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Preface

Perovskite materials are attracting increasing attention from condensed matter 
physicists and the materials science community because of their potential applica-
tions in energy, storage, solar cells, and sensing/actuating devices. In perovskite-
centered transition metal oxides, the strong interaction between lattice, charge, 
spin, and/or orbital degrees of freedom provides an excellent playground for adjust-
ing their physical properties. This book introduces the phenomenon and physics of 
multifunctional perovskite materials.

The book covers many of the exciting areas in multifunctional perovskite materi-
als and applications. It is organized into three sections. Section 1 (Chapters 1–6) 
discusses various perovskite materials and their synthesis, characterization, and 
interesting physiochemical properties. Section 2 (Chapters 7–12) presents recent 
advances in perovskites for solar cells. Finally, Section 3 (Chapters 13–16) focuses 
on multifunctional materials, including Heusler alloys, metal halides, and hybrid 
perovskites as well as their applications. 

This book is an invaluable resource for researchers, scientists, and academicians 
working in energy, physics, chemistry, and materials. It is also a source of excellent 
information for graduate students. I trust that the readers will find this book both 
enjoyable as well as educationally rewarding. We hope this book contributes in 
some way to the understanding of the diverse aspects of multifunctional perovskite 
materials.

We thank Ms. Maja Bozicevic and Mr. Filip Lovricevic from IntechOpen who 
initiated this book and did a great deal of work to bring it to completion. Finally, 
we thank all the authors who contributed their informative and in-depth chapters, 
which made this book a reality.

Poorva Sharma, Ph.D. (Physics) and Ashwini Kumar, Ph.D. (Physics)
Associate Professor,

Luzhou Vocational and Technical College, 
Luzhou, China
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Chapter 1

Perovskite Structured Materials:
Synthesis, Structure, Physical
Properties and Applications
Pankaj P. Khirade and Anil V. Raut

Abstract

There is a constant need for newer exceptional materials with better than ever
properties to achieve new prerequisites of the future society and progress inventive
industrial improvement. The potential to combine these oxides in composite structures
to produce multifunctional materials has rekindled interest in perovskites (ABO3) com-
pounds over the past 10 years. Because of its intriguing characteristics, such as ferroelec-
tricity, piezoelectricity, superconductivity, multiferroicity, photocatalysis, enormous
magnetoresistance, dielectric, ionic conduction characteristics, etc., a huge variety of
perovskite types have been thoroughly explored. Current applications for perovskite
solids include electronics, geophysics, astronomy, nuclear, optics, medicine, the envi-
ronment, etc. Perovskite compounds have distinctive features that make them suitable
for a variety of commercial and technological applications, including capacitors, non-
volatile memories, photo-electrochemical cells, catalysts in contemporary chemistry,
actuators and sensors, ultrasonic and underwater devices, drug delivery, spintronics
devices, tunable microwave devices, and many others. Potential applications for nano-
scale perovskites include energy storage, fuel cells, nanomedicine, molecular computing,
nanophotonics adjustable resonant devices, catalysts, and sensors. Nanoscale perovskites
have intriguing features that are comparable to or better than those of bulk perovskites.
This review includes topics such as perovskite structured materials’ chronology, classifi-
cation, production, crystal structure, special physical properties, and applications.

Keywords: perovskite, ceramics, ferroelectricity, multiferroics, ABO3

1. Introduction

Perovskites were called for the Russian aristocrat and mineralogist Count Lev
Aleksevich Von Perovski (1792–1856), who first discovered the calcium titanium
oxide (CaTiO3) structure in the Ural Mountains of Russia in 1839 [1]. The perovskites
materials often contain the generic formula ABX3, where X is an anion that bonds to
both A and B, two cations of quite different sizes [2]. Although X is frequently
oxygen, it is also feasible for it to be other big ions such halides, sulphides, or nitrides.
Many oxide compounds from a few homologous perovskite series are known, includ-
ing An + 1BnO3n + 1 Ruddlesden-Popper, AnBnO3n + 1 Dion-Jacobson, Bi2An-1BnO3n + 3
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Aurivillius series and some others [3–5]. The perovskite structures are exists in
different form such as: ABO3-perovskite (ex: BaTiO3, CaTiO3), A2BO4-Layered
perovskite (ex: Sr2RuO4, K2NiF4), A2BB0O6-Double perovskite (ex: Ba2TiRuO6) and
A2A0B2B0O9-Triple perovskite (ex: La2SrCo2FeO9), etc. [6–8]. Because of its intriguing
range of features, including as superconductivity, insulator-metal transition, ionic
conduction characteristics, dielectric properties, and ferroelectricity, perovskite type
oxides have been researched extensively [9–12]. One of the most typical solid-state
physics structures, perovskite, contains a considerable variety of anions in addition to
the majority of the metal ions from the periodic table. Numerous theoretical and
experimental studies have focused on perovskite materials, typically ABO3, over the
past few years. These solids are currently assuming a significant role in fields such as
electrical ceramics, refractories, geophysics, material science, astrophysics, particle
accelerators, fission-fusion reactors, heterogeneous catalysis, environment, etc.
[13–22]. In order to maintain their original crystalline structure, perovskite structured
oxides can take significant substitutions in either one or both of their cationic sites
(i.e., the A and B sites). Through the partial replacement of the cationic site(s) with
foreign metal ions, this property enables the chemical customization of the materials,
changing their structural, microstructural, electrical, and magnetic properties [23–25].
Perovskite-like compounds and the oxides of the perovskite type have many uses in
physics and chemistry. These materials’ physicochemical characteristics are
influenced by their pore structure, surface morphology, particle size, exposed lattice
plane, lattice defect, and surface morphology [26–29]. Many perovskite-type oxides
and perovskite-like oxides have been created and studied so far in order to better
understand their physicochemical characteristics. The ideal perovskite is referred to as
the cubic perovskite. Due to their straightforward crystal structures and distinctive
ferroelectric and dielectric characteristics, this class of materials holds enormous
potential for a range of device applications. Perovskites solids, one of the most
prevalent and frequently studied minerals, are extensively researched as potential
substrate materials [30, 31]. Due to its unique ferroelectric, thermoelectric, pyroelec-
tric, dielectric, and optoelectronic properties, perovskite-structured ceramics (ABO3,
where A and B are two cations) have recently gained popularity on a global scale
[32–36]. Perovskite ceramics are used in a variety of exceptional applications,
including wireless technology, sensors, actuators, screens, capacitors, random access
storage, and adjustable microwave devices [37–44].

2. Perovskite structure

It is known that a perovskite type ABO3 oxide structure may maintain the stability
of almost 90% of the metallic natural elements listed on the periodic table. The crystal
perovskite calcium titanate is where the atomic arrangements in this structure were
originally discovered (CaTiO3). The naturally occurring CaTiO3 species are depicted
in Figure 1 (accompanied by Lev Aleksevich von Perovski). The majority of ABO3-
type oxides crystallize in the CaTiO3 mineral’s (relatively) straight forward form or in
a structure quite similar to it. Even though CaTiO3 was later discovered by Megaw in
the United Kingdom, this straightforward cubic form has remained the name perov-
skite [45]. Subsequently, it was quickly verified with Miyake and Ueda’s work [46].
Perovskites show brittle toughness, a sub-metallic to metallic sheen, colorless streaks,
a cube-like structure, and imprecise cleavage. Brown, gray, black, orange, and yellow
are among the colors.

4
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The structural formula for perovskite is ABO3, where A and B are cations of
varying sizes and O is the anion. Smaller than the B cation is the cation at the A
location. According to Figure 2, the A atom has a 12 fold co-ordination number while
the B atom has a 6 fold co-ordination number.

Divalent A cations typically reside in the corners of a cube at corner location and
are 12 fold coordinated by oxygen anions (0, 0, 0). Tetravalent B cations are located in
the body’s core (½, ½, ½) and are found inside that oxygen octahedron. The position
(½, ½, 0) of the oxygen atoms in the cubic lattice’s face centre. The structure is
typically represented as a three-dimensional network of BO6 octahedra with regular

Figure 1.
Lev Aleksevich von Perovski and the perovskite mineral species (CaTiO3).

Figure 2.
Typical perovskite material crystal structure.
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corner links. The A atom’s coordination number is 12. A perfect perovskite has a
network of shared corner BO6 octahedra with all B-O-B angles at 180 degrees,
according to its structure. The proportion of A to B ionic size and the electronic
arrangement of the metal ions are two indicators of the structural distortion in perov-
skite. Perovskite typically exhibits two different structural distortions, one of which is
the tilting of the BO6 octahedral and the other of which is the off-centering of the B
ion in the BO6 octahedral. The first kind relates to a phase transition that is displacive,
and the second type refers to a phase transition that is order-disorder [47, 48]. Toler-
ance factor (t0), introduced by Goldschmidt, can be used to evaluate the prediction
criteria for identifying the formability of perovskite structure [49].

t0 ¼ rA þ rOð Þffiffiffi
2

p � rB þ rOð Þ (1)

where rA and rB are the ionic radii of the A and B cations, respectively, and rO is the
oxygen anion’s ionic radius (in units). When t0 is less than one, the BO6 octahedron tilts;
nevertheless, when t0 is more than one, the smaller B cation centres off. Off-centering is
mostly caused by larger A and smaller B ions, which causes BO6 octahedron to compress.
The BO6 octahedron creates a cavity where the B ion tilts more effectively [50]. It has
been discovered throughout time that whereas few perovskite-type oxides exhibit the
straightforward cubic structure at ambient temperature, many do so at higher tempera-
tures. The ideal perovskite-type structure has a cubic space group Pm3m-Oh [51].

3. Classification of perovskites

Numerous perovskite-based combinations with a variety of physical properties
result from the flexibility of the ABO3 perovskite crystalline structure and its capacity
to accommodate a broad range of cations with various oxidation states as well as
cation or anion vacancies. The two main categories of oxide phases are the ternary
ABO3 kind and their solid solutions, and the more modern complicated type com-
pounds (AB0

xB″y)O3, where B0 and B″ are two distinct elements in various oxidation
states and x + y = 1. On the basis of oxidation states, the ternary oxides can be divided
into oxygen and cation deficient species and A1+B5+O3, A

2+B4+O3, A
3+B3+O3 [52, 53].

The flowchart below Figure 3 displays the comprehensive classification.
A(Bx

0By″)O3 is a complex perovskite type compound that can be separated into A
(B0

0.67B″0.33)O3 compounds that contain twice as much a lower valence state element
as a higher valence state element, those that have A(B0

0.33B″0.67)O3, which has twice as
much of the higher valence state element as the lower valence state element. Those
with A(B0

0.5B″0.5)O3, those with equal levels of the two B components A(Bx
0By″)O3-z

and oxygen-deficient phases. The A and B cations’ electron orbitals are typically near
to 2+ and 4+, correspondingly, but in a few unique situations, they may be 3+ and 3+ if
the B3+ cation has a six coordination. The oxygen anion array may be bent or displaced
as a result of the valence variation at the A cation site, which will buckle the (AO3)4�

layers. The octahedra with B cations at their centres may become distorted as a result
of this buckleing. Due to their multiple valencies or unique 3d and 4d electron con-
figurations, transition metal elements are good candidates to fill the B cation position
because they have the adaptability needed to withstand this impact. This explains why
transition metal oxides typically exhibit exceptional physical properties and feature
perovskite-like structures. The oxygen and cation deficient phases will be viewed as
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having a significant amount of vacancies rather than being just out of stoichiometry.
Many of them differ from the complex perovskite compounds, which contain various
elements in various valence states, in that they contain B ions of one element in two
valence states [54, 55].

4. Synthesis of perovskites

When production of superior ceramic powders for advanced technology the
ceramics industries are developing into one of the most important and quickly

Figure 3.
Sorting out perovskite structures.
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expanding sectors. Particularly, there will be a lot of interest in the creation of fine
ceramic powders with exceptional and uncommon qualities. Regarding the structural
and physico-chemical characteristics of perovskite structured materials, the synthesis
processes are crucial. A crucial duty is sample synthesis, which can be accomplished
via a variety of synthesis approaches [56]. Perovskites can be prepared in various
forms like nanocrystalline [57], bulk [58], thin films [32], nanowires [59], nanotubes
[60], nanocubes [61], nanorods [62] etc. forms depending on its applications using
particular bottom-up and top down approach. There are several methods to synthesize
perovskite materials in different forms such as chemical co-precipitation [63],
microemulsion [64], hydrothermal [65], solvothermal [66], microwave irradiation
[67], spray-pyrolysis [68], chemical vapor deposition [69] etc. The sol-gel auto com-
bustion approach for bulk and nanoparticles of the BaTiO3 solid is highlighted here
with a brief explanation of the solid-state reaction.

4.1 Solid state reaction method

The majority of prior research on perovskite materials concentrated on their solid-
state reaction-produced structure and physical characteristics. The most popular
technique for creating polycrystalline bulk solids from a variety of solid starting
materials is the solid-state reaction approach, sometimes referred to as the ceramic
method. The solid state reaction pathway offers a wide variety of raw materials,
including oxides, carbonates, etc. At room temperature, solids do not react with one
another; therefore, it is required to heat them to much higher temperatures, typically
between 800 and 2000°C, for the reaction to take place at an acceptable rate. Conse-
quently, in this strategy, both the thermodynamic and kinetic elements are crucial
[70]. Precursor materials BaCO3 and TiO2 were combined to create bulk BaTiO3, and
the mixture was then pulverized with a mortar and pestle to reduce the size of the
particle sizes and increase the surface area exposed to the reaction. The crushed
powder was calcined in furnace over 900°C to form the necessary product. Different
wet chemical techniques can be used to overcome the limitations of the traditional
solid state reaction approach, including high sintering temperature, secondary phase
formation, poor ingredient dispersion, high porosity, and big particle size [71]. Due to
its higher surface-to-volume ratio and quantum confinement effects, nanomaterials
have different properties than those of bulk materials [72]. It is a widely acknowl-
edged fact that the properties of a bulk material radically alter as it gets closer to the
nanoscale. These characteristics are related to the size, shape, and distribution of the
particles inside the materials, which in turn are dependent upon the synthesis process.

4.2 Sol-gel auto combustion method

Another name for the sol-gel auto combustion process is low-temperature self-
combustion, commonly known as auto-ignition, self-propagation, nitrate-citrate
combustion, gel-thermal breakdown technique, etc. [73]. This method uses a sol-gel
procedure to create a gel out of an aqueous solution of the necessary metal salts (often
nitrates or acetates) and organic fuel. The gel is then ignited to cause combustion,
producing a fluffy, volumous end product with a sizable surface area. Fuel is utilized
in this procedure as a complexant to create a homogenous precursor called xerogel
[74]. In comparison towards other synthesis techniques, a sol-gel auto combustion
approach has unquestionable advantages since it can precisely manage the composi-
tion, purity, least particle aggregation, homogeneity at the microscopic scale, and
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sintering temperature [75]. Here, a straightforward procedure for producing nano-
crystalline BaTiO3 material is described. Selecting the proper complexant additives is
crucial for the production of homogeneous phases. Metal particles of varying sizes can
be successfully chelated by complexant agents or fuel, which helps to maintain the
specific precipitation needed to maintain compositional homogeneity among the con-
stituents. The complexant substances act as reductants and are oxidized by nitrate
ions to produce fuel. According to a literature review, many types of complexant
agents are utilized to create perovskite materials. Most commonly used complexants
are citric acid (C6H8O7), glycine (NH2CH2COOH), urea (CO(NH2)2), ethylene glycol
(CH2OH)2, dextrose (C6H12O6), acetic acid (CH3COOH), ascorbic acid (C6H8O6),
propionic acid (CH3CH2COOH) etc. [76]. Here, tetra butyl titanate (Ti(OC4H9)4) or
titanium isopropoxide Ti[OCH(CH3)2]4 can be chosen as a precursor (for Ti4+ ions)
due to the fact that it is a transition metal alkoxide. It is very reactive because it
contains strongly electronegative groups that keep the metal in the highest oxidation
state and enable nucleophilic attack on the metal. These alkoxide precursors are highly
electrophilic, making them less resistant to condensation, hydrolysis, and other
nucleophilic processes. Additionally, the group R from Ti(OR)4 influences the gel’s
shape (size and surface area of the crystallites) and crystallization behavior. Control-
ling the condensation path and polymer development requires chemical modification
of the transition metal alkoxide with chelating ligands. Tetra butyl titanate was che-
lated with ethanol (1:2) to produce a highly condensed product and to aid in the
gelification process. A unidimensional polymer is produced when too much water is
introduced to (Ti(OC4H9)4)-ethanol, which causes the O-R ligands to be hydrolyzed
preferentially [77]. The metal nitrate to citric acid molar concentration was taken to be
1:5 in accordance with the rules of propellant chemistry, which take into account the
oxidizing and reducing valencies of various components. The total valence of the
precursors was used for this Ba(NO3)2 = �10, C6H8O7 = +18 and Ti(OC4H9)4 = +96.
Tetra butyl titanate solution was initially added to a citric acid aqueous solution with a
pH of 8, which was then brought to the desired level by adding the necessary amount
of ammonia. A yellowish translucent liquid that is designated as solution “A” was
produced after being agitated at 80°C for 1 hour. Inorganic compounds (in this case,
barium nitrate) were simultaneously dissolved in distilled water while being continu-
ously stirred; the resulting solution, designated as solution “B,” is the result. Then,
mixtures of solutions “A” and “B” were added. Ammonia was used to bring the pH
level to 7 and maintain it there until a translucent liquid was obtained. The solution’s
viscosity progressively rose after 3 hours of nonstop stirring, after which a stable
translucent sol formed. The creation of the gel is started by continuous heating to 110°
C. Viscous gel becomes dry gel when heated and constantly stirred. It was discovered
that the nitrate-citrate gel’s combustion process was autocatalytic, and experimental
results revealed that the dried gel made of metal nitrates and citric acid exhibited self-
propagating combustion behavior. The entire combustion process was completed in a
matter of minutes. To produce the nanocrystalline powders, the resulting powders
were dried, crushed, and annealed at 900°C for 5 hours in a muffle furnace. Figure 4
shows the process for making BaTiO3 nanoceramics using the sol-gel method.

5. Unique properties of perovskites

The ceramic materials with the general chemical formula ABO3 made of perovskite
are utilized as high-value materials in a variety of engineering and technological
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applications. Because of the non-stoichiometry of the cations and/or anions, the
distortion of the cation configuration, and the mixed valence and valence mixture
electronic structure, perovskite-type structures have functional features. Further-
more, it is known that the majority of the naturally occurring metallic elements are
stable in perovskite-type oxide structures, and the ability to synthesize
multicomponent perovskites by partially substituting cations in positions A and B
results in a variety of complicated kinds. These traits are what give perovskites their
unique qualities. These include ferroelectric, thermoelectric, multiferroic,

Figure 4.
The scheme of synthesis of BaTiO3 nanoceramics.
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superconductive, dielectric, optical, and many more unique properties. A few of them
are described in depth here [78–80].

5.1 Dielectric properties

Materials that allow electro-static fields to last a long time are known as dielectric
or electrical insulating materials [81]. The basic electrical properties of conductive
materials and dielectric materials sharply diverge because the dielectric materials
offer a very high resistance to the channel of electric current under the influence of
the applied direct-current voltage. Capacitors frequently have layers of these mate-
rials added to them to improve performance; the term “dielectric” specifically refers
to this use [82]. Ferromagnetic or high dielectric permittivity materials are crucial
for the production of electroceramics in engineering and electronics. BaTiO3 and
KNbO3 are two examples of perovskites that have underwent substantial research in
the past [35, 83]. The ratio of a substance’s permittivity to the permittivity of empty
space is known as the dielectric constant. A significant dielectric constant (ε), which
is a highly nonlinear and anisotropic incident, is based on the collective polar
deflections of the metal ions with respect to the oxygen sublattice [84]. A soft-mode
model typically describes the phase shift that results in ferroelectricity [85]. Many
variety of careers have been taken from the structurally straightforward BaTiO3 by
the solid coordination compound Pb(Zr,Ti)O3 to various unique families of mate-
rials in order to adjust the dielectric and mechanical properties [86]. These
approaches specifically account for the fact the perovskites’ adaptability to chemical
alteration and docility [87]. The relaxor ferroelectric is one of them. It is undoubt-
edly based on a multi-element substituted lead titanate (PbTiO3) with the chemical
formula A(B0B″)O3 with random metal cation occupants at the A and B sites with
various valence states and ionic radii [88, 89]. Large dielectric constants, a clear
frequency dispersion, and temperature-dependent dielectric constant variations are
all characteristics of relaxor ferroelectrics. For temperatures above the glass transi-
tion, these effects result from slow relaxation processes [90]. The effects are based
on electrical inhomogeneities and the presence of polar nano-regions, and their
length scales for changing composition and spontaneous polarization are 2–5 nm.
The lattice component of the response is thought to constitute a local softening of
the transverse-optical phonon branch that prevents long-wavelength (q = 0) phonon
propagation. It is remarkable to notice that for such small length scales, the basic
limit, the superpara-electric state, has not yet been attained [91]. PZT and PMN are
two general examples of relaxor ferroelectrics [92]. Two common examples of
relaxor ferroelectrics are PZT and PMN (eg. SrTiO3) [93]. Perovskites, such as
BaTiO3, are one of the potential possibilities for usage in dynamic random access
memory (DRAM) and tunable microwave devices due to their high dielectric con-
stant and low dielectric loss [94, 95].

5.2 Superconductivity

When cooled below a specific critical temperature, certain materials exhibit the
phenomena of superconductivity, which results in exactly zero electrical resistance
and the expulsion of magnetic flux fields [96]. A wide family of materials with a
variety of crucial physical characteristics is known as oxide perovskites. Notably, this
form of perovskite structure offers a superb structural foundation for the presence of
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superconductivity. The most well-known examples of superconducting perovskites
are high Tc copper oxides, although there are other others as well [97]. Many
superconducting materials have historically come from intermetallic compounds,
however perovskite oxides have recently overshadowed their existence. Sweedler
et al. looked at the tungsten bronzes’ superconductivity [98]. Bronzes made of
cesium, sodium, potassium, rubidium, and tungsten were discovered to be super-
conductors. Three samples of decreased strontium titanate were examined by
Schooley and colleagues to measure superconducting transitions [99]. The reduced
crystals were made by heating for a lengthy time in a vacuum between 10�5 and
10�7 mm Hg. The transitions happened at respective temperatures of 0.25 K and
0.28 K. Additionally, superconductivity has been discovered in the systems’
decreased phases BaxSr1-xTiO3 and CaySr1-yTiO3 when x ≤ 0.1 and y ≤ 0.3 [100].
Superconductors classified as “Type 2″ are made of metallic compounds and alloys
(except for the elements vanadium, technetium and niobium). This Type 2 group
includes the recently found superconducting “perovskites” metal-oxide ceramics,
which typically have a ratio of 2 metal atoms to every 3 oxygen atoms. They
outperform Type 1 superconductors in terms of transition temperature Tc by a
mechanism that is yet not fully understood [101]. The discovery that Ba(Pb,Bi)O3

had a Tc of 13 K in 1973 by a DuPont research team led to the development of the
first of the oxide superconductors [102].

5.3 Ferroelectricity

“You may say anything you like but, we all are made up of ferroelectrics”.
(B. T. Matthias).

Ferroelectricity is a phenomena in which the introduction of an external electric
field induces a spontaneous electric polarization in some materials [103]. Various
crystals, including quartz, tourmaline, and Rochelle salt, exhibit piezoelectricity,
which was discovered by brothers Pierre and Paul-Jacques Curie in 1880 [104, 105].
This discovery inspired subsequent research in the topic of piezoelectrics, most nota-
bly Erwin Schrodinger’s work [106, 107]. Erwin Schrodinger originally used
“ferroelektrisch” or “ferroelectricity” in 1912 [108]. Joseph Valasek is credited with
finding ferroelectricity for his systematic investigation of the magnetic characteristics
of ferromagnetic and the dielectric properties of rochelle salt, which he presented at
the American Physical Society’s annual conference in Washington on April 23, 1920
[106]. The early 1940s saw the discovery of ferroelectricity in materials based on
perovskite, such as barium titanate (BaTiO3), which was a significant advance in the
field of ferroelectric research [109, 110]. There is a lot of interest in various forms of
ferroelectrics as a result of the finding of ferroelectricity in BaTiO3. This discovery
opened up new application possibilities for ferroelectric materials [105, 111]. Ven’skev
and Zhdanov identified the perovskite family’s distribution of ferroelectrics (FE) and
antiferroelectrics (AFE) [112]. The FEs cover the entire perovskite range
0.78 ≤ t0 ≤ 1.05. The AFEs are found to have a restricted distribution (0.78 ≤ t0 ≤ 1.0).
In addition to classifying ferroic behavior in perovskites using the tolerance factor (t0),
Halliyal and Shrout discovered that graphing t against the average electronegativity as
indicated by [112];

χ ¼ χAO þ χBOð Þ=2 (2)
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where the electronegativity differences between the A and B cations and oxygen
are denoted by χAO and χBO, respectively. The endurance of the crystalline phase for a
variety of simple and complicated perovskites was discovered. Perovskite compounds
with low t0 extended to develop pyrochlore phase(s), and the perovskite phase was
stabilized by solid solutions in which t0 was raised [113]. The dielectric constant of
ferroelectric materials is about two orders of magnitude more than that of regular
dielectric. A well-known ferroelectric substance with a relative dielectric constant of
above 2000 is BaTiO3. Ferroelectric materials must include permanent electric
dipoles; one of the most common ferroelectrics, barium titanate, is explained for its
creation [114]. The spontaneous polarization is a consequence of the positioning of the
Ba2+, Ti4+, and O2� ions within the unit cell, as represented in Figure 5a.

The O2� anions are at the face centres, the Ti4+ ion is in the octahedral void at the
body centre, and the Ba2+ ions are in the body corners. Only one of the four octahe-
dral voids in the unit cell is filled, which matches the chemical formula of one titanium
for every four species of the other kinds: one barium plus three oxygen. Barium
titanate is a cubic crystal with the ion positions mentioned above 120°C [115]. The
positive and negative charge centres coincide in this instance, and a spontaneous
dipole moment is absent. The Ti4+ ion shifts to one side of the body centre if the
crystal is cooled below the Curie temperature of 120°C, as indicated by the dotted line
in Figure 5’s front view (b). A displacement of the nearby oxygen anions also occurs.
At normal temperature, the crystal changes from its cubic phase to its tetragonal
phase. The tetragonal cell’s c/a ratio is almost 1.012. Local dipoles are formed all
around the crystal as a result of the positive and negative charge centres no longer
lining up. A significant amount of polarization occurs in the solid as a result of the
alignment of the dipoles of nearby unit cells. Even when the dipoles of nearby unit
cells are aligned, a BaTiO3 crystal typically displays no net polarization at ambient
temperature in the absence of an external field. This can be understood by visualizing
the behavior of ferroelectric domains in a manner similar to that of ferromagnetic
domains. When an electric field is applied, the domains have a tendency to line up in
the field’s direction, and we notice all the hysteresis loop phenomena, including
domain rotation and domain growth. A ferroelectric hysteresis loop is shown in

Figure 5.
BaTiO3 crystal unit cell in (a), with the Ti4+ ion and O2 ions migrating out from the centre as indicated by the
arrows in (b).
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Figure 6. By extrapolating the linear area of the curve backwards to zero electric field,
the spontaneous polarization Ps is obtained [116, 117].

For the creation of sensors, capacitors, memory devices, etc., ferroelectric proper-
ties are exploited. Ferroelectric materials have a non-linear feature that tunable
capacitors take advantage of to tune the capacitance. Two electrodes and a layer of
ferroelectric material sandwich each other in the ferroelectric capacitor. Compara-
tively speaking to non-tunable dielectric capacitors, ferroelectric capacitors are both
tunable and very compact in size. Ferroelectric materials’ hysteresis during spontane-
ous polarization can be used to create ferroelectric RAM and RFID cards. Input
devices in ultrasonic imagers, infrared cameras, fire sensors, motion detectors, etc.,
use ferroelectric material.

5.4 Piezoelectricity

The capacity of some materials to produce an electric charge in response to applied
mechanical stress is known as piezoelectricity. The Curie brothers, Pierre and Jacques,
discovered the piezoelectric effect in 1880 [118]. They discovered that certain crystals
became electrically polarized when subjected to mechanical strain, and the amount of
polarization was proportional to the applied strain. The Curies also found that when
subjected to an electric field, the same materials distorted. The inverse piezoelectric
effect has been coined to describe this [119]. Figure 7a and b show, respectively, the
piezoelectric effect and the inverse piezoelectric effect.

By interacting with one another, electric dipoles spontaneously align in ferroelec-
tric materials, whereas in piezoelectric materials, an additional force is needed. In light
of this, all ferroelectrics are also piezoelectrics, but not vice versa [120]. The piezo-
electric ceramics, of which PZT is an example, are a significant group of piezoelectric
materials in addition to the crystals already described [121]. These are perovskite-
based polycrystalline ferroelectric materials, which have tetragonal/rhombohedral

Figure 6.
The ferroelectric material’s polarization (P) vs. applied field (E) hysteresis loop.
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crystal structures that resemble cubic shapes. They possess the common formula A2

+B4+O2�
3, where A stands for a big divalent metal ion, like lead or barium, and B

stands for a tetravalent metal ion, like titanium or zirconium.

5.4.1 Mathematical modeling

Piezoelectricity is a result of combining Hook’s law with the electrical behavior of
materials [122]:

D ¼ εE (3)

S ¼ sT (4)

where, D: electric displacement, ε: permittivity, E: electric field strength, S: strain,
s: compliance, and T: stress.

The coupled strain-voltage equation:

S ¼ sET þ dtE converse piezoelectric effect (5)

D ¼ εTEþ dT direct piezoelectric effect (6)

Dij,k ¼ dSij (7)

Dij,k ¼
∂Sij
∂Ek

piezoelectric coefficient (8)

Natural materials including quartz, cane sugar, collagen, topaz, dna, rochelle salt,
wood, and tendon are examples of piezoelectric materials. Man-made crystals and
ceramics include langasite, gallium orthophosphate (GaPO4), and quartz analogous
crystals (La3Ga5SiO14), quartz analogic crystal, barium titanate, lead zirconate titanate
etc. Acuosto-optic modulators, valves, high voltage and power sources, cigarette
lighters, energy harvesting, AC voltage multipliers, piezoelectric motors, actuators,
loudspeakers, pressure sensors, force sensors, strain gauges, microphones, pick-ups,
actuators, and many other applications use piezoelectric materials.

Figure 7.
(a) Piezoelectric effect and (b) Inverse piezoelectric effect.
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5.5 Magneto-electronic correlations

In perovskites containing transition metal ions with open 3d electron shells, mag-
netism or different orbital (electronic) ordering phenomena are seen. When com-
pared to other electronic states, these 3d states have a larger ratio of the Coulomb
repulsion energy Ud to the bandwidth W, which gives them a more localized charac-
ter and a propensity for insulating states or metal-insulator transitions [123]. Due to
the overlap of the different wave functions, these electrons hop and super-exchange
via oxygen sites. Thus, non-stoichiometry and the [BO6] octahedra’s tilt or distortion
have a significant impact on the characteristics and phase diagrams of a perovskite.
Additional factors include charge doping, charge/orbital inhomogeneous states that
cause enormous response, such as to external magnetic fields, and order/disorder
processes of the orbital part of the 3D wave function [23]. But before taking into
account such effects, the electronic structure, the number of 3d electrons, the Hund’s
Rule coupling, the crystalline electric field or Jahn-Teller splitting of the 3d electronic
configuration a hierarchy of energies that describes the properties of the system.

5.6 Multiferroicity

“Materials should exist, which can be polarized by a magnetic field and magnetized via
an electric field.” P. Curie. A remarkable class of materials displaying simultaneous
ferromagnetic, ferroelectric, and ferroelastic ordering is represented by multiferroics.
H. Schmid coined the term “multiferroic” in 1994 [124]. Multiferroic materials with
the corresponding properties are shown in Figure 8.

These materials are unique in that they have the capacity to simultaneously use
both their magnetization and polarization states, a huge potential that would make
them excellent candidates for next-generation sensors and memory technology
[125, 126]. Numerous multiferroics, such as rare-earth manganites and ferrites, are
transition metal oxides with perovskite crystal structure (e.g. HoMn2O5, TbMnO3,
LuFe2O4) [127, 128]. Ba2CoGe2O7, Ca2CoSi2O7, TbFe3(BO3)4, CoCr2O4, FeCr2O4,
MnCr2O4 NdFe3(BO3)4 are those substances that exhibit multiferroicity even at
ambient temperature [129–132]. Bismuth ferrite (BiFeO3), a rhombohedrally distorted

Figure 8.
Multiferroic materials.
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perovskite, is one of the many multiferroics that have been studied, and it is receiving
constant attention because it exhibits both ferroelectric order and anti-ferromagnetic
order over a wide temperature range that is significantly above room temperature
[133]. The majority of ferromagnetic materials are typically metals, therefore a ferro-
electric material must be an insulator. As a result, the simultaneous occurrence of
ferroelectric and ferromagnetic ordering is constrained by the lack of ferromagnetic
insulators. Multiferroics are still uncommon even when antiferromagnetic systems are
taken into account. A structural deformation from the high symmetry phase, which
removes the centre of inversion and enables an electric polarization as seen in
Figure 9, is the traditional prerequisite for ferroelectricity. Ferroelectricity and
ferromagnetism exhibit synchronous time and spatial inversion breaking in Figure 9.
Unpaired d electrons are necessary for any type of magnetic ordering, however ferro-
electric materials like typical perovskite oxides lack this property (ABO3) have a d

0

configuration on the small B cation. The tendency for the tiny cation to generate a
distortion that removes the centre of symmetry is significantly suppressed if the d
shell is only partially populated. With some unpaired electrons in the d orbitals,
magnetoelectric multiferroic materials should therefore exhibit some deformation in
their crystal structure. Recently, it was discovered that magnetic spin ordering can
create ferroelectricity even in the absence of any structural distortion. As a result,
there are now a lot more ferroic materials that could be used [134]. Experimental and
theoretical research both point to a new era in the attainability of multiferroicity in
transition metals doped BaTiO3 [135]. Extrinsic and intrinsic dopants like excess
oxygen vacancies and transition metal cations can be added to these materials to
improve their chemical and physical properties [136].

The electrical or magnetic characteristics of perovskites with transition metal ions
(TM) doped on the B site are incredibly diverse and intriguing. This variety is more
closely linked to the intricate role that transition metal ions play in certain coordina-
tions with oxygen or halides than it is to the chemical flexibility of these compounds
[137]. Although unfilled 3d electron shells of the TM are typically associated with
magnetism and electronic correlations, filled 3d electron shells are associated with
strong dielectric characteristics. Due to the limited number of low-symmetry mag-
netic point groups that permit spontaneous polarization, multiferroicity, the coexis-
tence of spontaneous ferroelectric and ferromagnetic moments, is a rare phenomenon
[138]. One of two categories can be used to group all multiferroic materials.
Multiferroics of type I and type II. At high temperatures, Type I go through a struc-
tural, nonpolar-to-polar phase transition that, in most cases, involves the breaking of
inversion symmetry and results in ferroelectricity. At lower temperatures, the emer-
gence of magnetic order takes place below a different phase transition. The main order

Figure 9.
The prerequisites for ferromagnetism and ferroelectricity (polarization) (unpaired electron spin motion).
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parameter for type II is the staggered antiferromagnetic) magnetization. Below a
certain temperature, magnetic ordering transforms the symmetry group from a non-
polar parent phase to a polar magnetic phase. This results in inappropriate ferroelec-
tricity. Additionally, magneto-structural coupling to the crystal structure creates an
electrically polar state. However, polar non-centrosymmetric magnetic structures
typically originate from the complicated magnetic ordering of geometrically frus-
trated states or from competing interactions in this situation, where the magnetic and
ferroelectric order parameters are intimately related [139].

5.7 Optical properties

Perovskites have emerged as a revolutionary class of materials having excellent
optical and photoluminescence properties. W.J. Merz studied the optical properties of
single domain crystals of BaTiO3 at various temperatures [140]. The crystal’s refrac-
tive index was almost constant at �2.4 between 20 and 90 degrees Celsius and peaked
at �2.46 at 120 degrees. BaTiO3’s index of refraction was also measured by W.N.
Lawless and R.C. De Vries at 5893 in the temperature range of 20–105°C; above Curie
point, the index increased �1.3 percent to 2.398 and stayed constant to 160°C [141]. It
was discovered that the single BaTiO3 crystal, which is 0.25 mm thick, transmits
between 0.5 μ and 6 μ. A weak absorption band was identified near 8, and complete
absorption was found for wavelengths longer than 11 μ. Noland reported on the
optical characteristics of single crystals of strontium titanate created during flame
fusion [142]. The wavelength range where the optical coefficient was obtained was
0.20–17 μ. From 0.55 μ to 5 μ, a transmission of more than 70% was seen. These
crystals have an index of refraction of 2.407 at 5893 Å, a dielectric constant of 310, and
a loss tangent of 0.00025. Linz and Herrington reported the optical density of CaTiO3

[143]. With the exception of the absorptions being shifted to shorter wavelengths, the
absorption properties are remarkably comparable to those of SrTiO3 crystals. High
temperature infrared windows have been considered for BaTiO3 and SrTiO3. SrTiO3 is
regarded as a superior material for infrared detectors that are optically submerged.
The detector-lens combinations are frequently chilled to liquid N2 and solid CO2

temperatures to boost sensitivity. Geusic et al. evaluated the electro-optic characteris-
tics of K(Ta0.65Nb0.35)O3, BaTiO3 and SrTiO3 in the paraelectric phase [144]. When
the distortions of the optical indicatrix are described in terms of the induced polari-
zation, the electro-optic coefficients of these perovskites are almost constant with
temperature and from material to material. These experiments also demonstrated the
K(Ta0.65Nb0.35)O3’s strong electro-optic action at ambient temperature. There has
been a lot of interest in materials that can be applied using lasers in recent years.
Perovskite laser host materials are widely used. The most often used ion for insertion
into somewhat large crystallographic locations seems to be Nd3+. However, compen-
satory ions are necessary in these substitutions, barring the usage of LaF3 as a host.
Without compensating ions, divalent Tm2+ and Dy2+ can be substituted in CaF2, but
they are very unstable. Cr3+ turned shown to be the best replacement for Al3+ at its
crystallographic positions. Recent studies have increasingly concentrated on the lumi-
nous characteristics of rare earth ion doped perovskite-type oxides. Oxygen phos-
phors of the perovskite type are exceedingly stable and can consistently function in a
variety of conditions. [145–147]. Additionally, Perovskite-type oxide phosphors have
been discovered to be a likely contender in field emission display (FED) and plasma
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display panel (PDP) systems because they are sufficiently conductive to release elec-
tric charges on the phosphor particle surfaces [148]. Many perovskite-type oxide
phosphors, such as A2+B4+O3 (A = Ca, Sr, Ba; B = Ti, Zr, Si, Hf, etc.) are therefore
activated by rare earth ions, such as Sm3+, Tm3+, Pr3+, Eu3+, Tb3+ and so forth [149–
151] have been made, and their luminous characteristics have also been extensive
examination. There aren’t many research on photoluminescence (PL) in zirconates,
particularly ones with visible emission regions [152]. Phosphors of rare earth ions
doped perovskite type oxides, such as SrHfO3:Ce [153] and CaTiO3:Pr [154] X-ray
phosphors could be used in many displays, hence current study has concentrated on
their luminous qualities. Eu3+ is an effective activator ion that emits red or red-orange
light in a variety of hosts, including borates [155], niobates [156] and molybdates
[157]. Host BaZrO3 is now recognized as a readily available, inexpensive, and envi-
ronmentally benign photoluminescence (PL) material that produces light in the visi-
ble spectrum [158]. This material is promising because of its PL feature, which makes
it useful for applications including scitillators, plasma displays, solid state lightning,
green photocatalysts, and field emission displays [159–161].

5.8 Colossal magnetoresistance (CMR)

Some materials have a feature called colossal magnetoresistance (CMR) that allows
them to drastically alter their electrical resistance when a magnetic field is present
(mostly manganese-based perovskite oxides) [162]. CMR was first identified in mixed-
valence perovskite manganites in the 1950s by G. H. Jonker and J. H. van Santen [163].
Due to their rich fundamental physics and significant potential for use in spintronics
devices, the discovery of the colossal magnetoresistance (CMR) influence in divalent
alkaline-earth ion dopant perovskite manganites Re1-xAexMnO3, where Re is a trivalent
rare-earth (La, Pr, Sm, etc.), has generated a great deal of interest [164–167].

Different magnetic phases, including insulating antiferromagnetic phases with mul-
tiple orbital orders and a ferromagnetic, metallic, orbitally disordered phase, are
detected depending on the orbital occupancy of the manganese ions and the related
orbital order. Because of the close coupling between spins and orbitals in these com-
pounds, both degrees of freedom have ordering temperatures that are similar in mag-
nitude. In a three-dimensional lattice, the primary spin exchange pathways pass over
almost 180 TM-O-TM limits (TM-transition metal). But merely taking into account
spins, low dimensionality, magnetic frustration, and quantum processes can also result
in some incredibly strange phase diagrams, even ones without magnetic long range
order [168]. In fact, in frustrated lattices, quantum fluctuations or a second order
energy scale can frequently lift the degeneracy of the magnetic ground state [169, 170].
The nature of CMR manganites, which are strongly correlated electron systems with
interactions between the lattice, spin, charge, and orbital degrees of freedom, including
the double exchange interaction, Jahn-Taller effect, electronic phase separation, charge
ordering, etc., is generally thought to be the root cause of the CMR effect. This theory
has been extensively discussed in some review papers [171–175].

6. Applications of perovskites

Calcium titanate (CaTiO3)-like perovskite materials offer fascinating and
exceptional physical features that have been thoroughly investigated for use in
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both theoretical modeling and real-world applications. Due to their extremely
stable structure, abundance of compounds, diversity of characteristics, and
several useful applications, inorganic perovskite-type oxides are fascinating
nanomaterials with a wide range of uses. Current applications for these solids
include electronics, geophysics, astronomy, nuclear, optics, medicine, the
environment, etc. [176].

Perovskites are useful for many different applications depending on the
aforementioned distinctive properties, including thin film capacitors, non-volatile
memories, photoelectrochemical cells, recording apps, read heads in hard discs,
spintronics devices, laser applications, for windows to block high temperature
infrared rays, high temperature heating applications (thermal barrier coatings),
frequency filters for wireless technology, non-volatile memorabilia, and spintronics
devices. Table 1 lists additional significant uses for various perovskite-structured
materials, along with the corresponding characteristics.

Reference
compound

Properties Applications

BaTiO3 Dielectric ferroelectric Multilayer ceramic capacitors (MLCCs), sensor,
PTCR resistors, embedded capacitance [177–179]

PbTiO3 Pyroelectric piezoelectric Transducer, pyrodetector, under water devices
[180, 181]

(BaSr)TiO3 Non-linear dielectric
properties, pyroelectric

Tunable microwave devices, pyrodetector [182]

Pb(ZrTi)O3 Dielectric, pyroelectric,
piezoelectric, electro-optic

Nonvolatile memory, ferroelectric memories
(FERAMs), surface wave acoustic devices, substrate
wave guide devices [183, 184]

Bi4Ti3O12, high Tc

cuprate
compounds

Ferroelectric with high Curie
temperature
superconductivity

High-temperature actuators, FeRAMs [185, 186]

BaCeO3, BaZrO3 Proton conduction Electrolyte in protonic solid oxide fuel cells (P-
SOFCs) [187]

LaNiO3 Chemical Catalysts [188]

(La,Sr)MnO3 Colossal magnetoresistance Spintronics devices [189]

Pb(Mg1/3Nb2/3)O3 Dielectric Memorydevice, capacitor [190]

K(TaMb)O3 Pyroelectric, electro-optic Waveguide device, frequency doubler [191]

BiFeO3 Magnetoelectric coupling,
high Curie temperature

Magnetic field detectors, memories [192, 193]

(La,Sr)BO3

(B = Mn, Fe, Co)
Mixed conduction, catalyst Cathode material in SOFCs, oxygen separation

membranes, membrane reactors, controlled
oxidation of hydrocarbons [194, 195]

(K0.5Na0.5)NbO3,
Na0.5Bi0.5TiO3

Ferroelectricity,
piezoelectricity

Lead-free piezoceramics [196, 197]

LaAlO3 YAlO3 Host materials for rare-earth
luminescent ions,

Lasers Substrates for epitaxial film deposition
[198, 199]

Table 1.
Applications of perovskites along with respective properties.
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7. Conclusions

This chapter primarily addresses the fundamental concepts of perovskites, their
structure, classification of perovskites, their synthesis, their distinctive features, and
their applications. Because of its many unique properties, including enormous mag-
netoresistance, multiferroics, superconductivity, etc., perovskite structured materials
have received a great deal of research attention. Perovskites have unique and unusual
physical properties that have been extensively studied for both real-world use and
theoretical research. Applications for photonic and optoelectronic devices, effective
solar cells, fuel cells, spintronics, electrical machines, random - access memory, elec-
trochemical double layer capacitors, and other novel device concepts are just a few of
the many novel device concepts that have been made possible by perovskites in the
field of materials science.
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Chapter 2

Study of the Critical Behavior in
La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3
Manganite Oxide
Kawther Laajimi, Mohamed Hichem Gazzah and Jemai Dhahri

Abstract

In order to study the critical behavior of La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3 near
room temperature, magnetization measurements were performed. It can be seen from
the findings that the specimens show a second order phase transition. Given the
relative slope, the 3D-Ising model was deduced as the most suitable model. It was
found that the evaluated critical exponents were β ¼ 0.320, γ ¼ 1.296 and δ ¼ 4.965 at
TC ¼ 319 K. These verify the Broadom’s scaling equation δ ¼ 1 þ γ/β, which
demonstrates that our values have been proved valid. Near TC magnetization-
strength-temperature, (M-μ0H-T) results fell in two curves according to critical
exponents, obeying the single scaling equation M μ0H, εð Þ ¼ εβʄ � μ0H=εβþγ

� �
with

ε ¼ T � Tcð Þ=Tc as the reduced temperature.

