches solidarity from beneath. In the light of our
12

presumptions concerning the type of the ionic free vitality this shakiness results exclusively from
a vibronic coupling to the electronic movement. The more grounded the electron-phonon
association parameter, the gentler the cross section (i.e. the littler ®?), and the littler the vitality

band hole A, the less demanding the stage change can emerge.

Physically the change emerges as the aftereffect of a bringing down of the valence-band vitality
by the electron-phonon association. In the event that the subsequent of a bringing down of

electronic vitality is bigger than the potential vitality of the grid modes portraying the dynamic
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vibrations, at that point an unconstrained mutilation results. The presence of warm excitations
between groups isn't basic to this instrument and for wide band holes, the ferroelectric
unsteadiness in this model outcomes from the electronic potential term E(R;, R; . ..) instead of
from the physically ionic potential U(R;, R;,.. ..). Specifically, the commitment E(R;, R;. . .) can
be communicated expressly as far as the electron band and vibronic collaboration parameters,
and subsequently the development coefficients of the subsequent aggregate compelling ionic
potential V(R;, R;,...), prompting the potentials V and v, can be isolated into their physically
electronic and ionic parts. On account of middle of the road or little band-hole circumstances,
where electronic excitations are imperative, E(R;, R;,...) progresses toward becoming temperature
subordinate and an enhancement of the fundamental model along the lines set out above ends up
basic for a quantitative hypothetical investigation. Although the main cause for ferroelectric
instability is not yet discovered fully, the expected cause is due to the subtle steadiness between
the short-range repulsions preferring the non-polar paraelectric phase and long-range Coulomb
forces preferring the polar ferroelectric phase. Thus, ferroelectric phase to occur, the phase
transition has to be from non-polar paraelectric state into polar phase. Not only the coexistence
of properties and the main cause for ferroelectric instability but also the effect of lone pairs

present in Pb metal on ferroelectricity, polarity and conductivity of halide perovskite materials is
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7.2. The influence of nanoscale defects

(cc)

Ferroelectric materials are portrayed by an unconstrained polarization, which can be reoriented
with a connected electric field. The switching between polarized domains is intervened by
nanoscale defects. Thus, understanding the role of defects in ferroelectric switching is basic for
down to earth applications, for example, non-volatile memories. This is particularly the situation
for ferroelectric nanostructures and thin films in which the whole switching volume is proximate
to an imperfect surface. Besides, these imperfections inside ferroelectric materials are by and
large grouped into two non-fundamentally unrelated classes dependent on their impact on the
free-vitality outline: Random-field defect and Random-bond defect. The first break the
degeneracy of the polarization states to support at least one introductions and the second one
change the barrier height for advances between worsen states. Interestingly, the most noticeable

and voluminous defects in planar thin film heterostructures are the two interfaces, which break
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the precious crystal symmetry, as well as are joined by physical and synthetic recreations, bound
charges, space charges and strain. These interfaces and deformities existing in the ferroelectric
film decide the qualities of ferroelectric exchanging, despite the fact that not yet contemplated in
halide perovskites. The impacts of the arbitrary field and irregular bond absconds are showed by
changes in nucleation inclinations of the nearby exchanging under the surface test. In addition,
the vital impacts of inhomogeneities, for example, impurities and radiation harm on the dielectric
properties and switching conduct of ferroelectrics are of awesome enthusiasm since halide
perovskites are delicate to radiations and light actuated recreations, heterogeneity and order-
disorder.!93 362 For the most part, defects in any crystalline lattice cause twisting of the
encompassing volume and change of the neighborhood fields. The sizes of these impacts are
harder to assess than the impacts of domain walls since there are no 'mechanical-similarity’
conditions and the degree of the precious crystal distortion relies upon the idea of the defect, its
site in the crystal, and the host-imperfection association. In an acentric site an imperfection has a

dipole minute related with it as shown in equation 35.

E=Aﬂd +zinxi 35

where is the difference in dipole minute at the deformity site and Ax,, is the relocation of charge
qi in the encompassing lattice attributable to the nearness of the imperfection. In pyroelectrics
and ferroelectrics E reflects the polar idea of the host so the feeling of E is the equivalent for

every single comparative imperfection inside a solitary area. In the event that the deformity focus
N is adequately weaken that the connection between them can be dismissed, the naturally visible

polarization change is equation 36
AP=NA, 36
which must now be included in the expression for the free energy of the ferroelectric.

