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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
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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

14


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

Page 15 of 152 Energy Advances

View Article Online
DOI: 10.1039/D4YA00442F

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
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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-
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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.

Open Access Article. Published on 20 November 2024. Downloaded on 11/26/2024 4:11:14 PM.

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 November 2024. Downloaded on 11/26/2024 4:11:14 PM.

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
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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 November 2024. Downloaded on 11/26/2024 4:11:14 PM.

magneto-ferroelectric applications at the same time. For this purpose, the multifunctional

(cc)

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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