Keywords: magnetic materials, critical behavior, spontaneous magnetization, 3D
Ising model, Kouvel-Fisher method

1. Introduction

Extensive research on Ln1 � xAx MnO3 (Ln ¼ La; A ¼ Ca, Sr, Ba, Pb, etc.) hole-
doped manganite has attracted significant attention, for its specific transport and
magnetic properties and its potential for being used over the years for future techno-
logical purposes, which are based on the colossal magnetoresistance effect (CMR)
[1, 2] and magnetocaloric behavior [3, 4]. For a more detailed understanding of the
relationship that exists between the insulator-to-metal transition and the CMR effect,
it is necessary to answer two fundamental issues concerning the ferromagnetic (FM)-
paramagnetic (PM) phase transition temperature: firstly, the order of the phase tran-
sition and, secondly, the common universality class. The detailed study of the critical
exponents around the FM-PM transition is essential to address this point [5, 6]. In this
way, it can be considered that this transition can be explained through the double
exchange phenomenon (DE), and by the percolation process, phase separation [7],
electron–phonon pairing [8], the effect of quenched disorder [9] and the observation
of the Griffiths phase (GP) [9]. Initially, on the DE model, the description of the
critical behavior relied on a long-range mean field theory [10, 11]. Later, the work of
Motome-Furulawa [12, 13] which suggested a short-range Heisenberg model for
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critical behavior comprising only nearest-neighbor exchange, was carried out by
taking into account the existence of a short-range interaction at the level of localized
spins. In addition, various pertinent experimental studies on critical phenomena con-
firm that view also the resulting critical exponent data. In accordance with the one
obtained by conventional ferromagnetic Heisenberg model. Taking the data from the
DC magnetic study, researchers Ghosh et al. [14] have pointed out that critical expo-
nent β is found to be 0.37 at La0:7Sr0:3MnO3 ferromagnetic manganite. (β = 0.365 for
the Heisenberg model, in which case the critical exponent βwas in close contact to the
temperature dependency over the spontaneous magnetization under the Curie tem-
perature TC) as well as the critical case value of β = 0.374 has been also referred in the
ferromagnet DE Nd0:6Pb0:4MnO3 [15]. Nevertheless, a rather elevated value that was
β = 0.5 achieved in La0.8Sr0.2 MnO3 polycrystals was consistent to the one found in the
mean field pattern [16]. In contrast, the small value of the critical exponent in terms of
β = 0.14 that was found in La0.7Ca0.3MnO3 monocrystal indicates a first-order rather
than second-order PM-FM transition occurring in this system [17]. Between, there
was finding of moderate critical value of β = 0.25 in the polycrystalline
La0:6Ca0:4MnO3 was in a fair agreement with the values of the tricritical point
[18, 19]. Thus, various critical exponents have been seen β ranging between 0.1 and
0.5, now, there are four different types of theoretical patterns, mean-field model
(β = 0.5), three-dimensional (3D) Heisenberg (β = 0.365), 3D-Ising (β = 0.325), as well
as tricritical mean-field (β = 0.25), which have been employed in order to have some
explanation of the critical characteristics provided by manganites. Given the discrep-
ancy between the reported critical values, it is necessary to examine the critical
behavior of similar manganite perovskites.

In this chapter, we concentrate on a more detailed evaluation of the critical exponents
α, β and γ as well as the Curie temperature TC for La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3

compound near the FM-PM phase transition temperature by carrying out analyses using
different techniques.

2. Experimental details

The polycrystalline sample La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3 was prepared using the
sol–gel method. The sol–gel process is a very well known and proven method to
generate homogeneous particles having a great quality and thin material. We have
produced the polycrystalline La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3 through sol–gel process.
During this method, the basic reagents, C6H9La O6, H2O, C4H6Ca O4,2O, C4H6MnO4,
4H2O and NiCl26H2O have been weighed using stoichiometric ratios which were
dissolved in distilled water under continued stirring. By adding an excess of citric acid,
a sol was obtained by slow evaporation from the addition of ethylene glycol, which
rendered the solution complex (with a molar ratio of 1:2:2 with regard to the cations:
citric acid:ethylene glycol). Subsequently, every reagents have been diluted, and the
mixture has been heated up on a hot plate, which gives a gel form. This gel was then
dried and calcined for 5 h at 600°C. After, resultant powders have been annealed at
1000°C during 24 h and compressed to form circular pellets. The resulting pellets have
been then sintered in air through 1000°C for approximately 10 h. Using X-ray dif-
fraction, the crystalline structure of the studied powder was verified, confirming
further that the specimen actually crystallizes into the rhombohedral structure having
R3c space group, this was achieved through the use of X-ray diffraction (Siemens
D5000 X-ray diffractometer, using monochromatic Cu Kα radiation λ = 1.5406 A°).
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We also measured the magnetic isotherms of the sample over a 0–5 T range, approx-
imately the PM-FM, phase transition, through a vibrating sample magnetometer
designed in the laboratory of Louis Neel in Grenoble, for precise extraction of ceramic
specimen’s critical exponent. Isotherm value was adjusted by means of a demagneti-
zation coefficient D that was calculated according to a standardized procedure
based on measurement of low field DC magnetization under low temperature
(H = Happ � DM).

3. Scaling analysis

The following power law relation was cited by the scaling hypothesis near the
critical region defined by:

Ms Tð Þ ¼ M0 �εð Þβ, ε<0 (1)

χ�1
0 Tð Þ ¼ h0

M0

� �
εγ, ε>0 (2)

M ¼ DH
1
δ, ε ¼ 0 (3)

In which M0, h0 and D represent the critical amplitudes while ε stands for the
reduced temperature ε ¼ T � Tcð Þ=Tc. Besides, within the asymptotic critical zone,
line with the prediction of the scale formula, the equation of magnetic state is written
in the following form:

M μ0H, εð Þ ¼ εβʄ � μ0H
εβþγ

� �
(4)

In this case, ʄ � and ʄþ represent regular analytical functions and above Tc

[20, 21]. This last Eq. (4) shows that for the correct choice of the values of β, γ and δ as
well as true scaling relations, the scaled M= εj jβ plotted as a function of the scaled
μ0H= εj jβþγ will fall in two universal curves for T >Tc ε>0ð Þ and the other for
T <Tc ε<0ð Þ [22]. This makes possible to have a fairly important critical regime
criterion.

Composition Techniques Tc Kð Þ β γ δ Ref.

La0:67Ca0:33Mn0:98Ni0:02O3 MAP 318.300 0.320 1.269 4.965 This work

KF 317.900 0.324 1.238 4.820 [23]

Mean field model Theory 0.5 1 3 [23]

3D-Ising model Theory 0.325 1.24 4.82 [23]

Tricritical mean field model Theory 0.25 1 5 [23]

3D-Heisenberg model Theory 0.365 1.336 4.8 [24]

La0:7Ca0:15Sr0:15MnO3 335 0.32 1.21 4.36 [25]

Nd0:7Ca0:05Sr0:25Mn0:98Ga0:02O3 247 0.308 1.197 4.91 [26]

Table 1.
Critical exponents of the La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3 specimen compared with different theoretical models
and previous manganite results.
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More generally, it is possible to point to four models that are based on the critical
exponent values; Mean-field model (β = 0.5 and γ = 1), 3D-Heisenberg model
(β = 0.365 and γ = 1.336), 3D-Ising model (β = 0.325 and γ = 1.24), in addition to
Tricritical mean-field model (β = 0.25 and γ = 1). The different models can be seen
below in Table 1.

4. Critical behavior

More generally, it is necessary to understand the way in which the ferromagnetic-
paramagnetic (“FM-PM”) phase transition occurs (either first or second order),
according to scaling postulate. The magnetic system whose phase transition behavior
of second order in the vicinity of the Curie temperature spot is driven by an ensemble
of interdependent critical exponents [19] β (linked to the spontaneous magnetization
MS), γ (associated with the starting magnetic susceptibility χ0), δ (linked to the critical
magnetization isotherm to Tc). As already known, it is impossible to find the critical
exponents in case of a first-order ferromagnetic phase transition; in fact, the external
magnetic field allows this transition to be shifted, leading to a phase depending on the
field strength Tc Hð Þ [27]. Magnetization measurement exponents are mathematically
defined and given us by the following relationships:

Ms Tð Þ ¼ M0 εj jβ , ε<0, T <Tc (5)

χ�1
0 Tð Þ ¼ h0

M0

� �
εγ, ε>0, T >Tc (6)

M ¼ DH1=δ, ε ¼ 0, T ¼ Tc (7)

Where ? represents the reduced temperature T � Tcð Þ=Tc, andM0, h0=M0, and D,
correspond to the critical amplitudes.

In general, both the critical exponents and the critical temperature may be found
easily from the Arott curve. From the Arott-Noakes state equation, H=Mð Þ1=γ ¼
T � Tcð Þ=Tc þ M=M1ð Þ1=β [28], where M1 represents a material constant, the Normal
Arrott has demonstrated that the relationship between M2 as a function of H/M was
essentially a function of the average field model in terms of the critical exponent
β = 0.5 and γ = 1.0. As a result, theM2 versus H/M curves must exhibit linear behavior
around Tc as well as the line at T = Tc must exactly get through the origin. In addition,
one can determine the magnetic transition order using the slope of those lines, fol-
lowing Banerjee’s criterion [29]. From these straight lines, we can identify the mag-
netic transition order. Given that as a result, there is a positive slope associated with
the second-order transition, whereas the negative slope is related to the first-order
transition.

Figure 1 displays the Arrott plot M2 versus H/M for the La0.67Ca0.18Sr0.15Mn0.98
Ni0.02O3 sample at the temperature range close to Tc. Clearly, currently, the positive
slope of curves M2 versus H/M curves allows to the conclusion of a second order
ferromagnetic phase transition. However, the nonlinearity and the appearance of
increasing curvature of all Arrott traces, even at high fields, which means that the
average field theory is not, satisfied the current phase transition.

Most of the time, charge effect, differential orbital degrees of freedom and lattice,
which exists in high field regions, are removed in a ferromagnetic so that the ordering
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parameter is usually confused with macroscopic magnetization. Thus, in order to
achieve the correct values β and γ, a modified Arrott trace requires producing quasi-
linear lines of the M2 versus H/M plots. As illustrated by the Figure 2(a)–(c), it was
found that three types of test exponents of tricritical mean field (β = 0.25, γ = 1.0), 3D
Ising (β = 0.325, γ = 1.24) as well as 3D Heisenberg model (β = 0.365, γ = 1.336) were
employed in order to create a modified Arrott plot.

To match these results, the related slopes (RS) were calculated, given by RS ¼
S Tð Þ=S Tc ¼ 319 Kð Þ. Thus, the relative slopes must be kept at 1 apart from the temper-
atures, whether the modified Arrott graph displays a set which are absolute parallels.

As already seen in Figure 3, the mean field RS, the 3D-Heisenberg and the
Tricritical mean filed certainly deviate from the RS = 1 straight line; however the RS of
the 3D-Ising model approximated it. As a result, Arrott’s third plot shows the best
result, amongst these three patterns, reporting that the critical properties of the
La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3 specimen can be depicted using the 3D-Ising model.

Subsequently, in the Figure 2(b), the linear extrapolation from the high field
region two interceptions with axes H=Mð Þ1=γ and Mð Þ1=β gives credible values of
inverse susceptibility χ�1

0 T, 0ð Þ and spontaneous magnetization Ms T, 0ð Þ, respectively.
These temperature dependent values, χ�1

0 T, 0ð Þ as a function of T and Ms T, 0ð Þ versus
T, are displayed in Figure 4. As already mentioned by Eqs (5) and (6), based on the
experimental results (open line) may be adjusted to two solid graphs (continuous
line). It allows to give two novel cases in β = 0.320 with Tc ¼ 318:300 K and γ = 1.296
with Tc ¼ 317:819 K. Therefore, these findings are very similar to the 3D-Ising model.

Susceptible, these critical exponents and Tc may be more accurately determined by
the Kouvel-Fisher (KF) approach [20]:

Ms Tð Þ
dMs Tð Þ=dT ¼ T � Tc

β
(8)

Figure 1.
Typical pattern of M2 versus μ0H/M traces, for La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3 compound.
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χ�1
0 Tð Þ

dχ�1
0 Tð Þ=dT ¼ T � Tc

γ
(9)

By conforming to this method, Ms dMs=dTð Þ�1 as a function of T with
χ�1
0 dχ�1

0 =dT
� ��1 as a function of T is expected to give straight lines of slopes 1/β and

0H//M)1/ (T.g/emu)1/

0H//M)1/ (T.g/emu)1/

0H//M)1/ (T.g/emu)1/

Figure 2.
Modified Arrott graphs: (M1/β versus (μ0H/M)1/γ) over compound La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3.
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1/γ, respectively. T-axis intercepts fit correctly to Tc if those lines are extrapolated to
the zero ordinate. As shown by Figure 5, adjustment results using KF method yield
the exponents as well as Tc to the deviation: β = 0.324 with Tc ¼ 319:900 K and
γ = 1.238 with Tc ¼ 317:120 K.

Certainly, using the KF method, the resulting critical exponent values and Tc and
the values obtained by using the modified Arrott of tricritical mean-field model are in
agreement. For a better verification on the dependability as regards the above critical
exponents, we may consider how the three critical exponents β, γ, and δ relate to each
other.

Figure 3.
Variation of RS with temperature of specimen La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3.

Figure 4.
MS (left) with χ�1

0 (right) versus temperature for La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3 specimen (solid lines are
model fits).
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In this place, first we should find out δ value. By the terms of Eq. (7), we can
directly get δ value by tracing the critical isotherm at Tc. According to Figure 6, we
distinguished M versus H plot at 319 K as being critical isothermal from the above
discussion. Moreover, it is illustrated through the slide of Figure 6, which displays the
graph on M versus H in the form of a log–log scale. Using Eq. (7), there is an
appropriate result of the full straight edge and a slope of 1/δ is obtained. Based on a
straight-line fit, a third critical exponent δ = 4.863 was derived. Following statistical
theory, all three of these critical exponents should complete Widom’s scale relation-
ship:

δ ¼ 1þ γ

β
(10)

Using the above obtained data β and γ As a result, Eq. (10) provides values of
δ = 4.965 β and γ as obtained from Figure 4, as well as δ = 4.820 β and γ as evaluated
using Figure 5. Respectfully, the above values are very similar to the ones calculated
using the critical isotherm. As a result, the above relationship was proved with a plot
of M T ¼ T0ð Þ as a function of μ0H

β βþγð Þ ¼ μ0H
1=δ and proving that the curve is linear

as illustrated in Figure 6.
Given that two critical exponents δ are similar to δ estimated based on critical

isotherms near Tc. As a result, the critical exponents obtained in this study absolutely
obey the Widom scaling relationship, which entails the implication that both β and γ
resultant data agree. In the critical region, the magnetic equation is expressed as
follows:

M μ0H, εð Þ ¼ εβʄ � μ0H=εβþγ
� �

(11)

Where ʄþ for T >Tc and ʄ � for T <Tc are regular functions [30]. As indicated by
the Eq. (11), Mε�β as a function of Hε� βþγð Þ leads to two universal plots: The first plot

Figure 5.
K–F graphs of La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3 specimen (solid lines represent model fits).
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for temperature T >Tc and the second plot for temperature T <Tc. Therefore, there is
a comparison between the obtained results and the scaling theory prediction by
Eq. (11). As already seen in Figure 7, both experimental data fall on two curves, one
over Tc and one under Tc, by correspondence with the scaling theory. This same
graph is shown inside the inset in Figure 7 in the form of a log–log scale. Same, all

Figure 6.
M versus μ0H graph for La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3 specimen that occurs on TC = 319 K. the inset the
enclosed shows the similar graph scaled to ln–ln.

Figure 7.
Renormalized magnetization M= ξj jβ versus μ0H=εβþγ for the La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3 sample.
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points fall in two different curves. We can conclude from these results that the
obtained values of the critical exponents and those of Tc are reliable. On the other
hand, there is accurate characterization of critical properties in our current system
with the 3D-Ising model.

5. Conclusion

In this paper, it was extensively studied by DC magnetization the critical process
towards the FM-PM state transition in La0.67Ca0.18Sr0.15Mn0.98Ni0.02O3 polycrystalline
manganite. We have extracted the values of critical exponents of our sample by the
Modified Arott plot method and the Kouvel-Fisher method. It is interesting to note
that the found exponents are quite similar to those expected from the universality
class of 3D-Ising model.
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Chapter 3

Low-Doped Regime Experiments
in LaMnO3 Perovskites by
Simultaneous Substitution on Both
La and Mn Sites
Aminta Mendoza and Octavio Guzmán

Abstract

Although extensive substitution studies exist on LaMnO3 perovskites,
simultaneous substitution at the La and Mn sites in the low-doping regime is not as
common and provides important insights into the subtle balance of various competing
effects acting on the crystal structure and the magnetic properties. This chapter pre-
sents a study of the evolution of the crystal structure and magnetic properties by
simultaneous substitution of magnetic and non-magnetic ions at the perovskite A and
B sites, respectively. It will examine some of the ways in which experiments on the
evolution of magnetic properties provide a suitable balance scenario between the
competitive effects arising from doping at each site. The work discusses the evolution
of the Curie-Weiss behavior and the formation of ferromagnetic (FM) clusters above
the Curie temperature, whose structure is also dependent on doping.

Keywords: perovskite manganites, electron paramagnetic resonance, magnetic
clusters, Jahn-Teller distortion, local magnetism

1. Introduction

Simultaneous substitution in polycrystalline LaMnO3 on the La3+ and Mn3+ ions by
magnetic Dy3+ and non-magnetic Zn ions, respectively, offers an adequate scenario for
studies on the evolution of structure and magnetic properties due to competing effects.
Low-doped regime in La1 � xDyxMn1 � yZnyO3 manganites—(La(Dy) Mn(Zn)O3)—
means the amount of substitution (x,y) is kept in the 0:0–0:1 regime for both sites. For
both x ¼ 0, y ¼ 0, the parent compound LaMnO3 is an insulator composed of ferro-
magnetic (a,b)-planes of Mn3+ ions with orbitals configuration {t32g,e

1
g}, total spin S ¼ 2,

oriented in basal plane, but antiferromagnetically (AF) coupled along the c axis [1]. This
antiferromagnetic ground state structure (A-type) due to the Jahn-Teller (J-T) distor-
tion of the Mn3+ ions [2–4] tends to disappear by oxygen excess, and the LaMnO(3 + δ)
manganite becomes ferromagnetic. The magnetic A-type structure occurs because of
the different orientations of the e1g orbitals within the (a,b) plane lead to FM
superexchange, while covalent orientation of these orbitals along the c axis leads to AFM

47



superexchange [5–7], which weakens the ferromagnetism within the (a,b) planes, but
the AFM coupling along c axis remains unaltered. For LaMnO(3 + δ), the correlation
between crystal structure and magnetism has been discussed in Ref. [8].

For y ¼ 0, the magnetic and transport properties of La1 � xDyxMnO3 compounds
with nominal stoichiometry x ¼ 0:05,0:10 synthesized by sol-gel method have been
studied by the authors in Ref. [9]. Although LaMnO3 and La1 � xDyxMnO3 compounds
were synthesized with the same method, they observed that in La1 � xDyxMnO3 more
La-site vacancies appear. This has been attributed to evaporation of La ions by chem-
ical disorder. The La-site deficiencies, as mentioned, increase the FM double exchange
(DE) interaction. Simultaneously, the ionic radius difference between La and Dy ions
leads to local distortion, in addition to the J-T distortion caused by Mn3+ ions reducing
the FM interaction between Mn3+ and Mn4+ ions. Furthermore, the large magnetic
moment of Dy3+ (μeff ≈10:83μB) randomly polarizes the magnetic Mn sublattice in
favor of ferromagnetism. In slightly Dy-doped LaMnO3, the paramagnetic Dy ion can
be represented as an impurity between the Mn-Mn spin pairs coupling to Mn ions
through 3d and 4f electrons. At large Mn-Dy separation, the interaction between 3d
and 4f electrons is smaller than (or just comparable) that between nearby Mn-Mn host
ions [10–13], confirmed that through weak coupling between magnetic impurities and
their nearest neighbor host ions, the local AFM order in the host spin system will be
enhanced. Through small Dy doping, the interactions between Dy impurities are
determined by host Mn spins. On the contrary, when the Dy concentration increases,
the interaction between the Dy impurities increases, and the lattice becomes much
more disordered. Thus, Dy can introduce magnetic disorder that can be important to
understand the presence of ferromagnetic clusters above the ferromagnetic ordering.

For x ¼ 0, a great deal of work has been conducted concerning the doping of the
Mn site in LaMn1 � yZnyO3 manganites with y in the 0:05–0:4 range [14–17]. Partial
substitution of Mn by Zn2+ {3d10} nonmagnetic ions results in the simultaneous
presence of Mn3+ and Mn4+ ions, triggering Zener’s DE interaction. Thus, the trans-
formation of Mn3+ into Mn4+ reduces the antiferromagnetism of the A-type structure,
inducing 3-dimensional ferromagnetism [15]. Moreover, the Zn dilution of the Mn
sublattice locally weakens magnetism and induces disorder. At the same time, the
magnetic La(Dy) sublattice interacts with the local field imposed by the ferromagnetic
of the Mn sublattice. Depending on the magnetic nature of the La(Dy) sublattice, the
interaction can be FM or AFM; in our case, ferromagnetism is obtained.

2. Crystalline structure

X-ray diffraction (XRD) patterns study of the samples of La1 � xDyxMn1 � yZnyO3

family (synthesized by solid reaction method) with x ¼ 0:0,0:05,0:1 and y ¼
0:0,0:05,0:1 for samples x ¼ 0,y ¼ 0:0 and x ¼ 0:0, y ¼ 0:05 exhibits a trigonal phase,
while the other samples correspond to an orthorhombic phase. The effects on the crystal
structure through simultaneous substitution on both La and Mn sites are complex. On
the one hand, inclusion of Dy [18–20], with smaller ionic radius than La ions, and
inclusion of Zn [16, 17], with a greater ionic radius than Mn ions, introduces distortions
in the octahedra and, therefore, in the crystallographic structure. On the other hand,
introduction of divalent Zn ions induces the change of Mn3+ for Mn4+ and the J-T
distortion of the Mn3+ neighboring Zn2+ differs from one of the Mn3+ no-neighboring
Zn2+ ions [17]. Figure 1 shows the XRD pattern for x ¼ 0 due to different Zn substitu-
tion: y ¼ 0 (bottom panel), y ¼ 0:05 (middle panel), and y ¼ 0:1 (top panel).
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X-ray diffraction data were refined by the Rietvel method—Fullproff program
[21]. Information, such as phase structure, identification of planes, cell volumes, and
cell densities were obtained. Table 1 presents some crystallographic parameters
corresponding to La1 � xDyxMn1 � yZnyO3 samples.

Figure 2 shows a structural phase transition for x ¼ 0:0 samples, wheny>0:05 it is
from triclinic to orthorhombic. This signals the high structural distortion introduced
by Zn ions. Therefore, the sample x ¼ 0:0, y ¼ 0:1 relaxes the stress by symmetry
breaking. As will be seen later, this behavior is also observed at Dy concentrations for
x ¼ 0:05, 0.10 series, although for these samples, relaxation is achieved by octahedra
tilting increases.

Figure 1.
X-ray diffraction patterns for La1 � xDyxMn1 � yZnyO3 (a) x ¼ 0:0,y ¼ 0:1; (b) x ¼ 0:0 y ¼ 0:05; and (c)
x ¼ 0 y ¼ 0:0. Major Miller indices are indicated.

Sample x ¼ 0.0 x = 0.05

y = 0.0 y = 0.05 y = 0.10 y = 0.0 y = 0.05 y = 0.10

Structure Trigonal/R�3C Orthorhombic/Pbnm

Space group 167 62

Z 6 4

a ( ̊A) 5.5363 5.5412 5.5459 5.5395 5.5354 5.5354

b ( ̊A) 5.5363 5.5412 5.5056 5.4965 5.5017 5.5072

c ( ̊A) 13.3670 13.3652 7.7995 7.7765 7.7863 7.7923

Cell volume (Å3) 354.831 355.400 238.1 236.775 237.124 237.542

Density (g/cm3) 6.785 6.804 6.807 6.865 6.840 6.828

Table 1.
Structural parameters for La1 � xDyxMn1 � yZnyO3 samples. Values in white cells are from Ref. [22].
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Use of 3D reconstruction tools of structures (like Visualization for Electronic
Structural Analysis) allows obtaining interatomic distances, Mn�O and angles, θi in
the Mn� O�Mn bonds (Figure 3). In the case of manganites, a distortion of struc-
ture is directly related to their magnetic properties. This phenomenon, known as the
J-T effect, is a structural phase transition driven by the coupling between the orbital
state and the vibronic configuration of the crystal lattice. The J-T coupling to the
lattice manifests itself in changes in bond lengths Mn�O and θi angles, as well as in
orbital order [3, 4].

Regarding the measurements of structural distortion in perovskites with ortho-
rhombic structure, two relations have been used to evaluate said distortion from the
distances of the manganese with their neighboring oxygen Mn� O�Mn in the plane
and with the apical oxygen ions. The octahedra distortion, Doct, can be calculated by
[23, 24]:

Figure 2.
Variation of unit cell parameter with Zn doping (0:0< y<0:1). (a) Cell parameter a (circle) and b (triangle);
and (b) Cell parameter c (square). x ¼ 0:0 in all cases.
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Doct ¼ 10�
P

i¼1,… 6 Mn� Oið Þ � Mn� Oh iaverage
���

���
� �

Mn�Oh iaverage
,

Doct ¼ 1=6�
X

i¼1,… 6

Mn�Oið Þ � Mn�Oh iaverage
Mn� Oh iaverage

" #2 (1)

where Mn� Oi represents the bond distances between the manganese ion and
each of the six oxygens of the octahedra that surround it. These distances will depend,
among others, on the ionic radii and mainly on the doping of the ion in site B. Figure 2
shows these distances of the manganese Mn� O2 in the plane and Mn� O1 with the
apical oxygens.

Octahedra distortion, from the energetic point of view known as J-T distortion, is
evaluated through the relation [25]:

λJ�T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
3
�

X
Mn� Oið Þ � Mn� Oh iaverage

� �2� �s
(2)

Although Eqs. (1) and (2) are different ways of evaluating the distortion, both are
dimensionless; their range is between [0, 1], and their behavior is similar. In the
manganites studied herein, an inverse relationship between distortions and the mag-
netic moment of individuals or clusters has been observed for T >Tc. Where does this
structure-magnetism relationship originate? Clearly, the J-T effect results in sponta-
neous splitting of the energy levels, reducing the total energy of the Mn3þ also
resulting in a spontaneous distortion of the octahedrons that increase their elastic

Figure 3.
Unit cell of perovskite structure indicating the bond distances, Mn=Znð Þ � O1 and Mn

Zn

� �� O1 and bond angles,
θ1 and θ2. Atoms: O (red), Mn/Zn (black), and La/Dy (Green).
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energy at the cost of a reduction in energy of certain electron orbitals, thus, resulting
in a net reduction in energy.

The J-T distortions obtained through Eq. (2) showed anomalous behavior
(Figure 4): Zn increases in the range of 0< y<0:05 increases the J-T distortion and
for y>0:05, a reduction in the J-T distortion is observed (Figure 4a). This is due to
the difference between the ionic radii of Zn and Mn ions [16]. However, when
x>0:05, the accumulated strain of the system is relaxed via octahedral tilting—similar
to the introduction of dislocation when the maximum stress tolerated is reached in a
crystal [22]. Tilting as a relaxation mechanism is observed in Figure 4b, where greater
tilting corresponds to samples with lower J-T distortion. The same anomalous behav-
ior is observed by calculating octahedra distortions (Eq. (2)). As will be seen ahead,

Figure 4.
(a) Jahn-Teller distortion versus Zn composition for x = 0.10 samples (squares) and x = 0.05 samples (circles);
and (b) Jahn-Teller distortion vs. Octahedra tilting, ω, by using 2ωi þ θi ¼ 180° [22].
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the activation energy that allows the magnetic exchange is accompanied by a charge
exchange facilitated by these lattice distortions.

Local distortions affect directly the magnetic properties as a function of T, that is,
exchange constants are proportional to the orthorhombic strain [8]. Also, magnetic
moments and activation energies depend on distortion [22].

3. Local magnetism-electron paramagnetic resonance (EPR) analysis

Electron paramagnetic resonance is an important technique to study the micro-
scopic nature of local interactions in magnetic materials and, particularly, in manga-
nites [26], which in many cases show short-range interactions for T >Tc. This
technique contrasts with the magnetization and susceptibility techniques that provide
global information about the exchange mechanisms and the possible spontaneous
creation of clusters at high temperatures.

The EPR signal corresponds to dχ00=dH, where χ = M/H is the susceptibility. In the
paramagnetic region, where M is linear with H, the double integral of the EPR inten-
sity is proportional to the magnetization. From EPR measurements, we can build the
dependence of the inverse of the temperature-dependent susceptibility, χ�1 Tð Þ.To
carry out the EPR measurements, a Bruker ESP-300 spectrometer was used in the
radiation X-band with 9.408 GHz frequency and in a temperature range from 10 to
290 K. Figure 5a shows the resonant signals for manganite La0.9Dy0.1MnO3 in the
temperature range 220<T < 290 K. The inset of Figure 5a is the integral of the EPR
signal. It is observed that for high temperatures, the intensity of the EPR signal
increases in all cases as the temperature decreases. For T > TC, it is found that the
intensity of resonance line fits by the expression [28]:

IPM ¼ I0eΔE=kBT (3)

where IPM is the intensity extracted from the resonance line, I0 is a fitting
parameter, and ΔE is an activation energy.

Figure 5c shows the variation of the resonant field with temperature. A change in
the value of Hr is observed for T >Tc. This local signal evidences an FM phase in the
PM region [27, 29]. This local magnetism is strongly dependent on doping and oxygen
content, as Oseroff et al. [28] show in their work on collective spin dynamics above Tc
in manganites (La1 � xCaxMnO3).

The peak-to-peak EPR linewidth, ΔHPP, can also be used to confirm the presence
of short-range interacting magnetic entities. In magnetic resonance, the EPR
linewidth is related to the relaxation mechanisms of the magnetic units, whether
individual spins or spin-coupled systems. A decrease in ΔHPP as temperature
decreases indicates PM behavior of the sample. However, in the case of La1xDxMnZnO
manganites, an increase in ΔHPP is observed as temperature decreases, indicating the
presence of short-range interactions. In Figure 6a, the arrows indicate the
corresponding critical temperatures for each sample. ΔHPP increases as temperature
decreases, indicating a greater range of the collective effects, approaching the FM
phase. Tovar et al. [8] have found a direct dependence on temperature for the J-T
distortion and the EPR linewidth.

The energy transferred in the relaxation process is related to jumps of polarons
thermally activated between the Mn4+ and Mn3+ states. Therefore, the jump rate of the
charge carriers will determine the half-life of the spin state and, therefore, determines

53

Low-Doped Regime Experiments in LaMnO3 Perovskites by Simultaneous…
DOI: http://dx.doi.org/10.5772/intechopen.107309



Figure 5.
(a) EPR signal of La0.9Dy0.1MnO3 for different temperatures, Inset. Intensity obtained by integration of the EPR
signal; (b) EPR signal intensity as a function of temperature, showing short-range interaction behavior for
T > 181 K for the sample La0.9Dy0.1Mn0.95Zn0.05O3; and (c) resonant field vs. T for LaMn0.9Zn0.1O3 [27].
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the EPR linewidth and the conductivity. The dependence of the EPR linewidth as a
function of temperature in the paramagnetic region can be evaluated by [30]:

ΔHPP Tð Þ ¼ A
T
e
� Ea

kBT

� �
(4)

Ea values showed on Table 2 are obtained by Eq. (4). Previous studies on relaxation
modes in mixed-valence manganites have shown that the EPR predominant signal
corresponds to Mn3þ �Mn4þ relaxation and the internal relaxation of the ions through
the lattice. Shengelaya et al. [31] showed that the relaxation, R, of the Mn4þ (s) with the
lattice can be negligible compared with the relaxation Mn3þ (σ) with the lattice (L),

Figure 6.
(a) Temperature dependence on the resonance linewidth; the corresponding TC values of the x ¼ 0:0, y ¼ 0:05
(red) and x ¼ 0:05, y ¼ 0:1 (black) samples are indicated; and (b) linewidth as a function of temperature or the
x ¼ 0:0, y ¼ 0:05 sample; red line corresponds to the fitting line to obtain the activation energy value as
Ea = 0.068 eV.
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while the largest signal corresponds to the relaxation Mn3þ �Mn4þ and Mn4þ �Mn3þ.
Thus, a “Bottleneck” is formed, corresponding to the charge transfer between the two
magnetic subsystems (3+ and 4+), while a slower relaxation process, Mn3þ with the
network occurs. A schematic representation proposed is presented in Figure 7.

Furthermore, the intensity of the EPR signal is proportional to the static magnetic
susceptibility, χe, it is possible to explain the bottleneck regime due to the coupling of
the spins (s) and (σ) as:

χS ¼ χoS
1þ λ´χoσ

1� λ´2χoσχ
o
S

(5)

where χoS and χoσ are the ion susceptibilities without exchange of Mn4þ and Mn3þ,
respectively, and λ is the dimensionless coupling constant.

λ´ ¼ �zJ
ngsgσμB2

(6)

with n being the number of spins per cm3 and gs,gσ being the g-factors of the Mn4þ

and Mn3þ ions, respectively. For T≫TC, the EPR signal intensity drops faster than
predicted by Eq. (5), associated with a transition from the bottleneck to an isothermal
regime: RσL ≫Rσs, where the relaxation, Rσs, is T independent [31].

For manganites, the contribution of each coexistent phase has been evaluated by
means of the EPR technique. In this case, FM clusters also contribute to the magneti-
zation of the material, so that the total magnetization is the result of the PM and FM
contributions above TC by [32]:

Zn content y
� �

Dy x ¼ 0:00 Dy x ¼ 0:05 Dy x ¼ 0:1

Activation Energy Ea eVð Þ Activation Energy Ea eVð Þ Activation Energy Ea eVð Þ
0.00 0.0294(8) 0.0656(7) 0.0596(1)

0.05 0.0683(9) 0.0555(9) 0.0584(5)

0.10 0.0487(7) 0.0477(6) 0.0624(6)

Table 2.
Activation energies as a function of Zn doping (y). White cells from Ref. [27].

Figure 7.
A block diagram showing the energy flow paths for the Mn4+ and Mn3+ spin subsystems and the lattice. The
relaxation rates RσS, RSσ represent relaxation between the subsystems. The thickness of the arrows is a measure of
the magnitude of the particular relaxation rate [31].
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M H, Tð Þ ¼ x Tð ÞχPM Tð ÞH þ 1� x Tð Þ½ �MFM H, Tð Þ (7)

where x and 1� xð Þ are the fractions of PM and FM signals, respectively. The
intensity of ESR lines are:

IPM Tð Þ∝ x Tð ÞχPM Tð Þ and IFM Tð Þ∝ 1� x Tð Þ½ �MFM Tð Þ (8)

For T≫Tc, the EPR signal consists only of a PM line; then x T≫Tcð Þ = 1, and
M H, Tð Þ=H ¼ χPM, while x T <Tcð Þ = 0 and M H, Tð Þ=H = χFM.As Eq. (8) shows, it is
possible to find the fraction of the FM phase in the samples by subtracting the EPR
intensity from the magnetic susceptibility (Figure 8). The inset shows the fraction as a
function of temperature.

Dormann and Jaccarino [33] proposed the following Huber approximation for a
coupled system (clusters) in the PM state:

ΔHpp Tð Þ∝ χs Tð Þ=χEPR Tð Þ½ �ΔHpp ∞ð Þ (9)

where χs Tð Þ ¼ C=T is the susceptibility of the individual ions M3þ and M4þ;
ΔHpp ∞ð Þ corresponds to spin-only interactions (ΔHpp ∞ð Þ ¼ 2600 G reported by
Causa et al. [34] for perovskites with A = La) and χEPR Tð Þ the PM signal of the coupled
system.

C ¼ NAμ
2
effμ

2
B=3kB (10)

4. Macroscopic magnetism: M T, Hð Þ

Thereafter, we will refer to one of the most-used macroscopic techniques to char-
acterize magnetic materials: direct measurement of magnetization as a function of

Figure 8.
(°) IPM Tð Þ, (solid line) M=H Tð Þ at 3.5 kG and (•) IFM Tð Þ vs. T for La0.75Ca0.25MnO3. Adapted from Ref. [32].
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temperature and applied field. This technique offers vast information regarding the
type of transition [35–37], transition temperature [38, 39], magnitude of the magnetic
moments [22, 38, 40, 41], and the possible presence of clusters in the PM region,
which is quite characteristic of manganites. Next, we will present results on the use of
this technique in manganites.

4.1 Type of transition

To determine the nature of the FM-PM phase transition (first- or second-order), it
is beneficial to use Arrott’s plot [42]: μ0H=M vs. M2. According to the Banerjee
criterion curves, showing positive or negative slopes without inflection points are
characteristic of second- or first-order transitions, respectively [35, 43]. Figure 9
shows M vs. T and μ0H=M vs. M2 for La2/3Sr1/3MnO3 [43]. In Figure 9b, in Arrot’s
plot for μ0H=M vs. M2, the slope is always positive, indicating the second order of the
phase transition for this sample.

4.2 Critical temperature and magnetic moment

Magnetization vs. T is used to find the Curie temperature,Tc, or Neel temperature,
TN, in manganites; also, this technic provides information about the presence of
magnetic clusters in PM phase. Figure 10a presents the curves M vs. T for the
LaMn0.95Zn0.05O3 sample, where TC¼ 185 K is obtained from dM=dT. The effect of
doping on the Tc value is generally one of the first factors to be evaluated in manga-
nites. For low Dy doping in La1 � xDyxMn1 � yZnyO3, two competing effects have been
observed: firstly, the large magnetic moment of Dy favors FM by increasing the value
of Tc, and secondly, the small ionic radius of Dy (close to 50% of the La ionic radius)
distorts the lattice, destroying the FM of the Mn�O�Mn chains, which leads to a
reduced Tc value. As seen in Figure 10b, Zn determines which of the two effects
predominates; at low Zn concentrations, the crystallographic distortion by Dy pre-
dominates and for concentrations of Zn>0:05, breaking of the Mn�O�Mn chains
reduces the effect of lattice distortions by Dy and allows the effect due to the magnetic
moment of Dy.

Figure 9.
(a) Temperature dependence on FC magnetization for La2/3Sr1/3MnO3 under an applied magnetic field of
H ¼ 5 Oe; and (b) Arrott’s plot for μ0H=M vs. M2 for La2/3Sr1/3MnO3 [36].
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Figure 10.
(a) M vs. T curves for x ¼ 0:00,y ¼ 0:05 show magnetization measured at field cooling (open) and the zero-field
cooling (close), at H ¼ 0:001 T. Inset. The derivative of magnetization dM/dT vs. T [27]; (b) Tc vs. Zn
composition. Circles for 0:05 Dy series and squares for 0:10 Dy series [22]; and (c) χ�1vs:T for
x ¼ 0:00,y ¼ 0:05. Linear fit (red) at high temperatures. CW temperatures, θCW, is indicated [27].
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In manganites, it has been observed that the inverse of the susceptibility χ�1 vs.
T does not satisfy the Curie-Weiss law. However, over a wide range of tempera-
tures (T≫Tc), χ�1 Tð Þ is linear and can be described by the Curie-Weiss model
(Figure 10c); the Curie constant (Eq. (10)) can be used to estimate the effective
magnetic moments, as well as the doping effect on the magnetic moment. Overall,
for all the samples, it has been found that the experimental effective moments are
higher than the theoretical values [38, 39, 41, 44], evidence of the presence of
clusters in the material. For the La1 � xDyxMn1 � yZnyO3 manganite, the theoretical
m values are expressed by [22]:

μtheff ¼ 0:86� 2yð Þ μtheff Mn3þ
� �h i2

þ 0:12þ yð Þ μtheff Mn4þ
� �h i2�

þx μtheff Dy3þ
� �h i2�1

2

(11)

according to the stoichiometric formula.
To visualize the cluster behavior throughout the nonlinear PM region, we

calculated the values of μ exp
eff ¼ 2:83

ffiffiffiffiffiffiffiffiffiffiffi
C Tð Þp

μB for T >TC from the difference of
Δχ�1 Tð Þ=ΔT ¼ 1=C Tð Þ [38]. Figure 11b shows μ exp

eff vs. T for LaMn1 � yZnyO3 that
μeff increases when T decreases in the temperature range corresponding to a χ�1 Tð Þ
that has a positive curvature. This suggests an increase in the strength of the
exchange coupling with T.

4.3 Coupled moments in a mean-field approximation

The Mean-field theory of coupled moment pairs in an effective molecular field
approximation, Be, has been discussed in the literature [28, 34, 45]. The molecular
field constants, as well as the magnetic susceptibilities that depend highly on the
three main crystal axes direction, result in a slight deviation from the Curie Weiss
(C-W) law.

The effective field, Be ¼ 2 z� 1ð ÞJM= Ng2μB2ð Þ on the coupled moment pair cor-
responds to a molecular field coefficient, λ ¼ 2 z� 1ð ÞJ=Ng2μB2 . λ differs from the
Weiss model in that z is replaced by (z� 1). In the Constant-coupling approxi-
mation (CCA) [34, 46, 47], this local field “aligns” the magnetic moments of
some Mn3þ and Mn4þ, resulting in FM clusters (S1 þ S2)- where S1 and S2 corre-
spond to the Mn3þ and Mn4þ spins, respectively, which conform the cluster unit.
This can be modeled, even in the paramagnetic region, by a Heisenberg-type
isotropic interaction between pairs of Mn3þ and Mn4þ ions, subjected to the action
of the effective field:

H ¼ �2JS1 ∙ S2 þ gμB S1 þ S2ð Þ ∙ H þ Be½ � (12)

where H is the external field. Because the chosen pair is arbitrary, they must all
have the same magnetic moment as every other pair. This condition requires that [47]:

½ NgμB S´z
� � ¼ M (13)

with S´z
� � ¼ S1 þ S2h i. From Eq. (12) [10], the inverse of susceptibility is

obtained as:
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χ�1 ¼ T � 1
2
zJ=kB

� �
=C (14)

Expanding Eq. (14) around j� jC
� �

, where j ¼ J=kBT is the reduced exchange
constant, we obtain an expression for the inverse of the susceptibility in terms of Tc:

χ�1 ¼ T � Tcð Þ=ρC (15)

with ρ ¼ 2
Jc 2 z�1ð ÞJcþ z�4ð Þð½ �. This expression reproduces a deviation from the linear C-

W behavior for FM interactions.

Figure 11.
(a) Theoretical and experimental effective magnetic moments at T≫TC for LaMn1 � yZnyO3; and (b)
experimental effective magnetic moments as a function of temperature on La0.95Dy0.05Mn1 � yZnyO3 for y ¼ 0:0
(black), y ¼ 0:05 (red), y ¼ 0:01 (blue) [22] (b).
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A Heisenberg model over all points of the magnetic lattice i, jð Þ is insoluble because
said magnetic solid has on the order of 1022 magnetic moments,

H ¼ �
X
ij

JijSi ∙ Sj (16)

If we consider only first neighbors in the FM Heisenberg Hamiltonian, it can be
rewritten as [48]:

H ¼ �2J
X
n,n´

Sn ∙ Sn´ � gμBH
X
n
Szn (17)

From a power series expansion in j ¼ J=kBT [49], the susceptibility is obtained as:

χ ¼ Ng2μB2S Sþ 1ð Þ
3kBT

X∞

l¼0

aljl (18)

with N being the number of sites in the sample, gμBS the magnetic moment
associated with the spin, S at each lattice point, z the coordination number, and j
being a dimensionless value: j>0 for FM and j<0 for AFM. Finally, Eq. (18) is
rewritten as [48]:

χ�1
0 ¼ T

C
1� τð Þ4=3f τð Þ (19)

with τ ¼ TC=T, f τð Þ ¼ 1� b1τð Þ 1� b2τð Þ= 1� a1τð Þ 1� a2τð Þ 1� a3τð Þf g and ai,bi
parameters obtained by the Padé approximants that only depend on the
crystal structure and on the S value. ai,bi parameters for z ¼ 6 are presented in
Table 3.