For example, when the polarization of a gem is switched by a connected field, the polarization
AP because of the imperfections could possibly turn around. If it reverses then the coercive field
will rely upon both the field required to switch the imperfections and the sign and magnitude of

AP. All in all the nearness of imperfections tends to expand the coercive field. In the event that
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AP does not turn around in an outer field the deformities can markedly affect the exchanging
properties relying upon the dispersion of AP all through the gem volume. On the off chance that
every one of the dipoles has a similar sense the hysteresis circles will seem one-sided as
appeared in Fig. 23a. On the off chance that the dipole introductions are requested over
substantial locales, yet extraordinary districts are antiparallel similarly as ferroelectric domain, at
that point the hysteresis circles could show up as in Fig. 23b. On the off chance that the dipoles
are totally irregular, as could occur in the event that they were brought into the crystal in a

nonpolar phase, at that point the circle would seem typical with an expanded coercive field.
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Fig. 23. Biased hysteresis loops which may arise owing to the presence of defects in a

ferroelectric crystal.

(cc)

7.3. Surface and bulk effect

There have been a large number of trials which demonstrate that ferroelectric nature at the
surfaces of precious crystals is not quite the same as the bulk nature. A portion of these
observations have been made on as-developed precious crystals where the substance idea of the
surfaces may not be all around described; for example the stoichiometry might be not the same

as the bulk, or chemical adsorption may have happened.
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7.4. Materials degradation effect

It is quite known that halide perovskites are sensitive to moisture, temperature, light and ambient
atmosphere in general.!®® All these environmental factors cause degradation or at least materials
deformation and property modifications resulting incorrect information. Thus, this subsection is
to warrant the scientific community to carefully conduct their research considering all these
factors. Recently, perovskite solar cell showed an excellent stability of 2143 hours of

operation.5%° This is promising operational stability for solar cells. But, the key problem is

material instability while working for other applications beyond photovoltaic.
8 Concluding remark

Halide perovskites have emerged as a promising material for wide range application such as in
solar cells and other potential optoelectronic devices beyond photovoltaic due to their unique
optoelectronic properties. Better light absorption, charge carrier transport, higher to lower range
band gap, potential opportunity for variety of light absorbing families, potential opportunity for
modification in the semiconductor formulation, variety of dimension, structure, etc. make them
revolutionize wide range applications of science and technology. As a result of their uniqueness,
single junction perovskite solar cells demonstrated an appreciable development in PCE, beyond
27% while perovskite/silicon tandem solar cell achieved above 34% efficiency. In spite of the
appreciable development, fundamental sympathetic of the device photophysics is not yet
realized. Moreover, understanding of the major applications beyond photovoltaic and their
microscopic origin and mechanisms of multifunctional properties, growing energy harvesting,
nano-sensing and photoflexoelectric performances imparts great consideration. Furthermore, new
electronic applications such as piezoelectric nanogenerator, piezoelectric dampers, self-powered
unit and electromechanical devices are promising research topics in halide perovskites materials
nano-engineering research and cross-disciplinary energy materials research. Besides, the
existence of a switchable spontaneous electric polarization creates piezoelectric and pyroelectric
responses for utilizing in a lot of functions such as energy harvesting, photoflexoelectricity and
nano-plasmonic sensing devices and thermoelectric applications. Therefore, developing general
nano-engineering strategy for designing new energy harvesting, sensing and electromechanical
response is important and should get special attentions.

92


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ya00442f

Page 93 of 152 Energy Advances

View Article Online
DOI: 10.1039/D4YA00442F

In addition to this, it is vital to understand the piezoelectric properties of halide perovskite
materials. In particular, enhancement of piezoelectric properties, piezoelectric applications as
well as the suitability of its structure for reliable applications and efficient piezoelectric energy
conversion are applicable research questions this time. It is also still vital to know whether the
symmetry of these materials is an important issue that should be considered during the study of
their electronics properties and related applications or not. Furthermore, identifying the factors
and issues influencing the clear understanding of these electrical parameters would be of future
primary task in this field of halide perovskite study. In conclusion, we proposed new research
direction for the development of halide perovskites research in focusing on the nano-engineering
of polar order, strain, surface, domain and interface as well as thermodynamic concepts. In order
to confirm whether halide perovskite materials own all these electrical properties or not,
developing advanced characterization spectroscopic techniques is highly relevant. Especially,
nanometer scale domain characterization tools such as AFM, PFM, PTIR, PiFM, nonlinear
optical spectroscopy, SHG and first principle calculation impart the great interest for this
purpose. In this review, possible energy harvesting, sensing and electromechanical response of
halide perovskites applications beyond photovoltaic are reviewed and big challenges for halide

perovskite functionalization are highlighted to guide industries and research institutions.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