With the coefficients indicated in Table 3, Eq. (19) shows a deviation from the
straight lines predicted from the C-W theory (Figure 12a). The blue line represents
experimental data for La0.9Dy0.1MnO3, where clusters are present at T >TC and J is
unknown. For general Heisenberg Hamiltonians, where more than one relevant
exchange constant Ji Jið =1, 2, 3, 4) is required, a high-temperature expansion (HTE)
has been developed [50, 51]. Figure 12b shows χ�1vs:T experimental and fitting data
for La0.95Dy0.05Mn0.9Zn0.1O3. The J value obtained is J=KB ¼ 15 K. The effect of Dy
and Zn doping is evident on J (see Figure 12c) [27].

S a1 a2 a3 b1 b2

3/2 �1/21,9677 �1/1.62282 �1/0.38910 �1/1.74300 1/0.38911

2 �1/51.0423 �1/1.73724 * �1/1.89133 *

Corresponding to conjugate values reported by Gammel et al. [48] (* a3 ¼ b2Þ.

Table 3.
ai,bi coefficients obtained for Z = 6, from Padé approximants.
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Figure 12.
χ�1 vs:T (a) using Eq. (19) for z ¼ 6, s ¼ 3=2 (black line), S ¼ 2 (red line) and the experimental values [22]
for La0:9Dy0:1MnO3 (blue line); (b) La0.95Dy0.05Mn0.9Zn0.1O3 [22]. Black line, experimental data; red line, fit
to HTE algorithm; dashed line, C-W model. J exchange constant values for both series from HTE algorithms; and
(c) J values vs. y for La1 � xDyxMn1 � yZnyO3 [27].
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Optoelectronic Devices
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Abstract

Several data on the preparation of perovskite crystals have been obtained because 
samples/devices were prepared using films of different qualities. Identifying optimal 
conditions for perovskite material synthesis and thin film preparation as well as 
optimizing the properties will go a long way in reducing the disparities in the data 
obtained. The optimal composition management of various elements of perovskite 
remains an outstanding research. The chapter will pave the way for the optimum 
design of the synthesis process of perovskite-based devices for better performance. 
Further still, the study provides basis for explaining the effective optimizations of 
synthesis conditions and material properties.

Keywords: optimal conditions, perovskite material, film, properties, optoelectronic 
devices

1. Introduction

In recent decades, modern technologies in the fields of optical materials and 
optoelectronics, plus energy storage and up-conversion luminescent applications 
have received spectacular prominence. They have been instrumental in tackling socio 
economic needs, including the rising global energy demand, the increasing demand 
for renewable clean energy, the transition to digitization, the Internet of Things, and 
the development of multifaceted applications like colorful optoelectronic devices, 
heat control and agrivoltaics [1–3].

Various materials have been synthesized by many research groups to fabricate 
optoelectronic and photovoltaic (PV) devices, but, only a few materials have met the 
basic requirement to manufacture optoelectronic and PV devices. The majority of 
electronic and optoelectronic devices are made using GaAs, CdTe, Si, CuInSe2 and 
InP semiconductor materials. Of these materials, the Si semiconductor dominates the 
market currently [4].

Silicon is globally employed in PV devices [5] and likewise for optoelectronic 
devices, several silicon materials are employed for manufacturing. During synthesis 
and fabrication silicon materials require sophisticated equipment which operate 
at high temperatures. Also, fabrication of crystalline silicon is conducted in an 
extremely controlled environment to prevent oxidation as the combined oxygen 
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resists the movement/alternation of electrons/charge carriers in PV cell, thereby 
decreasing the required purity [6, 7]. Consequently, to maintain every basic param-
eter, the total cost rises and the entire procedure becomes complex.

The demand for better and more sustainable material is increasing either to reduce 
or replace the dominance of silicon materials. More efficient materials will be needed 
to meet the growing global need. Hence, for manufacturing of efficient PV cells as 
well as optoelectronic devices, there is an urgent need to search for the useful combi-
nations of potential materials. The arrival of hybrid perovskite material has created 
enormous excitement in PV and optoelectronic community.

Hybrid perovskite is a semiconductor which may be described as a class of materi-
als that mix organic, inorganic and halides components. Perovskite has the chemical 
formula of ABX3, in which A is an organic or metal cation (such as MA+, FA+, Cs+), B 
is a metal cation (such as Pb2+, Sn2+), and X is a halogen (such as Cl-, Br-, I-).

Perovskite materials exhibit excellent optoelectronic properties and lower crystalli-
zation activation energies, in contrast to silicon [6, 7] Hybrid perovskites, which blend 
the advantages of excellent optical and electronic properties together with solution-
processed manufacturing, have appeared as a new class of revolutionary and innova-
tive optoelectronic materials with the potential for several practical applications.

Furthermore, from an application perspective, this family of materials is 
employed initially as PV cell material, where they have escalated rapidly to be a rival 
with silicon in the space of a few years, and have now proven to be useful in nearly all 
optoelectronic devices as shown in Figure 1.

1.1 Motivation behind the optimal control and point of interest

Organic–inorganic halide perovskites have emerged as high performance opto-
electronic materials and show still greater potential due to their unique properties 

Figure 1. 
Potential application in various fields of optoelectronic [8].
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such as tunable band gap, long charge carrier diffusion length, high absorption 
coefficient, large carrier lifetime and ambipolar charge transport. At the same time, 
this kind of rapid increase in the efficiency of perovskite-based solar cells, for nearly 
a decade, has not been a walk in the park. The credit goes to the researchers/scientists 
working around the planet utilizing different device fabrication and design methods 
[9]. Interestingly, perovskites blend the properties of inorganic materials like high 
photoluminescence quantum yield, long carrier diffusion lengths, high color purity 
together with the properties of organic materials such as solution processability at low 
temperature, and high production yield [10].

Additionally, there are two considerations that increase the market value of this semi-
conductor material. First of all, crude materials should be cheap. Luckily, the starting 
materials of perovskites (like C, H, Pb, Cl, I and Br) are earth abundant. Consequently, 
the cost of raw materials will not hamper the commercial use of perovskite materials.

In the second place, the manufacturing method need to be based on inexpensive 
equipment and procedures. Once more, formation of perovskites exhibits the afford-
able characteristic, as a result of uncomplicated preparation of perovskite films (i.e., 
low formation energy or simple reaction between metal halide and organic halide), 
low-cost equipment [6].

Thanks to the epic efforts on perovskite materials from perovskite research 
community, remarkable achievement has been made for both laboratory and large 
scale fabrication processes especially for PV cells. But, based on the screening from 
literature [6] there are several issues and parameters that should be considered and 
optimized as explained in the following paragraphs.

The chemical composition management along with the structure of perovskite 
with best output need to be broadly investigated, since the crystallization dynamics 
are highly dependent on the composition of solution, concentration, and solvent type. 
At the moment, numerous compositions are published [7, 11], and several manufac-
turing techniques, together with treatment techniques (like types of annealing, and 
variety of additives) are employed for fabrication of optoelectronic devices. However, 
there is no one technique that is powerful due to the various compositions and the 
corresponding numerous physiochemical properties of them. Hence, the role of each 
technique or its mechanism should be deciphered so as to establish the protocol or 
the optimal condition for manufacturing optoelectronic devices with greater perfor-
mance especially in large scale production.

More focus should be on stability, and currently concerted efforts are ongoing to 
find a lasting solution. But for now, encapsulation is just considered as a complemen-
tary technique, and the need for tackling stability concern is to explore perovskite 
materials with improved intrinsic stability and superb optoelectronic property. 
Also, the issue of lead toxicity though very minute in quantity can be solved by using 
effective encapsulation technology to reduce Pb leakage into the surroundings and 
recycling technique. In conjunction with above issues, the fabrication process of 
large-scale devices plus fabrication parameters should be broadly studied and meticu-
lously modified to obtain high-quality perovskite films [6, 7, 10].

The main objective in material optimization is to indicate the properties and 
performance of materials as well as optimal synthesis control prior to fabrication of 
the devices. This will serve as a reference point/requirement for good repeatability of 
processing and manufacturing for large-scale production. In addition to optimizing 
the material composition and fabrication techniques, the sequential development of 
perovskite film quality such as film coverage, grain size, surface passivation, offer 
more incremental improvements.
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Moreover, the quality of a film for example is controlled by nucleation and crys-
tallization of the material which consequently affects the properties of the film and 
its stability. Hence, optimizing the perovskite crystals is a noteworthy technique for 
enhancing the properties of the perovskite film. Controlled formation of perovskite 
crystal during preparation method is vital in achieving better morphological proper-
ties and consequently the material properties. Basically, the morphology and size of 
the crystals are largely affected by the solvent employed, annealing time and anneal-
ing temperature [12, 13].

A lot of data on the preparation of perovskite crystals has been obtained because 
samples/devices were prepared using films of different qualities. Identifying optimal 
conditions for perovskite material synthesis and thin film preparation as well as opti-
mization of the properties will go a long way in reducing the disparities in the data 
obtained. The optimal composition management of various elements of perovskite 
remains an outstanding research.

The tunability of the hybrid perovskites through their halides and its constituents 
has many potentials for methodically establishing structure–function relationships 
to help design novel perovskites. Also, mechanisms of nucleation and growth of these 
perovskite crystals should be part of these synthetic observation

2. Treatment method: formation of qualitative perovskite film

An extensive various morphologies have already been achieved simply by varying 
the crystallization parameters thereby attaining uniform nucleation and compact 
films, especially on smooth substrates. As these films are prepared at low temperature 
and often by rapid crystallization, it appears that kinetics play a major role in the 
process.

Treatment technique is the procedure employed to obtain a highly qualitative film 
with an utmost degree of crystallinity and coverage of a corresponding/associated 
substrate. The quality of a film in terms of crystallinity, uniformity and coverage is 
mostly linked to a controlled development of the morphology in the process of film 
formation.

The morphology of perovskite film is a primal factor in deciding/resolving the 
charge carrier dynamics such as carrier lifetime, the carrier diffusion lengths, and 
ultimately the device performance [10, 14].

Morphology control has been improved through careful optimization of process-
ing conditions. Inert processing environments, optimized spin coating conditions and 
adequate annealing temperature control allowed improvements in film morphology 
resulting in enhanced efficiency of devices.

For example, poor morphology which is characterized by uneven/irregular grain 
size, voids/pinholes, low coverage and high roughness leads to low light absorption 
and ineffective charge transfer. Additionally, it causes easy degradation due to the 
hydrophilic nature of perovskite. Therefore, from application perspective, it should 
be stressed that stability is as important as efficiency.

For the energy-efficient PSCs, large grains with interlinked grain boundaries are 
required, whereas for the high-efficient light-emitting diodes (LEDs), small grains 
with pinhole-free film morphology are needed. Hence, it is vital to track the crystal 
growth and control in accordance with the application. Good film morphology 
implies a smooth, pinhole-free, and compact film as well as favorable interfacial 
electrical properties [10, 14].
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In order to address the issues raised above, the following considerations which are 
the focus of this chapter must be optimized.

2.1 Heat treatment: nucleation and crystal growth

Perovskite materials show a vast array of film properties such as size of grain, 
morphology, surface coverage, crystallinity, etc. as a result of different processing 
techniques. Numerous works have also demonstrated that perovskite films show 
composition-structure relationships in term of properties [15]. Therefore, in achiev-
ing excellent control over the reaction between the inorganic and organic elements, 
various process parameters have to be included in preparation so as to produce high 
quality thin film. Chief among these are: solvent engineering, stoichiometry, thermal 
treatment, and additives.

Irrespective of the manufacturing route, controlling and understanding the 
preparation parameters, such as precursor’s concentration, annealing temperature, 
and used solvents and additives, are crucial. They play fundamental roles in the film 
surface quality, coverage, conversion of precursors to perovskite, degree of crystal-
linity, size of the crystal, hence the performance of the layer and the whole device. 
In addition, perovskite film coverage is a function of annealing temperature during 
processing by solution technique. Lower annealing temperatures produce film poor 
convergence while higher annealing temperatures give rise to decomposition of active 
layer. In sum, final output of the perovskite PV devices is closely dependent on the 
perovskite film quality.

2.2 Controlling crystallization process: temperature

Temperature treatment is one of the frequently employed methods to aid this fab-
rication process. The fundamental difference in the crystal structure and morphology 
is dependent upon annealing temperature. In the synthesis of perovskite by solution 
processable method, the temperature plays a key role. The optimum temperature for 
the growth of perovskite is between 70 and 110°C, and the optimum growth tempera-
ture is about 110°C [7, 16].

It has been reported that higher processing temperatures close to or greater than 
the optimal temperature for crystallization of perovskite may cause simultaneous 
evaporation of solvent and growth of crystal thereby restraining the processing 
window along with the repeatability/reproducibility of device fabrication. In light 
of this, preparation of a controlled crystallization protocol that is in line with low-
temperature deposition of precursor films is extremely needed for manufacturing of 
large-scale perovskite thin film. Thus, it is of paramount importance to investigate 
novel procedure for fabrication of hybrid perovskites with low-temperature and offer 
a profound understanding of some basic properties of these materials [13, 17].

Crystallization is a complex process which is designed for preparing a crystalline 
material from liquid, gaseous, or amorphous solid systems. Nucleation and crystal 
growth are the two basic stages of great significance which usually occur during 
the formation of a supersaturated state. Specific to polycrystalline perovskite thin-
film growth, the one-step fabrication method has been extensively examined and 
the exploration of the crystallization mechanism would stimulate the large-scale 
fabrication procedure. The common crystallization technique entails three steps: (1) 
the supersaturation of solution; (2) the nuclei formation (3) the crystal growth. By 
means of the anti-solvent together with the evaporation of the solvent, the solution is 
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supersaturated, then the nucleation process begins, accompanied by the consumption 
of solute, and the beginning of the crystal growth [18, 19].

As indicated, it is noteworthy that the crystallization process runs under ideal 
conditions when the precursor deposition is achieved with required properties. Based 
on the details stated above, it is useful to remember that the variation of two basic 
steps of the crystallization process – nucleation and crystal growth with the aid of 
optimization of some parameters like selection of solvent, solution concentration, 
precursor ratio, annealing temperature – is a vital point for formation of a qualitative 
and uniform film of perovskite without voids and with a full coverage. Furthermore, 
it is essential to observe the optimum conditions for high perovskite crystallinity, 
which enables the separation efficiency of charges, their transport and diffusion 
length [7].

3. Optimal conditions for hybrid perovskite crystallization

Having understood the importance of high-quality perovskite films as an active 
layer in a device, we now turn to outline the generality of the protocol for prepara-
tion of perovskite material. This will increase reproducibility and enhance the 
stability.

There are various techniques for regulation and determination of optimal condi-
tions for crystallization as listed in Figure 2; they are solvent selection, regulation 
of solvent evaporation rate, special additions including antisolvents and additives, 
annealing by solvent and temperature annealing.

3.1 Solvent selection

In the preparation of perovskite, the choice of solvent is a crucial parameter influ-
encing the crystallization and morphology of perovskite. In the selection of preferred 
solvent, the key perquisite/condition is that the solvent must be polar for easy dis-
solution of precursors and its physical properties like boiling point and vapor pres-
sure, must to be taken into consideration with respect to the desired crystallization 
mechanism, that is, rapid or slow. Polar solvents such as dimethyl sulfoxide (DMSO), 
dimethylformamide (DMF), γ-butyrolactone (GBL), N-Methyl-2-pyrrolidone (NMP) 
are the generic solvents used in dissolving precursor and mixing these solvents is a 
window of opportunity to optimize the crystallization [21].

It is important to carefully control the solvent evaporation as a means to form 
stepwise crystallization. The dissimilarity in the crystallization process is observed 
when employing different solvents: (DMF > DMSO > NMP from fast to slow 
crystallization).

DMF which has high vapor pressure evaporates rapidly during spin coating 
leading to short drying window for formation of perovskite thin films. While the 
other solvents like DMSO and NMP have lesser vapor pressure and are tricky to be 
evaporated, therefore, it highly prolongs the drying window. To that effect, DMF is 
generally not utilized alone, but it is mixed with other solvents so as to widen/prolong 
the antisolvent window.

The preferred solvent in these series for formation of qualitative perovskite film 
is DMSO. Nevertheless, perovskite produced from this solvent has several drawbacks 
like incomplete conversion (non-reacted PbI2) and large polydispersity in crystal size. 
These limitations can be resolved by mixing the solvents [7].
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3.2 Anti-solvent treatment

A solution is a mixture of solute dissolved in a solvent. An anti-solvent is a liquid 
that does not dissolve the solute but is miscible with the solvent. During preparation 
of perovskite via solution technique, perovskite precursor is dissolved in solvents.

Antisolvent is commonly added to the perovskite film after its formation or during 
its growth in order to avoid decomposition and reaction with perovskite. During spin 
coating procedure, most of the solvent is removed owing to the centrifugal force 
produced by spinning. But, there is still leftover solvent in the film made by spin 
coating due to film wetness. For qualitative crystallization, this residual solvent needs 
to be removed by thermal annealing. But, these solvents evaporate gradually during 
annealing which may lead to poor film morphology, hence influencing the overall 
performance of perovskite based devices. To overcome this issue, the use of antisol-
vent was introduce during spinning operation so as to quickly lessen the solubility 
of perovskite precursor and facilitate the rapid crystallization, which enhances the 
performance of devices.

Various anti-solvents were reported in literature [6, 7, 21] such as chlorobenzene 
(CB), benzene, xylene (XYL), toluene (TL), ethyl acetate etc. The properties of these 
anti-solvents particularly the boiling points and polarity, occupy an important place 
in the quality of the films. For instance, if the anti-solvent polarity is as strong as 
usual solvent, it will dissolve perovskite. The optimal values for suitable antisolvent 

Figure 2. 
Parameters to optimize for up-scaling [20].
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polarity fall within 2–4.5 [22], above 4.5 is detrimental to the growth of perovskite 
film. Also, the antisolvent polarity ascertains the miscibility of antisolvent to solvent, 
which initiates the effect of removal of antisolvent on solvent. The high polarity 
increases miscibility of the antisolvent with the solvent, which give rise to the high 
solvent removal rate. However, antisolvent with too low polarity will result in poor 
solvent removal effect [6]. Moreso, favorable antisolvent depends also on the boiling 
point. The boiling point of antisolvent checks the rate of perovskite crystal growth 
[19]. The drying tempo of high boiling point antisolvent is delay in spin coating 
procedure, which lengthens the period of crystal growth. The presence of antisolvent 
in the film offers adequate fluidness, which enables the neighboring nuclei bigger and 
enhances the size of the grain. If the boiling point is small, the antisolvent will melt 
away too quick, which give rise to poor removal effect of solvent [23]. In sum, the 
fundamental role of antisolvent are listed below:

• Improving surface coverage

• Increasing grain size and crystallinity

• Minimizing film roughness

• Enhancing photovoltaic performance

• Increasing stability

3.3 Additive treatment

An additive is a substance added to something in small quantities to improve it in 
some way. It is another parameter affecting the morphology of perovskite. Additives 
can be added in two ways: one is to add additives in perovskite precursor and the other 
is to add them in the antisolvent. In additive treatment, the following considerations 
must be optimized;

First and foremost, additives must be soluble in perovskite dissolvents. If not, they 
should be added into the antisolvent [24]. The basic roles of additives are as follows:

• Stabilizing the crystal structure

• Improving the uniformity of the film

• Solving the problem of too fast crystallization of perovskite synthesized by 
antisolvent technique

• Delaying the crystal growth and aid in formation of dense perovskite films with 
larger grain size.

• Passivating the grain boundaries and prevent non-radiative recombination

Various anti-solvents were reported in literature, such as hydroiodic acid (HI), 
 sulfobetaine zwitterion, Chlorine ion additives, ionic liquid (methyl formate), 
dimethyl sulfoxide (DMSO), etc.
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For instance, the aim of adding additives like HI and sulfobetaine is to stabilize 
the crystal structure [24], enhance the film uniformity and addressing the issue of 
too fast crystallization. Also, Terephthalic acid (TPA) [6, 24] and conjugated polymer 
[6, 24] and the likes are employed to regulate the nucleation and crystal growth of 
perovskite, increase the crystallinity and stability of perovskite, and minimize the 
defects in the film. In short, it was observed that the primary role of the additives is to 
passivate the grain boundaries (GBs) and prevent non-radiative recombination [24].

4. Summary and outlook

The main point of this review is to establish the optimal conditions/control for 
increasing the repeatability/reproducibility of perovskite thin films fabrication 
especially for large scale production. The thin film quality synthesized by convec-
tional solution procedure could be poor, which is characterized by irregular grain 
size, voids, low coverage and high roughness. The application of optimal conditions 
will greatly solve these problems and increase the reproducibility of preparation. 
Proper annealing temperature optimizes the nucleation and perovskite crystal 
growth. Controlling the crystallization of perovskite by the extraction of solvent 
using antisolvent treatment is very important. The boiling point and polarity of the 
preferred antisolvent must be moderated that is, not too high or low, otherwise, it will 
lead to poor morphology of the film. Mixing antisolvents with different polarities can 
be employed to neutralize the polarity, and hence the optimal crystallization rate will 
be achieved.

From a practical perspective, actualization of the essential features in the cells and 
devices directly depends on perovskite film quality (uniformity, absence of voids, 
high degree of crystallinity and coverage, optimum sizes of crystallites). The consid-
erations and optimal conditions stated in the content of the write up are applicable 
to all the available techniques of film fabrication with indication of optimization 
mechanism of perovskite formation and crystallization.
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Abstract

In recent years, water pollution has become one of the major challenges faced by
humans because of consistent rise in population and industrial activities. Water pollu-
tion due to discharge from cosmetics and pharmaceutical wastes, organic dyes, and
heavy metal seen as carcinogens has the potential to disrupt hormonal processes in the
body. Different approaches such as chlorination, aerobic treatment, aeration, and
filtration have been deployed to treat wastewaters before being discharged into the
streams, lakes, and rivers. However, more attention has been accorded to treatment
approaches that involve use of nanomaterial due to non-secondary pollution, energy
efficiency, and ease of operation. Titanate-based perovskite (TBP) is one of the most
frequently studied nanomaterials for photocatalytic applications because of its stabil-
ity and flexibility in optical band-gap modification. This chapter provided an overview
of basic principles and mechanisms of a semiconductor photocatalyst, and current
synthesis techniques that have been used in formulating TBP nanomaterial. The effect
of reaction conditions and approaches such as doping, codoping, composites, temper-
ature, pH, precursor type, surface area, and morphology on surface defects and optical
band-gap energy of TBP nanomaterial was highlighted. Importantly, the impact of
surface defects and optical band-gap energy of TBP on its photocatalytic activities was
discussed. Finally, how to enhance the degradation efficiency of TBP was proposed.

Keywords: titanate-based perovskites, surface defects, optical bandgap,
photocatalysis, organic pollutants

1. Introduction

Currently, water pollution is becoming one of the most serious challenges
confronting human beings due to steady increase in population, advancements in
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industrial activities, and urbanization [1]. Contamination of water bodies through dis-
charge of organic pollutants such as dyes, heavy metals, and petroleum are posing
a significant danger to humans as well as the aquatic ecosystem [2]. The effects of these
pollutants differ and depend on the source and type; for example, organic dyes and
heavy metals have been recognized as carcinogens while cosmetics and pharmaceutical
waste products have been identified as endocrine disruptive agents [3]. These agents
impede hormonal processes, thereby disturbing regular homeostatic reproduction,
advancement, or behavior [4]. Furthermore, presence of dyes in the water bodies blocks
sun from penetrating into the water bodies and lessens dissolved oxygen, therefore,
causing death to photosynthetic organisms that live in the aquatic system [5].

To mitigate the impact of water pollution, scientists are making efforts to
develop approaches to treat wastewaters before being discharged into rivers,
streams, and underground water. Approaches such as chlorination, aerobic treat-
ment, aeration, and filtration have been used to treat waste. However, greater
attention has been given to treatment processes that involve the use of
nanomaterials. Inorganic metal oxides nanoparticles (NPs) have benefits such as no
secondary pollution, cost, and energy efficiency and are easily operated [6, 7].
Metal-oxide NPs have been studied for potential degradation of contaminants
[8–10], heavy metals [11, 12], and inactivation of bacteria [13–15]. Many other
compounds such as metal halides [16], metal nitrides [17], and metal chalcogenides
[18, 19] have also been evaluated for photocatalytic applications. Among which,
perovskite nanomaterial has drawn so much attention because of its wide variety of
properties. Perovskite nanomaterial has indicated a broad range of electro-optical
effects, piezo, ferro, and pyro-electrical properties that enable them to exhibit out-
standing performances as structural, electronic, and magnetic material [20]. In
addition, because of their crystalline structure, perovskites have unique chemical
properties that contain a spectrum of cations to generate surface defects, which can
balance unstable oxidation states [21].

Titanate-based perovskite material is among the most commonly studied perov-
skites for photocatalytic applications under visible light. This is because their optical
band-gaps energy is easily modified and quite stable for a long period throughout a
photocatalytic reaction [22]. A good number of titanium-based perovskites such as
SrTiO3, MnTiO3, BaTiO3, ZnTi3, MgTiO3, and CaTiO3 have optical band-gaps energy
above 3 eV [23–25], thereby allowing photocatalytic activities only under UV source.
On the other hand, TBP, such as CoTiO3 and NiTiO3, have band-gap energy lower
than 3 eV but their CB is below the oxidation potential [26, 27], which also limits their
chances for photocatalytic applications.

Excellent photocatalyst semiconductor (SC) is expected to have excellent charge
carrier mobility and charge separation to prevent recombination of electron (e) and
hole (h) generated in the system [28]. Efforts have been made by scientists to enhance
photocatalytic activities of SC photocatalyst through various means by modification of
physiochemical properties of the nanomaterial. The modification can be done via
doping (with metals, nonmetals, and salts), defect engineering, heterostructure, and
cocatalysts [29–31]. Research has shown that doping greatly affects the electronic
structure of SC nanomaterial [32]. Like TBP, the majority of SC photocatalysts have
wide band-gaps energy, which makes it difficult for them to have photocatalytic
activation with a visible light source [33, 34]. To improve the efficiency and quantum
yield of SC photocatalysts such as TBP, their optical band-gap energy should be
altered to respond to visible light sources. Another parameter that affects the
photocatalytic activities of this material is presence of defects. Defects seen in a
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material can be artificial or natural specific structure. Surface defects alter geometric
structure, as well as the chemical environment of the host material [35]. It can also
serve as charge carrier traps and adsorption sites; the induced electrons can be trans-
ferred to the sites and, therefore, prevent recombination of photogenerated e—h+

pairs.
This chapter highlighted fundamental principles and mechanisms of SC

photocatalysis and recent synthesis techniques that have been deployed in
preparing TBP nanomaterial. The influence of reaction conditions and approaches
such as doping, codoping, composites, temperature, pH, precursor type, surface
area, and morphology on surface defects and optical band-gap energy of TBP
nanomaterial was noted. Ultimately, impact of surface defects and optical properties
of TBP on its photocatalytic activities against organic pollutants was discussed.
Considering progress recorded so far in this area, some perspectives on how to
advance and improve degradation efficiency of TBP against organic pollutants were
proposed.

1.1 Fundamental principles and mechanisms of photocatalysis

Generally, photocatalysis is initiated when a SC photocatalyst absorbs photons
with energy equal to or higher than its optical band-gap energy. Consequently,
electrons in the valence band (VB) are excited into the conduction band (CB)
leaving holes in the VB. This excitation produces a potential difference midway
CB and VB bands, creating reductive and oxidative entities at the CB and VB,
respectively. These photo-activated charge carriers can react with H2O or dissolved
oxygen to generate free radicals such as OH and O�2 that can degrade pollutants into
smaller molecules [36] as shown in Eqs. (1)–(6). It is fundamental that the minimum
material CB is located at a higher negative potential compared to the reduction
potential for H+ to H2, at the same time, it is also essential that the highest VB is
located at a higher positive potential compared to the oxidation potential for H2O
to O2 [22]. Figure 1 describes the indirect organic pollutant degradation process by
SC photocatalyst.

Figure 1.
Pictorial description of indirect organic pollutant degradation process by SC photocatalyst. Adapted with
permission [37].
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SCþ hv ! e�CB þ hþVB (1)

hþVB þH2O ! ∙OH þHþ (2)

hþVB þ ∙OH� ! ∙OHad (3)

e�CB þ O2 ! ∙O_
2 (4)

∙OH þ pollutants ! CO2,H2O, salts (5)

∙OHad ! ∙OHfree þ pollutant ! simple oxid:product (6)

1.2 Crystal structure of a perovskites

Perovskite material is generally referred to as material whose crystal structure is
described by the formula ABO3, A and B are ions that often have different sizes and O
is an ion that is bonded to A and B. It has a cubic structure that contains B cations in a
6-fold orientation encircled by an octahedral of anion while the A cation in a 12-fold
cuboctahedral orientation [38]. Figure 2a and b describes the idealized cubic perov-
skite structure. From the crystal structure, B site cations are firmly glued to the
oxygen (or other anion) at the same time A site cations interaction with the oxygen is
relatively weaker. Based on the nature of the cations residing in the lattice sites,
various perovskite crystal geometries can be obtained by modifying these interactions.

2. Synthesis techniques deployed in preparation of titanate-based
perovskites nanomaterial

Various synthesis methods have been successfully deployed in the formulation of
TBP nanomaterial. Surface defects and optical band-gap energy of TBP can be manip-
ulated by deploying appropriate synthesis methods, which include the temperature,
pH of the reaction, types of precursor, and solvents. In this section, we summarized
recent methods deployed in synthesizes of TBP in Table 1 including the precursors
used, reaction conditions, and pollutant/application.

Figure 2.
(a and b) Crystal structure of a perovskite. Adapted from [39], copyright Springer Nature, 2019.
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3. Impact of surface defects and optical band-gap energy on
photocatalytic activities of titanate-based perovskite nanomaterial

In recent times, substantial work has been done to enhance the physiochemical
properties of TBP nanomaterial, more especially surface defects and band-gap energy.
This is because of their role in the photocatalytic activities of this group of perovskites.
Attempts have been made to modify these two parameters via reaction conditions and
synthesis techniques. In this section, the role of reaction conditions on these
physiochemical properties was highlighted. The impact of surface defects and band-
gap energy on photocatalytic activities of TBP nanomaterial was also discussed.

Zhuang and co [43] reported three different morphologies of CaTiO3 formulated
from three different Ti precursors through hydrothermal techniques for removal of As
(III). After 40 mins of exposure to UV source, CaTiO3 sample with (Ti(OC3H7)4)
(TIP) as a precursor showed the highest activities (98.4%) in removal of As(III).
Figure 3 indicates the induced changes in the concentration of the As(III) under UV
source against different morphologies of CaTiO3. The higher photocatalytic activity of
CaTiO3 (TIP) was associated with its fern-like morphology and the higher specific
area (108.142/g) when compared to other two.

Cai et al. [44] fabricated surface disordered CaTiO3 using modified hydrogenation
method. The as-prepared samples were utilized as a model to study roles of surface
oxygen vacancies (SOVs) on photocatalytic H2 evolution under a visible light source.
They demonstrated that CaTiO3 hydrogenated at 700°C induced more SOVs with a
very high photocatalytic H2 evolution rate (2.96 mmol g�1 h�1). A value that is almost
49 times greater than the value of the pristine CaTiO3 without SOVs. They suggested
that the significant increase in H2 production in the hydrogenated samples was
because of the induced SOVs, which lower surface recombination of photogenerated
e-h pair and increase charge separation.

Portia et al. [46] studied the influence of annealing temperature on photocatalytic
activity of CaTiO3 NPs under the visible light source. The samples were prepared
via sol–gel method and were annealed at various temperatures of 500°C, 700°C, and

Figure 3.
The induced changes in the concentration of the As(III) under UV-254 nm for different morphologies of
CaTiO (A) CaTiO3 TTC (B) CaTiO3 TNB (C) CaTiO3 TIP and (D) No photocatalyst. Reprinted with
permission from [43].
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900°C. The photocatalytic activities of the samples were assessed against MO and Rhb
dyes. The sample annealed at 900°C exhibited the highest degradation efficiency (DE)
88% and 78% for Mo and Rhb, respectively, while sample annealed at 500°C showed
DE of 53% and 38% for Mo and Rhb, respectively. The photocatalytic activity results
also correlate with the result of UV–visible diffuse reflectance spectroscopy, which
indicates the absorption of the sample annealed at 500°C to be 340 nm while the
sample annealed at 900°C exhibited outstanding and improved visible—absorption
with its peaks at 450 nm. The kinetic fit of the samples against MO and RhB dyes were
shown in Figure 4. They associated the enhancement in photocatalytic activities of
the sample annealed at 900°C to a decrease in the optical band-gap energy of the
CaTiO3 sample, specific surface area with porous features as well as a low recombina-
tion rate of the e—h+ pairs.

Lazono-Sánchez et al. [47] reported influence of Eu3+ doping and heat treatment
on photocatalytic activities of CaTiO3 under visible and near-infrared light sources.
The results showed that samples doped with 1% Er3+ exhibited the highest degrada-
tion reaction rate against MB (4.54 � 10�5 s�1), a value, which is about 2.5 times
higher than that of undoped sample 1.86 � 10�5 s�1. Furthermore, the as-prepared
samples were calcined at 850°C and their photocatalytic activity against MB was also
evaluated under UV–vis–NIR irradiation. They reported a significant increase in the
photodegradation reaction rate of the calcined sample against MB. The author attrib-
uted improvement in the photocatalytic reaction rate of the samples to introducing a
new energy state in the optical band-gap of the CaTiO3 and increased crystallinity. In
another work, Yang et al. [48] reported photodegradation of MB by Fe-doped CaTiO3

under UV–visible light irradiation. They found that doping CaTiO3 with Fe enhanced
its photocatalytic activity against MB. Nevertheless, the photocatalytic activities of Fe
doped CaTiO3 sample calcined at a high temperature of 500°C exhibited higher
activity of about 100%. Yang et al. associated enhancement in the light absorption of
Fe doped CaTiO3 in the visible region with the high calcination temperature.

Recently, Chen et al. [45] reported Na + codoped CaTiO3:Eu
3+ fabricated via

solution combustion method using stoichiometric ratio of Ca1�xTiO3:Eu3+x (x = 0,
0.005, 0.01, 0.015, 0.02, and 0.025). The photocatalytic activity of the samples was

Figure 4.
The kinetic fit of the samples against MO and RhB dyes exposed to a visible light source. Reprinted with
permission [46].
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evaluated against MB under UV light source. Figure 5(a, b, and c) indicates the
Ca1-xTiO3:Eu

3+
x degradation of MB, kinetics plots of photocatalytic degradation, and

first-order apparent rate constants (k) in photodegradation of MB. They recorded
significant improvement in the photocatalytic activity of CaTiO3 after being doped
with Eu3+. The CaTiO3 sample doped with 5% Eu3+ exhibited the highest DE relative
to other samples, which the author attributed to the smaller optical band-gap energy
of the sample relative to other samples. They also noted that Eu3+ doping led to a
decrease in particle size of CaTiO3 hence enhancing its light absorption potential.

Bhat et al. [50] reported the influence of Rh occupying sites in BaTiO3 electronic
structure. The samples were prepared by one-pot hydrothermal method and
photocatalytic activities of the samples were evaluated against MB under visible light
source. In the experiment, the authors found that samples doped with Rh exhibited
higher photocatalytic activities than the pristine sample; with 0.5 Rh doped BaTiO3

having the highest photodegradation against MB. They attributed enhancement noted
in Rh doped sample to a decrease in band-gap energy. Figure 6(a and b) describes the
photocatalytic of the sample against MB and the rate constants (K) of pristine BaTiO3

and Rh-doped BaTiO3 against MB. The DFT studies also predicted that an increase in
Rh concentration causes a decrease in the optical band-gap energy of the samples,
which further increases the absorption light of the sample within the visible region.

Similarly, Khan and co [52] reported effects of 1, 3, and 5% Ag doping on the
optical properties and photocatalytic activities of BaTiO3 against Rhb dye under visi-
ble light illumination. The decomposition efficiency of BaTiO3, 1, 3, and 5% Ag doped
BaTiO3 NPs are 41, 46, 58, and 79%, respectively, as indicated in Figure 7. The linear
increase in photocatalytic activities of BaTiO3 was credited to the observed decrease in
band-gap energy of BaTiO3 NPs as Ag concentration is increased as well as the
decrease in the e—h+ recombination rate.

Nishioka and Maeda [51] investigated H2 evolution of Rh doped BaTiO3 nanocrys-
tal synthesized via the hydrothermal method with different precursors. The H2 evo-
lution was evaluated using aqueous ethanol at wavelength of >420 nm. They claimed

Figure 5.
Ca1�xTiO3:Eu

3+
x samples degradation of MB under UV light. (b) Ca1�xTiO3:Eu

3+
x kinetics plots of

photocatalytic degradation of MB (c) Ca1�xTiO3:Eu
3+

x first-order apparent rate constants (k) in
photodegradation of MB Reprinted with permission [45].
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that H2 evolution via photocatalytic reaction of the samples depends strongly on the
following; preferred TiO2 and Rh precursor, precursor ratio, and postheating process.
A sample that consists of anatase NPs as its main phase indicated higher photocatalytic

Figure 6.
(a) The photocatalytic degradation of MB and (b) the rate constants (K) of the pristine BaTiO3 and Rh-doped
BaTiO3 against MB. Reprinted with permission [50].

Figure 7.
Decomposition efficiency of the as-prepared samples against Rh B dye under visible light Illumination. Reprinted
with permission [52].
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activity than sample with rutile precursor. They attributed improved photocatalytic
activities of post-treated Rh doped BaTiO3 to higher temperature treatment.

Lu et al. [40] explored the effect of optical and structural properties of SrTiO3-
BiFeO3 solid solution on its photocatalytic H2 production. The as-prepared sample was
prepared via solid-state method using stoichiometric ratio as Sr1�xBixTi1�xFexO3

(0 ≤ x ≤ 0.4). The photocatalytic activities of the samples were studied by investigat-
ing hydrogen production from Na2SO3 (aq) solution under visible light illumination.
At wavelength (≥250 nm), an obvious increase in H2 production was noted in the
solid solution relative to pristine SiTiO3. The highest activity was noted in
Sr0.9Bi0.1Ti0.9Fe0.1O3 sample with mean H2 production rate of 180 mol/h. This value
corresponds to apparent quantum efficiency of 2.28% while pristine SrTiO3 H2 pro-
duction activity rate was 17 mol/h. The pristine SrTiO3 value is one order of magni-
tude lower than that of the solid solution as shown in Figure 8. The authors attributed
the higher activity rate of a solid solution to the observed larger surface area, which in
turn creates more surface reaction sites at the surface. In addition, SrTiO3 indicated a
distinct absorption edge in the UV region while the solid solution indicated a large
absorption shoulder in the visible light region, which they link to metal-to-metal
charge transfer.

He et al. [41] reported photocatalytic activities of SrTiO3/reduced graphene oxide
(SrTiO3-RGO) composites, prepared through a one-pot hydrothermal process. The as-
prepared sample SrTiO3–0.8%RGO composites exhibited a considerable increase in
photocatalytic production of H2 (363.79 mmol (g h)�1) than SrTiO3 under UV light
exposure. The higher H2 production rate observed in the composite sample was
associated with generation of more reactive sites and low recombination rate of the
e—h+ caused by a suitable amount of RGO composition in SrTiO3. Moreover, the
photoelectrochemical and electrochemical impedance spectroscopy analyses as shown
in Figure 9(a and b) revealed that SrTiO3–0.8%RGO had higher photocurrent and
lower impedance value than SrTiO3. This is an indication of enhanced charge trans-
port, separation of the photo-generated electrons, and holes in the composite sample.

Pei et al. [49] formulated network-like hierarchical nanosized CaTiO3 via one-pot
hydrothermal method and polyvinyl alcohol (PVA) as a structure guiding agent. The

Figure 8.
Photocatalytic H2 production of the samples when exposed to UV and visible light sources. Reprinted with
permission [40] Copyright Elsevier 2017.
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synthesized sample photocatalytic H2 evolution was evaluated under visible light
illumination (>400 nm). It was noted that sample synthesized with PVA had a smaller
band-gap value of 2.57 V compared to band-gap of sample synthesized without PVA at
3.55 eV, a value which is typical optical band-gap energy of perovskite CaTiO3. Under
visible irradiation PVA-CaTiO3 H2 generation rate was 14.19 mol h�1 g�1 while
CaTiO3 alone indicated a negligible H2 generation rate. The H2 generation rate of the
samples is shown in Figure 10(i and ii). The authors ascribed the improvement in H2

generation by PVA-CaTiO3 to presence of defects such as oxygen vacancies (Vo).
They found out that Vo creates an energy level at 0.95 eV below the CB, acted as e�

donor, and aided charge transport and separation.
Abirami et al. [53] synthesized undoped PbTiO3 and 0.01, 0.02, and 0.03% Ag–Fe

codoped PbTiO3 NPs via hydrothermal method. The photocatalytic activities of the as-
prepared samples were evaluated using MB dyes under UV light source. The results
showed that 0.02% Ag-Fe codoped PbTiO3 exhibited the highest photocatalytic
decoloration of MB (80.4%) at pH 0f 6 within 2 h. From Figure 11, it appears that pH

Figure 9.
Photocatalytic H2 production and (b) photoelectrochemical spectroscopy results of the samples. Reprinted with
permission [41].

Figure 10.
(i) Depicts the H2 generation rate of PVA-CaTiO3 and pristine CaTiO3 Reprinted with permission [49].
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also played a critical role in photodegradation of MB; the higher the pH value, the
better the discolorization efficiency. According to Devi et al. [56], the adsorption of
dyes on SC photocatalysts relies on pH as a result of the changes in the point zero
charge of a SC photocatalyst at different pH. The author’s associated improvement in
the decolorization to reduction in e—h+ recombination rate caused by trapping photo-
excited electrons by Ag and Fe.

Pirgholi-Givi et al. [54] studied the influence of the synthesis methods on
photocatalytic activities of mixed BiTi3O12 and Bi12TiO20 NPs. The samples were
formulated via microwave-assisted (S1) and hydrothermal synthesis (S2) methods.

Figure 11.
The decolorization efficiency of the sample at the different pH a) at pH of 2. B) at pH of 4, and c) at pH of 6
Reprinted with permission [53].
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Their findings revealed that photocatalytic activity of the S1-sample was about 1.4
times higher than S2-sample at a higher pH value (12.5); S1-sample degraded 98% of
MB in 28 min while S2-sample degraded 98% of MB in 40 min. The presence of
Bi12Ti12O20 phase in Bi4Ti3O12 substrates elevated charge carrier span, enhanced
charge separation, and photodegradation of the MB. Figure 12 shows a decline in
percentage of degradation of the test dye.

4. Conclusions

Use of titanante-based perovskite nanomaterial in photocatalytic application seems
to be a promising and effective approach to mitigate the challenges that are associated
with water pollution. However, considerable numbers of TBP have large optical band-
gap energy, which allows photocatalytic reaction only with a UV source. In addition,
the majority of TBP have excellent photocatalytic ability but with a high rate of
recombination of the photogenerated e-h+ pair which significantly affects its effi-
ciency. Some of these challenges made scientists explore ways to optimize and
improve photocatalytic activities of TBP material.

In this chapter, we made efforts to avail the overview of basic principles and
mechanisms of an SC photocatalyst and recent synthesis techniques that have been
deployed in preparing TBP nanomaterial. Special effort was made to highlight the
influence of reaction conditions and approaches such as doping, codoping, compos-
ites, temperature, and pH on the surface defects and optical properties of TBP
nanomaterial. Particularly, how surface effects and optical properties of these mate-
rials impact their photocatalytic activities were also discussed. Finally, the future
perspective of TBP was proposed in the chapter.

Deploying appropriate synthesis methods and precursors is quite essential as it
creates room to control the particle size, crystal structure, shapes, and morphology of
a TBP photocatalyst. These physiochemical parameters play a vital role in modifica-
tion of the electronic bandgap and surface defects of TBP photocatalysts. Much effort
should be made to adopt appropriate methods and control over physiochemical

Figure 12.
Photocatalytic activities of S1- sample and S2-sample against MB. Reprinted with permission [54].
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properties of these group SC photocatalysts. Attention should also be given to reaction
conditions such as temperature and pH of the system during synthesis. Regulating pH
and annealing temperature have shown improved crystallinity of TBP, which in turn
aids its photocatalytic activities under visible light irradiation. Other strategies that
have been efficient in improving photocatalytic activities of TBP material include
doping, codoping, and composites with nonmetal, metals, and perovskites material.
These strategies have shown to increase charge carrier span, reactive sites, surface
oxygen vacancies, decrease in bandgaps, and recombination rate of photogenerated
e�- h+ pair, improve charge separation, and photocatalytic absorption in the visible
light region.

In spite of the progress made in recent times in understanding reaction processes
and path involved in degradation of organic wastes and the role of doping TBP with
other elements or TBP composite plays in altering its optical band-gap. Nevertheless,
the sturdiness of these materials over time and their catalytic active cores require
more detailed explanation. Hence there is a need to advance more accurate density-
functional models to help optimize the photocatalytic configurations of these mate-
rials. In addition, more work should be done to optimize the reaction conditions of
TBP nanomaterial, especially pH and temperature selection. Appropriate control to
both parameters can enhance its photocatalytic activities as demonstrated by few
authors. More work should be done to study photocorrosion of titanate-based perov-
skite nanomaterial.
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Chapter 6

Thermoelectric Nanostructured
Perovskite Materials
Megha Unikoth, George Varghese, Karakat Shijina
and Hind Neelamkodan

Abstract

The global need for energy production from renewable resources and the effect of
greenhouse gas, especially carbon dioxide is increasing day by day. Statistical survey
shows that about 60% of the energy lost in vain worldwide, in the form of waste heat.
The conversion of this waste into useful energy form will certainly play a major role in
alternative energy technologies. Thermoelectric materials (TE) can harvest waste heat
and convert this into electrical energy and vice versa. The development of high-
efficiency TE materials for waste-heat-recovery systems is necessary to bring vast
economic and environmental benefits. The methods of synthesis,that is, control over
particle size play an important role in controlling the properties of thermoelectric
materials. The nanostructuring of thermoelectric materials can enhance the efficiency
by quantum confinement effect and phonon scattering. Perovskites have a long history
of being a potential candidate for thermoelectric applications, due to their fascinating
electrical, mechanical, and thermal properties. Compared with other thermoelectric
materials perovskites have the advantage of eco-friendliness, less toxicity and are highly
elemental abundant. Owing to the high thermal conductivity and low electrical conduc-
tivity overall performance of perovskites is relatively poor. The hybrid perovskites
overcome this difficulty and started to draw the attention to thermoelectric applications.

Keywords: thermoelectric, figure of merit, nanostructuring, power generation,
hybrid perovskites

1. Introduction

The imbalance between energy production and demand is increasing day by day.
While the conventional resources are being depleted, the challenges of researchers are
concentrated on the power generation from renewable energy sources and on the
efficient use of available resources. On the other hand, waste heat generation as
greenhouse gas especially carbon dioxide is increasing in the environment. In internal
combustion engines, only 25% of energy is used for vehicle mobility and accessories,
approximately 40% of the fuel energy is wasted as exhaust gas, 30% is dissipated in
the engine coolant and 5% is lost as radiation and friction. Here comes the importance
of thermoelectric materials! The materials which can harvest heat from combustion of
fossil fuels, sunlight, chemical reactions, nuclear decay, vehicles, etc., and convert it
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into electrical energy and vice versa are thermoelectric materials. Thermoelectric
power generation technology and the fields are now growing steadily due to their
ability to convert heat into electricity and to develop cost-effective and pollution-free
forms of energy conversion. A wide variety of thermoelectric materials has been
identified and their properties have been explored. Among the oxide-based thermo-
electric materials, rare earth-based perovskites are considered to be a potential mate-
rial due to their fascinating electrical, mechanical, and thermal properties and high
value of figure of merit. The thermoelectric materials in nanostructured form can
enhance the performance of material by phonon scattering and quantum confinement
effects [1–4].

2. Thermoelectric materials

Thermoelectric materials have drawn vast attention due to the direct conversion
between thermal and electrical energy. These materials can convert the heat energy to
electrical energy and vice versa, thus providing an alternative source for power gen-
eration and refrigeration. Statistical survey shows that more than 60% of world’s
energy loss is in the form of heat. The high-performance thermoelectric materials can
easily convert this heat into usable electrical energy. The thermoelectric system is an
eco-friendly energy conversion technology with the advantages of high reliability,
small size, feasibility in a wide temperature range, and no pollutants. The efficiency of
the thermoelectric devices is small compared to Carnot’s efficiency. The efficiency of
these materials is defined in terms of figure of merit, ZT, which determines the
thermoelectric performance.

ZT ¼ S2σ
κ

T (1)

where S is the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal
conductivity, and T is the absolute temperature. In order to get good performance, the
value of ZT should be high. This can be achieved by increasing both the Seebeck
coefficient and electrical conductivity and reducing the thermal conductivity.

The physics behind the thermoelectric power generation and the refrigeration is
mainly governed by the three fundamental thermodynamic effects-the Seebeck,
Thomson, and Peltier effects. When a temperature gradient is applied, an electrical
potential gradient is generated, which is the Seebeck effect and is mainly used in the
power generation. The Peltier effect is the reverse of the Seebeck effect in which a
temperature gradient is established when a current is passed through the material and
is used for refrigeration. Thomson heat is absorbed or released internally in the
material if the flow of the Peltier heat is balanced by the temperature-dependent
Seebeck coefficient. All the three effects are related to the heat transported by the
charge carriers in the material as electrons or holes. Seebeck effect illustrating the
working of a thermoelectric generator is given in Figure 1.

The thermoelectric efficiency (ηP) in the power generation mode as a function of
average ZT is given by,

ηP ¼ TH � TC

TH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ZTM

p � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ZTM

p þ TC
TH

 !
(2)
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where TC, TH, and TM are the cold side, hot side, and average temperature
respectively.

ZTM ¼ 1
TH � TC

ðTH

TC

ZTdT (3)

A larger temperature difference can produce higher conversion efficiency, if the
value of ZTM= 3 and ΔT = 400 K, ηP can reach 25%, comparable to that of traditional
heat engines. The Seebeck effect is the thermoelectric power generation model and has
application in advanced scientific fields. The thermoelectric cooling efficiency (ηC) is
given by,

ηC ¼ TH

TH � TC

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ZTM

p � TH
TCffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ZTM
p þ 1

 !
(4)

Similar to thermoelectric power generation, higher ZTM will produce a large
cooling efficiency (ηC). For ZTM= 3 and ΔT = 20 K, ηC could reach 6%. The Peltier
effect is a thermoelectric refrigeration model and is used to cool computer compo-
nents to keep temperature within the limit or to maintain suitable functioning. The
high ZT value is obtained only by increasing the value of S and σ and minimizing the
κ. The complex relationship of thermoelectric parameters can be obtained from the
Wiedemann-Franz law and Pisarenko relation, which is given by,

S ¼ 8π2K2
B

3eh2
m ∗T

π

3n

� �2
3

(5)

σ ¼ ne2τ
m ∗ ¼ neμ (6)

κtotal ¼ κelectronic þ κlattice ¼ LσT þ κlattice (7)

where KB is the Boltzmann constant, h is the Planck constant, n is the carrier
concentration, T is the absolute temperature, e is the electron charge, m* is the
effective mass, τ is the relaxation time, μ is the carrier mobility, and L is the Lorenz
number. The electronic part of thermal conductivity is proportional to the electrical

Figure 1.
Illustration of the Seebeck effect, when heat flows through the junction current is generated.
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conductivity. Therefore, simultaneous enlargement of S and σ and the minimization
of κ for high ZT values are very difficult. Over the past few decades, there is a lot of
progress in the field of thermoelectrics to make an ideal material with ZT value greater
than 3. There are many strategies for decoupling the relation between these parame-
ters which includes phonon scattering mechanism, mass fluctuation strategy, rattling
strategy, band engineering, 2D superlattice, and Panasonic approach. Energy filtering
effects were also used in which an energy barrier was introduced by grain boundaries
or nanocomposites [5]. According to the optimal working temperature, TE materials
are classified into three – Bi2Te3 based low temperature (<400 K) materials, PbTe-
based material in the temperature range between 600 K and 900 K, and SiGe-based
high temperature(>900 K) materials.

The first generation thermoelectric materials have ZT = 1 and the power genera-
tion efficiency is about 4–5%. The second generation materials pushed the ZT value up
to 1.7 by nanostructuring and the obtained efficiency is 11–15%. The third generation
material is under development and the predicted efficiency will be in the range of 15–
20%. The main goal will be to attain ZT ≥3 in future. PbTe is one of the most attractive
thermoelectric materials [6].

The Skutterudites, Half-Heuslers, clathrates, and chalcogenides are high-
temperature thermoelectric materials. Skutterudites are compounds with general for-
mula MX3 where M = Co, Rh or Ir and X = P, and As or Sb (e.g., is CoSb3). These
materials can influence the phonon transport mechanism, thereby reducing the lattice
conductivity to very low level. X. Shi et al. reported that, for Ba0.08 La0.05 Yb0.04 Co4
Sb12 skutterudites has ZT = 1.7 at 850 K [7]. Half-Heuslers are alloys of the form ABX
where A-Ti, Zr and Hf, B- CoSb, NiSn, etc. It was reported that, for n-type Hf0.5Zr
0.5NiSn0.99Sb0.01,0.8 ≤ ZT ≤ 1 was obtained at 600–700° C and for p-type
Hf0.5Zr0.5CoSn0.2Sb0.8,0.5 ≤ ZT ≤ 0.8 due to the remarkable reduction in the lattice
thermal conductivity [8].

The clathrates are low thermal conductivity compounds with Type I having
X2Y6E46 formula and Type II having X 8Y 16E136 formula, where X and Y are guest
atoms, E - Si, Ge, or Sn. Ba8Ga16Ge30 shows a Seebeck coefficient of�45 to -150mVK�1

and electrical conductivity of 1500–600Scm�1 at 300–900 K. The thermal conductivity
of this compound is 1.8 WK�1 m�1 at 300 K and is reduced to 1.25 W K�1 m�1 at 900 K
which makes ZT = 1.35 [9]. Chalcogenides are compounds with sulfides, selenides, and
tellurides present in them (e.g., Bi2Te3, PbTe, SnSe, SiGe, etc). Among the oxide
materials, NaCo2O4 has 0.7 ≤ ZT ≤ 0.8 at 1000 K [10]. The other new thermoelectric
materials include In4Se3-δ (ZT =1.48) [33], In4Se3-xCl0.03 (ZT = 1.53) [34], β-Cu2-xSe
(ZT = 1.5) [11] and β-Zn4Sb3 (ZT = 1.35) [12]. Low dimensional thermoelectric mate-
rials have higher performance than bulk materials because the density of states near
the Fermi level is enhanced due to the quantum confinement effects, thereby increas-
ing the thermopower (S2σ) and boundary scattering at the interfaces reduces the
thermal conductivity more than electrical conductivity. Therefore, by reducing the size
of materials to 1D and 2 D, a significant enhancement in the value of ZT is obtained.
Hicks and Dresselhaus first improved the value of ZT >1 of 2D Bi2Te3 quantum well
[13]. He reported that the enhancement of ZT was achieved by the quantum confine-
ment of electrons and holes, which increases the S2σ and the reduction in the thermal
conductivity was attributed to various effects, such as scattering of phonons at inter-
faces, defects, or phonon localization. Venkatasubramanian et al. reported, ZT = 2.4 for
Bi2Te3-Sb2Te3 quantum well superlatttice of 6 nm periodicity [14]. The quantum dot
superlattice of PbTe–PbSeTe system developed by Harman and co-workers has
ZT = 1.6, which is higher than the bulk (ZT = 0.34) [15].
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Hochbaum et.al reported that at room temperature, 50 nm diameter nanowires of
Silicon have ZT = 0.6, which is very much higher than the bulk [16]. Boukai et al.
noticed that reducing the nanowire’s diameter, a significant reduction in thermal
conductivity is attained and ZT of 1 at 200 K was reported for nanowires of 20 nm
diameter. Nanostructured thermoelectric materials are designed in such a way to
introduce nanometer-sized interfaces and polycrystalline into the bulk materials [17].
The lattice thermal conductivity can be reduced by increasing phonon scattering.
Nanostructured composites of grain size �5 nm–10 μm can be fabricated by hot
pressing or spark plasma sintering of fine powders [18]. In nanostructured material
families (PbTe based nanomaterials, Bi2Te3–based and SiGe–based nanocomposites)
an enhancement in ZT value is noticed. S. Fan et al. reported that in Bi2Te3–based
nanocomposites, Bi0.4 Sb1.6Te3 has a ZT of 1.8 at 316 K [19]. Biswas et.al suggested that
2% SrTe – containing PbTe nanocomposites have a ZT of 1.7 at 800 K and X.W.Wang
et al. studied Si80Ge20P2 nanocomposites and reported the ZT value of 1.3 at 1173 K
[20, 21]. Perovskites, as well as their hybrids, started to draw attention as a potential
candidate for thermoelectric applications.

3. Perovskites

The first perovskite CaTiO3 was discovered by Gustav Rose in 1839 and named in
the honor of an eminent mineralogist Count Lev Alexevich von Perovski. Perovskites
are compounds having the structure formula ABC3, where A - rare earth, alkaline
earth, alkali, or large ions, such as Pb+2, Bi+3, B - transition metal ion, and C - O, Fl, Cl,
I, etc., commonly seen as in the form of ABO3. A cation may be monovalent like Li,
Na, K, divalent like Ca, Ba, Sr., or trivalent like La, Nd, Pr, which is cubo-octahedrally
coordinated with 12 oxygen atoms while B cation as Ti, Ni, Fe, Co, or Mn is
octahedrally coordinated with 6 oxygen atoms. The substituted and mixed compounds
of the form A1-xA’xB1-yB’yO3 also come under this class with distorted non-
stoichiometric oxygen deficient configuration. The pseudo-perovskites are a
special class of perovskites with empty A-site and BO3 configurations (e.g., ReO3 and
WO3). The most abundant materials in the earth’s crust are MgSiO3 and FeSiO3

perovskites [22].
The stability of perovskites is determined by a factor called Goldsmith tolerance

factor given by, t ¼ rAþr0ffiffi
2

p
rBþr0ð Þ, where rA – ionic radii of A-cation, rB – ionic radii of B-

cation, and r0-ionic radii of oxygen. The value of t will be unity for an ideal perovskite.
For different values of t, these materials have different structures. If t > 1, the crystal
structure will be hexagonal in which A ions are too big and B ions are too small (e.g.,
BaNiO3). If t = 1 the structure will be cubic with A and B ions having ideal size (e.g.,
SrTiO3, BaTiO3). The materials with 0.71 < t < 1 have orthorhombic/rhombohedral
crystal structure where A ions are too small to fit into B ion interstices (e.g., CaTiO3/
GdFeO3) and for t < 0.7 materials have different structures in which A ions and B ions
have similar ionic radii (e.g., FeTiO3) [23].

The coexistence of spin, charge, lattice, and orbital interactions in perovskite
materials make them applicable in optoelectronics, spintronics, photocatalysis, sen-
sors, piezoelectric devices, electrode in solid oxide fuel cells, and thermoelectrics.
They have a lot of fascinating properties, such as multiferroicity (BaTiO3, BiFeO3),
colossal magnetoresistance (manganites), superconductivity (cuprates), ferromagne-
tism (SrRuO3), metal-insulator transition (LaMnO3), thermoelectricity (LaCoO3), etc.
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3.1 Perovskite oxides (ABO3) as thermoelectric materials

Oxide perovskites have been used as thermoelectric materials due to their low
thermal conductivity, high Seebeck coefficient, and electrical conductivity. There are
two approaches to enhance ZT value, one is tuning the carrier concentration and
another is engineering structure and material properties to decouple the S, σ, and κ.
The further modification methods to enhance ZT value are self-doping, nano-
engineering, band engineering, and doping shown in Figure 2. In perovskite oxides
the main candidates which show TE properties were titanates, manganates, and
colbatates.

The substituted perovskite compounds of titanates (Sr1-xAxTi1-yNbyO3, where A-
Ca, La, Ba, Eu, etc) are promising classes of thermoelectric materials with high figure
of merit. It was reported that SrTi0.8Nb0.2O3 thin films have ZT = 0.37 at 1000 K,
which was reduced to 0.35 by hot pressing the sample to a temperature of 1073 K.
When the material SrTi0.8Nb0.2O3 is grown in nanostructure as superlattice, where a
single layer of this material is sandwiched between the several layers of insulating
SrTiO3 (STO), a remarkable increase in ZT �2.4 at 300 K is obtained. In La-doped
STO thin films S can be tuned from �120 to -260μVK�1. The La 15% doped STO has a
ZT value of 0.28 at 873 K was achieved. Even though the electrical conductivity of
STO is increased by La doping, it reduces the lattice thermal conductivity by phonon
scattering. It was reported that the substitution of Ce, Ba, Ca, Pr, and Y on A-site and
Nb, Ta, Mn, and Co on B-site enhances the electrical conductivity of the sample.
The Nb-doped STO(Sr(NbxTi1 � x)O3,0.01 < x < 0.4), in which substituted Nd5+ at
Ti4+ site will generate carrier electrons and a ZT of �0.35–0.37 at 1000 K was
achieved for 20%Nb. While Mn substitution of Sr1 � xLaxTiO3 the S was enhanced
from �120 to �180 μV�K�1 and the ZT value of 0.07 to 0.15 at 300 K was obtained
when the composition changed from Sr0.95La0.05TiO3 to Sr0.95La0.05Ti0.96Mn0.04O3.
For SrTi0.9Ta0.1O3 the ZT value obtained was 0.17 at 752 K and for SrTi0.875Co0.125O3

was 0.135 at 300 K. The A-site substitution enhances electrical properties while B-site
enhances the Seebeck coefficient value. However, the doping of Y, La, Sm, Gd, and
Dy in STO reduces the thermal conductivity. For (Sr0.9Dy0.1)TiO3 has a ZT value of
0.22 at 573 K. Mn doped Sr1 � xLaxTiO3 can enhance anharmonic lattice vibrations,
which result in inelastic phonon-phonon scattering reduces thermal conductivity and
offers high electrical conductivity. Compared to ZT of Sr0.95La0.05TiO3 0.07

Figure 2.
Methods to enhance the ZT of thermoelectric perovskite materials.
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Sr0.95La0.05Ti0.98Mn0.02O3 has 0.15 at 300 K. The effective way to reduce thermal
conductivity is rare earth substitution in A-site and Mn substitution in B-site. The data
compounds obtained were tabulated in Table 1 [5].

The thermoelectric properties of Mn substituted perovskites were summarized in
Table 2. In these perovskite oxides multiple elements are used as A-site dopants in
AMnO3 including Yb, Y, La, Ce, Sm, Dy, Tb, Ho, Pr, Ca, Sr, Nd, etc. and for B-site
Mo, Ru, Ta, etc. Relatively high ZT values are not achieved in these materials.
CaMn0.98Nb0.02O3 shows a significant ZT of 0.32 at 1050 K. It was noticed that the
thermal conductivity of Mn-doped samples is low.

Rare earth cobalt oxides are compounds having the stoichiometry RCoO3, R – La,
Ce, Pr, Nd, etc. It was also reported that the electrical conductivity of these materials
increased with increasing ionic radii of rare earth metals doping (Pr3+ >Nd3+ > Tb3+ >
Dy3+). The complex spin structure of Co ions in perovskite gives us plenty of oppor-
tunities to explore the exotic magnetic phenomenon of these materials. The Co ions in
RCoO3 can exist in three different spin states, low spin LS (t2g

6 eg
0 for Co3+ and t2g

5 eg
0

for Co4+), intermediate spin IS (t2g
5 eg

1 for Co3+ and t2g
4 eg

1 for Co4+), and high spin
state HS (t2g

4, eg
2 for Co3+ and t2g

3, eg
2 for Co4+), which can induce spin entropic

effect to the perovskite structure and can influence all the magneto-transport
properties of the materials [24–26]. It was reported that A- site substituted LaCoO3,

has high ZT value. Sr, Na, Pb, and Ba are usually used elements for substitution. For
La1 � xSrxCoO3 the electrical conductivity gets enhanced, and the ZT value of 0.046 to
0.18 was achieved. Pb doped LaCoO3 has Seebeck coefficient of 110 μV�K�1 and ZT of
0.23 to reported. Thermoelectric measurements of doped ACoO3 compounds are
tabulated in Table 3.

The other B-site cations include iron (Fe), nickel (Ni), tin (Sn), lead (Pb), bismuth
(Bi), molybdenum (Mo), ruthenium (Ru), and uranium (U). The thermoelectric
measurements are tabulated in Table 4. For Fe doped compounds La0.95Sr0.05FeO3

and Pr0.9Sr0.1FeO3, the ZT value obtained are 0.076 and 0.024, while for Ni-doped
LaCo0.92Ni0.08O2.9 the ZT value of 0.2 was achieved. Double perovskite A2FeMoO6

(A-Ca,Sr,K,Ba) was also studied. For ZT ranges from 0.1 to 0.99 was reported. For tin
substituted compounds BaSnO3 ZT of 0.65 was theoretically calculated. Sr1 � xBaxPbO3

ZT of 0.13 was observed. There was no significant high ZT value seen when the B-site
is doped with Mo, Ru, and U. The thermoelectric measurement parameters are all
tabulated in Table 4.

3.2 Hybrid perovskites

Compared to other thermoelectric materials hybrid perovskites have high Seebeck
coefficient and low thermal and electrical conductivity. For CH3NH3PbI3 at 295 K has
S = 700 μV�K�1, κ = 0.5 W�m�1�K�1, and ZT value is 10�7 due to the low electrical
conductivity. The photo-induced or chemical doping strategies were used in these
materials to enhance the electrical conductivity. There are many hybrid perovskite
materials that show TE applications, such as ABI3 (A = CH3NH3 (MA), NH2CHNH2

(FA), and B = Pb, Sn), CsMI3, and C6H4NH2CuBr2I. Theoretical studies on n-type and
p-type CH3NH3PbI3 hybrid perovskites show ZT value of 0.9 and 1.25. For (MA)PbI3,
(MA)SnI3, (FA)PbI3, and (FA)SnI3 n-type materials the reported ZT values are 0.44,
0.45, 0.42, and 0.35 respectively. As the carrier concentration increases ZT also
increases. The same CH3NH3PbI3 n-type ZT of 2.56 at 800 K can be achieved. The
first-principles calculations and semi-classical Boltzmann transport theory showed
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that the ZT values of 0.63 and 0.64 for CsSnI3 and CsPb n-type at 1000 K. The
thermoelectric properties of hybrid perovskites are tabulated in Table 5.

4. Nanostructuring of thermoelectric materials

The materials having at least one of the dimensions in the order of 10�9 m are
nanostructured materials. If the dimension of material is in nanometer range its
surface-to-volume ratio increases and the properties changes drastically.
Nanoparticles are highly reactive because they possess large surface energy. Such an
increase in surface area in thin films and coating can enhance the sensing property,
catalytic activity of surfaces, light trapping in solar cells, surface reactivity, etc.
Nanosystems are classified into three two-dimensional (2D), one-dimensional (1D),
and Zero dimensional (0D). Nanosheets and superlattices are 2D nanosystems,
nanowires, nanorods, and nanotubes are 1D and nanopowders and quantum dots are
0D nanosystems. There are two approaches for the fabrication of nanostructured
materials- top-down method and the bottom-up method. Starting from bulk crystal-
line material and dividing it into small pieces to obtain fine nanosized particles is the
top-down method. Ball milling, spin melting, thermal cycling, lithography, etc. [27].
In bottom-up method, nanoparticles are produced from their constituent elements,
which are assembled to form dense solids Figure 3.

When the particle size is decreased to nano, size-dependent quantum confinement
effect arises. Generally, in nanostructures, the energy level spacing increases with
decreasing size and is the quantum size confinement effect. This effect influences the
optical, electronic, magnetic, thermal, and dynamic properties of the material.
Another important size reduction effect is the electron-phonon coupling. With
decrease in size, the density of states of both phonons and electrons decreases in size
and this decreases the overlap. The combination of density of states and the surface
phonon frequencies affect the phonon-electron interaction in the nanostructures. The
quantum confinement effect and the phonon scattering have a crucial role in enhanc-
ing the efficiency of thermoelectric materials. By nanostructuring, the electrical con-
ductivity of thermoelectric materials can be enhanced by quantum confinement effect

Materials Electrical
Conductivity

(S cm�1)

Seeback
coefficient
(μVK�1)

Thermal
conductivity
(W m�1 K1)

Power Factor
(μW m�1 K�2)

ZT Temperature
(K)

(Pr0.9Ca0.1)CoO3 220 106 1.9 0.047 358

TbCoO3 200 80 1.6 0.05 873

Ho0.9Ca0.1CoO3 20 220 0.75 0.051 573

La0.875Sr0.125CoO3 100 6 0.035 230

La0.95Sr0.05CoO3 20 720 0.037 0.18 300

La0.9Sr0.1CoO3 120 1.5 0.046 300

La0.9Pb0.1CoO3 333 110 0.8 0.23 575

La0.97Ba0.03CoO3 40 80 80 0.08 420

Table 3.
Thermoelectric studies of doped ACoO3 compounds.
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and the thermal conductivity can be reduced by phonon scattering at the interfaces,
thereby increasing the figure of merit.

The nanostructured thermoelectric perovskite compounds have been prepared by
many techniques which include co-precipitation, mechanical synthesis, solid-state

Materials Electrical
Conductivity

(S cm�1)

Seeback
coefficient
(μVK�1)

Thermal
conductivity
(W m�1 K1)

Power Factor
(μW m�1 K�2)

ZT Temperature
(K)

CsSnl3 0.18 0.63 1000

CsPbl3 0.1 0.64 1000

(FA)Pbl3 100 0.43 298

(FA)Snl3 150 0.35 298

CH3NH3Pbl3-n-
type

1.2 80 0.9 330

CH3NH3Pbl3-p-
type

1 50 1.25 330

C6H4NH2CuBr2l 2950 �82 3.25 0.21 363

CH3NH3Pbl3-n-
type

68 �428 0.151 11.3 2.56 800

p-type 25 358 0.04 3.3 1.08 800

CH3NH3Snl3 0.001 720 0.08 0.01 295

CH3NH3Pbl3 10�7 700 0.5 10–7 295

(MA)Pbl3 200 0.44 298

(MA)Snl3 200 0.44 298

Table 5.
Theoretical ZT value of hybrid perovskites from calculations.

Figure 3.
Bottom-up strategies for nanostructuring of TE materials.
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reactions, solution combustion or thermal decomposition, hydrothermal, Pechini, and
sol-gel method. Many new methods and improvements in synthesis conditions have
been tried by the researchers as the properties of the end product strongly depend on
the method of synthesis technique used. The citrate sol-gel auto-combustion method,
which is a modified Pechini method based on the polyesterification of ethylene glycol
and citric acid for the synthesis of the perovskite nanopowders. The method involves
relatively easy synthesis route when compared to the other conventional processes.
The control over the end stoichiometry and low operating temperature are the main
advantages of this technique.

Popa et al. have synthesized perovskite – LaMeO3 (Me - Co, Mn, Fe) compounds
by the polymer complex method and elaborated its advantages. Nonuniformity in
particle size, compositional inhomogeneity, and high processing temperature are the
main disadvantages when the conventional mixed oxide methods are preferred for the
synthesis. Perovskite nanopowders developed through wet-chemical method have
relatively high product uniformity and reliable reproducibility. By this method, it is
possible to reduce the agglomeration of nanoparticles and can control the particle size.
In citrate sol-gel auto-combustion method, at relatively low temperature excellent
chemical homogeneity can be achieved. The perovskite nanopowders thus obtained
have uniform particle size, which allows sintering to give dense well shaped uniformly
grained microstructures [28]. The nanopowders were subjected to characterization
techniques including XRD, SEM-EDAX, XPS, particle size analyzer, etc. Finally, dc
electrical conductivity, thermal conductivity, and the Seebeck coefficient measure-
ments are carried out using thermoelectric measurement setup.

5. Thermoelectric characterization

The simultaneous measurement of electrical resistivity and Seebeck coefficient was
done using ULVAC-ZEM 3. The sample is sandwiched between the electrodes and
kept in helium atmosphere at low pressure of 10�3 Torr. The resistivity is calculated
using four probe method.

ρ ¼ RA
l

(8)

where ρ is the electrical resistivity, R is the resistance, A is the area of cross section
and l is the distance between the probes. High impedance current is supplied through
the probes connected to upper and lower blocks. Other two probes measure the
voltage produced. Seebeck coefficient is determined by measuring the electromotive
force generated at the probes. The sample is kept in such a way that a temperature
gradient can exist between the two ends. Let T1 and T2 be the temperatures at two
ends and the electrical potential difference is dV, the Seebeck coefficient can be
calculated using the formula,

S ¼ dV
T1 � T2

(9)

The measurement is controlled by a computer. The voltage-current measurement
is made to check the correct contact of the sample. The thermal conductivity of the
sample can be measured by divider bar method. In this method the sample is
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sandwiched between two metal blocks, heat flows through the sample by measuring
the thermal gradient the thermal conductivity can be measured.

6. Conclusion

It is well known from the literature that, the need for thermoelectric material for
power generation and refrigeration is increasing day by day. Nowadays, heat genera-
tion from automobiles, factories, combustion of fossil fuels, nuclear decay, etc. is
increasing a lot and it is necessary to convert these waste heat into useful form.
Therefore, development of thermoelectric material which can convert the waste heat
into electricity will be a milestone for the modern technology. Even though the ZT
value of perovskite was very small, we can tune the properties of these materials by
nanostructuring, band gap engineering, and by doping. In these thermoelectric
perovskite materials, SrTiO3/SrTi0.8Nb0.2O3 /SrTiO3 was considered to be the best
material with a ZT value of 2.4 at 300 K. Therefore, there are many possibilities in
perovskite materials to be a replaceable candidate for TE applications. The hybrid
perovskites which are low cost and easily synthesized by energy cost methods can be
potential TE material in future at room temperature range. In the case of these
materials, CH3NH3PbI3-n-type shows a ZT of 2.56 at 800 K, which was only a theo-
retical calculation. Further in future, we can make all the calculations be true for an
alternative energy resource for the world.
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Section 2

Perovskites in Solar Cells
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Chapter 7

Recent Development of Lead-Free
Perovskite Solar Cells
Anshebo Getachew Alemu and Teketel Alemu

Abstract

Recently, the world energy demand has been raised up dramatically. Numerous
energy sources have been developed to satisfy the urgent energy desires and to
overcome the world energy crisis. Among them, solar energy has been considered an
efficient energy source for current energy requirements. Nowadays, the lead-based
perovskite solar cells achieved excellent power conversion efficiency exceeding 29.1%.
However, to address major problems such as toxicity and underprivileged stability,
several hardworks were made toward the replacement of lead-free perovskite material
in perspective of device’s performance and stability. In this book chapter, we summa-
rize material, dimensions, stability, and the current achievement of lead-free solar
cells. Finally, we review the remaining challenges and future perspective for develop-
ment of lead-free perovskite solar cells.

Keywords: material, dimensions, stability, lead-free photovoltaics

1. Introduction

Nowadays, among renewable energy alternatives, solar energy is the most
abundant and has minimum impact on the environment compared with
nonrenewable sources such as natural gas, fossil fuels, and nuclear energy. The devel-
opment of photovoltaic has made possible the change of sunlight into electrical energy
with high power conversion efficiencies with low cost [1, 2]. The demand of energy
from the photon energy is primary significance because it is clean, renewable, abun-
dant, and natural [3, 4]. Among the innovative photovoltaic, perovskite solar cells
have hastily enhanced to the frontline for electricity production [5]. Solar-cells-based
tandem perovskite achieved world high efficiency of 29.15% in the photovoltaic
research field [6] and low production cost [7–9]. However, the increased concern of
lead toxicity for extensive use in addition to the distress of disposal, widespread
research effort has been dedicated to the path of lead-free PSCs [10, 11]. Due to
encounters such as instability in ambient conditions [12], lack of accuracy in thickness
[13], and device-incompatible solution growth processes [14, 15], PSCs have not yet
gained sufficient trust for commercial applications.

Therefore, novel groups of lead-free halide PSCs have been discovered for
substituting lead (Pb) with other elements such as antimony (Sb) [16], bismuth (Bi)
[17], germanium (Ge), [18, 19], indium (In) [20, 21], tin (Sn), [22, 23], and
double halide perovskite (Figure 1) possession the inherent perovskite properties
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unchanged. Furthermore, these alternative Pb-free materials show significant
advantages such as highlight absorption coefficients, higher charge carrier mobilities,
and narrow optical band gap compared with lead-based perovskites as shown in
Figure 2 [32].

This book chapter contains of the following sections: (1) introduction of metal
halide PSCs, (2) origin of lead-free perovskite solar cells, (3) lead-free Pb-free

Figure 1.
Structure of (a) Pb-perovskite (b) tin-halide perovskites (c) double-halide perovskites. X is a halide; M and M0
stand for monovalent and trivalent metals, respectively [24, 25].

Figure 2.
Solar cell absorbers materials .A-site cations (organic MA and FA or inorganic Cs and Rb), metals, and halides
(I, Br, Cl) for perovskite structure. b/ band gaps of different materials solar cells should have band gaps from
1.1 to 2.0 eV [26–31].
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materials, (4) dimensions of Pb-free materials, (5) limitations of Pb-lead materials,
and (6) future prospective have also been discussed.

2. Origin of lead-free perovskite solar cells

Later a revolutionary report by Kojima et al. [33], and a successive breakthrough
by Kim et al. and Lee et al. [34, 35] showed that lead-based perovskite solar cells have
significantly transmuted the field of photovoltaics. Different generations exhibit
perovskite solar cells’ extraordinarily high power conversion efficiency because of
high absorption coefficient [36] and defect tolerance [37] and to the long exciton
diffusion length [38] of perovskite materials.

This noteworthy improvement in PSC solar cells restricted by critical intrinsic
device instability of PSCs [39, 40] and toxic to the environment restricted for break-
through outdoor application [41–46]. According to the World Health Organization
(WHO), report Pb through metabolism, and children are at a particularly high risk of
Pb poisoning the human body cannot purge [47, 48]. Furthermore, Pb can simply
spread into the air, water, and soil [49, 50].

More recently, the scientific community has been pointed for Pb-material
replacements that have been reported promising efficiency progress [51–53]. Figure 3a
bar graph shows the recent the highest certified power conversion efficiency (PCE) of
the different types of photovoltaics, perovskite solar cells (PSC, 29.1%), organic solar
cells (OSC, 17.4%), dye-sanitized solar cells (DSC, 13.8%), CIGS (23.4%), CdTe
(22.1%), polycrystalline siliconcells (PCSSC, 22.3%), and monocrystalline silicon solar
cells (MCSSC, 26.7%). Figure 3b shows that reported PCEs of Pb-based, Bi-based, and
Sn-based PSCs from the preliminary stage of development to date. Sn-based PSCs (Sn-
PSCs) have thus far shown the greatest prospects though there are fewer reports on Sn-
PSCs compared with those on Pb-PSCs, the PCE and stability of Sn-based PSCs have
been enhanced quickly. For example, Sn-based perovskites such as cesium tin iodide
(CsSnI3), formamidinium tin iodide (FASnI3), and methylammonium tin iodide
(MASnI3), have direct band gaps of approximately 1.3 eV, 1.41, and 1.20 eV, respec-
tively, which are narrower than Pb-based perovskites [31, 54].

Figure 3.
(a) Highest certified PCEs of the different types of photovoltaics. (b) Reported PCEs of Pb-based, Bi-based, and
Sn-based PSCs.
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3. Materials

The existence of Pb is an urgent problem in contradiction of the final application of
PSCs and the toxicity of lead disturbs the operational of the blood kidneys, liver,
testes, brain, and nervous system [55]. In order to address toxicity and poor stability
lead (Pb)-based perovskite, several hard works were made toward the replacement of
lead-free perovskite material. In this section, we give comprehensive review of the Pb-
substitutes, such as Ge-based perovskite, bismuth-based perovskite, Sn-based perov-
skite, alkaline-earth metals perovskite, transition-metal-based perosivikate, and
heterovalent perovskite.

3.1 Ge-based perovskite

Ge, is finest substitute for lead in the same group as Pb. For example, AGeI3
perovskite group, CsGeI3 has the narrowest band gap of about 1.6 eV (Figure 2), but
MAGeI3 and FAGeI3 have direct band gaps of 1.9–2. 2 eV. The band gap (Eg) of the
MAGeX3 perovskites estimated, and the Eg of MAGeI3 was 1.61 eV, in contrast to
2.81 eV and 3.76 eV for the Br and Cl anions, correspondingly. And high-quality
CsSn0.5Ge0.5I3 perovskite films with a band gap of 1.5 eV solar cells reported an
incredible PCE of 7.11% [56]. The germanium-based-perovskite instability due to
from the tendency of Ge2+ to oxidize into Ge4+ [57]. The new result was achieved
CsSn0.5Ge0.5 I3, which provided a PCE of 7.11% with improved stability concerning
the CsSnI3 [58]. Furthermore, germanium in 0.75 MA0.25Sn1 � xGexI3 was newly
provided PCE of 7.9% [59] as shown in Table 1.

Germanium halide perovskites Dimensionality Band gap (eV) PCEs (%) References

RbGeCl3x H2O 3D 3.84 — [60]

RbGeBr3 3D 2.74 — [60]

(RbxCs1-x)GeBr3 3D 2.4 — [61]

CsGeCl3 3D 3.4–3.67 — [61]

CsGeBr3 3D 2.32–2.4 — [61]

CsGe(BrxCl1-x)3 3D 2.65 — [62]

CsGeI3 3D 1.53–1.63 0.11 [62]

CH3NH3GeCl3 3D 3.74–3.76 — [61]

CH3NH3GeBr3 3D 2.76–2.81 — [60]

CH3NH3GeI3 3D 1.9–2.0 0.2 [61]

CH(NH2)2GeI3 3D 2.2–2.35 — [61]

MFOGeI3 3D 2.5 — [60]

GUAGeI3 3D 2.7 — [61]

TMAGeI3 3D 2.8 — [60]

IPAGeI3 3D 2.7 — [61]

Table 1.
Germanium halide perovskites PCEs in photovoltaic devices.
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3.2 Bismuth-based perovskite

Bi is a nontoxic and has the comparable properties to Pb and has satisfactory
tolerance factor rule and enhanced the stability. It has unique properties such as 0D
dimensionality, indirect band gaps, and mobilities (Figure 3a) [60, 61]. According to
Park report [63], Bi-based perovskite A3Bi2I9 (A to be Cs and MA) as a photovoltaic
absorber has estimated band of A3Bi2I9 to be ca. 2.1 eV for MA and 2.2 eV for Cs, and
the exciton binding energy as 70 meV (while Pb perovskite is at 2550 meV). The
reported photovoltaic parameters as (for CS3Bi2I9 PCE =1.09%, FF = 0.6, Voc = 0.85 V,
Jsc = 2.15mAcm�2, 0.12%, for MA3Bi2I9 FF = 0.33, Voc = 0.68 V, Jsc = 0.52mAcm�2).
This low efficiency because of the number of reasons, such as excess reactant residue,
extra band-gap states, poor morphology, and interface contact. Therefore, the Bi-
based perovskite is ideal as solar cell absorbers due to low mobilities and good stability
[62, 63] as shown in Table 2.

3.3 Sn-based perovskite

Tin (Sn) is group 14 element less-toxic metal having comparable properties [71].
As the primary report on Sn-based perovskite solar cells, power conversion efficiency
(PCE) of 6% [72, 73]. Later the tin-based perovskites have been dominant and pro-
viding the highest efficiency of 13.24% [74]. The representative cesium tin iodide
(CsSnI3), formamidinium tin iodide (FASnI3), and methylammonium tin iodide
(MASnI3) have direct band gaps of 1.3, 1.2, and 1.41 eV [75, 76], respectively.
Recently, Sn-based perovskite highest (MAPbI3) 0.4 (FASnI3) 0.6 15.08% [70]
efficiency reported (Table 3) [69, 77–92].

Bismuth halide perovskites Dimensionality Band gap (eV) PCEs (%) References

(CH3NH3)3Bi2I9 0D 1.94–2.11 0.42 [64]

(CH3NH3)3Bi2I9-xClx — 2.4 0.003 [65]

Cs3Bi2I9 0D 1.8–2.2 1.09 [66]

HDABiI5 1D 2.05 0.027 [67]

CsBi3I10 2D 1.77 0.40 [68]

LiBiI4 5 H2O 1D 1.7–1.76 — [69]

MgBi2I8 H2O 1D 1.7–1.76 — [69]

MnBi2I8 H2O 1D 1.7–1.76 — [69]

KBiI4H2O 1D 1.7–1.76 — [69]

Cs2AgBiCl6 3D 2.2–2.77 — [70]

Cs2AgBiBr6 3D 1.95–2.19 — [70]

Cs2AgBiI6 3D 1.6 — [70]

Cs2AuBiX6 3D 1.6 — [70]

K3Bi2I9 2D 2.9 — [70]

Rb3Bi2I9 2D 1.89–2.1 — [70]

Cs3Bi2Br9 2D 2.50 — [70]

Table 2.
Bismuth halide perovskites and the highest obtained PCEs.
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For example, more recently in 2016, Li et al. fabricated an inverted structured
device with MAPb0.5Sn0.5I3, achieved PCE of 13.6% [93]. And Liao et al. employed
(MAPbI3)0.4(FASnI3)0.6 in inverted device and achieved a PCE of 15.08% [94].
Finally, Sn-based perovskite has become a hopeful alternative material for replace-
ment the Pb-based perovskite. Though, instability, low PCE and certain degree of
toxicity problems hasty more research to find other substitute materials, which can be
more stable with less toxicity.

3.4 Alkaline-earth metals perovskite

Another friendly unleaded perovskite such as magnesium (Mg), calcium (Ca),
strontium (Sr), and barium Ba) are also interesting candidate for Pb. The alkaline-
earth metals and their compounds are usually low cost and have advantage to indus-
trial applications [68, 95].

3.4.1 Magnesium halide perovskite

Magnesium halide perovskite is low effective masse, reasonable absorption coeffi-
cients, and direct band gaps. AMgI3 perovskites, the band gap was predicted to be

Perovskite Dimensionality Band gap (eV) PCE (%) References

CH3NH3SnBr3 3D 2.15–2.2 4.27 [77]

CH3NH3SnIBr2 3D 1.75 5.73 [78]

CH3NH3SnI2Br 3D 1.56 5.48 [79]

CH3NH3SnI3 3D 1.27–1.35 5.23 [80]

CH(NH2)2SnI2Br 3D 1.68 1.72 [81]

CH(NH2)2SnI3 3D 1.4–1.41 6.22 [82]

CsSnBr3 3D 1.75–1.8 2.1 [83]

CsSnIBr2 3D 1.63–1.65 3.2 [84]

CsSnI2Br 3D 1.37–1.41 1.67 [85]

CsSnI3 3D 1.27–1.31 3.31 [86]

CsSnI2.95F0.05 3D 1.3 8.51 [87]

Cs2SnCl6 3D 3.9 0.07 [69]

Cs2SnBr6 3D 2.7 0.04 [69]

Cs2SnI6 3D 1.26–1.62 0.86, [69]

Cs2SnI3Br3 3D 1.43 3.63 [69]

MAPb0.85Sn0.15I316 3D N/A 10.10 [70]

MA0.5FA0.5Pb0.75Sn0.25I3 3D 1.33 14.35 [70]

MAPb0.5Sn0.5I3 3D 1.18 13.60 [70]

MAPb0.5Sn0.5I3 3D 1.12 10.0 [70]

(MAPbI3)0.4(FASnI3)0.6 3D 1.20 15.08 [70]

Table 3.
Tin halide perovskites and the highest obtained PCEs.
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tunable using different A-site cations with band gaps of 0.9 eV (CH(NH2)2MgI3),
1.5 eV (CH3NH3MgI3), and 1.7 eV(CsMgI3) (Table 4). Until now magnesium halide
perovskites have not been applied as materials in solar cells, which might be because
of the sensitivity toward moisture [69, 95].

3.4.2 Calcium halide perovskite

Calcium halide perovskite is low-cost, nontoxic, abundant in the Earth’s crust. The
divalent Ca2+ ion has suitable ionic radius (100 pm) similar to Pb2+ (119 pm) to
exchange lead in the perovskite structure. It is the high band gap, the low mobility,
and the instability. This material is not appropriate for photovoltaic applications due
to environmental instability but might be probable candidates for charge-selective
contacts [69, 97].

3.4.3 Strontium halide perovskite

Strontium halide perovskite is an impartially less toxic, inexpensive, highly
abundant alkaline-earth metal with an ionic radius (Sr2+:118 pm) very similar to lead
(Pb2+:119 pm), which makes strontium an appropriate candidate for homovalent
substitution of lead in the perovskite without affecting the crystal structure. It exhibits
an underprivileged stability under ambient conditions because of its hygroscopic
nature. It recommended a potential application as charge-selective contact material
[70, 97].

3.4.4 Barium halide perovskite

Barium halide perovskite is the stable Ba2+ metal cation shows a slightly larger
ionic radius (135 pm) compared with Pb2+ (119 pm). It is expected to have a similar
crystal structure as CH3NH3PbI3. According DFT calculations predicted CH3NH3BaI3
to form stable perovskite materials with an estimated band gap of 3.3 eV. It is
sensitivity to moisture; it hampers the synthesis characterization and applicability in
photovoltaics [97].