To conclude this with insightful ideas that initiate researchers to investigate more, this review

shall help researchers have in-depth understandings on what the origin and mechanisms of halide
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perovskite energy harvesting, photoflexoelectricity and nano-plasmonic sensing abilities as well

(cc)

as the nano-engineering innovative strategies required to design new multi-functional properties.
Based on this perspective, there is a big question that needs great answer. The first question is
that can halide perovskites achieve new breakthroughs and the ability to revolutionize the energy
harvesting system, photoflexoelectricity and nano-plasmonic sensing like in the photovoltaic
field? The second great question is how researchers rethink halide perovskites field to bring new
paradigm shift in the way that new breakthroughs can be realized? The third question shall focus
on understanding the bottleneck challenges in energy harvesting, nano-plasmonic sensing
devices and photoflexoelectricity that recall the applications of halide perovskites. The fourth

one shall focus on what pyroelectric configuration of energy harvesting can save energy loss or
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perform synergistic waste heat rejection to achieve photothermal heat to electricity conversion.

This issue will respond to the issue of limited thermal fluctuation energy harvesting system.

Furthermore, the global energy demand requires efficient device, effective procedures, and
technological advances in manufacturing processes, device integration, and materials in the
piezoelectric energy for which halide perovskites are expected to meet and fit. Otherwise the
sector for piezoelectric energy will fail to achieve its sustainable goals. Not only the energy
harvesting research but also the nano-plasmonic sensing research benefited from halide
perovskites to meet its goal and solve its challenges, limiting its expected application. The
bottleneck challenge in the nano-plasmonic sensing applications is detecting small molecules
such as CO,, NO,, O,, etc. at a required amount of concentration. The implementation of halide
perovskites in nano-plasmonic sensing is to solve this detection issue. Moreover, understanding
the electron transport properties and underlying mechanisms during the detection process are
main strategies to nurture the application of halide perovskites for nano-plasmonic sensing.
Moreover, how to integrate nano-plasmonic sensors new technologies such as communication
and digital technology with the application of halide perovskites is new area of research
revolution. In this concern, whether halide perovskite based nanoplasmonic sensors can improve
the advanced integration suitable for modern technology or not? In addition to this, combining
halide perovskite based plasmonic sensors together with Internet of Things (IoT), portable
devices and smartphones bring new breakthrough? Such advanced integration into one platform
demands in-depth technological innovations that create economical, simple and robust sensor

kits. The issue here is that whether halide perovskites are useful or not.

Finally, photoflexoelectricity is new potential application that enables both photovoltaic and
electromechanical harvesting and transduction simultaneously. The origins for this possibility are
larger deformation, piezoelectric property, light and strain gradients. The bottleneck challenge
for photoflexoelectricity is the question of enhanced light absorption and strain gradient that can
power it to the required flexoelectricity response. Now, can halide perovskites be a potential
candidate to solve the need for high light absorption and strain gradient to enhance
flexoelectricity response and power photoflexoelectricity? The answer for this issue depends on
the semiconducting and flexoelectric synergistic properties of halide perovskites. Such vital

properties may also depend on the materials structure; tilt sensing, piezoelectric, ferroelectric,
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and improving homogeneity of composites.’!-363 All these suggestions shall be investigated to
successfully proceed in this research paradigm of energy harvesting, nano-plasmonic sensing and
photoflexoelectricity. In line with these big challenges, the issues of stability, toxicity and defects
are equally important to revolutionize these new perspectives. Finally, not only limited power
supply, controlling resonant frequency, intermittent nature of ambient kinetic energy input but
also dielectric, piezoelectric and elastic losses are the bottleneck challenges in energy harvesting
devices. Would it be possible for halide perovskites to break all these bottleneck challenges and
hence enable the performance of energy harvester and empower the market of the self-powered
sensor? This great concluding remark is forwarded to the perovskite scientific community,

research enterprises and development industries to put their effort in solving such big challenges.
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