Perovskite Dimensionality Band gap (eV) PCE (%) Crystal system
(space group)

References

CH3NH3MgI3 — 1.5 — Tetragonal [70, 96]

CH(NH2)2MgI3 — 0.9 — Trigonal(P3m1) [70, 96]

CsMgI3 1.7 Orthorhombic

CH3NH3CaI3 — 2.95, Tetragonal [70, 96]

CH3NH3CaI3-xClx — — — [70, 97]

CH3NH3SrI3 3.6 Tetragonal [70, 97]

CH3NH3BaI3 3.3 Tetragonal [70, 97]

Table 4.
Alkaline-earth metal halide perovskites: NB. Dimensionality and PCE values have not been reported.
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3.5 Transition-metal-based perovskites

There is significant interest in the field of transition metal halide perovskites rises
from the rich chemistry and high abundance of metals [95]. Divalent transition metals
Cu2+(73 pm), Fe2+ (78 pm) Zn2+, and Pd2+(86 pm)) have been as the replacement of
Pb perovskites photovoltaic devices [77]. Their small ionic radii and good tolerance
factor of 1, 3D structures. This material has potential for photovoltaic applications in
bulky crystal [98].

3.5.1 Copper halide perovskite

Copper halide perovskite is less-toxic, low-cost earth abundant. The divalent Cu2
+gets particular attention for replacement for Pb2+due to ambient stability and the
high absorption coefficient in visible region. According to Cortecchia et al. report, a
noticeable photoluminescence with higher bromine contents resulting from the in-situ
formation of Cu+ ions and the consistent charge carrier recombination at the charge
traps [99].

3.5.2 Iron halide perovskite

Iron halide perovskite is smaller ionic radius of the Fe2+ (78 pm) compared to Pb2+

(119 pm) hampers the development of 3Dstructures [95]. The limitations of iron
halide perovskites are the multiple oxidation states of iron that hinder the constancy
reaction, i.e., oxidation of Fe2+to Fe3+ comparable to tin and germanium perovskite
[99, 100]. Therefore, iron halide perovskite has not been suitable for solar applications
(Table 5).

Perovskite Dimensionality Band gap (eV) PCE (%) References

(p-F-C6H5C2H4NH3)2CuBr4 2D 1.74 0.51 [99, 101]

(CH3(CH2)3NH3)2CuBr4 2D 1.76 0.63 [99]

(CH3NH3)2CuCl4 2D 2.48 — [102, 103]

(CH3NH3)2CuCl2Br2 2D 2.12 0.017 [102]

(CH3NH3)2CuClBr3 2D 1.90 — [102]

(CH3NH3)2CuCl0.5Br3.5 2D 1.80 0.0017 [104, 105]

(CH3NH3)2FeCl4 2D — — [104]

(C2H5NH3)2FeCl4 2D — — [104]

(C3H7NH3)2FeCl4 2D — — [104]

(C6H5CH2NH3)2FeCl4 2D — — [104]

(CH3NH3)2FeCl2Br2 2D — — [104]

(CH3NH3)2FeCl3Br 2D — — [104]

(CH3NH3)2PdCl4 2D — — [104]

(C8H17NH3)2PdCl4 2D — — [104]

Table 5.
Optical data of transition metal halide perovskites.
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3.5.3 Palladium halide perovskites

Palladium halide perovskites is only a few studies on palladium-based perovskite
have been reported so far [106]. In additional the investigation of palladium halide
perovskite confirm that the general formula A2PdX4, Where A is an organic aliphatic
cation (RNH3

+) such as CH3NH3
+ [107] and n-octyl ammonium [106] and X is a

halide. It characterized 2D layered structures contain an alternating organic and inor-
ganic layers [107]. Thus, palladium halide perovskites solar cell has not been reported.
(Table 5) [108].

3.6 Heterovalent substitution

Among the ideal substitute of lead heterovalent substitution is a second viable
approach toward lead-free perovskite. It is standby of the divalent lead cation with a
cation in a diverse valence such as mono-, tri-, or tetravalent cation. Then, two
different procedures such as the mixed-valence approach and heterovalent substitu-
tion accompanied with a significant change in the structure from ABX3-type to
A3B2X9-type to maintain charge neutrality [109–111].

3.6.1 Thallium halide perovskites

It is a p-block metal with a Tl+ cation isoelectronic to Pb2+ (6s26p0 electronic
configuration). The monovalent Tl+ cation, though, cannot substitute the divalent Pb2
+ metal cation directly due to the violation of the charge neutrality. According to
Giorgi et al. report, thallium halide perovskites (CH3NH3Tl0.5Bi0.5I3) is projected to be
a potential alternative solar cell material (Table 6). The thallium-based compounds
are presumably no substitute to lead-based perovskites in terms of photovoltaic
applications due to the toxicity of thallium [110, 111].

3.6.2 Gold halide perovskite

It is similar to thallium-based via the mixed-valence approach. Subsequently, gold
has to be existing in grouping of mono valent Au+(5d10, t2g

6eg
4) and trivalent Au3

+(5d8, t2g
6eg

2) to form ABX3-type perovskite structures, like in the case of
Cs2AuIAu

IIIX6(X = Cl, Br, I) compounds. Moreover, hybrid gold halide perovskites

Perovskite Dimensionality Band gap (eV) PCE (%) References

Cs2AuIAuIIICl6 3D 2.04 — [69]

Cs2AuIAuIIIBr6 3D 1.60 — [69, 104]

Cs2AuIAuIIII6 3D 1.31 — [112]

[NH3(CH2)7NH3]2[(AuII2)(AuIIII4)(I3)2] 2D 0.95 — [112]

[NH3(CH2)8NH3]2[(AuII2)(AuIIII4)(I3)2] 2D 1.14 — [69]

CsTlF3 3D — 0.0017 [69]

(CsTl +0:5 Tl
3+

0:5 F3) CsTlCl3 3D 2.5 — [69]

(CsTl+0.5Tl
3+

0.5 F3Cl3) CH3NH3Tl0.5 I3 3D 1.6 — [69]

Table 6.
Optical data of gold and thallium halide perovskites.
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have been investigated such as [NH3(CH2)7NH3]2[(AuII2)(Au
IIII4) (I3)2], and

[NH3(CH2)8NH3]2[(AuII2) (AuIIII4) (I3)2] as Table 6 [69, 112].

3.6.3 Antimony halide perovskite

Antimony halide perovskite is potential alternative to lead perovskite for photo-
voltaic applications to address problems of chemical stability and toxicity. The valance
three Sb3+metal cation, isoelectronic to Sn2+(4d10 5s2) and has a comparable s2 valence
electronic arrangement as Pb2+(5s2 lone pair), and equivalent electronegativity
(Sb:2.05, Sn:1.96, Pb:2.33) but considerable lesser ionic radius (76 pm) compare to the
valance two Sn2+(110 pm) and Pb2+ (119 pm) metal cations [69, 113].

3.7 Lanthanide and actinide halide perovskites

It is another substituent for Pb2+ giving rise toward lanthanide and actinide halide
perovskites. According to Liang and Mitzi report, europium halide perovskites:
CH3NH3EuI3 is a 3D ABX3-type perovskite with a tetragonal distorted structure of
BX6 corner-connected octahedral, which can be synthesized via a diffusion based
solid-state synthesis route from CH3NH3I and EuI2.The applicability of materials, in
optoelectronic devices, limited by the environment sensitivity. However, another
group such as lanthanide perovskite exhibits remarkable optical characteristics; it is
possible candidates as new light absorbing materials for solar application. In addition,
lanthanides such as (Ce3+, Dy3+, Er3+, Eu3+, Gd3+, La3+, Lu3+, Pr3+, Nd3+, Sm3+, Tm3+),
and actinides (Am3+, Bk3+, Pu3+) have been functioning in halide double perovskites,
but until now no reported study on their solar application [69, 111, 113, 114].

3.8 Ferroelectronic perovskite

It is mainly as magnetic material but investigation of ferroelectronic perovskites
have the potential to be employed as light absorbers. Moreover, they can be treated as
a type of Pb-free perovskites. According to Nechache et al. (2009), Jiang et al. (2020)
report, Bi2CrFeO6 as solar material, attaining the PCE of 8% [115].

4. Dimension

The structural chemistry and dimensionality of perovskites are significantly
influenced by the performance of solar devices. Depending on the dimensionality,
the crystal structures of perovskites can be divided into three categories [116, 117].
As the nonstop novelty of preparation methods has developed, (PCE) of solar cells
with three-dimensional (3D) lead (Pb) perovskites has rapidly rushed from 3.9% to
over 29.1% within nearly one decade, which incomparable to monocrystalline silicon
solar cells [6]. In this section, we summarize applicable dimensions such as 0D, 1D,
2D, and 3D.

4.1 Zero-dimensional Pb-free PSC

It is emerging class of material condensed dark current, and improved environ-
mental stability compared with different dimension perovskites. To create a stable 0D
compound is based on the assumption that a quantum-well structure would result in

130

Recent Advances in Multifunctional Perovskite Materials



stronger quantum confinement. The low-dimensional perovskites are proven to
inhibit ion migration, sensitivity for humidity and chemical stability. It is required to
develop, Pb-free, quality samples for optoelectronic function [118, 119]. For example,
Cs3BiBr6crystal has orthorhombic space group Pbcm to form a 0D perovskite structure
(Figure 4). An otherair-stable, mixed antimony�bismuth perovskite,(C8NH12)
4Bi0.57Sb0.43Br7�H2O, was synthesized, which reported 0D structure with isolated
[(Bi/Sb) Br6]3–, Bi/Sb metal-halide octahedrons(Figure 4) [120, 121].

4.2 One-dimensional Pb-free PSCs

Recently 2D and 3D perovskites in various dimensions have investigated in differ-
ent perspective. But current research attention been diverted to the lower dimensions
(1D and 2D). According to Zhou et al. report, bulk assemblies of 1D and 0D core�shell
quantum confined materials, reproducible low-dimensional tin bromide PSCs.

For example, novel set of one-dimensional (TMHD)BiBr5 (TMHD=N,N,N,N-
tetramethyl-1,6-hexanediammonium), comprising infinite 1D chains of BiBr6 octahe-
dra and organic TMHD cations as shown Figure 5 [118]. Another 1D structured
Rb2CuBr3 was reported with the orthorhombic space group Pnma where the Cu atom
was shown to be harmonized by four Br atoms as shown in Figure 5c and d [122, 123].

Figure 4.
Chemical structure of (a) Bi1, (b) Bi2, (c) [(Bi/Sb) Br6]3– and (d) Bi/Sb ((Bi/Sb azure, Br orange, N blue,
C gray [120].

Figure 5.
Structural (a) packing. (b) unit of inorganic BiBr6 octahedra [118, 122]. (c) Crystal structure of Rb2CuBr3,
(d) Rb2CuBr3 structure as viewed down the a-axis (red, blue, and brown indicate Rb, Cu, and Br atoms,
respectively). (e, f) Isosurface plots of the wave function |Ψ|2 of CBM and VBM [123].
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4.3 Two-dimensional Pb-free PSCs

Counter 2D layered structure in the monoclinic framework with the P21 space
group is that of (BA) 2CsAgBiBr7 which behaves like a quantum-constrained structure
where the perovskite layers look like to the quantum wells and the massive cations as
the expected obstructions (Figure 6a and b) [124]. The Crystal show high symmetry
in the orthorhombic space group Pnma required properties. Another Zhang et al.
explained bidoped two-layered tin-based halide perovskite series
PEA2Sn1 � xBixBr4 + x. For undoped PEA2SnBr4, the [SnBr6]4� octahedra show up
in the form of sheets lying between the huge natural moieties of PEA+, exhibits as
brand of 2D layered morphology as shown Figure 6c and d [125].

4.4 Three-dimensional Pb-free PSCs

Up to this point; most research work has been conducted to PSCs with a 3D
structure and ABX3 stoichiometry. Nonetheless, since rearrangement into various
phases is energetically good in the ABX3 has been a blast in the synthesis of a several
perovskite crystals shape in various designs and morphology as displayed in Figure 7.
There has been a boom in the synthesis of several that crystallize in different
structures and morphology into lower dimensions for attaining stability [126, 127].

5. Stability

The most common attention grabbed limits of Pb-based perovskites poor stability
for photovoltaic application. The stability challenge of perovskites is being addressed
through the use of low-dimensional perovskites as well as improved device

Figure 6.
2D perovskite (a) BA cations are bound to two kinds of octahedra through N � H���Br hydrogen bonds, as shown
by the dashed lines. (b) (BA)2CsAgBiBr7 describing the 2D perovskite quantum-confined motif (c) crystal-
structural diagram of PEA2SnBr4 (d) distorted [SnBr6]4� octahedron [124, 125].
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engineering. The development of low-toxicity ideal Pb-free materials should have low
toxicity, narrow direct band gaps, high optical absorption coefficients, high mobil-
ities, low exciton-binding energies, long charge-carrier lifetimes, and better stability.
The intrinsic tolerance of perovskite to humidity, light, and temperature has made an
embarrassment of device applications that rendering for commercialization [128].

5.1 Moisture stability

Upon exposure to moisture, lead-based perovskite damaged by forming coordinate
bonds with the H2O molecule, thus subsequent in the chemical decomposition and the
structure of perovskite structure. The perovskite layer with insufficient time for
device operation with the moisture, oxygen, air, and high energy photon. The organic
halide would remain the hydrolysis and release HI. The HI would be constantly
disbursed with the oxygen and the photon. The decomposition reaction described in
Eqs. (1)–(4) as bellow with acceptable amount of moisture.

CH3NH3PbI3 sð Þ ⇔
H2O

PbI2 sð Þ þ CH3NH3I aqð Þ (1)

CH3NH3I aqð Þ⇔CH3NH2 aqð Þ þHI aq:ð Þ (2)

4HI aqð Þ þO2⇔2I2 sð Þ þ 2H2O lð Þ (3)

2HI aqð Þ⇔H2 gð Þ þ I2 sð Þ (4)

There is new lead-free Cs2PdBr6 was reported to moisture stable after no
indication of chemical decomposition was detected even after immersion in water for
10 min [129]. Another type leadless perovskiteCs2NaBiI6 was found to hold all its
properties after contact to humid air for 5 months, and no deprivation peak was
observed [130]. Alternatively, FA4Ge

IISbIIICl12 showed no change when visible to
60% humidity for up to 3 months. This natural stability occurring in Pb-free SCs thus
demonstrates to be one of the foremost reasons for them to be pitched as excellent
candidates dignified to bring about the next big wave in Pb-free perovskite optoelec-
tronics application.

Figure 7.
3D crystal structure perovskites Cs2SnCl6 � xBrx, (a) MA2TeI6; and (b) MA2TeBr6; and (c) discrete
[Sn(Cl, Br)6]2 [126, 127].
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5.2 Photostability

In PSCs mesoscopic device structure was used to photo-generated electrons trans-
portation. Though, it is sensitive to ultraviolet (UV) light. According to Snaith et al.
report, photoinduced instability of PSCs degraded quicker unshaded device under sun
light described as Eqs. (5)–(8).

CH3NH3PbI3 sð Þ ⇔hv PbI2 sð Þ þ CH3NH2↑þHI↑ (5)

2I�⇔I2 þ 2e� (6)

3CH3NHþ
3 ⇔

hv
3CH3NH2↑þ 3Hþ (7)

I� þ I2 þ 3Hþ þ 2e�⇔3HI↑ (8)

In recent times, innovative group of lead-free material, for example, Cs2AgBiBr6
indicators do not give the impression to harmed even subsequently nonstop experi-
ence to X-ray radiation in neighboring conditions [131]. The essential driver for this is
a consolidation of higher actuation energy (a few times that of organic–inorganic half
breeds) and high dispersion hindrances for constituent particles suggesting lesser
opportunity of underlying unwinding and thus, greater dependability [132].
(BA)2CsAgBiBr7 additionally shows an extraordinarily steady reaction even on non-
stop openness to X-beams [133].

5.3 Thermal stability

In normal state, direct lighting of PSCs will increase operation temperature of
panel. The temperature as high as 85°C that the ecological temperature is 40°C.
According to Conings et al. reports, the intrinsic thermal stability of MAPbI3 � xClx
was found that the degradation happened at 85°C condition. This means that PSCs
may not be widely used in actual daytime if the device temperature exceeds 85°C.
The perovskite phase would transit from lower symmetry to higher symmetry
(orthorhombic-tetragonal-cubic). Recently Weber et al. also reported MAPbBr3 and
MAPbCl3 could maintain better symmetry than MAPbI3 from �40–85°C.Recently
new group of lead-free perovskites, for instance, (MA)2AgBiBr6 [134] is steady up to
�550 K which is not exactly that of Cs2AgBiBr6 (stable up until�700 K) [135]. The
short fall of Pb appear as attractive variable also since the lead-containing counterpart
(MAPbBr3) is just steady until �490 K. On practically equivalent to lines, tellurium-
based A2TeX6 SCs were additionally observed to be entirely steady up to �270°C
alongside being phase tolerant to moisture and air [127].

6. Recent advances

The stability and harmfulness challenge in organic� inorganic hybrid lead halide
perovskites cells being addressed through low-poisonousness without lead materials.
Similar as the Pb-containing perovskites, the helpful properties for such lead-free
solar devices would be appropriate direct band gaps, high assimilation coefficients,
high mobilities, low exciton restricting energies, long charge transporter lifetimes.
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The Sn-based perovskite have got much interest along with all pb-free solar cells,
because of their fundamentally the same as properties to lead-based ones, and the
most encouraging exhibition accomplished by gadgets utilizing this class of materials.
In Table 7, recorded a solar cell parameters based on pb-free perovskites. The con-
trolled crystallization of lead-free perovskite material shows improved performance in
solar oriented cells, which is roused toward the manufacture of without pb perovskite
film-based sun-powered cells [101, 103, 105].

7. Conclusions and future prospective

It is known until now Pb-based solar cells could not be open commercial market
because of the poor stability and Pb toxic nature. In this concern the device showed
PCE of 8.12%–15.08% as shown in Table 7. These obtained results showed the excel-
lent optical properties of the lead-free perovskite materials and suggested their
potential as light absorbers in the construction of PSCs.Finally, we have concluded the
recent development of lead-free perovskite materials in perspective of solar cell
application. Lead-free perovskites empower to circumvent the problems of instability
and toxicity to improve commercial production. Simultaneously, this study overview
understanding of the fundamental challenges behind the efficiency, stability, and
environmental of lead-free PSCs. Here, we are looking forward the materials, dimen-
sion, and the further development of lead-free perovskite materials and PSCs. Finally,
we summarize the latest highest performance of lead-free perovskites. In spite of
faster development of lead-free perovskites, we believe that the efficiency based on
lead-free perovskite materials can breakthrough over 15% after further

lead-free perovskite Voc(V) Jsc (mA cm2) FF (%) η (%) References

FASnI3 0.64 21.95 0.73 10.16 [116, 117, 136]

CsSnI3 0.86 23.2 65 12.96 [137]

PEAxFA1 � xSnI3 + NH4SCN 0.94 17.4 75 12.4 [115]

(FA)0.75(MA)0.25 SnI3 + 10% SnF2 0.61 21.2 62.7 8.12 [138]

PEA2SnI4 0.61 22.0 70.1 9.41 [139]

(BA0.5 PEA0.5)2FA3Sn4I13 0.60 21.82 66.73 8.82 [140]

AVA2FAn � 1SnnI3n + 1 0.61 21.0 68.8 8.71 [141]

CsSnBr3 0.85 21.23 58 10.46 [137]

FASnI3 + 1% EDAI2 0.58 21.3 0.72 8.9 [136]

FASnI3 + 5% PHCl 0.76 23.5 64 11.4 [120]

0.92FASnI3 + 0.08PEAI +10% SnF2 0.53 24.1 71 9.0 [142]

MAPb0.5Sn0.5I3 0.75 36.30 75 13.60 [143]

MA0.5FA0.5 Pb0.75 Sn0.25I3 0.78 22.44 82 14.35 [144]

(MAPbI3)0.4(FASnI3)0.6 0.706 26.86 79.5 15.08 [145]

CsSnCl3 0.87 19.82 56 9.66 [146]

Table 7.
Lead-free perovskite solar cell parameters.

135

Recent Development of Lead-Free Perovskite Solar Cells
DOI: http://dx.doi.org/10.5772/intechopen.105046



comprehensive study, and we should keep forward research until the achievement of
commercial leadless perovskite solar cell.
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Abstract

Perovskite has emerged as a promising light-harvesting material for solar cells due 
to its higher absorption coefficient, bandgap tunability, low-exciton binding energy, 
and long carrier diffusion length. These lead to high power conversion efficiency 
>25% for thin film-based perovskite solar cells (PSCs). Additionally, PSCs can be 
fabricated through simple and cost-effective solution processable techniques, which 
make this technology more advantageous over the current photovoltaic technologies. 
Several solution-processable methods have been developed for fabrication of PSCs. 
In this chapter, the advantages and disadvantages of various solution processable 
techniques and their scope for large-scale commercialization will be discussed.

Keywords: perovskite, solar cells, thin film, solution processable, commercialization

1. Introduction

Solar cell technologies have grown in the past few decades across four different 
generations. The first generation consisted of wafer-based photo active layer which 
was dominated by silicon wafer and is continuing to conquer the photovoltaic market. 
However, its high energy and cost of production has allowed the thin film technolo-
gies to gain attention among the research community. In the second-generation thin 
film based inorganic materials are being utilised to develop solar cells, but the effi-
ciency has not reached the first-generation solar technology and the material produc-
tion cost is also on the higher side. To reduce the cost of production further, organic 
and hybrid materials are being used in the third generation. The main advantage 
of this generation is that it allows photoactive layers to be deposited using low-cost 
solution processable techniques including spin coating, dip coating, etc. [1]. Further, 
large area fabrication is also facilitated by techniques such as doctor blading, inkjet 
printing, etc. [2, 3].

This advantage has also been strategically utilised in fabrication of perovskite 
solar cell which is the most promising and growing solar cell technology [4–6]. These 
techniques facilitate quick deposition of perovskite on any substrate at low tempera-
ture processing. Further, the solution processing techniques offer added advantage 
over the well-known thermal evaporation methods which requires complex vacuum 
systems. It has been also observed that the high-performance perovskite solar cells 
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(PSCs) are generally fabricated using one of the solution processing techniques. This 
chapter compiles all solution-processing techniques that are being utilised for the fab-
rication of perovskite solar cell. Each technique has been explained in details covering 
the advantages and disadvantages as well as its way in controlling the crystallinity of 
the deposited perovskite film for photovoltaic application.

2. Solution processable techniques

2.1 Anti-solvent dripping: one step deposition technique

Anti-solvent dripping is sub part of spin coating process. Spin coating is a batch 
process that spreads a liquid film onto a rotating substrate using centrifugal force. 
This spin coating technique is categorised into two types: (a) one-step process and 
(b) two-step process. This method is successfully employed to develop a small area 
and large area PSCs of 0.1 cm2 and 1 cm2, respectively. From the above-mentioned 
techniques, the solution processable one step deposition (OSD) technique is widely 
accepted to develop PSCs from the laboratory to the industrial level. The formation 
of perovskite in the one-step process involves two stages: (a) evaporation of excess 
solvent in the active layer and (b) crystallisation of the active layer [7]. Its popular-
ity stems from its ease of use and low cost of equipment. However, like any other 
method, this technique suffers a significant drawback. This is primarily due to a lower 
substrate coverage area and the formation of a rough and porous surface at interface 
layer of the perovskite solar cell. This method relies on uniformity of film thickness 
and morphology control to achieve a desirable film quality. This method also faces the 
challenge of reducing pinholes in the perovskite film. This has a drastic impact on the 
optoelectronic properties of the PSCs resulting in poor performance [8].

2.1.1 Antisolvent in chemistry

In chemistry, antisolvent precipitation is a well-known method of crystallising a 
substance. In Figure 1a the antisolvent precipitation is illustrated. The unique part 
of the antisolvent method is its applicability for the manufacture of PSCs. In this 
method, a non-dissolving liquid, or anti-solvent, is dropped onto a spinning substrate 
containing a perovskite solution to quickly remove specific solvents like DMF and 
GBL (Figure 1b) [9]. The treatment causes rapid nucleation in the film and converts 
it to a homogeneous intermediate film. Annealing the substrate then results in smooth 
perovskite film.

2.1.2 Antisolvent in perovskite

To address all of the aforementioned issues in OSD, the Antisolvent dripping 
(ASD) method is used to control crystal growth kinetics and film quality. A dense 
layer of larger grain size (100–500 nm) CH3NH3PbI3 crystals is observed after success-
ful ASD treatment. The significant formation of CH3NH3PbI3 crystals by ASD method 
has catapulted perovskite research into a whole new realm. For the preparation of 
high-quality Pb-based perovskite crystalline films, anti-solvents such as benzene, 
toluene, ethanol, methanol, acetonitrile, benzonitrile chloroform, isopropyl alcohol, 
ethylene glycol, and chlorobenzene have been utilised [10, 11]. This method was 
first reported by Jeon and his team, who discovered that using an antisolvent in the 
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fabrication of perovskite films resulted in better-quality, dense films with big grain 
size. The comparison of the various perovskite materials performance with different 
antisolvents have been shown in the Table 1.

The ASD method can significantly alter the morphology of the MAPbI3 film’s 
surface. During the deposition of the perovskite layer by the OSD method, many 
voids and pinholes were observed. On the other hand, the ASD method reveals 
lesser pinholes with large grains, densely packed MAPbI3 crystals due to its smooth 
and homogeneous surface morphology [12]. However, the anti-solvent preparation 
process must be done at the correct time and in the correct quantity as well as with a 
high level of proficiency. Uncontrolled crystallisation can also result in pinholes and 
higher defect density, which can reduce device efficiency and stability.

The performance of PSCs and their reproducibility is significantly improved when 
the MAPbI3 film is of higher quality and covers the entire surface area by using ASD 
method. The addition of favourable additives has facilitated perovskite crystal growth 
to improve the morphology, stability, excitonic, and optoelectronic properties of 
hybrid inorganic-organic perovskite films. Although it has been discovered that the 
solution-processable technique is capable of producing the ideal perovskite film, the 
quality of the film may be compromised due to factors such as temperature, precursor 
solubility, atmosphere, and annealing time [20].

Zhou et al. used an antisolvent-solvent extraction process to study the crystallisa-
tion behaviour of mix halide perovskites at room temperature. A small amount of 

Figure 1. 
(a) Schematic representation of antisolvent assisted precipitation/or crystallisation. (b) Simple representation of 
anti-solvent treatment for the OSD technique.
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Perovskite 
material

Anti-solvent Antisolvent 
volume (μL)

Post 
annealing 
condition

Device 
structure

PCE, (%) Ref.

MAPbI3 Toluene 130 80°C, 10 min FTO/NiOx/
perovskite/

PCBM/
Rhodamine/

Au

21.18 [4]

MAPbI3 Di-isopropyl 
ether

1000 100°C, 
10 min

FTO/c-TiO2/
mp-TiO2/

perovskite/
Spiro-

MeOTAD/
Ag

19.07 [12]

MAPbBr3 Toluene 60 100°C, 
10 min

FTO/c-TiO2/
mp-TiO2/

perovskite/
Spiro-

MeOTAD/
Au

7.54 [13]

FASnI3 Diethyl ether — 70°C, 20 min ITO/
PEDOT:PSS/
perovskite/

C60/BCP/Ag

5.41 ± 0.46 [14]

(CH3NH3)3Sb2I9 Chlorobenzene 300 70°C, 20 min ITO/
PEDOT:PSS/
perovskite/
PCBM/C60/

BCP/Al

2.7 [15]

Cs5(MA0.17FA0.83)95

Pb(I0.83Br0.17)
Diethyl ether 800 Post 

annealing 
free

FTO/bl-TiO2/
mp-TiO2/

perovskite/
Spiro-

MeOTAD/
Au

19.5 [16]

(FAPbI3)0.85(MAP
bBr3)0.15

Trifluorotoluene 110 100°C, 
90 min

FTO/bl-TiO2/
mp-TiO2/

perovskite/
Spiro-

MeOTAD/
Au

20.3 [17]

FA0.75MA0.25SnI3 Toluene — 100°C, 
10 min

ITO/
PEDOT:PSS/
perovskite/
C60/BCP/Al

6.36 ± 0.64 [18]

FA0.75MA0.25SnI3 Chlorobenzene 350 45°C, 
10 min; then 
65°C,20 min; 
and 100°C, 

10 min

ITO/
PEDOT:PSS/
perovskite/

C60/BCP/Ag

7 [19]

Table 1. 
PCE comparison of various PSCs using different antisolvents.
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solvent diffuses within a large amount of antisolvent in this strategy. This antisolvent-
solvent extraction method achieves supersaturation state and nucleation for the 
crystallisation procedure, and nucleation rate can be improved by magnetic stirring 
of antisolvent. The antisolvent DEE (anhydrous diethyl ether), and magnetic stirrers 
were used to introduce advection in the antisolvent bath. The antisolvent-solvent 
extraction process is a straightforward method for producing high-quality perovskite 
films with improved morphology [21].

Xiao et al. demonstrated a fast, single-step, solution-based deposition crystal-
lisation technique that allows control over the dynamics of nucleation and grain 
growth of CH3NH3PbI3, resulting in rapid and repeatable fabrication of high-quality 
perovskite thin films. In this method, a DMF solution of CH3NH3PbI3 perovskite 
is spin-coated on a substrate, followed by a second solvent, such as chlorobenzene 
(CBZ), applied on top of the wet film during the spin coating process to induce 
fast crystallisation. The second solvent is important for lowering the solubility of 
CH3NH3PbI3 and promoting crystal nucleation and growth within the thin film [22].

For inverted planar perovskite solar cells, Liu et al. reported effective and stable 
green mixed anti-solvent engineering. This green mixed anti-solvent technique can 
improve the surface morphology of perovskite films and passivate the grain boundary 
of perovskite thin films [23].

2.1.3 Modified antisolvent treatment

Modification, particularly during the anti-solvent treatment, is absolutely neces-
sary to manage perovskite crystal growth in a humid environment and obtain a highly 
efficient device. Currently, the anti-solvent is dropped 15 s after the fast-spinning 
programme begins, with chlorobenzene, toluene, and diethyl ether being the most 
common anti-solvents used in PSC fabrication [24]. Determining an appropriate time 
delay for quenching anti-solvents is the most important part of anti-solvent treat-
ment. The turbid point during the spin deposition stage must be identified in order to 
achieve this goal. During spin coating, the turbid point is the point at which the pre-
cursor film turns from transparent to turbid. The time delay increases as the RH level 
rises. This result is linked to the previously discussed solvent evaporation dynamics. 
According to Wang et al., the turbid point appears at approximately 9, 15, 19, and 
20 s for RH0, RH50, RH70, and RH90%, respectively. In order to develop PSCs under 
high-humidity conditions, it appears that determining an accurate dripping time is an 
inconvenient procedure [25].

Thus, there are three possible strategies to avoid the antisolvent dripping time 
window: (a) creating an anti-solvent mixture by combining traditional non-polar 
solvents, such as diethyl ether and chlorobenzene, with other polar solvents (e.g., 
R-OH); (b) finding another anti-solvent that is suitable for high-humidity process-
ing and completely substituting the commonly used anti-solvent; and (c) applying 
preheating treatment to the solution [26]. Anti-solvent mixes can be divided into 
two types: those with (1) a small amount of polar solvent and those with (2) a large 
amount of polar solvent. Because the anti-solvent contains a polar solvent, the 
adsorbed H2O molecules on the perovskite intermediate layer can be dissolved and 
removed concurrently with DMF and excess DMSO. As a result of the direct con-
tact between the electron transfer layer and the hole transfer layer, a homogenous 
perovskite intermediate is generated, which gradually converts into a smooth and 
pinhole-free film, limiting charge recombination [27].
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Another viable strategy for forming a high-quality perovskite film in high humid-
ity is to replace the standard anti-solvent, as previously described. For high-humidity 
PSC production (up to RH75%), Troughton et al. utilised ethyl acetate. This was due 
to the fact that ethyl acetate, unlike other anti-solvents like toluene, chlorobenzene, 
and diethyl ether can absorb a significant amount of moisture in the air. Because of 
these properties, ethyl acetate can absorb moisture from the air and prevent it from 
interacting with the intermediate phase of perovskite. As a result, regardless of the 
RH level, uniform and smooth films can be created. Another effective strategy for 
making the anti-solvent treatment humidity insensitive is to speed up the rate of 
solvent evaporation by pre-annealing the substrate, causing the turbid point to appear 
earlier. According to Wang et al., the anti-solvent can be applied to the perovskite film 
2 s after the spinning protocol starts, regardless of the humidity level, to facilitate the 
fabrication of highly efficient PSCs when the substrate is pre-heated to 70°C [28].

2.2 Hot-casting

Hot-casting technology has emerged as an excellent tool for the deposition of 
high-quality perovskite thin films with notable benefits including rapid crystallisa-
tion, a quick film formation process, increased grain size, preferred crystal orienta-
tion, and low defect density [29]. Within the framework of nucleation growth theory, 
a direct formation mechanism is proposed that constitute a driving force for the phase 
change provided by a high substrate temperature leading to an ultrashort crystal-
lisation process. Meanwhile, a sufficient thermal energy allows atoms to diffuse in a 
liquid without forming an intermediate phase. Nie et al. were the first to report this 
method, and they went on to improve the film quality by tweaking deposition param-
eters like substrate temperature, annealing temperature, and precursor composition. 
This technology has recently been expanded to include the deposition of organic–
inorganic hybrid, all-inorganic, lead-free, and low dimensional perovskite films [30].

2.2.1 Fundamentals of nucleation and crystal growth

The goal of the hot-casting technology is to spin coat a hot precursor solution over 
a substrate at higher-temperature. The crystal growth is influenced by factors such as 
substrate temperature, solution concentration, solvent, and supersaturated envi-
ronment. In Figure 2a, the LaMer diagram represents these deposition parameters 
correlated with the nucleation and growth processes [31].

2.2.2 Classical nucleation and classical growth

The Volmer-Weber model, the Frank-van der Merwe model, and the Stranski 
Krastanov model are three classic thin film nucleation and growth models [32, 33]. 
The Volmer-Weber model is valid for the nucleation and growth of most polycrystal-
line thin films if the substrate temperature is sufficiently high and the deposited 
atoms have a certain diffusion capability.

According to classical nucleation theory, to initiate the crystallisation, the solu-
tion must be supersaturated. Nucleation can be either heterogenous or homogenous. 
Heterogeneous nucleation is defined as nucleation with preferential nucleation sites, 
which means that new phases form preferentially within certain regions of a liquid 
phase. The system must overcome an energy barrier known as the maximum free 
energy of critical nucleation (G) during the thermodynamic nucleation process. 



153

Thin Film Solution Processable Perovskite Solar Cell
DOI: http://dx.doi.org/10.5772/intechopen.106056

Heterogeneous nucleation is defined as nucleation with preferential nucleation sites, 
which indicates that new phases form preferentially within some parts of a liquid 
phase. The system must surpass an energy barrier known as the maximal free energy 
of critical nucleation (G) during the thermodynamic nucleation process.

2.3 Temperature and thermal annealing

2.3.1 Direct formation mechanism

Nucleation growth is influenced by the substrate temperature and thermal anneal-
ing. When the substrate temperature is low (less than 100°C), the perovskite film for-
mation process includes three steps- the initial solution stage, the transition-to-solid 
film stage, and the transformation stage from intermediates to a perovskite film [34]. 
However, when the substrate temperature is raised to 100–180°C, enough thermal 
energy is provided to speed reactant diffusion and contact, hence no intermediate 
phase development occurs during the hot-casting process leading to the direct forma-
tion of perovskite film.

2.3.2 Substrate temperature

The supersaturation of the solution is affected by the substrate temperature, which 
changes the nucleation rate and film shape. The high boiling solvent supports a stable 
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Figure 2. 
(a) Lar Mer model for nucleation and growth of perovskite thin films, (b) a schematic illustration of nucleation 
and growth of perovskite films at each stage.
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development of the perovskite crystal with big crystal grains when the substrate 
temperature is higher than the crystallisation temperature of the perovskite phase. 
A large-grain perovskite layer improves device performance by lowering the defect 
density and boosting the mobility which suppresses charge trapping [35]. The effect of 
Substrate temperature on various perovskite material has been provided in the Table 2.

2.3.3 Thermal annealing

In hot-casting technique, Yang et al. described the Volmer-Weber growth mecha-
nism for the creation of island-like grains and the transition to a compact perovskite 
film. Thermodynamic energy is important in accelerating perovskite crystallisation 
and precursor diffusion, which directly affects the film shape (Figure 2b) [46].

Thermal energy can lower the surface tension between the precursor solution and 
the substrate, increasing the probability of large grain domain with fewer surface 
defects. As the temperature rises, isolated like grains get larger and begin to form bonds 
with one another, finally generating a high-quality perovskite film with no pinholes. 
Thermal annealing not only increases material transport inside the film and facilitates 
solvent evaporation, it also improves charge extraction in the active layer [47]. Through 

Perovskite 
material

Device structure Temperature Voc, 
(V)

Jsc,  
(mA/cm2)

FF, 
(%)

PCE, % Ref.

MAPbI3 FTO/c-TiO2/m-
TiO2/Perovskite/

spiro-OMeTAD/Ag

175 1.07 21.32 70 16.01 [36]

MAPbI3−xClx FTO/PEDOT:PSS/
perovskite/PCBM/Al

190 0.954 24.21 61 14.11 [37]

FA0.25MA0.75PbI3 FTO/c-TiO2/
perovskite/

spiro- OMeTAD/Au

240 0.97 22.6 66 14.6 [38]

FAPbI3−xCIx FTO/c-TiO2/
perovskite/

spiro-OMeTAD/Ag

175 0.96 18.93 66 12.07 [39]

CsPbI2Br ITO/SnO2/
perovskite/PTAA/

MoO3/Al

340 1.19 14.54 74 13.8 [40]

Ag2BiI5 FTO/c-TiO2/m-TiO2/
perovskite/PTAA/Au

100 0.69 6.04 62 2.60 [41]

BA2MA3Pb4I13 FTO/PEDOT:PSS/
perovskite/PCBM/Al

150 1.01 16.76 74 12.52 [42]

(CPEA)2MA4Pb5I16 FTO/c-TiO2/
perovskite/

spiro-OMeTAD/Au

120 0.99 19.92 60 11.86 [43]

MA2PbI4 FTO/c-TiO2/
perovskite/

spiro-OMeTAD/Au

150 1.06 21.00 76 16.92 [44]

(GA)(MA)3Pb3I10 FTO/c-TiO2/
perovskite/

spiro-OMeTAD/Au

100 1.00 20.70 66 13.87 [45]

Table 2. 
Photovoltaic parameters of various hot-casted PSCs.
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quick solvent removal, flash infrared annealing (FIRA) can enhance the develop-
ment and crystallisation of perovskite films. In comparison to the traditional thermal 
annealing, short heating pulses, compared to traditional thermal annealing, can greatly 
minimise the deterioration of organic components, even at extremely high tempera-
tures [48]. The grain size distribution along the periphery of the perovskite film made 
by hot casting is greater than the core size distribution, and the particle size distribution 
is annular, as proposed by Ren et al. During the evaporation of the solvent, a compensa-
tory flow from the centre of the solution to the edge is thought to occur spontaneously, 
resulting in a greater concentration and larger particle size near the edges.

2.4 Precursor chemistry

2.4.1 Additives

The wettability of the substrate and consequently the film formation is affected by 
the viscosity and solvation ability of the solvent. The rate of solution evaporation is 
determined by the solvent’s boiling point and vapour pressure. Therefore, a selection 
of extremely polar aprotic organic solvents is required for a weakly soluble inorganic 
lead salt. Lewis-base character of some highly polar aprotic organic solvents can cause 
a solvent-solute coordination, which can alter the perovskite crystallisation process. 
The colloidal skeleton of the perovskite precursor solution is made up of numerous 
coordination complexes, and it is viewed as a colloidal cluster with a soft colloidal 
skeleton [49, 50]. Additives (Cl− and Br−) influence the size of the colloidal clusters. 
According to Liao et al., adding chlorine to perovskite films improves their optoelec-
tronic capabilities and environmental resilience. The addition of 10% Cl− to a MAPbI3 
precursor solution increases film uniformity and coverage greatly [51].

2.4.2 Ageing time and solvent

The size and shape of colloidal clusters, as well as the nucleation and growth 
process, can be affected by the ageing duration of the precursor solution. Mohite et al. 
found a substantial link between film crystallinity and ageing time. The crystallinity 
and grain size of perovskite films were greatly improved when the precursor solution 
was aged for more than 24 h, according to the findings. The precursor solution gradu-
ally develops big seeds (or crystals) as it matures. Grain development, phase purity, 
surface uniformity, and trap state density of the perovskite film have all been shown 
to be considerably affected by precursor ageing. Meanwhile, the phase development 
and crystalline characteristics of perovskite films are influenced by the solvents and 
content of the precursor. To deposit perovskite films, Wang et al. employed gamma-
butyrolactone (GBL) and DMF as co-solvents [36]. The grain size and photovoltaic 
characteristics of the device produced by the GBL solvent were found to be much 
lower than those produced by the DMF solvent. Iyer et al. also used DMSO as a Lewis 
base adduct to control perovskite crystallisation and grain development [37].

2.4.3 Composition and other factors

Processing parameters such as substrate temperature, rotation speed, and thermal 
annealing can be used to fine-tune the perovskite film morphology. Through heat 
energy and centrifugal force, these processing factors influence solute diffusion and 
perovskite crystallisation behaviour. The residual organic residue is evaporated during 
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thermal annealing. To create a high-quality perovskite layer, Moon et al. employed 
MAI and lead acetate (PbAc2) as precursors. By using by-product gas (3MAI + PbAc2 
MAPbI3 + 2MAAc) to remove the PbAc2 residue, the crystal development can be 
accelerated to generate a fully covered, pinhole-free, and highly crystalline perovskite 
film [52]. Janssen et al. used a mixture of PbAc2, PbI, and MAI to make a high-quality 
perovskite layer. In ambient condition, Huang et al. used methylammonium acetate 
(MAAc) as a general solvent to produce high-quality perovskite films. To facilitate 
solvent evaporation, a constant substrate temperature (100°C) was used, resulting in 
supersaturation and fast nucleation and crystal formation [53].

2.4.4 Atmosphere

The crystallinity and surface morphology of as-cast perovskite films are affected 
by various deposition circumstances. One benefit of hot-casting method is that the 
deposition is not affected by the processing environment. Therefore, the perovskite 
films may be produced in ambient air, and the device revealed great stability under 
high humidity [54]. Mori et al. combined a gas flow with hot-casting method to 
make MAPbI3 films in ambient circumstances (relative humidity = 42–48%) [55]. 
The flowing gas can greatly expedite mass transfer and eliminate thickness non-
uniformity due to the difference in centrifugal force between the centre and edge of 
the substrate. Yang et al. also used a combination of hot-casting and methylamine 
(MA) gas treatment to create dense and homogeneous perovskite films at high relative 
humidity. With MA gas treatment, porous and rough MAPbI3 perovskite films made 
by hot casting can be turned into dense and high-quality films. In addition, Hao et al. 
used non-destructive ethanol/chlorobenzene to treat MAPbI3 perovskite films, which 
resulted in coarsening of the perovskite grains and lateral grain expansion of the 
MAPbI3 perovskite films. To overcome the challenges of temperature gradient and 
moisture intrusion during the deposition process, Cheng et al. developed a thermal 
radiation hot-casting method [56].

2.5 Advantages of hot-casting technique

2.5.1 Grain size, orientation, and film thickness

To create reasonably thick and preferentially oriented large-grain perovskite films, 
hot-casting process has been frequently used. The grain boundaries of the perovskite 
films are reduced due to the higher grain size. At the same time, the absorption, charge 
transport, and crystallinity of perovskite films are all positively affected. Increases in 
grain size, on the other hand, may increase the density of unwanted pinholes, result-
ing in direct contact between the HTL and ETL and leakage current [57]. The device’s 
performance will be severely harmed by the voids in the perovskite coating. A thick 
perovskite layer helps to gather enough light absorption across the visible light spec-
trum [58]. To tune the thickness of the perovskite layer, the concentration of the pre-
cursor solution and the rotation speed can be varied. The inorganic halide octahedrons 
are joined at a shared apex and stretched in a 2D direction to form 2D perovskites when 
a long-chain organic cation layer is placed into the inorganic framework to deviate 
the tolerance factor from a value of 1. The introduction of an organic chain will make 
charge extraction and collecting more difficult. Controlling the growth direction of a 
2D perovskite film is critical for carrier transport. A hot-casting technique can produce 
a selectively oriented development of 2D perovskites [59, 60].
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2.5.2 Defects and recombination

The performance of the PSCs is harmed by nonradiative recombination in the 
following ways. Radiative recombination occurs when electrons return to the valence 
band. Minority recombination occurs at the interface as holes (electrons) are trans-
ported back to the perovskite layer. The porous perovskite layer will then come into 
direct contact with the functional layers, resulting in carrier recombination. A non-
radiative recombination process is caused by a number of defect states in the device 
forming recombination centres to trap the carriers. The major avenue for a carrier 
loss is through some deep-level traps. Furthermore, the nonradiative recombination 
of carriers within the device has a direct impact on the PSCs’ Voc. As a result, forming 
low-defective perovskite thin films is critical for preventing nonradiative recombi-
nation. Large grain sizes help limit the number of grain boundaries in hot-casted 
perovskite films, which reduces charge trapping [30].

2.6 Efficiency and stability

2.6.1 Device performance

Three key limiting considerations for the actual deployment of PSCs are PCE, 
stability, and cost. Table 1 shows how PCEs have progressed in previous years while 
employing a hot-casting approach. The two most common light harvesters in PSCs are 
MAPbI3 and FAPbI3, which have energy bandgaps of 1.55 and 1.47 eV and theoreti-
cal maximum PCEs of 31.3 and 32.5%, respectively [61]. Nie et al. were the first to 
describe the manufacture of perovskite films with a millimetre grain size, resulting a 
PCE of 17.48% with no hysteresis. Marks et al. used a hot casting technique to manage 
Cl− incorporation and reported a PCE of 18.2% for a small area (0.09 cm2) and 15.4% 
for a big area (0.09 cm2) (1 cm2). We believe that in the future, the PCE of PSCs 
produced using hot-casting technology will catch up to that produced using a solution 
approach. Meanwhile, the perovskite composition, device structure, and encapsula-
tion all play a role in improving PSC long-term stability [62].

2.6.2 Stability

H2O and O2 have a direct impact on PSC device performance and stability 
throughout film deposition, device testing, characterisation, and storage. In the case 
of MAPbI3, water vapour can dissolve the perovskite material, and MAI is dissolved to 
generate a combination of MA and HI; however, HI will either react with O2 to form 
H2O and I2, or self-decompose. After being exposed to moisture, MAPbI3 continues 
to degrade. The inability hinders the commercialization of PSC devices. Improving 
long-term stability requires adjusting the ABX3 perovskite content and boosting 
crystalline quality [42, 63]. Long-chain organic cations have been routinely used as a 
site cation substitution in this regard. The organic and inorganic layers alternatively 
form a layered structure in these 2D perovskites, which have great long-term stability. 
As long-chain organic cations are hydrophobic, the bigger organic cations in the 2D 
perovskite crystal structure improve humidity stability. Pure 2D PSCs are stable, but 
have a low PCE. Combining 3D perovskite and 2D perovskite yields exceptional opto-
electronic characteristics and stability. The intrinsic performance of the 2D perovskite 
deposited using a hot-casting approach can be maintained for a long time, showing 
greater stability in humid and other environmental conditions [64, 65].



Recent Advances in Multifunctional Perovskite Materials

158

2.7 Two-step coating

Mitzi et al. first introduces the two-step coating method in order to improve the 
morphology and quality of the active perovskite layer [66]. Coating is done in the 
first phase by using conventional spin coating process, and the second step uses other 
coating methods such as immersion and spin coating depending on the materials’ 
requirements.

2.7.1 Immersion method

The organic and inorganic components of the perovskite material are treated 
separately in the immersion method. The perovskite material’s inorganic salt (PbI2) 
is first spin coated on the substrate at a particular RPM. The spin-coated PbI2 film 
substrate is then immersed in an organic salt (MAI) precursor solution for a period 
of time. After taking the substrates from the precursor solution, rinse them using 
the same solvent and concentration that was used to prepare the organic precur-
sor solution. This step is used to remove any surplus organic material from the 
substrate’s surface. Finally, the ultimate perovskite film is obtained by annealing 
the substrate for a few minutes at a specific temperature. The procedure is depicted 
schematically in Figure 3. Grätzel et al. used this strategy for the first time in 2013 
to obtain MAPbI3 film in order to optimise the morphology of active perovskite 
material for photovoltaic devices [67].

The concentration of inorganic compound in the spin coated film, the concentra-
tion of organic salt in the precursor solution, and the immersion duration all seem 
to have a significant impact on the growth of the perovskite film, which defines the 
morphology and quality of the ultimate perovskite film.

After immersion in the precursor solution, two distinct reaction pathways con-
vert the spin coated film to the ultimate perovskite film. The first is the solid-liquid 
interface conversion reaction, which happens when the precursor solution concen-
tration is low. Due to the low concentration of the MAI precursor solution, MAI 
tends to diffuse into the PbI2 structure during immersion of the PbI2 coated film. 
Finally, the reaction of MAI with the PbI2 film at the interface produces the ultimate 
MAPbI3 perovskite film. The conversion reaction at the solid-liquid interface is 
show by Eq. (1).

 ( ) ( ) ( ) ( )+ -
2 3 3 3 3 3PbI s +CH NH sol +I sol CH NH PbI s→   (1)

Figure 3. 
Schematic diagram of immersion coating process of perovskite (MAPbI3) film.
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In the above reaction initially, MAI diffuses into the PbI2 structure as well as the 
reaction start occurs at the interface of PbI2. Once the perovskite crystal is formed at 
the surface of PbI2 the diffusion of the organic cation MAI into the PbI2 structure is at 
a standstill and the conversion reaction is completed [68].

When the concentration of organic cation is high enough (>10 mg/mL), another 
reaction called dissolution-recrystallization evolution mechanism occurs. As the 
concentration of organic cation in this process is high, it causes rapid crystallisation 
of perovskite on the surface of PbI2. As a result, organic cation diffusion into the PbI2 
structure is totally stopped after a few times, as stated by Eq. (2). According to Yang 
et al., a high concentration of the organic cation MAI leads to production of the lead 
iodide complex PbI4

2−, as shown in the Eq. (3). The excess iodine in the system began 
to dissolve previously created MAPbI3 crystals and PbI2 components that had not 
been covered during the crystallisation process, and the reaction continued until the 
system could not reach thermal equilibrium [69].

 ( ) ( ) ( ) ( )- + 2-
3 3 3 3 3 4CH NH PbI s +I sol CH NH sol +PbI sol→    (2)

   ( ) ( ) ( )- 2-
2 4PbI s +2I sol PbI sol→     (3)

Following these two reactions, when the concentration of excess PbI4
2− approaches 

the supersaturation state, the gradual re-crystallisation of MAPbI3 via the reaction 
mechanism shown in Eq. (4) begins anew.

        ( ) ( ) ( ) ( )2- + -
4 3 3 3 3 3PbI sol +CH NH sol CH NH PbI s +I sol→          (4)

2.7.2 Sequential spin coating method

The two-step spin coating method, also known as sequential spin coating, is 
a well-studied laboratory technique for perovskite thin film deposition. Im et al. 
presented this technology in 2014 to fabricate high efficiency (>16%) perovskite solar 
cells by growing cuboid perovskite grains of controlled size [70]. The organic precur-
sor is spin coated above the inorganic layer at a certain spin-rpm in this technique, 
which starts with the inorganic part of the perovskite material being spin coated onto 
the substrate. The final perovskite thin film is obtained by periodically annealing the 
substrate, which exhibits the perovskite film’s growth by changing colour during the 

Figure 4. 
Schematic diagram of Sequential spin coating process of perovskite (MAPbI3) film.
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process. As long as the concentration of organic precursor is high enough, the dis-
solution crystallisation mechanism produces the resulting perovskite film. Figure 4 
illustrates the perovskite film fabrication process using this technique.

Huang et al. devised a two-step spin coating process to produce a perovskite film 
with fewer pinholes at low temperatures. The inorganic precursor is spin coated onto 
the substrate and dried on the hot plate in the first stage. After that, the inorganic 
film substrate is spin coated with the organic precursor solution. The solvent used to 
dissolve the organic component of the perovskite material should have a low solubility 
of the inorganic part in this approach, such that no inorganic part washed out during 
the organic precursor coating. Due to the inter-diffusion of spin coated organic and 
inorganic assembly layers, the substrate ultimate compact, pin-hole free perovskite 
film is achieved after thermal annealing [71].

Panzer et al. revealed the reaction mechanism for obtaining the ultimate 
perovskite layer using a two-step spin coating method. According to their findings, 
the reaction mechanism can be broken down into five steps: perovskite capping layer 
formation, change in organic layer concentration during solvent evaporation, initial 
caping layer dissolution, rapid dissolution recrystallization, and complete conversion 
of residual PbI2 to perovskite crystal. The perovskite capping layer begins to form 
immediately in the second step of the spin coating process, i.e., on the surface of PbI2 
after the introduction of MAI, which initiates the formation of the MAPbI3 crystal. 
The size of perovskite grains and the time it takes to produce them both decrease as 
the MAI concentration rises [72]. Furthermore, the reaction temperature has a major 
impact on the production of perovskite crystals and their grain sizes. Solvent evapora-
tion occurs in the organic precursor during thermal annealing. During this method, 
a dense perovskite crystal layer is first generated on top of the PbI2 layer to prevent 
MAI from penetrating the PbI2 structure and preventing further perovskite crystal 
formation in the system [72]. The concentration of MAI solution continues to rise due 
to the suppression of MAI solution penetration onto PbI2 and the volatile nature of 
its precursor solvent. As the concentration of MAI rises, so does the concentration of 
iodine ions, which react with the perovskite layer on the surface of PbI2 to generate 
complex lead iodine PbI4

2− as a by-product. The degradation of the previously pro-
duced perovskite layer occurs primarily at grain boundaries and smaller grains in this 
process [72]. Finally, when the concentration of volatile PbI4

2− approaches the super-
saturation point it start recrystallisation of perovskite grain with all the uncovered 
inorganic component PbI2 converted into MAPbI3 crystal.

Two-step coating, also known as sequential deposition, has a number of advan-
tages, including increased processing window flexibility. Solvent engineering, 
concentration variation, annealing time, annealing temperature adjustment, spin rpm 
variation etc. can be used to optimise each deposition stage separately, resulting in a 
superior morphological perovskite film. Furthermore, depending on the solubility 
of the additive, different additives can be doped directly into the precursor solution 
to form a defect-free perovskite layer. These approaches also produce a high-quality 
perovskite film with great reproducibility. When comparing the performance of solar 
cell devices, sequential deposition delivers a comparable efficiency to the single-step 
deposition procedure.

Aside from these benefits, the two-step deposition process has a few disadvan-
tages. The formation of a perovskite layer in this approach relies heavily on molecular 
exchange. The organic component is frequently overreacted in the second step of 
the deposition technique, making it difficult to precisely control the chemical com-
position of the film [73]. Another issue with this approach is incomplete inorganic 
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compound conversion to perovskite crystal, which affects overall molecular exchange 
with the organic component. Table 3 shows some of the best results obtained using 
these two-step coating methods.

The methods described above are only suitable for making solar cells on a labora-
tory scale because a large amount of precursor solution is wasted during the spinning 
process, and the deposited film does not provide uniformity across the entire area of 
the film, resulting in device performance degradation.

3. Techniques for large area device fabrication

The performance of PSCs in large area modules must be maintained for practical 
implementation in the industrial environment. The methods described above are exclu-
sively used to create small-scale laboratory devices. The performance of a perovskite 
solar cell declines as the active area grows. With the scaling up of device area, the PCE 
value reduces by 0.8% in most large-scale devices [83]. The PCE is lost due to an increase 
in series resistance caused by the huge transparent substrate’s resistance. Furthermore, 
when the active area of the device grows, it becomes more difficult to maintain homo-
geneity across all layers, which has a significant impact on its PCE. The scaling up of 
perovskite solar cells with morphology manipulation for high quality pin hole free 
perovskite layer is the most significant and challenging of all the deposition layers.

Several attempts have been made to scale up PSCs towards commercialization. For 
the fabrication of large area devices, numerous solution-based scalable deposition 
processes have been developed that can retain overall good device performance. Blade 
coating, slot die coating, bar coating, spray coating, and inkjet printing, screen print-
ing are examples of these processes.

Methods Device architecture Jsc, (mA/cm2) Voc, (V) FF, (%) PCE, (%) Ref.

Immersion FTO/c-TiO2/MAPbI3/
Spiro-OMeTAD/Ag

22.49 1.08 67 16.21 [67]

FTO/c-TiO2/m-TiO2/MAPbI3/
Spiro-OMeTAD/Au

19.4 1.01 65.8 12.9 [74]

FTO/TiO2/CsPbBr3/Carbon 5.99 1.33 65.7 5.25 [75]

TCO/c-TiO2/m-TiO2/MAPbI3/
Spiro-OMeTAD/Au

20 0.993 73 15 [76]

FTO/c-TiO2/m-TiO2/MAPbI3/
Spiro-OMeTAD/Au

19.42 1.03 66 13.2 [77]

Sequential 
spin 
coating

ITO/SnO2/CsFAMAPbI2Br/PCBM/
Ag

22.11 1.13 81.53 20.35 [78]

ITO/c-TiO2/FAPbI3/PCBM/Au 24.03 1.08 72 18.77 [79]

ITO/PTAA/MAPbI3/PCBM/Al 23.41 1.05 78 19.5 [80]

ITO/TiO2/FAPbI3/Spiro-OMeTAD/
Au

24.3 1.12 81.1 22.1 [81]

FTO/c-TiO2/m-TiO2/FAxMA1−

xPbI2.55 Br0.45/Spiro-OMeTAD/Au
23.72 1.075 78.8 20.11 [82]

Table 3. 
Photovoltaic parameters of different perovskite material using two step deposition method.
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3.1 Blade coating

For the printing of large area devices, the blade coating process is a relatively 
simple and inexpensive technique. The blade is utilised to spread the precursor solu-
tion throughout the substrate. A micrometre screw is used in the system to adjust the 
distance between the blade and the substrate by rotating it, allowing the thickness, 
homogeneity, and crystallinity of the deposited layer to be determined. This approach 
can be utilised to deposit not just the active perovskite layer, but also other charge 
transport layers [84]. Figure 5(a) illustrates a schematic illustration of the deposition 
procedure. This approach allows for a slower drying of the wet film, allowing for a 
broader coverage and higher-quality perovskite film. The creation of a bigger grain 
perovskite coating as a result of the slow solvent drying process enhances the carrier 
diffusion length and thus the device’s PCE [85]. In the film creation process of these 
technologies, two significant regimes exist: the evaporation regime and the Landau-
Levich regime, which are depicted in Figure 5(b) and (c), respectively.

The thickness of the film tends to decrease in the evaporation regime as the 
substrate’s movement speed increases. This occurs as a result of the solute’s shorter 
residence duration, which results in a lower accumulation amount. In the Landau-
Levich regime, the thickness of the deposited layer grows as the coating speed 
increases, owing to the viscous force that pulls the liquid film out and then dries [86]. 
The Landau-Levich regime is advantageous in terms of practical use. However, if the 
solvent present in the precursor solution has a high surface-tension, the perovskite 
material can generate islands with a high roughness surface [87].

3.2 Slot die coating

The slot die coating process is similar to blade coating in that it uses a different 
coater to apply a thin and homogeneous film. The coater is made up of a head that 
includes a downstream and upstream die. The precursor solution is initially pushed 
to the die head using a syringe pump in this procedure. The solution forms a liquid 
bridge between the head and the substrate during the procedure. As the substrate 
begins to move, a moist layer of solution forms. The flow rate of the solution, coating 

Figure 5. 
(a) Schematic diagram of blade coating process, (b) schematic diagram of evaporation regime, (c) schematic 
diagram of Landau-Levich regime.
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speed, spacing between the head and the substrate, viscosity of the solution, and 
other factors all influence the quality and shape of the deposited film in this process 
[88]. Figure 6(a) depicts a schematic diagram of the coating process. This method 
can be used to deposit the inorganic part of the perovskite material in the first step 
of sequential deposition. Again, annealing can be done by N2 gas quenching in this 
process for solvent evaporation to fabricate a pin hole free perovskite layer which is 
shown by Figure 6(b). It is the only approach that has shown perovskite solar cell 
role-to-role manufacturing.

Apart from the many advantages of using the slot die coating method to fabricate 
high-quality large module perovskite films, it also has some failure mechanisms 
that prevent the development of good morphological films. The failure mechanism 
includes a low flow limit of the solution, which causes a breakup of the downstream 
meniscus, resulting in a discontinuity in the wet film [89]. The creation of an air 
entrainment defect in the wet film is caused by the breaking of upstream meniscus 
bubbles inside the film. Flooding or dripping occurs when the ink flow to the head is 
greater than the coating speed, leading in a progressive build-up of ink at the coating 
head, preventing the desired film thickness from being attained.

3.3 Bar coating

A well-known method for producing high-efficiency PSCs is bar coating, often 
known as D-bar coating. The procedure is similar to blade coating, but it spreads the 
solution across the substrate with a cylindrical bar. In this case, the precursor solu-
tion is put onto a bar with a small cylindrical tube. As the substrate moves below the 
cylindrical bar, a wet film is formed due to the solution passing through the cylinder’s 
wire gap [90]. Figure 7 depicts a schematic diagram of the coating procedure. After 
annealing, the deposited solution is converted into the ultimate film. The deposited 
film thickness and quality is directly proportional to the amount of solution pass-
ing through the wire gap of the cylinder and the type of solvent used to prepare the 

Figure 6. 
(a) Schematic diagram of slot-die coating process, (b) schematic diagram of gas quenching annealing of slot-die 
coated film.
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solution in this technique, providing for high repeatability and minimal precursor 
solution loss [91].

3.4 Spray coating

Spray coating is a low-temperature coating technology that is advanced. A nozzle 
sprays the tiny solution droplets over the pre-heated substrate at a high speed in 
this process. Pneumatic spraying, which provides the solution droplet as a rapid gas 
flow, is the most commonly used spray coater. The spray coating process consists of 
four steps: creation of the droplet at the nozzle, transportation of the droplet to the 
substrate, coalescence of the droplet on the substrate, and drying [92]. The droplets 
are formed through the nozzle in the first step, which is known as atomization.  
The substrate is ready for the annealing procedure to obtain the ultimate film after 
the droplet coalescence on the wet film. Figure 8 depicts a schematic diagram of the 
overall coating process.

To achieve thorough wetting of the substrate, the solvent utilised in this approach 
must have a low surface tension and contact angle. Another way to produce a 

Figure 7. 
Schematic diagram of Bar coating process.

Figure 8. 
Schematic diagram of spray coating process.
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completely wet substrate is to use a pre-heated substrate, which lowers the surface 
tension and reduces the contact angle between the solution and the substrate [93]. 
Furthermore, the type of nozzle utilised, the pressure of the gas jet propeller, the 
distance between the nozzle and the substrate, and the temperature of the pre-heated 
substrate all have a significance in obtaining a uniform deposited film. An ultrasonic 
spray coater was utilised to create a high-quality smooth perovskite coating with 
homogeneous droplets.

3.5 Ink-jet printing

Ink-jet printing is a common method for fabricating electrical devices, particularly 
optoelectronics. This approach has a cost advantage over others due to its maskless on 
demand printing and, more crucially, contactless high-resolution printing. The print-
ing procedure operates in the same way as spray coating. A piezo electronic trans-
ducer and a detector are also used to control the droplet size and trajectory, enabling 
this system to deposit material with precise patterning [94]. This technique is divided 
into two groups based on how ink droplets are emitted. Continuous ink-jet printing 
(CIP) and drop-on-demand ink-jet printing is two of them (DOD).

As the name implies, in continuous ink-jet printing, the solution droplet flows 
continuously towards the substrate under the influence of gravity. When the droplets 
fall from the nozzle, they acquire up an electric charge. The charged droplets are 
subsequently sent through a deflection coil, which directs them. A tiny voltage is 
applied between the nozzle and the ground to achieve this. Figure 9(a) depicts a 
schematic of the complete printing process. In this method, a piezoelectric transducer 
(PZT) provides an appropriate frequency for regular separation of the droplets, and 
the separation force involved is surface tension. When no printing is necessary, this 
approach also recycles the depositing material by collecting it in a reservoir [95]. 
Aside from that, because it is a non-contact printing technique, it enables excellent 
film deposition on both rough and curved substrates.

Figure 9. 
(a) Schematic diagram of CIP process, (b) schematic diagram of DOD printing process.
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Again, DOD printing is a modern, high-precision printing technology that can print 
with a single drop precession, allowing it to save a lot of material that would otherwise 
be wasted throughout the CIP process which is depicted in the Figure 9(b). In this 
technology, a computer programme controls the movement of either the printing head 
or the substrate. Due to the contraction of the ink contain volume, the printing mate-
rial is ejected out the nozzle at a definite pressure pulse. The pressure pulse production 
method is split into two parts: piezoelectric DOD and thermal DOD.

In piezoelectric DOD, an ink droplet is created by passing an impulse current over 
the transducer, causing PZT to deform mechanically. The majority of the printing 
industry employs this printing process because it allows for variable actuation pulses 
to adjust the velocity and size of ink droplets released from the nozzle. The thermal 
DOD, on the other hand, uses thermal evaporation to create the ink droplet. This 
is accomplished by passing electricity through the small resistive heater. When the 
temperature rises above the boiling point of the printing ink, the vapour entrapment 
causes bubbles to form. When the heater’s power is turned off, the bubble begins to 
collapse because of heat transfer to the surrounding tank depending on the tempera-
ture difference [96]. Due to the difficulty in generating ink bubbles for high vapour 
pressure solution ink, this approach is not appropriate for large-area printing.

3.6 Screen printing

The screen-printing process is used to print a pattern that has previously been 
created on a thread or steel mesh. When the ink has a high viscosity, this approach 
provides the best printing pattern. The printing ink is spread over the patterned 
mask with a squeegee, which prints the pattern on the substrate. Due to the high 
viscosity of the printing fluid, this method produces a somewhat thick film [97]. 
Figure 10 depicts a schematic diagram of the printing process. Depending on the 
printing technique, this printing technology is divided into two categories: flatbed 
and rotary screen printing.

The printing is done in a stepwise manner in the flatbed method, with the screen 
held extremely close to the top of the substrate and the paste transferred over the 
screen by the squeegee. The screen is then lifted or transferred to continue the print-
ing process over the entire substrate after the printing is completed. For roll to roll 
and large-area printing, the recurrence of this procedure is not suitable. However, 
rotary screen printing is a low-cost, high-efficiency large-area printing process for 
generating rapid, precise patterns. The squeegee and paste are stored in a folded tube 
in this way. The stationary squeegee constantly spreads the paste across the substrate 

Squeeze 

Substrate holder

Screen 

Paste 

Substrate 

Printed structures

Figure 10. 
Schematic diagram of screen-printing process and printed patterns.
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through the mesh as the tubular screen rotates with the substrate, allowing for 
complete printing [98].

Table 4 shows some of the best results obtained by all of the large-scale deposition 
processes.

Not only these methods are utilised to fabricate active perovskite layers, but they 
also provide high-quality deposition of all transport layers, including metal elec-
trodes. However, the type of solvent employed in the precursor solution, the solute 
concentration, printing speed, surface tension, and viscosity of the solution ink, 
among other factors, all play key role in achieving high-quality pin hole-free morpho-
logical film deposition.

4. Conclusion and prospects

PSCs have been a front runner in competition towards the commercially available 
photovoltaic technologies. Despite the extensive effort and significant progress in the 
large area fabrication of perovskite based photovoltaic, the large-area efficiency still 
lags behind those of small area devices. One of the main reasons for this gap between 
large and small area PSCs is the difficulty in large area processing of uniform and 

Methods Device architecture Device area (cm2) PCE, (%) Ref.

Blade coating ITO/PTAA/MAPbI3/C60/BCP/Cu 57.2 14.6 [99]

ITO/PTAA/MAPbI3/C60/BCP/Cu 63.7 16.40 [100]

FTO/TiO2/MAPbI3/Spiro-OMeTAD/Au 47 14.7 [101]

Slot-die 
coating

FTO/NiMgLiO/FA0.83Cs0.17PbI2.83Br0.17/LiF/C60/
BCP/Bi/Ag

20.77 16.63 [102]

FTO/SnO2/ Cs0.15FA0.85Pb(I0.83 Br0.17)3/
Spiro-OMeTAD/Au

57.5 16.22 [103]

ITO/c-TiO2/CH3NH3PbI3−xClx/ Spiro-OMeTAD/Au 168.75 10 [104]

Bar coating FTO/SnO2/GAxMA1−XPbI3/spiro-OMeTAD/Au 16 13.85 [105]

FTO/SnO2/(FAPbI3)0.875(CsPbBr3)0.125/
spiro-OMeTAD/Au

25 17.01 [106]

FTO/SnO2/(FAPbI3)0.95(CsPbBr3)0.05/
Spiro-OMeTAD/Au

19.69 17.94 [107]

Spray coating ITO/PEDOT:PSS/CH3NH3PbI3/C60/BCP/Cu 56.25 16.4 [108]

FTO/SnO2/C60/CsxFA1−xPbIyBr3−y/Spiro-OMeTAD/
Au

25 14.7 [109]

FTO/TiO2/MAPbI3−XClX/PTAA/Au 40 15.5 [110]

Ink-jet 
printing

PEN/Ag(NWs)/PEDOT:PSS/CH3NH3PbI3/PC71BM/
PEI/Ag(NWs)

180 10.68 [111]

FTO/TiO2/MAPbI3/Spiro-OMeTAD/Au 4 13.27 [112]

Screen 
printing

FTO/TiO2/ZrO2/CH3NH3PbI3/carbon 70 10.74 [113]

FTO/TiO2/ZrO2/5PVAXMA1−XPbI3/carbon 49 10.4 [114]

Table 4. 
A comparison of the performance of several perovskite large area modules prepared utilising various large scale 
techniques.
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high-quality perovskite thin-films. This chapter covers all the solution processing 
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coating techniques. The role of each technique is achieving homogeneous, pinhole-
free and large grain-sized perovskite thin-films have been explained. The understand-
ing the crystallisation kinetics of perovskite in one or more of these techniques will 
help in developing commercially viable large-area perovskite based solar modules.
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Chapter 9

Solar Solutions for the Future
David M. Mulati and Timonah Soita

Abstract

The energy conversion efficiency and limits of perovskite/silicon solar cells are
investigated. The influence of a layered approach in preventing lead leakage in
perovskite solar cells is discussed. The highest efficiency perovskite tandem to date
was achieved by pairing a perovskite top cell with a Si bottom cell in a four-terminal
configuration, yielding 26.4%. Perovskite cell integrated with crystalline silicon cell to
form a tandem solar device has shown high performance above the single pn-junction
silicon devices. Although sufficient work and different strategies have been applied to
increase efficiency in these devices, the tandem application has achieved efficiency of
29% in a short period.

Keywords: photovoltaics, conversion efficiency, perovskite solar cells and tandem
solar cells

1. Introduction

The growing demand of energy, has forced researchers to look for cheap
alternative sources of energy. Among these cheap sources energy under investiga-
tions, photovoltaics is one of them. The International Energy Agency (IEA) has noted
declining prices of photovoltaics and estimates solar systems in general to supply 5%
of global electricity consumption in 2030. These estimates are likely to rising to 16%
by 2050. This can only be achieved by increasing the global production of solar energy
to 4600 GW by 2050 [1]. At the same time solar and wind energy is expected to
contribute up to 50% of total energy generated. Reduced costs of energy generation
and improvements in performance will lead to more penetration of solar energy across
the globe. These coupled with more research, will make solar energy cheaper than
fossil fuel in the near future. Using innovative new designs, researchers are continu-
ously working to improve photovoltaic energy systems. This work is geared towards
reducing the power generation cost by combining several materials in photovoltaic
cells. The best cell efficiency of 39.2% has been demonstrated from multi-junction
solar cells. However, it should be observed that this is applied in space technologies
that have complex fabrication processes. Currently the theoretical efficiency of crys-
talline silicon (c-Si) based solar cells is approximately 26.7% and for thin film tech-
nology it is �23.4%. These solar cell technologies outlined above are mature, and
already in production. However, the complexed of the production process and energy
consumption needs to be reduced.

Currently inexpensive and easy to fabricate solar cells are under investigation by
researchers. Most of these solar cell technologies are categorized as emerging PV
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technologies. Examples include; organic solar cells, dye-sensitized solar cells, quantum
dot solar cells; perovskite solar cells (PSC). PSC shows very promising results and can
favorably compete with c-Si solar cells in terms of efficiency. Perovskite was discov-
ered in the Ural Mountain, in Russia, and basically describes compounds having
crystal structures like calcium titanium oxide (CaTiO3). The materials being used for
newly developed PSC have their structure in the form of ABX structure where A, and
B are cations and X is the bonding anion. In comparison, with traditional Si cells PSC
absorbs sunlight with a hundred times thinner active layer. This ABX structure allows
for variation in the energy gap by mixing and matching scenario where we can have
multiple compounds by substituting any of the constituents. Within a decade of its
inception, PSC has already overtaken thin film technology such as cadmium telluride
(CdTe) or copper-indium-gallium-selenide (CIGS) and reached the level of c-Si solar
cells. Already an efficiency of 25.2% for single junction PSC has been realized by a
team led by Prof. Michael Saliba at KRICT2 whereas the theoretical efficiency for
these PSC’s are about 31%. When Perovskite solar cell is in tandem with other solar
cell technologies, they give varying efficiencies. CIGS-perovskite tandem cells have
shown efficiencies up to 21.5%, whereas, when combined with c-Si technology the
perovskite-c-Si tandem cells have shown efficiencies up to 28% that shows better
performance in comparison with a single pn-junction of silicon; and also single junc-
tion of PSC. The efficiency of the perovskite/c-Si tandem solar cells are in the range of
32.8% for gallium-indium-phosphide/gallium arsenide (GaInP/GaAs) tandem solar
cells. This type of solar cells is realized through intensified processes and expensive
manufacturing techniques. With more research the efficiency of the Perovskite/sili-
con tandem cell can get towards 30%. Although PV technology is not the most widely
used energy source; due to low energy conversion efficiency and high initial system
cost; in comparison to non-renewable energy sources; it is a fast growing energy
source in the power sector [2–4]. So far, solar modules from c-Si single-junction solar
cells have their conversion efficiency in the lab as 26.3% [5], while the upper theoret-
ical energy conversion efficiency of a solar cell with a bandgap of 1.14 eV (e.g., silicon)
is about 33.5% [6]. Multi-junction solar cell approach has been used to increase the
theoretical limits of single-junction solar cells [7–13]. It has been shown that series
connection of tandem solar cells can reach conversion efficiency in excess of 40% if
proper material combination is selected for the top and bottom solar cell [6, 7]. Higher
than 40% can be attained if the relationship of the cells is EG_top = 0.5� EG_bot + 1.14 eV,
where EG_top and EG_bot are the bandgaps of the top and bottom diode absorbers. This
equation holds true when the bottom cell bandgap is between 0.8.5 and 1.2 eV; hence
several material combinations can be identified. One of the materials suitable as the
bottom solar cell is c-Si with a bandgap of 1.14 eV. This has led to many activities
focusing on the development of tandem solar cell using a c-Si bottom solar cell. With
c-Si bottom solar cell; the highest conversion efficiency can be achieved if the bandgap
of the top-cell is about 1.7 eV.

When combining well established c-Si solar cell technology with other material
systems or fabrication process; a number of crucial aspects must be considered.
Although amorphous silicon has a fav0urable bandgap of 1.7 eV, its tail states hinder it
in being applied on the formation of tandem cell with high values of open circuit
voltage. This is a condition for attaining high efficiency in a tandem structure [14–18].
Also silicon oxide/c-Si based quantum dot and quantum well have been researched for
the top solar cell material. Un-successfully the two materials have shown compara-
tively low conversion efficiency. Although, compound semiconductors have been
researched as potential top solar cell absorber material; high fabrication temperatures,
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the lattice mismatch between silicon and compound semiconductors, and the fabrica-
tion cost are the biggest hindrances to its application. In the last decade; the perovskite
material system has attracted a lot of research either for single-junction solar cells or as
material for perovskite/silicon tandem solar cells [18–25]. This has shown high energy
conversion efficiencies, with open-circuit voltages close to the theoretical limit of
silicon material [26–33]. In addition, a variety of deposition methods at low tempera-
tures can be used in the fabrication of a perovskite top solar cell on a c-Si bottom solar
cell. Conversion efficiencies above 20% have been realized with perovskite single-
junction solar cells [34–38].

The perovskite/silicon tandem solar cells have both high and low band gap material
in a single device; enabling the device to be active in both long and short wavelength
regions of the electromagnetic spectrum, where each wavelength region can effec-
tively be converted to electric power resulting in high efficiencies. Also perovskite SCs
(solar cells) have unique properties like high absorption coefficient, variable band-
gap, high defect tolerance, high open circuit voltage, abundant availability of its
constituent elements and easy processability. Perovskite SCs can use the high energy
blue and green light much more efficiently than silicon SCs. We note that perovskite/
silicon tandem solar cells with high efficiencies is only possible if the perovskite top
solar cell and the silicon bottom solar cell operate at a value very near to their
theoretical limit. It is worth noting that, perovskite/silicon tandem solar cells with
certified energy conversion efficiencies above 27% have been achieved [39]. The
realization of solar cells with higher energy conversion efficiencies approaching or
even exceeding 30% is feasible in the near future.

2. The basics of photovoltaic cells

A solar cell is an electrical device which converts the energy of sunlight directly
into electricity by the photovoltaic effect, which is a physical and chemical phenome-
non. The solar cells structure consists of either a p-n junction or p-i-n junction [4, 40].
Initially the incident radiation directed on the surface are absorbed resulting in the
creation of electron/hole pairs. Then these photo generated electron/hole pairs are
separated by the electric field and subsequently collected at the terminals. The charge
collection of the photo generated charges occurs due to diffusion, drift or the combi-
nation of both transport processes to the contacts of the solar cell. Figure 1 provides
an overview of different solar cells. Note that schematic figures are not to scale.

Figure 1a above is a typical diagram of a c-Si homo-junction solar cell. It is
assumed that absorption of high energy photons is done in the whole of p-n junction.
Electron/hole pairs that are produced are predominantly transferred by charge diffu-
sion process. Hetero junction solar cell that consists of a c-Si absorber and amorphous
silicon contact layers is shown in Figure 1b. The hetero junction structure when
compared with traditional homo-junction solar cells, there is a minimization of optical
losses, particularly in the emitter. As a result we have high short-circuit current
density and high open-circuit voltages. Generally, amorphous silicon p- and n-layers
are used to form electrical contacts. The main charge transport mechanism in c-Si is
charge diffusion; since it has high diffusion length. The p-i-n structure is currently
applied in many thin-film solar cells. In this arrangement the intrinsic material layer is
placed between the p-type material and n-type material. The charge collection process
is done by a drifting mechanism of the electron/hole pairs to the contacts. Figure 1c
shows a typical homo-junction of an amorphous silicon thin-film solar cell. A
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heterojunction thin-film solar cell is shown in Figure 1d. A perovskite layer is used as
an absorber of the incident photon. Different kinds of materials for electron
transporting/hole blocking layers are being researched for a possible contact layer.
Similarly other materials are under investigation for hole transporting/electron
blocking layers. For example, transparent conductive oxides (TCO) are being used as
contact layers. Perovskites can be applied to conventional silicon, thus combining the
strengths of both material classes: Silicon, in this case, utilizes sunlight in the red and
infrared range of the solar spectrum efficiently, while perovskites are good at
converting blue light. "If the materials, i.e. perovskites on silicon, are stacked on top of
each other, the efficiencies of already commercial silicon cells can be increased con-
siderably. This tandem idea has the potential to herald a solar revolution. Basically the
critical parameter to characterizing a solar cell is the energy conversion efficiency.
This is typically given by the ratio of the electrical output power density to the optical
input power density. The standard optical input spectrum of air mass 1.5 is normally
used [41]. The relationship of the efficiency with the physics of solar cell parameters
involves short-circuit current density, fill factor, and open-circuit voltage. The short-
circuit current density is obtained when the applied voltage is equal to zero, such that J
(V = 0) = Jsc, while the open circuit voltage is also obtained when the current is equal

Figure 1.
Typical schematic diagrams of (a) homo-junction solar cell of c-Si, (b) hetero junction solar cell for a c-Si and
amorphous silicon, (c) homo-junction thin-film solar cell for amorphous silicon, (d) hetero junction thin-film
solar cell for perovskite, and (e) tandem solar cell of perovskite/silicon with layers showing different materials.
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to zero, i.e., J(V = Voc) = 0. The maximum power density output for a typical solar cell
is given by the product of Vmp and Jmp i.e., (Vmp � Jmp), where Vmp and Jmp are the
voltage and current density at the maximum power point (MPP). These two
parameters are derived from the current–voltage characteristic, of a solar cell.

η ¼ Vmp � Jmp

Pin
¼ Voc � Jsc � FF

Pin
(1)

Hence the fill factor can be calculated by Eq. (2):

FF ¼ Vmp � Jmp

Voc � Jsc
(2)

An ideal solar cell can be described by Eq. (3):

J vð Þ ¼ Jo exp
qV

KTcell

� �
� 1

� �
� Jsc (3)

From this Eq. (3); q is the elementary charge, V is the applied voltage, k is the
Boltzmann constant,Tcell is the solar cell temperature, and J0 is the saturation current
density. The open-circuit voltage of the solar cell can be determined by using Eq. (4):

Voc ¼ kTcell

q
ln

Jsc
Jo

þ 1
� �

ffi kTcell

q
ln

Jsc
Jo

� �
(4)

Understanding the fundamental limits in the energy conversion process of solar
cells and determining a potential upper limit of the energy conversion efficiency is
important in developing high-efficiency solar cells [42].

3. Solar cell conversion efficiency limit

The maximum conversion efficiency is the theoretical energy conversion limit of a
semi-conductor –based solar cell. In deriving the limit we shall assume that the solar
cell is described by a single-junction solar cell, which consists of a semiconductor with
a constant bandgap. The light beam with photo energies equal or greater than the
bandgap is absorbed, while photons with energies smaller than the bandgap are not
absorbed. All the photo generated electron/hole pairs are assumed to be collected at
contacts. Therefore the recombination of electron/hole pairs is not considered but
only thermalization and absorption losses are taken into consideration. Thermaliza-
tion losses occur for energies larger than the bandgap while absorption losses occur for
photon energies smaller than the bandgap [42]. The absorbed photon flux density of
the sun by the solar cell, is given by Eq. (5) [6, 42]:

Fcell T ¼ Tsunð Þ ¼ 2π

h3c2

ð∞
Eg

E2dE

exp E
kTsun

� �
� 1

(5)

where h, c, k, and Eg are Planck’s constant, speed of light, Boltzmann constant, and
energy bandgap of the photovoltaic material. The photon flux can be approximated by
Eq. (6):
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Fcell T ¼ Tsunð Þ ¼ 2π

h3c2

ð∞
Eg

exp � E
kTsun

� �
E2dE ¼

ð∞
Eg

∅sundE (6)

where ϕsun is the blackbody radiation flux of the sun, which is given by Eq. (7):

∅sun ¼ 2π
h3c2

� E2 � exp
�E
kTsun

� �
(7)

The photocurrent density of the solar cell is given by J = q � Fcell (T = Tsun). The
electrical output power density of the solar cell is calculated by Eq. (8):

Pout ¼ J � V ¼ q� Fcell T ¼ Tsunð Þ � Eg

q
¼ Fcell T ¼ Tsunð Þ � Eg (8)

The input sun power density is given by Eq. (9) [42]:

Pin ¼ 2π

h3c2

ð∞
Eg

E3dE

exp E
kTsun

� �
� 1

ffi 2π5 kTsunð Þ4
15h3c2

(9)

From the above Eqs. (8) and (9), the energy conversion efficiency of a solar cell
can be determined by η = Pout/Pin.

Using the blackbody spectrum at T = 6000 K and AM 1.5 global spectrum, the solar
cell gives a maximum conversion efficiency of 44% and 49%, respectively, for an ideal
bandgap of 1.1 eV as shown in Figure 2.

4. Methodology

Multi-level approach is employed for effective designing of tandem perovskite/
silicon solar cell. This approach includes improving the performance of individual layers

Figure 2.
Ultimate conversion efficiency and Shockley-Queisser limit of single-junction solar cells as a function of the
bandgap. A blackbody spectrum at 6000 K and an AM 1.5G spectrum were used for the calculations.
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in each cell; examining the charge transport between each layer when they are stacked,
and finally efficient light in-coupling between top and bottom cells (Figure 3).

4.1 Perovskite (PVSK) film processing

There are several methods in the fabrication of perovskite (PVSK) films employed
as active layers in solar cells; e.g. spin coating, dip coating, gas-quenching (GQ),
thermal co-evaporation or vapor phase conversion. Of all these methods, spin coating
is most preferred, since it can control the production of consistent films with high
quality when compared with the other techniques. It is easy to realize PVSK films on a
flat substrate using the above methods generally. For textured substrate however the
challenge remains, when using solution-processed spin coating. Consequently a com-
bination of sequential co-evaporation and spin-coating was developed as a hybrid
two-step deposition method. That forms a conformal PVSK layer on the micro-size
pyramids of textured mono-crystalline silicon.

4.1.1 PVSK layer on flat substrates

Under PVSK processed on flat substrate substrates two techniques are discussed;
GQ and solution spin-coating. GQ method was developed at the same time with the

Figure 3.
a and b: (Left). Schematic of a perovskite-silicon tandem solar cell, together with the absorption spectrum of both
perovskite.
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solvent quenching method. Instead of using anti-solvent, in the GQ method, a flow of
nitrogen gas was employed to facilitate the evaporation of precursor solution during
one-step coating. By annealing, smooth films with densely packed grains are attained.
Recently, many studies related to efficient multi-cation and multi-anion PVSK solar
cells have been reported. Such a method has been widely used in fabricating PVSK
layer in tandem devices. Adopting the GQ method, in 2020, McGehee and his team
reported a 1.67 eV wide-band gap PVSK that consisted of triple-halide alloys of
chlorine, bromine, and iodine. In addition the realizing the PVSK, the top cell showed
improvement in carrier lifetime and charge-carrier mobility comparing to controlled
ones. The reason for improvement was attributed to the enhanced solubility of chlo-
rine by replacing iodine with bromine to shrink the lattice parameter. Of great impor-
tance, light-induced phase segregation in PVSK films was significantly suppressed.
The conversion efficiency of 27% with an area of 1 cm2, for this tandem cell was
achieved in the laboratory. The cells had an improved stability with less than 4%
degradation after 1000 h of MPP operation at around 60°C.

In the solution spin coating technique, a lot of work has also been done in the
fabrication of PVSK films. By using this method, in 2016, a team led by Rech fabri-
cated monolithic tandem cells with 18% conversion efficiency [43]. In 2019, Chen
et al. combine two additives, MACl and MAH2PO2 in PVSK precursor, which signifi-
cantly improve the morphology of the wide bandgap (1.74–1.70 eV) PVSK films,
resulting in a high tandem VOC of 1.80 V and improved conversion 25.4%. In 2020,
Shin and his team used the solution spin coating method to develop stable PVSK solar
cells with a band gap of about 1.7 eV and conversion efficiency of 20.7%. The fabri-
cated solar cells were tested and found to be stable under extreme conditions. Those
cells fabricated could retain nearly 80% of their initial efficiency after 1000 h under
continuous illumination. In controlling both structural and electrical properties of the
PVSK, anion engineering for materials is undertaken i.e. phenethylammonium (PEA)-
based 2D additives is found to be important. Under this method high efficiency of
26.7% in a monolithic 2T wide gap PVSK/Si tandem solar cell was realized by com-
bining spectral responses of the top and bottom diodes.

4.1.2 PVSK layer on textured c-Si

Combination of two-step deposition method: Currently, a single-side texturing
arrangement of monolithic PVSK/Si tandem devices is predominantly common.
Texturing the back side is done to enhance light trapping properties of the solar cell. In
comparison with a double-side polished c-Si device, that has their front surface flat-
polished in order to be conformable with the solution based PVSK manufacturing
process; light trapping property in such an arrangement is not perfect. Consequently,
there is a need to build high conversion efficient tandem cells by using double-side
textured c-Si approach. This technique has been used by Ballif and his team to come
up with a two-step deposition method, where sequential co-evaporation and spin-
coating processes are applied. This resulted into conformal PVSK absorber layers on
the micrometer-sized pyramids of textured monocrystalline Si. This type of arrange-
ment resulted in a high current density of 19.5 mA cm�2. The team achieved a
conversion efficiency of 25.2% after texturing of the c-Si bottom cell in the microme-
ter range pyramids. This process reduced the primary reflection loss, enhancing light
trapping properties in device.

PVSK on textured c-Si: Solution processed PVSK on textured c-Si has several limi-
tations. These include uncovered Si peaks, shunt paths, and poor charge collection in
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films with variable thickness, etc. The covering of pyramidal peaks by PVSK of good
quality has been reported by a team led by Sargent [44]. The improvement of drift
and diffusion of photo-generated carriers in these films enhanced charge collection. In
this approach, they used PVSK of wide-bandgap solar cells with a bottom cell of
pyramidal-textured c-Si. This approach resulted into improvement of depletion
width, in the PVSK and enhancement of carrier collection. In addition to increasing
the carrier diffusion length, they used a passivator on the PVSK rough surfaces. And
this passivation suppresses the undesired phase segregation. These attributes resulted
into PVSK/c-Si cells achieving a conversion efficiency of 25.7% and good thermal
stability at 85°C and MPP tracking at 40°C. Blade-coated PVSK on textured silicon
with pyramids less than 1 μm in height has been reported by Huang–s group in 2020.
Similarly a conformal hole transport layer and perovskite layer that fully covers the
textured silicon solar cell were fabricated using nitrogen-assisted blading process. This
perovskite/silicon tandem device achieved a conversion efficiency of 26% on textured
silicon [45].

In conclusion, several deposition techniques for PVSK film have been advanced
and widely researched on. A tandem cell of good quality of polycrystalline films can
also be fabricated on both flat and textured substrates. In PVSK/Si tandem solar cells,
there are no technical difficulties for flat c-Si. But for textured c-Si, it still appears to
be challenging to get conformal films with uniform thickness via sequential co-
evaporation and spin-coating methods, in particular for textured monocrystalline Si
with large micrometer-sized pyramids. This calls for more investigation and develop-
ment of more convenient and efficient deposition methods for PVSK films on the
textured substrate.

5. Key results

As shown in the Figure 4; scanning electron microscopy (SEM) image of the semi-
transparent cell; Absorption spectra of Rb-doped and Rb-free perovskite and external
quantum efficiency (EQE) of the semi-transparent perovskite cell and filtered silicon
cell put together with the absorption and transmittance of the semi-transparent
perovskite cell. It is observed that the integrated current from the EQE of semi-
transparent cell is 18.2 mA/cm2, and the integrated current from the filtered silicon
cell is 18.7 mA/cm2. These values are good for marching the two cells. These results are
similar with those of the currents determined from J–V characteristics. In the
Figure 4c, J–V characteristics of the silicon cell with and without filter, and reverse,
forward scan and steady state efficiency of the semi-transparent perovskite cell. The
current density versus voltage (J–V) characteristic for this tandem solar cell is shown.

The application of detailed balance limit calculations that used in single junction
solar cells can also be extended to tandem or multi-junction solar cells. This was first
done on detailed balance calculation for tandem solar cells by De Vos [7]. Then latter
Green gave a general description of the detailed balance theory for multi-junction
solar cells [16]. For this work, this theory is applied to perovskite/silicon tandem solar
cells. Typical tandem solar cell can be used either as a two terminal (2-T) or four-
terminal (4-T) devices. Plots of tandem configurations (a) 2-T, (b) 4-T and (c)
spectrum splitting and the energy conversion efficiency of two and four-terminal
tandem solar cells are provided in Figure 5a–c.

4-T device is the case where the incoming radiation is split into two diodes which
are electrically separate. The conversion efficiency of more than 40% can be realized
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by several combinations of band-gaps in PVSK. The overall electrical energy conver-
sion efficiency is determined from the sum of output power generated by both diodes
independently. The incoming radiation is split among the two solar cells that form the
tandem structure. In monolithic tandem solar cell tittled 2-Terminal (2-T), all the
layers corresponding to the two sub-cells are assembled straight on top of another sub-
cell i.e. Figure 5a. In four terminal (4-T), the sub-cell structures are constructed
separately, and then mechanically stacked top cell onto bottom cell (Figure 5b). This
configuration enable independent optimization of each sub-cell. The optical splitting
tandem solar cell termed as 4-T optical operates with optical spectrum filter to split
the light spectrum to each sub-cell. The sub-cells merely function independently
without any integration, which makes the selection of sub-cells more flexible.
Figure 6a shows the conversion efficiency of a two-terminal device or a serial
connected tandem solar cell that is determined by the current at zero applied voltage.
The total short-circuit current is equal to the current at zero applied voltage of the
bottom solar cell if the short-circuit current of the bottom cell is smaller than the
short-circuit current of the top cell. The total short-circuit current is determined by
the short-circuit current of the top cell if the short-circuit current is larger than the
short-circuit current of the bottom cell. Ideally the short-circuit current of a tandem
solar is said to matched if the short-circuit current of the top cell and the bottom cell is
equal or almost equal. By matching the bandgaps of the bottom and top solar cells; the
energy conversion efficiency of a tandem solar cell is maximized. With proper

Figure 4.
(a) X-sectional (SEM) image of the semi-transparent tandem cell (b) Rb-doped and Rb-free perovskite absorption
spectra. (c) EQE of the PVSK cell and filtered silicon cell and their J–V characteristics [23].
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combination of band gaps of the top cell; and bottom c-Si solar cell known, the two-
terminal tandem solar cell’s short-circuit current is matched. There is a possibility of
the two-terminal tandem solar cells reaching the energy conversion efficiencies of the
four terminal tandem solar cells. The relationship for maximum energy conversion
efficiency is determined by the equation; EG_top = 0.5 � EG_bot + 1.14 eV; where Eg-top

is energy gap for the top cell; Eg-bottom is the energy gap for the bottom cell. For
PVSK/c-Si tandem solar cell, maximum energy conversion efficiency is achieved
when the bandgap of the top diode is about 1.725 eV. This gives the maximum energy
conversion efficiency of about 43% for this arrangement. Using perovskite (MAPbI3)
as the base absorber with a bandgap of about 1.6 eV; the maximum energy conversion
efficiency of a perovskite/silicon tandem solar cell is approximately 33%. By using the
bottom solar cell of bandgap 0.9 eV; and the top cell of perovskite with a bandgap of
1.6 eV, a higher energy conversion efficiency of approximately 44% is achieved.

6. Discussion

It is observed that perovskites have gained considerable attention as a photovoltaic
material [26–28]. From its inception in 2009, the energy conversion efficiency of
single-junction PSC has been increasing to over 22% [34–38]. It is true that, perov-
skites are a promising material system for the implementation of tandem or multi-
junction solar cells. For the case of perovskite/c-Si tandem solar cells, there is a
possibility of reaching high energy conversion efficiencies while potentially
maintaining low fabrication and maintenance cost.

Perovskite solar cells are so named because they use a class of crystal structure
similar to that found in the mineral known as perovskite. They are structured

Figure 5.
Two-terminal and four-terminal configuration for tandem cells and light splitting.
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compounds, commonly hybrid organic-inorganic lead halide-based materials. A lay-
ered approach is used in preventing lead leakage in PSC. There is a recently developed
process (on–device sequestration approach) that can be easily incorporated with the
PSC configurations. Acting as anti-reflecting agent; a transparent lead absorbing film
is applied to front conducting glass. The breakthrough in both device architecture and
module manufacturing of Si-Perovskite tandem technology will lead to successful
commercialization of these devices. Currently, the best devices in this technology with
high efficiencies are developed using laboratory scale processes that include spin-
coating and anti-solvent dropping methods for PVSK. These techniques are not
strongly formed and economical for large scale manufacturing, since their substan-
dard solvent coverage will lead to poor quality pinhole PVSK layers. The alternative to
this challenge for perovskite solar cell, is a transition of fabrication processes to large
scale deposition techniques such as blade coating, solution processes, printing and
spray coating are recommended.

The recombination layers between Si and Perovskite cells should be impenetrable
and free from pinholes which is challenging for solution processes involved. The blade
coating process requires flat surfaces; but with the existence of textured structure of

Figure 6.
The energy conversion efficiency of two and four-terminal tandem solar cells.
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c-Si cell, this approach is quite complicated. In addition to these fabrication issues, the
tandem technology currently shows higher material cost over the process cost. The use
of expensive organic transport materials on perovskite cells is a long-standing mois-
ture stability problem and needs an alternative as inorganic PSC. The wearing down of
perovskite and leaching of ionic lead (Pb) out of the cell leads to serious environmen-
tal hazards and hinder their entry into commercial sector. Although a lot of investiga-
tion is concentrated towards replacing Pb2+ with dual cations, vacancies and all
possible transition metal ions, these alternatives in solar cell devices have so far not
been successful. These issues are hindrance for further advancement in the efficiency
for the tandem solar cells.

7. Conclusion

Perovskite silicon tandem solar cell perhaps has a very high potential to reach low
level cost of electricity.

To achieve highly efficient and reliable tandem perovskite/silicon solar cells, a
multi-level approach is required. This includes improving the performance of indi-
vidual layers in each cell. Examining the charge transport in each layer when they are
stacked, and finally efficient-light in-coupling between top and bottom cells. One of
the critical conditions for high device efficiency is the proper choice of the bandgap
for the top perovskite cell in the tandem. Optical losses due to parasitic absorption
losses resulting from both inefficient intermediate reflecting layers and inefficient
absorption in the top cell have to be addressed. Low absorption coefficient of silicon
bottom cell reduces the light absorption and reflects in efficiency of tandem solar cell.
Stable and efficient light management is necessary for further improvement in the
device performance.

The research on replacing highly pure expensive Si with recycled left-over multi-
crystalline Si in tandem cells without much compromise in efficiency will upscale low-
cost tandem cells. Si heterojunction solar cells still exist as the favorite bottom cell over
homo-junction cells. Efficient doping with hydrogen passivates and stabilizes silicon
and its heterojunction cells. Theoretically it is possible to achieve higher efficiency
from the tandem cells of 31.2% at AM 1.5G and 44% out of space.
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Abstract

Organic/inorganic halide perovskites (OIHPs) have recently emerged as promising 
candidates for the creation of high-efficiency electronic and optoelectronic devices, 
having superior performance because of their unique features such as excellent 
optical and electronic properties, cost-effective fabrication, solution-processing, and 
simple device architecture. The noteworthy dielectric and ferro/piezoelectric prop-
erties of OIHPs have enabled the design of mechanical energy harvesters (MEHs). 
Considerable research has been conducted on using OIHPs in the field of piezoelectric 
and triboelectric nanogenerators. In this chapter, we describe the potential of OIHP 
materials, such as organic and inorganic halide perovskites, for harvesting ambient 
mechanical energy and convert it into electrical energy. Furthermore, the crystal 
structure of OIHPs along with their dielectric, piezoelectric, and ferroelectric 
properties are discussed in detail. Recent innovations in OIHP-based MEHs are also 
summarized. The role of OIHP-polymer composites in enhancing the performance 
and operational stability of nanogenerators is discussed. Certain issues and challenges 
facing contemporary OIHP-based MEHs are stated, and finally, some directions for 
future developments are suggested.

Keywords: OIHP, piezoelectricity, triboelectricity, mechanical energy, nanogenerator

1. Introduction

The rapid progress in artificial intelligence and internet-of-things technologies 
has increased the demand for portable and sustainable energy sources that can 
enable perpetual operation [1, 2]. Mechanical energy harvesters (MEHs) that convert 
abundant mechanical energy from the environment (wind, raindrops, water flow, 
and vibrations) as well as from human motions (walking, jogging, and running) 
into electricity, is considered a promising solution to alleviate the energy crisis for 
supplying power to low-power consumed portable electronics [3]. In particular, 
piezoelectric nanogenerators (PENGs) and triboelectric nanogenerators (TENGs) 
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have received immense attention as they efficiently convert mechanical energy into 
electricity for powering portable and wearable electronics [4]. Furthermore, their 
simple structure, easy fabrication process, high energy-conversion efficiencies, 
flexibility, and mechanical robustness makes them well-suited for energy generation 
[4, 5]. PENGs transform mechanical energy into electricity by generating electric 
dipoles through the deformation of piezoelectric materials, while TENGs convert 
mechanical energy into electricity effectively through a coupling of contact electri-
fication and electrostatic induction. In the past decade, several flexible MEHs have 
been demonstrated using diverse piezoelectric nanostructured materials including 
ceramics (e.g., PbZrxTi1−xO3 (PZT) and BaTiO3), semiconductors (e.g., ZnO and 
CdS), and polymers (PVDF and its derivatives) [6–9]. Among these materials, 
perovskite-structured ceramics (i.e., ferroelectric materials) are commonly used 
materials for constructing efficient PENGs and sensors because of their strong 
dielectric and ferroelectric/piezoelectric properties [10, 11].

In recent years, organic/inorganic halide perovskites (OIHPs) have emerged as 
promising materials for solar cells with extremely high-power conversion efficiencies 
over 25% because of their unique optical and electrical properties while having a simple 
solution process [12]. Besides the discovery of the intriguing ferroelectric and piezo-
electric properties of OIHPs have accelerated their recent application in PENGs [13–15]. 
In 2016, the first thin-based PENG was reported based on the solution-processed 
ferroelectric MAPbI3 thin films [14]. Subsequently, several flexible PENGs based on 
OIHP thin films and OIHP–polymer composite films have been developed [13]. OIHPs 
also exhibit impressive dielectric properties, which is one of the essential features 
for fabricating efficient TENGs. The first TENG based on MAPbI3 displayed light-
dependent triboelectric output characteristics with a moderate performance [15]. Later, 
a series of commonly used Cs-based perovskites were applied in TENGs owing to their 
stability compared to organic perovskites [16, 17]. The light-active nature along with the 
ferro/piezoelectric properties of OIHP harnesses the light-dependent output characters 
of PENGs as well as TENGs, which allows the nanogenerators to be used as bimodal 
sensors for sensing pressure and light [18].

In this chapter, we introduce the viability of OIHP materials for mechanical energy 
harvesting in the form of nanogenerators. The crystal structure and dimensionality 
of OIHPs along with their dielectric, piezoelectric, and ferroelectric properties are 
discussed in detail. In addition, the operating mechanisms of OIHP based-MEHs 
(PENG and TENG) are discussed. Furthermore, the recent progress of various MEHs 
based on a broad range of OIHP/OIHP–polymer composite materials is summarized. 
Finally, a brief glimpse into current challenges and future developments for OIHP-
based nanogenerators is provided.

2. Structure and dimensionality of OIHPs

The term “perovskite” represents a class of materials originating from the min-
eral calcium titanate (CaTiO3) and having a crystal structure of ABO3, which were 
discovered in 1839 by Gustav Rose [19]. Oxide perovskites are widely used in various 
dielectric, ferroelectric, piezoelectric, and pyroelectric applications. However, OIHPs 
differ from inorganic ceramic perovskites by containing halide anions in place of oxide 
anions. Three-dimensional (3D) OIHPs also have the general crystal structure of ABX3 
(Figure 1a) [20], in which A represents an organic or inorganic monovalent cation 
(e.g., methylammonium (MA+ = CH3NH3

+), formamidinium (FA+ = CH (NH2)2), or 
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cesium (Cs+)), B denotes a divalent metal cation (e.g., Pb2+ or Sn2+), and X indicates a 
halide anion (Cl, Br, and I). In the crystal structure, A-site cations are connected with 
12 neighboring X, while B-site is coordinated by 6 X anions to form cuboctahedral and 
BX6 octahedral geometries, respectively. The formation of the perovskite structure 
and its stability can be evaluated by the Goldschmidt tolerance factor (t) and the 
octahedral factor (μ) [21]. The tolerance factor is given by t = (rA + rX)/√2(rB + rX), 
where rA, rB, and rX are the ionic radii of A, B, and X, respectively. The octahedral 
factor is given by μ = rB/rX, which is directly correlated with a BX6 octahedron. The 
tolerance factor and octahedral factor values of OIHPs are expected to be in the range 
of 0.813 < t < 1.107 and 0.44 < μ < 0.90 [13], respectively. OIHPs tend to form ideal 
cubic, orthorhombic, and hexagonal structures when 0.8 < t < 1.0, t < 0.8, and t > 1, 
respectively [13, 22]. 2D perovskites or layered perovskites are formed by introduc-
ing large organic functional groups into the 3D structure (Figure 1b) and have 
received immense attention because of their excellent ambient stability [23]. These 
2D perovskites can be prepared using a mixture of small cations that forms perovskite 
and a large organic cation that forms the layered metal halide. The general chemical 
formula for these layered perovskites is A′mAn–1BnX3n+1, where A′ is a monovalent 
(m = 2) or divalent (m = 1) long-chain organic cation (e.g., aromatic or aliphatic 
alkylammonium), which acts as a spacer. A, B, and X are cations and anions similar 
to the ones in 3D OIHPs, and n specifies the number of perovskite layers. Here, n = ∞ 
corresponds to a 3D structure, n = 1 represents a 2D structure, and other values of n 
denote a quasi-2D structure [24].

Figure 1. 
Schematic representation of a) typical ABX3 type 3D OIHP structure, b) structures of 2D OIHPs of A′mAn-
1BnX3n+1 (with the value of n increasing from n = 1 to n = ∞) [24].
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3. Structure and dimensionality of OIHPs

3.1 Dielectric properties

A dielectric is referred as an insulating material that is polarized under an 
applied external electric field. The response of a dielectric material to an applied 
field is expressed in terms of permittivity. The dielectric constant or relative per-
mittivity (εr) of a material is usually obtained from the ratio of its permittivity to 
the permittivity of a vacuum (ε0). Materials having a large dielectric constant have 
the ability to develop higher polarization for an applied electric field. In general, 
inorganic materials are well-known dielectric materials. In recent times, OIHPs 
are attracting extensive attention to be used as dielectric materials because of their 
simple low-temperature synthesis process. ABX3-structured materials exhibit 
higher dielectric constant values owing to the ease of polarizing the cell structure. 
Specifically, distortion of the edge-sharing BX6 octahedra in the ABX3 structure 
can produce an electric dipole between the A and B sites. OIHPs demonstrate 
impressive dielectric properties analogous to ceramic perovskites, but the values 
are relatively lower owing to the existence of polar organic cations in the center of 
the perovskite structure, which can introduce orientational disorder and polar-
ization. The dielectric properties of various lead (Pb) and lead-free OHIPs have 
been previously investigated experimentally [14, 25, 26]. Kim et al. measured the 
temperature-dependent dielectric properties of MAPbI3 thin films and confirmed 
their tetragonal-cubic phase transition. MAPbI3 revealed a dielectric constant 
value of 52 at 100 kHz [14]. Furthermore, structural tuning of MAPbI3 also affects 
its dielectric properties. For example, with the partial incorporation of Cl into 
MAPbI3, the dielectric constant of the resultant films increased to 90.9 at 100 kHz 
(Figure 2a), while Br-incorporated MAPbI3 films exhibited a dielectric constant 
of 71.6 at 100 kHz [25]. In addition, a structural transition was also observed for 
partially incorporated Fe2+ into MAPbI3 from the dielectric study [26]. The partial 
replacement of Pb2+ with Fe2+ ions exhibited a tetragonal–cubic phase transition 

Figure 2. 
Dielectric constants and dissipation factors of a) Cl-doped MAPbI3 thin films [25], b) Fe2+-incorporated 
MAPbI3 thin films, c) MAPbI3-PVDF composite films, e) Piezoelectric response in MAPbI3 thin films, and 
Piezoelectricity in MASnBr3 thin films; e) Piezo-amplitude, f) Piezo-phase hysteresis loop, and g) Piezo-
response [30].
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as discovered by the frequency dielectric study of Fe2+-incorporated MAPbI3 
thin films (Figure 2b). The dielectric constant (εr) at 100 kHz of MAPb1-xFexI3 
films continuously increased as the Fe2+ content increased to x = 0.07, attaining 
a maximum value of 107. It then decreased for larger Fe2+ content, indicating the 
ferroelectric-to-paraelectric phase transition for x = 0.07. The dielectric proper-
ties of OHIP-polymer composites were also investigated by a few researchers. In 
general, the heterogeneous materials interfaces in polymer composite films can 
induce an interfacial or a Maxwell–Wagner–Sillars polarization that results in an 
abrupt change of the total dielectric constant [27, 28]. As the MAPbI3 content in 
PVDF polymer increased, the dielectric constant of the MAPbI3–PVDF composite 
rapidly increased because of large dipole–dipole interactions (Figure 2c) [29]. In 
addition, the interaction between the organic action of MA+ and -CF2- between the 
perovskite and PVDF leads to the self-orientation of polymer chains, enabling the 
nucleation of the electroactive phase that results in the formation of a spontaneous 
polar β-phase in the composite films. Similarly, the dielectric properties of lead-
free MASnBr3–PDMS composite films were also examined for various percentage 
weights of MASnBr3 (0 to 25 wt.%) [30]. As the MASnBr3 increased from 5 to 15 
wt.% content, the dielectric constants of composite films progressively increased 
and achieved a maximum of 36.23 for 15 wt.% at 1 kHz. By contrast, the dielectric 
constant values of composite films decreased with a higher loading amount of 
MASnBr3 owing to increased agglomeration of MASnBr3 particles, which leads to 
the leaky nature of composite films. The tuning of the dielectric and piezoelectric 
properties of OIHPs by a simple solution process makes them suitable to be used to 
construct efficient mechanical energy harvesters.

3.2 Piezoelectric properties

The piezoelectric effect refers to the capability of certain materials to generate 
electric charges under applied mechanical stress, which is also known as the direct 
piezoelectric effect. Conversely, an electric field applied to the material induces 
mechanical strain, which is called the converse piezoelectric effect. This unique prop-
erty of piezoelectric materials allows their use as sensors and actuators. The structural 
requirement for a material to exhibit piezoelectricity is non-centrosymmetric. 
Piezoelectricity was first demonstrated in 1880 by brothers Pierre and Jacques Curie. 
The direct piezoelectric effect is observed in many natural crystalline materials such 
as Rochelle salt, quartz, topaz, and human bone. In addition, many engineered mate-
rials, in particular, inorganic perovskite materials with a structure of ABO3 including 
PZT, BaTiO3 and (K,Na)NbO3, exhibit a noticeable piezoelectric effect, and are 
widely studied for several applications [6]. The piezoelectric response or piezoelectric 
energy-harvesting capability of any piezoelectric material can be determined by its 
piezoelectric coefficient and is proportional to the dielectric constant and polariza-
tion (i.e., d33 α εrPr) [13].

OIHPs also exhibit relatively good piezoelectric properties similar to inorganic 
ceramic perovskites, but the values are comparatively lower. In recent years, some 
researchers have investigated the piezoelectric properties of OIHPs in order to 
determine their potential in various device applications. Kim et al. investigated the 
piezoelectric coefficient (d33) of solution-processed polycrystalline MAPbI3 films 
using piezoresponse force microscopy (PFM) and reported a d33 of 5.12 pm/V [14] 
(Figure 2d). A single-crystalline device may provide direct evidence regarding the 
piezoelectric properties of OIHPs, whereas studying the piezoelectric properties of 



Recent Advances in Multifunctional Perovskite Materials

202

polycrystalline films using PFM could face challenges owing to inaccurate estima-
tion of tip contact area and other artifacts arising from surface topography and 
crystal orientation [27]. In this regard, Dong et al. verified the piezoelectric effect 
in single-crystalline MAPbI3 by depositing two parallel facet gold electrodes [28]. 
They obtained a d33 of 2.7 pm/V along the (001) direction for single-crystal MAPbI3 
using the laser interferometry method. Compositional tuning of OIHPs also sub-
stantially altered their piezoelectric properties. The partial replacement of Pb with 
Fe in MAPbI3 improved the d33 of 17.0 ± 6.0 pm/V for MAPb1-xFexI3 (x = 0.07) [26]. 
Similarly, there was a considerable improvement in d33 of 20.8 pm/V observed for 
lead-free MASnI3 by substituting Sn in the Pb-site in MAPbI3 [31]. Likewise, lead-free 
MASnBr3 perovskite displayed a d33 of 2.7 pm/V [30] (Figure 2e–g). The slanted 
butterfly shape in amplitude loop of the MASnBr3 is caused from the electrochemical 
properties of defects, vacancies, and ions, which indicate that the MASnBr3 possess 
both electrochemical and piezoelectric properties. According to Ding et al., replacing 
the A and X site in MAPbI3 with FA and Br, respectively, significantly increased d33 
(25 pm/V) for FAPbBr3 having a particle size 50–80 nm, which is a five-fold enhance-
ment over MAPbI3 [32]. In addition, inorganic CsPbBr3 films also revealed a higher d33 
of 40.3 pm/V after poling than organic MAPbI3 films [33]. As a subclass of 3D OIHPs, 
the piezoelectric properties of 2D perovskites (vacancy-ordered double perovskites) 
are also recently attracting significant research attention owing to their excellent 
ambient stability compared to 3D OIHPs. Although 2D OIHPs exhibit superior ambi-
ent stability, very few piezoelectric studies have been focused on the recently evolved 
2D OIHPs. For instance, solution-processed (ATHP)2PbX4 displayed ferroelectric 
behavior with a large d33 of 76 pC/N and a giant piezoelectric voltage co-efficient 
(g33) of 660.3 × 10−3 V.m/N [34]. In addition, most 2D OIHPs have ferroelectric 
natures, thus displaying superior piezoelectric properties as a subclass of piezoelectric 
materials.

3.3 Ferroelectric properties

Ferroelectric materials are a class of dielectric materials that exhibit ferroelectric-
ity. Ferroelectricity is the ability of materials to possess spontaneous electric polariza-
tion and originates from a non-centrosymmetric crystal structure. The direction of 
spontaneous polarization can be reversed in accordance with an applied external 
electric field. Ferroelectric materials belonging to the perovskite family (ABX3 crystal 
structure) are a subclass of pyroelectric and piezoelectric materials. Ferroelectric 
materials show ferroelectric behavior only below the Curie temperature (TC). Above 
TC, these materials display the paraelectric state (i.e., they are only polarized under 
an applied electric field). For example, a well-known inorganic perovskite, BaTiO3, 
undergoes a structural transition from tetragonal to cubic above 393 K [35]. Recently, 
OIHPs have been studied specifically with a focus on their ferroelectric properties 
because of their structural transition and impressive dielectric properties. Although 
there is a debate on existing ferroelectricity in MAPbI3, several researchers have 
conducted theoretical and experimental investigations to search for evidence of 
ferroelectricity in OIHPs. For instance, Kutes et al. provided the first experimental 
evidence of ferroelectricity in solution-processed MAPbI3 thin films with a grain 
size of ∼100 nm by directly observing the ferroelectric domains through a PFM 
study, which is a necessary tool to observe the ferroelectric domains at nanometer 
resolution. The reversible switching of those ferroelectric domains was also realized 
by electrical poling with a DC bias [36]. Rakita et al. conducted an experimental 
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investigation for the existence of ferroelectricity in tetragonal MAPbI3. They observed 
the polarization inversion under an external field, lack of inversion symmetry, and 
spontaneous polarization based on the measurements of a polarization-electric field 
(P-E) hysteresis loop, second harmonic generation signals, and pyroelectric response, 
respectively [37]. Kim et al. confirmed the tetragonal-to-cubic phase transition by 
measuring temperature-dependent dielectric properties [14]. These studies clearly 
indicate the experimental evidence for ferroelectricity in MAPbI3 films. In addition, 
the PFM study upon lead-free MASnI3 demonstrates its ferroelectric property (Figure 
2e–g) [31]. From the PFM results, a well-defined butterfly-shaped hysteresis loop 
and the existence of 180° of domain switching validate ferroelectric polarization in 
MASnI3 films. However, commonly used 3D OIHPs including MAPbI3 and MASnI3 
exhibit relatively low TC, limiting their wider applicability at high temperature. Pan 
et al. reported stable 3D (3-ammoniopyrrolidinium) RbBr3[(AP)RbBr3] perovskites 
synthesized by evaporation of the precursor’s solution, which exhibited a ferroelectric 
nature at a high Tc = 440 K (Figure 3) [38].

Recently, researchers have been keen to study the ferroelectric properties of 
2D OIHPs having advantageous characteristics including structural flexibility, 
diversity, and excellent moisture stability. The large asymmetric A-site cation 

Figure 3. 
PFM analysis of 2D layered (ATHP)2PbBr4 films; a) lateral PFM phase, b) amplitude, c) corresponding 
topography images and d) obtained local piezoelectric response phase hysteresis (top) and amplitude (bottom) 
loops under applied DC-bias [34].
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provides an additional asymmetry to the 2D OIHP crystal. The orientation of such 
a large cation promotes ferroelectricity. Many excellent 2D OIHPs were designed 
and their ferroelectric properties investigated. For instance, 2D (ATHP)2PbBr4 was 
synthesized using the simple solution method and its ferroelectric property was 
investigated by measuring the P-E curve and lateral PFM [34]. The 180° contrast 
of domain orientation in the PFM phase image and separation of the adjacent 
domains by the domain walls in the PFM amplitude are a direct indictor of fer-
roelectricity for (ATHP)2PbBr4 (Figure 4). Another 2D OIHP [(4,4-DFHHA)2PbI4 
(4,4-DFHHA=4,4-difluorohexahydroazepine)] displayed ferroelectric properties 
with a spontaneous polarization of 1.1 μC/cm2 at room temperature, with a TC of 
454 K [39].

4. MEHs based on OIHPs

A mechanical energy harvester that can produce electricity from mechanical 
vibrations is a very promising tool to realize sustainable energy generation in remote/
indoor environs and even through human body movements. MEHs generally oper-
ate based on either the piezoelectric effect, triboelectric effect, or electromagnetic 
induction effects [13]. Amongst them, PENGs that operate based on piezoelectric 
effect and TENGs that operate based on triboelectric effect have attracted intense 
attention because of their direct power conversion ability and relatively easier fabri-
cation processes. Intense research efforts have been conducted with regard to mate-
rial and structural design, functionality, operation mechanism, and performance 
optimization of PENGs and TENGs [8, 13, 18]. More recently, the unique properties, 
low-temperature solution processing, and tunability of properties via compositional-
tuning of OIHPs have highlighted their superior potential in the field of mechanical 
energy harvesters.

4.1 The working mechanism of a PENG

The working mechanism of a general piezoelectric nanogenerator having the 
metal–insulator–metal structure along with the formation of dipoles under applied 
force is schematically portrayed in Figure 4. In a non-poled piezoelectric material, 
the dipoles will be randomly orientated, while the orientation of those dipoles will be 
changed according to the applied electric field direction under poling. Initially, there 

Figure 4. 
Schematic illustration of working mechanism of OIHP-based PENG.
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will be no generation of output from the PENG without any applied strain owing to 
the absence of potentials (or in equilibrium state) at the electrodes. However, when 
mechanical stress is applied normal to the PENG, the piezoelectric material under-
goes compressive deformation leading to the generation of dipoles within the active 
material. The subsequent dipolar polarization results in a piezoelectric potential 
difference between the two electrodes of the nanogenerator. This, in turn, leads to the 
flow of charges from one electrode to the other electrode through the external circuit 
by producing an electrical output signal. When the applied force is withdrawn, the 
piezoelectric potentials vanish and the electrons flow back to the original position and 
generate an electrical output signal with the opposite polarity. This output generation 
is a cyclic process under applied cyclic pressures. In addition, the output of a PENG 
significantly depends on the material and also some external parameters like applied 
pressure and frequency.

4.2 The working mechanism of a TENG

A TENG can effectively transform the irregular and randomly distributed mechani-
cal energy into usable electricity via coupling contact electrification with electrostatic 
induction [18]. In general, when two different materials are in contact with each other, 
chemical bonds will be formed between the interface of those materials, leading to 
charge (i.e., electrons, or ions, or molecules) transfer from one material to another 
because of the difference in their electron affinities [40]. When the two surfaces are 
separated from each other, the potential drop in the triboelectric charges induces 
charges into the electrodes via electrostatic induction effect. The potential difference 
between the electrodes drives electrons to flow between the two electrodes, thus gen-
erating triboelectricity form the devices. Based on this principle, four kinds of TENGs 
with different modes of operations have been developed, as shown in Figure 5. In the 
contact–separation mode, the first invented operation mode of TENG, two dielectric 
films are placed face to face, and metal electrodes are deposited on the opposite sur-
faces of the dielectric layers (Figure 5a). The TENG operates when the force is applied 
normal to the device. In the lateral sliding mode, the device structure is similar to that 
of contact–separation mode (Figure 5b), and the TENG operates when the two films 
keep sliding against one another. This sliding operation offers more efficient charge 
transfer compared to that offered by the contact–separation mode [41]. By contrast, 
single-electrode mode is designed to work independently and can be moved freely 
(Figure 5c). This mode is composed of a moving dielectric film and an electrode film 
connected to the ground. When the top dielectric film approaches towards and/or 
departs from the bottom electrode, the distribution of the local electrical field may 
change by generating a potential difference between electrode and ground. This leads 
to a flow of electrons between the ground and electrode and generates electricity. The 
freestanding triboelectric-layer mode consists of two symmetrical electrodes under-
neath a moving dielectric layer that has electrodes of similar sizes (Figure 5d). In this 
mode of operation, no direct physical contact between the two triboelectric layers can 
be realized, which tends to extend the lifetime of the TENG [42]. Among these modes, 
the OIHP-based TENGs developed so far were constructed and operated based on 
vertical contact–separation mode [43, 44]. In the OIHP-based TENGs, the OIHP film 
fabricated on the electrode-coated substrate is a triboelectric material and is naturally 
separated from the counter triboelectric material using spacers. Furthermore, when 
a piezoelectric material like OIHP is used to construct a TENG, the dipoles formed by 
mechanical deformation of a piezoelectric material under an applied force promote the 
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generation of more charges onto the surface of the OIHP film during TENG operation, 
as schematically portrayed in Figure 5e [8].

4.3 OIHP-based PENGs

OIHP materials have only been recently applied to PENGs because of their 
favorable characteristics, which include high piezoelectricity, flexibility, large-area 
fabrication and low-temperature synthesis along with the biocompatibility of lead-
free OIHPs [30, 31]. In addition, various OIHP-polymer composite materials were 
developed to achieve flexible PENGs with improved mechanical and air stability 
[29]. Although the output power of OIHP PENGs is very moderate and is lower than 
OIHP solar cells, with increasing research efforts, the output power has enormously 
increased with polymer composites. OIHP-based PENGs having the typical metal– 
insulator–metal structures similar to other piezoelectric materials based devices and 
were constructed on flexible plastic substrates using simple solution methods [45, 46]. 
Yoon et al. reported the first OIHP PENG using solution-processed MAPbI3 thin films 
as shown in Figure 6a. The PENG poled at an applied field of 80 kV/cm demonstrated 
an output voltage and current density of ~2.7 V and ~140 nA/cm2 under a mechanical 
pressure of 0.5 MPa (Figure 6b) [14]. Later, many researchers focused on improving 
the output performance of OIHP PENGs [25, 26, 47]. For example, the lateral-struc-
tured PENG with inter digitated electrode (IDE) patterns using a MAPbI3 active layer 
and ZnO & Cu2O-charge transport layers achieved improved output current values 
[47]. The device was poled under a low (12 kV/cm) electric field for 10 min and was 

Figure 5. 
Schematic depiction of a–d) the four fundamental operating modes of TENG, e) vertical contact–separation 
mode of OIHP/OIHP-polymer composite based TENG.



207

Organic/Inorganic Halide Perovskites for Mechanical Energy Harvesting Applications
DOI: http://dx.doi.org/10.5772/intechopen.105082

able to generate a voltage of ~1.47 V and a current of ~0.56 μA under 0.2 MPa pres-
sure. In addition, the output of OIHP PENGs can be further enhanced by controlling 
the dielectric and piezoelectric properties of perovskite material via the concept of 
functional-modification of perovskite. A high amount of Cl or Br doping into MAPbI3 
perovskite leads to enhanced dielectric and piezoelectric properties, which results in 
better piezoelectric output performance from halide doped-MAPbI3 PENGs com-
pared to the pure MAPbI3 PENG (Figure 6c) [25]. As shown in Figure 6d, the poled 
4Cl-MAPbI3 PENG generated a particularly high output voltage and current density 
of ∼5.9 V and ∼0.61 μA/cm2, respectively, because of the improved dielectric constant 
(εr = 90.9) and remanent polarization (Pr = 0.56 μC/cm2) of perovskite film. Similarly, 
the partial incorporation of Fe2+ into the Pb2+ sites of MAPbI3 perovskite using the 
simple solution method rapidly enhanced the piezoelectric output performances of 
PENGs [26]. As discussed earlier, with increasing Fe2+ content, the morphological 
and crystalline properties of the MAPb1-xFexI3 thin films were improved, leading to 
improvement of dielectric and piezoelectric properties up to a doping amount of 7 
at.% (x = 0.07). After 10 at.% (x = 0.10) doping, the MAPb1-xFexI3 samples exhibited 
a structural transition from tetragonal to cubic; this was a paraelectric material and is 
unsuitable for PENG applications. However, as the Fe2+ concentration increased, the 
piezoelectric output performance of MAPb1-xFexI3 thin-film PENGs linearly increased 

Figure 6. 
a) Schematic picture of MAPbI3-based PENG, and b) corresponding pressure-dependent piezoelectric output 
performance [14]. c) Schematic depiction of Cl/Br-doped MAPbI3 PENG, and d) piezoelectric output 
performance of 4Cl-doped MAPbI3 PENG [25]. Piezoelectric output performance of MASnBr3 PENG: e) 
output voltage and f) current density signals [30].
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and achieved a maximum of 4.52 V for 7 at.%-doped PENG. In addition, the same 7 
at.%-doped PENG demonstrated a much higher piezoelectric output of 7.29 V and 
0.88 μA/cm2 after poling at an applied electric field of 30 kV/cm.

However, the high toxicity of Pb makes it inappropriate for direct application in 
the human body or real environs. Researchers have been searching for other lead-free 
materials in an effort to develop alternatives to lead-based nanogenerators. One of 
the emerging lead-free OIHP materials is Sn-based perovskite, which is eco-friendly, 
biocompatible, and has a large piezoelectric coefficient comparable to that of ceramic 
PbTiO3, which makes it a promising candidate for high-performance nanogenerators 
in the medical field [31, 48]. The poled lead-free MASnI3 PENG produced an output 
voltage of 3.8 V and a current density of 0.35 μA/cm2 under an applied pressure of 
0.5 MPa [31]. Similarly, the lead-free MASnBr3 PENG displayed an output voltage 
and current density of 1.56 V and 0.58 μA/cm2, respectively, under the same applied 
pressure of 0.5 MPa (Figure 6e and f) [30]. The generated low output from the 
MASnBr3 film is because of a lower piezoelectric coefficient of 2.7 pm/V compared to 
the MASnI3 d33 value of 20.8 pm/V [30, 31]. In addition to organic–inorganic halide 
perovskites (OHPs), some researchers have also explored inorganic halide perovskite 
(IHP) materials for PENG applications because of their decent environment stabil-
ity compared to OIHPs. In particular, CsPbX3 has attracted considerable interest in 
device applications given its higher chemical stability than other perovskites. The 
CsPbBr3 nanogenerator was developed on a plastic substrate with the structure of 
PET/ITO/PDMS/CsPbBr3/ITO/PET and poled at an applied electric field of 25 kV/
cm [33]. The PENG demonstrated better output performance with an output voltage 
and current of 16.4 V and 604 nA, respectively, after optimized poling conditions. 
The same device was further able to sense selective motions, such as eye-blinking, 
throat movements, and finger motions of a human body, highlighting the potential of 
CsPbBr3 materials for physiological sensing applications.

Although many studies prove the potential of materials in harvesting mechanical 
energy for generating the electricity, the practical application of OIHP-based PENGs 
has not been realized so far because of their lower outputs. Furthermore, they are 
completely incompatible with irregular mechanical deformations. Hence, a key solu-
tion proposed was to create composite OIHP structures with polymer materials for 
the construction of high-performance and long-term air-stable nanogenerators that 
can withstand highly harsh environs. The first OIHP–PDMS composite-based PENG 
(PET/ITO/FAPbBr3-PDMS/Al) was developed by incorporating ferroelectric FAPbBr3 
nanoparticles into a PDMS polymer, spin-coating the composite onto an indium tin 
oxide (ITO)-coated PET substrate, and integrating the film with Al foil acting as a 
top electrode [32]. This PENG demonstrated a maximum piezoelectric output voltage 
and current density of 8.5 V and 3.8 μA/cm2, respectively, under pushing. Another 
group developed an eco-friendly PENG using lead-free MASnBr3-PDMS composite 
material (Figure 7a), which displayed a high piezoelectric output voltage of 18.8 V, 
current density of 13.76 μA/cm2, and power density of 74.52 μW/cm2 under an applied 
pressure of 0.5 MPa (Figure 7b) [30]. In addition, the PENG exhibited enormous 
air-stability over 120 days and mechanical durability over more than 10,000 cycles. 
However, the non-uniform dispersion of perovskite materials in highly viscous 
polymers like PDMS may result in modest interactions between PDMS and perovskite 
crystals that could reduce the piezoelectric output performance of nanogenerators 
[13]. Soon after, researchers have made use of ferroelectric PVDF polymers to realize 
high-performance nanogenerators because of its ferroelectric nature [29, 49–52]. 
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PVDF, a semi-crystalline ferroelectric polymer, is mainly available in four phases 
(α, β, γ, and δ). Among these, the β-phase is one of the polar phases and is a highly 
electroactive phase with superior piezoelectric properties [49]. Hence, the MAPbI3 
perovskite solution was mixed with PVDF solution and spin-coated onto the desired 
plastic substrates to construct PENGs (Figure 7c) [52]. The 25 vol% MAPbI3-PVDF 
composite films showed porous-like morphology with good dispersion of MAPbI3 
nanoparticles into the PVDF matrix as shown in SEM image of Figure 7d [29, 52]. By 
increasing the volume fraction of MAPbI3, the dielectric and ferroelectric properties 
of composite films improved remarkably owing to the enhanced β-phase content 
of the PVDF matrix caused by the strong polar interactions or hydrogen bonding 
between MAPbI3 and PVDF. In addition, PVDF encapsulation significantly increased 
the air-stability of MAPbI3 perovskite over 6 months [29]. The 25 vol% MAPbI3-
PVDF PENG, with the IDE-structure given in Figure 7c, generated a high piezoelec-
tric output voltage, current density and power density of 33.6 V and 3.54 μA/cm2, 
41.18 μW/cm2, respectively, at an applied pressure of 300 kPa, while demonstrating 
long-term operational stability and mechanical stability due to SEBS polymer passiv-
ation (Figure 7e) [52]. Furthermore, another eco-friendly PENG based on lead-free 
FASnI3-PVDF nanocomposite materials that has a high piezoelectric coefficient of 
73 pm/V demonstrated a piezoelectric output voltage of 23 V [50]. The piezoelectric 
output of the same PENG is highly influenced by the applied frequency and force as 
shown in Figure 7f and g, respectively. Furthermore, the developed lateral-structured 
PENGs based on highly uniform CsPbBr3-PVDF composite fibers reveal a recordable 
piezoelectric output performance with an output voltage of 103 V and circuit current 
of 170 μA/cm2, which is noticeably higher than many OIHP/OIHP-polymer materials 
[51]. The same composite PENG exhibits enhanced thermal/water/acid–base stabili-
ties along with exceptional mechanical stability. These results open up a route for 
more simple and cost-effective production of high-performance PENGs using OIHPs 
and their polymer composite materials for mechanical energy harvesting and sensor 
applications.

Figure 7. 
a) Schematic representation of MASnBr3-PDMS composite based PENG, and b) corresponding piezoelectric 
output performance [30]. c) Schematic diagram of MAPbI3-PVDF composite based PENG (inset is fabricated 
device), d) SEM image of 25 vol% MAPbI3-PVDF composite film, and e) corresponding load-resistance 
dependent piezoelectric output performance [52]. f) Frequency-dependent piezoelectric output voltage signals 
of FASnI3-PVDF composite PENG and g) Force-dependent piezoelectric output voltage and power densities of 
FASnI3-PVDF composite PENG and [50].
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4.4 OIHP-based TENGs

TENGs have been intensively utilized as flexible power sources and self-powered 
sensors [8]. Two dissimilar triboelectric nature materials lying at the extreme oppo-
site ends of the triboelectric series are usually employed to fabricate TENGs in order 
to achieve higher output power. In particular, materials with high dielectric properties 
are suitable for realizing efficient TENGs, which are designed as part of capacitors 
[8]. Therefore, OIHPs are recognized as one of the most promising candidates for 
developing efficient TENGs because of their remarkable dielectric and piezoelectric 
properties along with low-temperature synthesis [52]. The first OIHP-based TENG 
developed using MAPbI3 perovskite is operated as a self-powered photodetector based 
on the combined properties of photoelectric and triboelectric effects [15]. The TENG 
comprising of two triboelectric parts (Cu/PET as a negative triboelectric material and 
MAPbI3/TiO2/FTO as a positive triboelectric material) as illustrated in Figure 8a is 
operated in a fundamental vertical contact–separation mode. This TENG generated a 
triboelectric peak-to-peak output voltage of 8 V under mechanical pushing in dark-
ness because of triboelectrification. The output is immediately decreased by nearly 
37.5% (~5 V) under illumination with a light-intensity of 100 mW/cm2, giving rise 
to a high responsivity of 7.5 V/W due to photogenerated charges in the light-active 
MAPbI3 film (Figure 8b). Further, the compositional tuning and electrical poling 
of perovskite materials can significantly improve the triboelectric performance of 
TENGs, because compositional modification and ion migration under poling process 
both tend to alter the conductivity of the OIHP films, which in turn changes the sur-
face potential and electron affinity of those films [43]. Clearly, as shown in Figure 8c, 
the conductivity of the MAPbI3 perovskite film can noticeably change to either p-type 
(MAI rich) or n-type (PbI2 rich) by regulating the MAI/PbI2 ratio during the precur-
sor synthesis [43]. This concept can further extend to TENG applications to realize 
high-performance TENGs. The composition-tuned MAPbI3 perovskite is paired 
with PTFE and nylon (PA6) polymer films to develop TENGs (Figure 8d). Here, the 

Figure 8. 
a) Schematic representation of MAPbI3-based TENG, and b) corresponding light-dependent triboelectric output 
performance [15]. c) Schematic illustration of n and p type conversion in MAPbI3 films by controlling of MAI/
PbI2 ratio, and d) schematic diagram of MAPbI3-based TENG with the counter triboelectric parts of PTFE/
PA6. e) Schematic drawing of MAPbI3-PVDF composite-based TENG in single-electrode mode operation, f) 
corresponding light-dependent triboelectric output voltage signals under constant pressure of 300 kPa [52].
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500-nm-thick MAPbI3 film acts as a triboelectric positive friction layer while pairing 
with the triboelectric negative PTFE film in PT-PVK TENG and generates a peak out-
put current density of 61.25 mA/m2. By contrast, the MAPbI3 film acts as a triboelec-
tric negative friction layer while pairing with the triboelectric positive PA6 in PA-PVK 
TENG and generates a peak output current density of 21.5 mA/m2 with opposite 
polarity compared to that of PT-PVK TENG. The poling process further enhances the 
triboelectric output of PT-PVK TENG. The device generated a maximum output volt-
age, current density, and peak power density of 979 V, 106 mA/m2, and 24 W/m2 after 
an optimal compositional tuning (MAI/PbI2 ratio of 2) and poling process (EP = 4 V/
μm). Similarly, the TENGs fabricated using composition tuned-Cs based perovskites 
demonstrate notable variations in their triboelectric output depending upon A-site or 
B-site, or halogen modification [44]. The TENG (glass/FTO/CsPbBr3-yCly//PVDF/Ag) 
demonstrates increasing output performance with increasing Cl content and reaches 
an output similar to that of only CsPbCl3-based TENG owing to increased electron-
donating ability with increasing doping amount. Here, perovskite acts as a triboelec-
tric positive layer, while PVDF films act as a triboelectric negative layer.

As in the case of the OIHP–polymer PENGs, the OIHPs were further composited 
with polymer materials to improve the long-term operational stability along with 
air-stability of OIHP–polymer TENGs. To this end, several TENGs with different 
structures, materials, and modes of operations were developed and their feasibility 
to harvest the mechanical energy was demonstrated. The flexible single-structure 
multifunctional device with the structure of MAPbI3-PVDF/Au-IDE/SEBS can 
harvest mechanical energy and simultaneously sense multiple external stimuli like 
light and pressure (Figure 8e) [52]. The TENG in a single-electrode mode generates 
an output voltage of ∼44.7 V, a current density of ∼4.34 μA/cm2, and a power den-
sity of ∼59.52 μW/cm2 under cyclic contact–separations in darkness. Furthermore, 
the triboelectric output gradually increases with increasing light-intensity and 
reaches a maximum voltage of 67.9 V (Figure 8f), current density of 7.44 μA/cm2, 
and power density of 158.34 μW/cm2 at a high light intensity of 3.23 mW/cm2. 
This significant enhancement in triboelectric output is because of the combined 
photoelectric and triboelectric properties of the MAPbI3–PVDF active layer. Under 
mechanical pushing, when the pushing stack (Al2O3/Al-stack) touches the surface of 
the SEBS polymer, contact electrification results in the generation of charges with 
opposite polarities on the surfaces of the pushing stack as well as SEBS polymers. 
Concurrently, the active piezoelectric MAPbI3–PVDF layer undergoes deformation, 
thus generating dipoles. Owing to the combined triboelectric and piezoelectric 
effects, the charges will be induced on the Au electrode, leading to a higher potential 
difference between the electrode and the ground. The resultant potential differ-
ence allows the flow of electrons through the external circuit to the ground, thus 
generating improved outputs. However, when the TENG is illuminated under the 
applied pressure, the induced triboelectric charge allows the rapid injection of 
photogenerated charge carriers from MAPbI3 into the Au electrode. This results in 
a significantly higher triboelectric output under illumination compared to dark-
state. Similarly, the fabricated MAPbI3–PDMS composite e-skin-based TENG is 
highly capable of harvesting mechanical energy and producing neural-stimulating 
electrical signals without relying on an external power supply [53]. The triboelectric 
output performance of e-skin significantly increases as the bending radius increases 
and shows high output voltage and currents of 0.659 V and 8.94 nA, respectively, 
for a bending angle of 60°. In addition, the device displays strain-dependent and 
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light-stimulated voltage variations, which enable the device to operate as a self-
powered pressure and physiological sensor application. More recently, a stretchable, 
breathable, and long-term stable hybrid MEH has been developed based on eco-
friendly, 2D layered lead-free Cs3Bi2Br9, PVDF-HFP and SEBS composite (LPPS-
NFC) nanofibers prepared via an electrospinning process [54]. Here, the strong 
electron-accepting nature of perovskite materials acts as a nucleating agent and 
improve the crystallinity and polar β-phase of PVDF polymers. The developed com-
posite nanofibers can efficiently harvest the mechanical energy in piezoelectric as 
well as triboelectric modes. The LPPS-NFC stretchable device with the structure of 
Spandex/Ag-SEBS/LPPS-NFC//Al generates much larger peak-to-peak outputs with 
a voltage of 400 V, current density of 1.63 μA/cm2, and power density of 2.34 W/m2 
in the hybrid mode based on the combined piezoelectric and triboelectric effects of 
composite film. Furthermore, the LPPS-NFC based MEHs reveal excellent stability 
and are able to produce stable outputs even under harsh mechanical deforma-
tions like washing, folding, and crumpling, indicating the superior potential of 
these LPPS-NFC-based MEHs for use in smart textile-based wearable devices. All 
these results demonstrate the high potential of hybrid perovskites as triboelectric 
materials, given their superior dielectric property and stepping forward for high-
performance TENG platforms.

5. Current challenges and future prospects

Plenty of research effort has been expended in the study of OIHP nanogenerators 
to prove the potential of OIHPs as promising active materials for mechanical energy 
harvesting. The development of OIHP-based mechanical energy harvesters can 
substantially advance IoT and AI systems. OIHP nanogenerators can operate as sen-
sors that have a wide range of utility in environment monitoring, health monitoring, 
motion detection, robotics, e-skin, and human-machine interactions. Furthermore, 
those nanogenerators can supply power to conventional batteries in small-scale 
and portable electronic devices. However, the key factors that need to be resolved 
currently in the field of OIHP-based MEHs are air-stability, encapsulation, toxicity, 
mechanical sturdiness, and moderate performances. Future developments in this 
field are likely to be focused on the following aspects. First, the output performance 
and energy conversion efficiency of OIHP-based MEHs should be improved to meet 
the requirements of small-scale/portable devices. Second, in order to be imple-
mented in wearable devices, the OIHP nanogenerators should be highly flexible, 
stretchable, and lightweight, and must be able to withstand harsh environs. Third, 
the eco-friendly nature and low toxicity of OIHP-based devices is a key characteristic 
for use in health monitoring/biomedical devices; thus, the need of lead-free OIHPs 
for MEH applications is necessary. Systematic investigations of OIHPs having various 
dimensions can introduce a new platform for designing high-performance nano-
generators. Controlling the dielectric and ferro/piezoelectric properties of various 
OIHPs via compositional and structural engineering can also assist nanogenerators 
to improve energy conversion efficiencies. Furthermore, it has been recognized that 
layered 2D OIHPs have better piezo/ferroelectric properties along with decent mois-
ture and air stability compared to the 3D OIHPs owing to the presence of long-chain 
organic cation molecules. It is expected that flexible and stretchable self-powered 
systems with dynamic sensing properties are the future direction of wearable 
electronic devices. Therefore, integrating OIHPs with flexible piezoelectric polymers 
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will aid in the construction of air-stable, mechanically robust and high-performance 
nanogenerators.

6. Conclusions

In this chapter, we presented the ability of OIHP materials including organic and 
inorganic halide perovskite materials to produce electricity by harvesting the ambient 
abundant mechanical energy. The structural suitability of various OIHPs and OIHP–
polymer composites for developing high-performance MEHs is discussed in detail 
along with their dielectric, piezoelectric, and ferroelectric properties. In addition, 
some significant works based on OIHP-MEHs in the form of PENGs and TENGs are 
summarized. Finally, the existing issues and challenges facing current research are 
stated and some future research directions for pursuing the commercialization of 
OIHP-based MEHs in wearable, portable electronic devices are suggested.
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Testing of Perovskite Solar Cells
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Abstract

Commercialization of perovskite solar technology depends on reaching a stable 
functioning of the devices. In this regard, both intrinsic (chemistry phenomena of the 
different device layers) and extrinsic factors (environmental) need to be considered. 
In this chapter, we report the state of the art of encapsulation techniques against 
extrinsic degradation mechanisms. Our analysis includes the most common encapsu-
lation structures, materials employed and their by-products, standard methods to test 
the stability of the devices (accelerated testing, outdoor and degradation monitor-
ing), and security requirements to prevent the health/environmental hazard of lead 
leakage.

Keywords: encapsulant materials, extrinsic degradation, stability measurements, 
perovskite, solar cells

1. Introduction

Commercialization of perovskite photovoltaic technology (PPT) relies on the 
golden triangle of solar cell performance whose vertices are lifetime, cost, and effi-
ciency. In the last years, PPT has achieved photovoltaic conversion efficiency (PCE) 
up to 25.7% at lab scale, almost matching their silicon counterparts [1]. Moreover, the 
impressive advances in the fabrication of solar modules by scalable solution deposi-
tion techniques [2] such as doctor blade, slot-die, or ink-jet printing have enabled 
a rapid performance growth of large-area devices. According to NREL, the PCE of 
perovskite modules has increased from 11.8% to 17.9% in the last 4 years. Also the 
scale of devices has evolved from “Submodule” with an active area of 200–800 cm2, 
to “Small module” with area ranging from 800 to 6500 cm2 [3]. A recent techno-
economic model established a cost range for solution processed perovskite modules of 
$3.30/W–0.53 USD/W [4], which is competitive with silicon solar cells. The low cost 
projected for PPT is linked to the processability by scalable solution-based deposition 
techniques. Therefore, the figures of merit for cost and efficiency of perovskite solar 
cells (PSCs) are almost pairing, in few years—those achieved for silicon after decades 
of technological development. However, the recent record for stability of PSC reached 
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9000 hours under operational tracking [5], which is far behind the proven lifetime of 
25 years (>200,000 hours) reported for silicon solar cells.

In recent years, several research articles have reported stability measurements of 
perovskite solar cells. Figure 1a shows the historical evolution of T80 for 1833 PSC 
devices recorded in the Perovskite Database [6]. T80 is a figure of merit defined as the 
time taken to observe a drop of 20% in the initial power output of the solar cell. Before 
2016, only few articles reported T80 because the main focus was related to improving 
efficiency and processability of PSC. Since then, an increasing number of scientific 
articles report the T80 of PSC devices achieving in most cases values up to 1000 hours. 
Noteworthy, less articles report 1000 hours < T80 < 2000 hours and only a small propor-
tion surpasses 2000 hours. This analysis of the scientific literature reveals the urgent 
necessity of increasing the PSC lifetime targeting to hundreds of thousands of hours.

A complex interaction of factors determines the stability of perovskite solar cells 
as shown in Figure 1b. Devices are degraded by multiple variables such as heat, light, 
electric load, moisture, and oxygen, which act simultaneously in real operation condi-
tions. Such complexity explains why the progress in stability remains behind the rapid 
advancements in PCE and processability of PSC. Thus, understanding the degrada-
tion mechanisms is of crucial importance to overcome stability issues. Degradation 
mechanisms can be classified into intrinsic, which are related to the compositional and 
crystallographic structure of the perovskite material, and extrinsic, associated with 
the interaction of the PSC with external factors during their operational life.

2. Intrinsic and extrinsic degradation mechanisms

2.1 Intrinsic degradation mechanisms

Hybrid halide perovskites (HHPs) have been considered as “soft crystalline 
materials” due to their low formation energy and stability dictated by a delicate 

Figure 1. 
(a) State of the art of the stability of perovskite photovoltaic (PV) devices based on the data available in the 
open-access Perovskite Database [6], and (b) stability issues in perovskite solar cells. Reproduced with permission 
from references [6, 7].
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thermodynamic balance [8]. Active layers of solar cells have been obtained from 
HHPs with the general chemical formula ABX3, where A is an organic or inorganic 
cation, B is a metallic cation, and X is a halogen anion. This structure has enabled 
the use of a wide range of atoms as A cations or X anions without significantly losing 
their high photovoltaic (PV) performance [9]. However, the structure can only 
accommodate a certain combination of ions due to restriction of sizes in order to have 
a stable cubic or tetragonal 3D structure. This restriction is often expressed by the 
Goldschmidt tolerance factor (t), which is calculated in terms of the ionic radii of the 
constituent ions. The 3D perovskite structure is favored by 0.8 < t < 1 [8]. In halide 
perovskites used for PV, the A-site is a monovalent cation, commonly methylammo-
nium (CH3NH3

+/MA+), formamidinium (CH(NH2)2
+/FA+), cesium (Cs+), or a combi-

nation thereof. The B-site is a divalent metallic cation, mostly lead (Pb2+) but in some 
cases can be tin (Sn2+), and the X-site is a halide anion that is commonly iodide (I−) 
or bromide (Br−). A stable structure must preserve charge neutrality. Therefore, the 
valences of A and B should sum the charge of X multiplied by three. The mentioned 
restrictions in sizes and charges of the constituent ions determine that only certain 
perovskite formulations are stable at operational temperature ranges. For instance, 
the archetypical methylammonium lead iodide (MAPbI3) has a tolerance factor of 
0.911 forming a tetragonal structure at room temperature. This phase is stable up 
to 327.4 K turning into a cubic structure at higher temperatures [10]. During the 
fabrication of perovskite films, as well as during the solar cell operation, the material 
is subjected to temperature cycles that can promote the formation of unwanted PV 
inactive phases. This phenomenon has been observed for formamidinium lead iodide 
(FAPbI3), which crystallizes into a non-perovskite hexagonal phase (yellowish phase) 
at room temperature due to its high tolerance factor (t = 1.04). This perovskite turns 
into a cubic structure after annealing over 150 °C [7]. FAPbI3-based PSC devices 
have been developed motivated by the higher thermal stability of FA+ compared 
with MA+ cation, but a careful material processing is required in order to avoid the 
formation of the non-active hexagonal phase of FAPbI3. Although pure FAPbI3 or 
CsPbI3 perovskites yield higher thermal stability of the A-site cation, they are not the 
preferred choice due to thermodynamic phase stability issues. Alloys of A-site cations 
have been used to produce materials such as FAxCs1 − xPbI3 or FA0.75MA0.15Cs0.1Pb(I0.

83Br0.17)3 used as active layers in high performance devices [11]. Thus, compositional 
tuning is a suitable strategy to overcome thermodynamic stability issues. Note that 
the proportion between the A-site cations must be strictly controlled to achieve a 
suitable tolerance factor. In addition, since the perovskite bandgap depends in part 
on the energy level of the anion occupied p orbital, such compositional tuning also 
determines the resulting bandgap.

The benchmark MAPbI3 perovskite has shown high defect tolerance preserving its 
opto-electronic properties even at high trap density (1014–1016 cm−3). In contrast, PV 
grade gallium arsenide (GaAs) must have a defect concentration as low as 107 cm−3 
[12]. This high tolerance to defects enables the synthesis of HHPs by solution process-
ing techniques. Density functional calculations show that the growth conditions of 
the perovskite correlate with the concentration and type of defects. Specifically, the 
I/Pb ratio determines the formation energy of defects. It was found that formation 
energy of deep trap states is very high, therefore the probability of having nonradia-
tive recombination centers is low. As a result, shallow trap states found in the MAPbI3 
perovskite are not detrimental of the photovoltaic performance [13]. This outstanding 
defect tolerance of the MAPbI3 perovskite derives from its exceptional band structure. 
Notably, related perovskites with compositional mixtures at the A-site cations or 
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halides have also shown defect tolerance if they have an adequate Goldschmidt factor. 
Accordingly, a HHP with high structural stability is also defect tolerant.

In summary, compositional tuning is a suitable strategy to increase intrinsic stabil-
ity, which means a thermodynamically stable structure with high defect tolerance. 
Both properties are of utmost importance for a photovoltaic material.

2.2 Extrinsic degradation mechanisms

Beyond compositional tuning, additional strategies must be developed to increase 
extrinsic stability. During solar cell operation, the perovskite active layer may interact 
with external factors such as heat, light, moisture, oxygen, electric bias, and other 
interface or external agents. Here, we briefly review some of the most important 
degradation mechanisms. Further information can be found elsewhere.

Water: When water interacts with perovskite, it can form hydrate or dehydrate 
phases according to reactions (1) and (2).

 ( ) ( )+ ←→ ⋅3 3 3 2 3 3 3 2s H O g H OCH NH PbI CH NH PbI  (1)

 [ ] ( )⋅ ←→ + +3 3 3 2 3 3 6 2 2 24
4 H O .2H O 3 I 2H OCH NH PbI CH NH PbI Pb  (2)

These reactions are reversible. Thus, perovskite can be regenerated exposing it to 
an inert environment. However, some irreversibility can appear due to phase segrega-
tion. Water forms hydrogen bonds with the A-site cation weakening its interaction 
with the lead halide octahedra [14]. As a result, the perovskite becomes prone to deg-
radation by external other stressors such as heat or electric bias. Once the perovskite is 
saturated by moisture, it fully decomposes to PbI2 and MAI.

Heat: During solar cell operation, the device is subjected to temperature cycles. As 
mentioned before, PV active phases of perovskites are stable in a temperature range. 
Moreover, some A-site cations are volatile organic molecules, which can be converted 
into gas-phase products when the perovskite reaches some critical temperatures. For 
instance, the MAPbI3 can be decomposed to PbI2, ammonia and methyl iodide when 
it is heated to 85°C in an inert atmosphere [15]. Additionally, the materials commonly 
used in hole or electron transporting layers are organic molecules, which can also be 
degraded at some temperatures. The main strategies to avoid degradation by heat are 
compositional engineering of the A-site cation and encapsulation with materials with 
good heat dissipation properties.

Light: light-induced degradation has been attributed to the migration of vacancies 
in the perovskite layer [16]. UV degradation takes place in the absence of moisture 
and particularly in the device stack denoted as n-i-p, especially those containing 
TiO2, which can induce photo-degradation. However, it has been demonstrated that 
UV-degraded devices can be subsequently recovered by 1-sun light soaking. The UV 
degradation/recovery phenomenon has been attributed to the free carriers generated 
by light soaking after neutralization of accumulated trap states and generated free 
charges [17].

Moreover, light can induce redistribution of halide and metal ions in the MAPbI3 
perovskite film. This phenomenon causes the increment of the photoluminescence 
under illumination due to the diffusion of I− species [18]. Ionic migration leads to 
phase segregation in the perovskite layer with halide-rich or halide-deficient areas 
being the most commonly found. These defects are carrier trapping states with 
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smaller bandgaps, which generate the increment in the photoluminescence. In the 
presence of moisture or oxygen, this phenomenon is more pronounced due to the 
passivation effect of superoxide molecules generated by the reaction of O2 and H2O 
with light [19]. In alloyed perovskites, light-induced A-site cation segregation has also 
been observed [20].

The main strategy against extrinsic degradation mechanisms is based on the 
encapsulation process, which is reviewed in the following.

3. Encapsulant structures

The encapsulation of solar cells has been highly guided by the industrial experience 
with commercial silicon solar cells. In general, the components for encapsulating a 
solar device [22] are presented in Figure 2. The general requirements that each encap-
sulation component needs to meet in order to protect the perovskite solar cells from 
external degradation factors are summarized in Table 1. These components include:

3.1 Polymeric encapsulant

It is the most critical component (also known as pottant or filling material). The 
list of its requirements includes: excellent adhesion properties, optical matching for 
better sunlight injection, electrical insulation, mechanical support, serves to physi-
cally separate cells and strings, UV stability, mechanical strength, thermal conduc-
tion, and stands thermal cycles. In addition, the selected encapsulant needs to adapt 
to specific processing conditions such as narrow temperature/pressure operational 
ranges and restrictions about the solvents and by-products that are considered “safe” 
to interact with the solar cell during the encapsulation process. Typical polymeric 
encapsulant materials are ethylene-vinyl acetate (EVA), PVB, TPU, silicone, ionomer, 
and UV-curable resin. However, it is important to mention that some devices, mostly 
at research level, do not include a polymeric encapsulant precisely to prevent device 
affectation after the interaction of the solar cell with the encapsulation material. In 
such cases, it is common to find in the filling space a desiccant material [22]. Finally, 
the standard encapsulation process for commercial PV devices, for instance, silicon 
ones, includes two layers of encapsulant fully surrounding the solar cell and its 
electrical contacts.

3.2 Substrate (bottom barrier)

It provides mechanical support and must provide a good thermal conductivity and 
a physical barrier against weathering. Typical materials include:

Figure 2. 
Components used to encapsulate a perovskite solar cell.
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• Glass

• Fluoropolymers-based: polyvinyl fluoride-based films such as Tedlar® and  
ethylene-tetrafluoroethylene-based films such as Tefzel™.

• Tedlar-based: TPT (Tedlar/PET/Tedlar), TPE (Tedlar/PET/EVA), TAT (Tedlar/ 
aluminum foil/EVA), TPAT (Tedlar/PET/aluminum foil/Tedlar), TPOT  
(Tedlar/PET/oxide/Tedlar).

• Polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) based:  
PAP (PEN/aluminum foil/PET), Teijin Teonex, BaSO4-filled PET

3.3 Superstrate (top barrier)

It is the front barrier of the solar cell. Accordingly, it provides physical protec-
tion against weathering and serves as optical coupling for the injection of sunlight. 
Frequently, the superstrate includes surface coatings such as UV protection and 
antireflective coatings (ARC). Typical materials include:

• Glass: low-iron and tempered.

• Flexible glass.

• Flexible polymer ultra-barriers [23] Amcor, Viewbarrier (Mitsubishi Plastic Inc),  
Opteria, Tera barrier.

General requirements Encapsulation component

E S SP ES

Mechanical Resistance to break/tear ✓ ✓

High adhesion strength between components ✓ ✓ ✓ ✓

Fixation of cells ✓

Electrical Insulation between cells/strings ✓ ✓ ✓

High dielectric breakdown ✓ ✓ ✓ ✓

High volumetric resistivity ✓ ✓ ✓ ✓

Optical High optical transmittance ✓ ✓

Refractive index matching ✓ ✓

Resistance to UV-induced yellowing ✓ ✓ ✓ ✓

Physical 
protection

Low moisture absorption ✓ ✓ ✓ ✓

Low oxygen absorption ✓ ✓ ✓

Thermal High thermal conductivity ✓ ✓ ✓ ✓

E: Encapsulant; S: substrate; SP: superstrate; and ES: edge sealant.

Table 1. 
General requirements of each encapsulation component.



225

Encapsulation against Extrinsic Degradation Factors and Stability Testing of Perovskite Solar Cells
DOI: http://dx.doi.org/10.5772/intechopen.106055

3.4 Edge sealant

Its primary function is blocking the lateral ingress of oxygen and moisture. 
Typical materials are polybutyl (“hot butyl”), silicones, and polyisobutylene (PIB). 
An interesting integration between edge sealant with desiccant materials was 
achieved by Quanex (SolarGain®).

Clearly, different configurations of the encapsulation components enable several 
encapsulation architectures. Table 2 shows the most common architectures. Be 
advised that there is not a universal labeling of these structures:

4. Encapsulation materials and by-products

The previous section mentioned the encapsulation structures that have been 
used for perovskite-type solar cells (PSCs). For the manufacture of these structures, 

Typical 
names

Architecture

Complete 
encapsulation 
[23]. Blanket 
encapsulation 
with edge 
sealing [2].

Blanket 
encapsulation 
[22]

Edged 
covered 
encapsulation 
[24]. The 
structure is 
filled with 
inert gas.

Film 
encapsulation 
[24]

Russian doll 
encapsulation 
[24]. The 
structure is 
filled with an 
inert gas.

Table 2. 
Encapsulation architectures.



Recent Advances in Multifunctional Perovskite Materials

226

methods similar to those used for the encapsulation of silicon panels have been 
adopted, such as vacuum or roll-to-roll lamination processes [25]. These methods 
may include UV curing, high-pressure lamination, and temperatures between 80°C 
and 140°C to ensure good adhesion and avoid thermal degradation of the PSC [26]. 
The encapsulant materials must be chemically inert to the PSC layers and also serve as 
a barrier blocking extrinsic factors such as H2O and O2. In addition, the encapsulant 
materials must be stable under temperature, humidity, and illumination conditions, 
ensuring adequate electrical, optical, and mechanical properties of the resulting 
device (Figure 3). For instance, the materials used for FE (film encapsulant) and ES 
(edge sealant) must have a high volumetric resistance to offer electrical insulation, 
among these materials, EVA, Surlyn (ethylene methacrylic acid copolymer), and 
polyolefin (POE) have volume resistivities of 1 × 1014, 6 × 1015 years 3 × 1016 Ω cm, 
respectively [27]. The main properties of the most studied materials used for FE and 
ES are presented below.

4.1 Optical properties

Mainly for FE, the materials used must present high optical transmittance since 
they are deposited on the active area of the solar cell and must guarantee that the light 
passes through. On the other hand, ES materials have fewer optical requirements 
since they are located in the non-active area of the cell.

EVA, Surlyn, polyvinyl butyral (PVB), UV-cured epoxy resins, polyurethane 
(PU), and POE have optical transmittance values around 90% [27]. However, the 
encapsulant EVA (the most common encapsulant used in commercial silicon cells) 
turns yellowish/brownish after a few years of operation leading to a decreased 
transmittance [28]. This is due to thermal stress of the copolymer, degradation by 
UV radiation, or a combination of both factors [28]. This outcome indicates that 
even for polymers that show high optical transmittance after the lamination process, 
it is necessary to perform accelerated aging testing under thermal and UV radiation 
conditions to confirm their durability. If after this kind of tests, the materials show a 
significant decay in transmittance, a possible solution is the incorporation of anti-
oxidants, UV absorbing materials, or the use of Ce-doped glasses to absorb UV and 
prevent the aging of the encapsulant [29].

Figure 3. 
Scheme of complete encapsulation system.
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4.2 Mechanical properties

The materials used in FE and ES must have a low elastic modulus in order to 
relieve strain and avoid delamination processes. The copolymers EVA and POE, 
mainly used in FE, have an elastic modulus between 10 and 80 MPa [27]. On the other 
hand, Surlyn copolymer has an elastic modulus around 400 MPa. For this reason, it 
has been reported that due to the brittleness of this material, delamination occurs 
after several measurement cycles [30]. These polymeric materials with low elastic 
modulus that minimize the presence of cracks under applied stresses are promising 
candidates for encapsulating flexible perovskite-based devices.

Among the materials that have shown the best results as edge sealing against 
moisture and oxygen are PIB and glass frits [25, 31]. PIB is a more versatile material 
with a low modulus of elasticity (9 MPa), which makes it a candidate for rigid and 
flexible encapsulation systems, while glass frits and epoxy resins are an option for 
encapsulation in rigid substrates, due to their mechanical rigidity making them prone 
to cracking. In addition, as further limitations, glass frits require temperatures >100°C 
for curing and currently are costly [25].

Solar cells must operate in ambient conditions, and it is necessary to anticipate the 
mechanical behavior of the encapsulating materials in different temperatures. For this 
reason, they are usually subjected to a thermal cycling test between −40°C and 85°C 
[27]. The glass transition temperature (Tg) of the encapsulant should be low enough 
to prevent the encapsulant from embrittlement in low-temperature conditions and 
failure, resulting in water and oxygen ingress and subsequent degradation. Polymeric 
materials that have a lower Tg usually have a lower cross-link density, a more flexible 
structure, and a higher free volume. For instance, the nonpolar chains in Surlyn are 
grouped together, and the polar ionic groups attract each other. This condition allows 
the polymer to behave similar to cross-linked polymers being more rigid and less 
permeable (Figure 4a and b), whereas EVA has a polymer structure that results in a 
more flexible but more permeable structure (Figure 4c).

4.3  OTR, WVTR, and prevention of volatilization of internal decomposition 
products

Due to the chemical nature of perovskite solar cells, the main purpose of the 
encapsulation is to mitigate degradation by extrinsic factors H2O and O2. Water vapor 
transmission rate (WVTR) and oxygen transmission rate (OTR) are the parameters 
that allow to quantify the water vapor and oxygen that penetrate through an encap-
sulant film in specific conditions of temperature and relative humidity. Because water 
molecules are smaller than O2 molecules, WVTR is used frequently to character-
ize the barrier properties of the encapsulant. It has been reported that the optimal 

Figure 4. 
Polymer molecules: (a) Surlyn, (b) ionic interaction in the Surlyn copolymer, and (c) EVA.
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encapsulation materials should have WVTR between 10−3 and 10−6 gm−2 day−1 [24]. 
However, the WVTR varies greatly and depends on both the structure of the polymer 
and the polarity of the molecules. The nonpolar groups in the polymers are associated 
with low water affinity and result in surface contact angles >90 degrees. For instance, 
the thermoplastic polyurethane (TPU) has nonpolar groups and presents a contact 
angle around 150 degrees. This hydrophobicity allows the PSC modules encapsulated 
with this material retain 97.52% of the initial efficiency after 2136 hours under outdoor 
conditions [26].

In addition, to prevent extrinsic degradation, the materials used for FE can also 
contribute to reducing intrinsic degradation. Under stress factors, perovskite can 
decompose into volatile species such as HI, NH3, and CH3I [25]. However, in the low 
confined volume of FE/PVSC, the partial pressure of the degradation of volatile spe-
cies starts to be high, up to the equilibrium point where the decomposition reactions 
are suppressed. For this reason, the materials used as FE are of special interest, but 
the reactivity with perovskite layers and the possible formation of by-products must 
be studied [32].

4.4 Chemical properties and by-products

Materials used in FE must be chemically inert to PSC under UV-Vis radiation, 
ambient temperature, and high humidity conditions, while those materials used 
in ES must not release substances that degrade perovskite during thermal, UV, or 
laser curing. On the other hand, organic encapsulants should have resistance to UV 
degradation and should not present hydrolysis reactions, for instance, PDMS, POE, 
PIB, and glass frits have not exhibited any reactions that promote the degradation of 
perovskite or the material itself in accelerated aging tests. On the other hand, materi-
als such as EVA and Surlyn under prolonged illumination and thermal stress produce 
acetic acid and acid methacrylate as by-products, respectively [22]. PU has ester 
bonding (R–NH–COOR’), which in the presence of high humidity leads to hydrolysis 
and depolymerization [33]. Similarly, it has been reported that PVB, due to its chemi-
cal structure, is sensitive to hydrolysis reactions and should be combined with low 
WVTR edge sealants [34]. On the other hand, the components of UV curable epoxy 
resins might be inert with PSC but have traces of moisture among them that subse-
quently degasify and degrade the perovskite layer.

Finally, most of these encapsulation materials are compatible with silicon cells, 
including EVA with acetic acid as a by-product. However, for PSC encapsulation 
materials with higher stability are required. Among these, PDMS, polyolefin, and PIB 
are shown to be the main candidates for encapsulation. Besides, to mitigate intrinsic 
and extrinsic degradation, the most promising structure is complete encapsulation, 
with an FE material that has high compatibility with PSC and an edge sealant with the 
lowest WVRT.

5. Stability testing and characterization

The main parameter to evaluate the stability performance of solar panels is the 
maximum power (or the panel efficiency), which depends on environmental vari-
ables such as solar irradiance and panel temperature [35]. In this context, the failure 
of an individual device is defined as the time at which the output power drops to 20% 
below the initial rated power. This parameter corresponds to the standard definition 
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of the lifetime of photovoltaic devices (T80) used as a figure of merit and commonly 
estimated from regressions analysis using the maximum power as a function of time 
[36]. Moreover, T80 depends on different factors such as the materials and proce-
dures used to fabricate the device, weather, and installation conditions, etc. [37]. 
Nevertheless, to improve the lifetime, the solar panel must include encapsulation/
packaging materials to mitigate degradation processes, increase the electrical insula-
tion, and provide mechanical and thermal support [38].

Delamination or adhesion loss of the encapsulant can be considered the most 
frequent and severe cause of module degradation, affecting the sunlight absorption 
and allowing the water-moisture penetration into the device [39]. In addition, most 
of the recognized failure models on PV silicon modules are related to the packaging 
materials [40]. Figure 5 shows the relationship between the device degradation and 
some failure modes such as discoloration, hydrolysis, corrosion, current leak, encap-
sulant embrittlement, and delamination. Herein, the degradation occurs when the 
substrate (backsheet) or encapsulant (typically EVA) is mainly affected by UV, heat, 
or water ingress. Besides, Figure 5 correlates the involved tests according to the failure 
modes. For example, visual inspection and/or thermographic analysis (IF image) for 
discoloration, delamination or cell crack, chemical degradation for hydrolysis, series 
resistance (Rs) for the corrosion process, insulation test for leaking currents, and vali-
dating the status of the packaging material as a dielectric, etc. Finally, the overview 
also highlights the importance of the I-V curve and the extracted parameters from 
this curve to track the degradation processes, such as fill factor (FF), series resistance 
(Rs), shunt resistance (Rsh), etc. [41–43].

In this context, PV manufacturers widely recognized international standards 
such as IEC 61215 to identify potential failures in silicon photovoltaic modules [44]. 
This qualification testing is based on three stress factors: light (irradiance and UV), 
heat, and moisture. Herein, the initial stabilization (exposing the modules to simu-
lated sunlight) and characterization (visual inspection, performance, insulation, 
and leakage currents) are essential to verify manufacture label values (datasheet). 
The final stabilization and wet leakage current test are performed to determine the 
module degradation and evaluate the pass criterium. It is worth noting that the output 
power determination is performed after a defined cooling time. Thus, eight randomly 
selected modules are tested into five groups as shown in Figure 6.

Figure 5. 
Correlation of failure modes with the packaging materials used in PV modules. Adapted from [40].
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• Group 1: one module is taken as reference (control).

• Group 2: one module is characterized considering the temperature coefficients  
and different power rating conditions such as standard test conditions (STC,  
irradiance of 1000 W/m2 and module temperature of 25°C), nominal operative  
cell temperature conditions (NOCT, irradiance of 800 W/m2 and ambient  
temperature of 20°C), and low irradiance conditions (LIC, irradiance  
of 200 W/m2 and module temperature of 25°C). Moreover, the bypass diode  
and hot-spot are tested.

• Group 3: two modules are tested in order to determine the ability to withstand  
the temperature (thermal cycling) and humidity effects (humidity freeze test).  
In both tests, the applied current and experiment setup must follow  
the standard suggestions.

• Group 4: two modules are tested in order to determine the ability to withstand  
temperature changes (cycling test).

Figure 6. 
Flowchart for design qualification of PV modules according to IEC 61215. Adapted from [45].
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• Group 5: two modules are tested in order to determine the ability to withstand  
the humidity penetration (damp heat test, 85°C/85%RH). Moreover, mechanical  
tests are included.

In the case of perovskite solar cells and modules, a broad range of efficiencies have 
been reported due to the diversity of structures used in the fabrication, highlighting 
the critical role of the protocols for obtaining reproducible devices [2]. Moreover, 
several protocols have been designed to evaluate the stability of perovskite devices 
focused in laboratory-scale cells. From these, the protocol most widely spread is the 
result from the International Summit on Organic Photovoltaic Stability (ISOS) [46].

Related to the deployment of perovskite technology, several features must be 
highlighted from the stability tests reported in the literature. Ethylene-vinyl acetate 
(EVA) as an encapsulant has been successfully tested following the temperature cycles 
test suggested by IEC 61215 [30]. Polyisobutylene as a barrier layer showed promising 
results in thermal cycles and damp heat tests [47]. Carbon layer as a barrier increased 
the long stability of devices up to 12,000 hours of exposure under continuous illu-
mination [48]. A printable mesoscopic solar cell with carbon as the electrode and hot 
melt polyurethane as encapsulant passed the accelerated tests suggested by IEC 61215 
[5]. Epoxy resin was used as encapsulant to evaluate the outdoor performance for 
minimodules following the international standard IEC 61853-1 [49]. The lifetime of 
minimodules encapsulated with EVA was estimated in outdoor tests concerning the 
depicted degradations patterns for the maximum power evolution and ideality factor 
providing insight concerning the degradation processes [43].

Although a lot of work has been reported on the stability of perovskite technology, 
the average lifetime (T80) is still short and reaches just a few months [50]. This fact 
remarks the essential role of the packaging materials to protect the solar cells and 
electrodes from the environment guaranteeing lower degradation rates. In fact, the 
stability results suggest that there is still room for improvement, particularly outdoor 
test investigations to provide insights related to failure modes [51]. Nevertheless, it is 
worth noting that the qualification testing does not test for all failure mechanisms, 
and for that, it cannot be used to provide a prediction of the device lifetime [52]. 
Besides, the qualification testing of IEC 61215 is proper for modules (module level); 
thus, the scaling of the technology and some particularities of the perovskite technol-
ogy must be considered to adapt or include other requirements for testing the device 
stability, as occurred with the light-soaking effects (power stabilization) for thin-film 
modules [44].

6. Security

In addition to the relevance of encapsulation as an important aspect to overcome 
the extrinsic degradation and improve the operational stability of the PSCs, health 
and environmental security are also pertinent toward commercialization of the tech-
nology. Like other photovoltaic modules, such as silicon, Perovskite modules can be 
damaged due to several uncontrollable causes that could include hailstones, fire dur-
ing operation, or some other natural disaster. Therefore, a proper encapsulation can 
also contribute to prevent environmental issues associated with constituent materials 
leakage. Particularly, lead represents the most hazardous environmental contaminant 
among all the constituent materials in a PSC. It has been estimated that for a typical 
400–550 nm thick perovskite layer, the unit area concentration of Pb ranges from 0.4 
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to 0.75 g/m2 [53, 54], which is a high value, when compared with the amount of lead 
present in an automobile battery that contains 20 pounds (9,000,000 mg) on average.

If a PSC made from a CH3NH3PbI3 is in direct contact with water, it immediately 
decomposes into PbI2 and CH3NH3I [55]. When a broken device is exposed to simu-
lated rain, it loses up to 72% of lead after 5 min of leaching and 100% after 72 hours. 
In order to prevent contamination by lead leakage, there are basically two alternatives. 
The first one is to make a long-lasting encapsulation that can be “indestructible,” 
which is quite difficult to achieve, but somehow possible using a self-healing coat-
ing that could heal itself after any kind of scratch. The second strategy is focused on 
mitigating the leakage after the encapsulation has failed, by means of chemical lead 
sequestration, using lead adsorbents in the device structure. A schematic representa-
tion of these two strategies is shown in Figure 7.

In the case of lead leakage prevention using chemical absorbing materials, resins 
are the preferred choice. Among them, P,P′-di(2-ethylhexyl)methanediphosphonic 
acid (DMDP) and N,N,N′,N′-ethylenediaminetetrakis(methylenephosphonic acid) 
(EDTMP) as Pb-chelating agents, or sulfonic acid cation exchange resins, such 
as Amberlyst15TMH, can be used [56, 57]. Figure 8 shows two examples of these 
materials, one chelating resin and one cation exchange resin. In the first case, the two 
phosphonic acid groups in each DMDP molecule can strongly bind with a Pb2+ with 
a binding energy of 252 kJ mol−1. In the second case, the sulfonic acid groups act as 
adsorption sites for Pb2+ ions and have a surface area (~50 m2 g−1) due to its nano-
scopically porous structure with nanoparticle sizes of ~40 nm. As the two materials 
act when lead is in its ionic state, they can be introduced as an external coating of the 
device, but also in combination with the solid state perovskite film, in some cases 
without decreasing the device performance [56].

The use of a self-healing coating to prevent lead leakage is shown in Figure 9. 
Resins with low glass transition temperature (Tg) are attractive for this purpose. 
Specifically, epoxy resins with Tg below 50°C can be sandwiched between the 

Figure 7. 
If a solar cell is broken, the use of two strategies can prevent the lead leakage. The first one (top-right) is the use of 
a self-healing coating that can automatically repair if it is damaged, and the second one (bottom-right) is the use 
of an adsorbent chemical that can capture leached lead before it reaches the soil.
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perovskite solar module and the top glass cover, and when the glass and the coating 
are damaged, the heat caused by sunshine can increase the device temperature above 
Tg, leading to a softening of the epoxy resin and a structural accommodation that can 
fill the empty spaces (cracks of cut areas).

7. Conclusions

In line with the impressive advances in efficiency (25.7% at laboratory scale) 
and cost reduction associated with the fabrication of perovskite solar modules using 
scalable solution deposition techniques, the protection of perovskite solar cells against 
extrinsic degradation factors, such as moisture, oxygen, heat, and sunlight, is a mat-
ter of intense research toward reaching the golden triangle of solar cell performance 
(lifetime, cost, and efficiency). As reviewed in this chapter, the particularities to 
improve the lifetime of the perovskite technology have demanded three main aspects:

Innovation in encapsulation materials fully compatible with the perovskite device 
structure from the chemical and processing frameworks. Up to date, PDMS, polyole-
fin, and PIB are the main candidates as encapsulants, and the complete encapsulation 
with edge sealing is the most promising structure to prevent H2O and O2 ingress and 
decrease degradation into volatile components.

Adapting the testing methods to better characterize and predict the temporal 
performance evolution of the perovskite devices and their failure mechanisms.

Finding alternatives to mitigate the environmental hazard of lead leakage where 
self-healing encapsulation structures and lead sequestrants outstand.

Figure 8. 
Chemical structure of (a) DMDP resin, and (b) Amberlyst15TMH cation exchange resin.

Figure 9. 
Schematic representation of the self-healing process of a glass (gray) coated substrate that can be damaged and 
then recover after heating at low temperature (below 50°C).
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Chapter 12

Lead-Free Perovskite
and Improved Processes and
Techniques for Creating Future
Photovoltaic Cell to Aid Green
Mobility
Rira Kang,Tae-ho Jeong and Byunghong Lee

Abstract

Perovskites material is in the spotlight as photovoltaic device due to their optical
and physical properties. In a short period of time, this organic-inorganic pevskite can
achieve about energy conversion efficiencies of 25.6% by anti-solvent and spin-coat-
ing based process. In addition, ambipolar carrier transport properties of perovskite
materials open up new directions for the high-efficiency thin-film solar cells. Despite
its attractive properties in solar cell application, concerned about device stability and
the use of lead compounds (APbX3, A = a cation X = halide) with toxicity cause the
potential risk for the human body and environment issue. Therefore, the use of a new
classed strucutral materials with intrinsic stability and beneficial optoelectronic prop-
erties can be considered as a start of the next chapter in pervoksite device. This
chapter is structured into two major parts: In section 1, we introduce more stable class
of perovskite, A2SnX6, where Sn is in the 4+ oxidation state. A detailed discussion on
the ramifications of material structure and chemistry-related challenges is presented
for solution processing, along with careful characterization. In section 2, we talk about
the direction of development for perovksite materials to be a next chapter of energy
source for a green mobility.

Keywords: perovskite, AMX3, A2MX6, lead-free perovskite, CsSnI3, Cs2SnI6,
coating technique, impedance analysis, vacuum evaporation

1. Introduction

1.1 Lead Free Perovskite Materials

The continual development in efficiency of lead-halide-based perovskites has
yielded phenomenal success with efficiencies above 25% [1]. To date, however, there
have been few reports of scalable solution or vapor processing techniques being
applied to the deposition of perovskite films with nontoxicity and stability. It is
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apparent that the path toward commercialization of solution-processed perovskite
solar cells requires the development of fabrication protocols compatible with
high-volume roll-to-roll or sheet-fed processing techniques. Although the use of lead
in perovskite is expected to have many human and environmental issues in the future,
these factors are not currently being considered due to the battle for solar cell effi-
ciency. This research trends make the future of perovskite solar cell darker. Therefore,
the most important key to the commercialization of perovskite solar cells is the
development of lead-free structured materials with competitive solar cell efficiency.

1.2 Tin-based perovskite

Tin of a group 14 element with comparable ionic radii is currently considered as
one of the best candidates to replace lead compounds due to its meaningful electrical
and optical properties [2]. Completely lead-free perovskite solar cells based on
CH3NH3SnI3 were reported in 2014 yielding efficiencies of 5.23% [3] and 6.4% [4]
with the suppression of Sn4+ accomplished through ultrahigh purity starting mate-
rials, fastidious synthesis, and glove box device fabrication protocols. In terms of
optical bandgap calculated by Shockley-Queisser for the highest efficiency,
CH3NH3SnI3 (Eg �1.3 eV) is considered the ideal materials (Eg, ideal � 1.35 eV).
However, relatively lower efficiency, the poor long-term stability, and low reproduc-
ibility of these films caused by the tendency for Sn to get oxidized are insufficient to
replace this material with lead-based perovskite [4]. To improve power conversion
efficiencies (PCEs) as inhibiting the oxidation of Sn2+ to Sn4+, CH3NH3SnxPb1–xI3,
which is mixture compounds of Sn and Pb, is reported [5]. Mixtures containing about
x = 0.25 of Sn (CH3NH3Sn0.25Pb0.75I3) showed �7.4% of the best efficiency [6].
Further improvement (PCE � 10.1%) was demonstrated as adding Cl, which show a
better film coverage, effective exciton dissociation, and charge transport [7].

1.3 CsSnI3-typed perovskite

With Kanatzidis’s group, we introduce p-typed CsSnI3 semiconductor, which is a
distorted three-dimensional perovskite structure that crystallizes in the orthorhombic
Pnma space group at room temperature (RT) (Figure 1(a)) [11]. The Sn2+ center sits
in a distorted octahedral environment with six I� anions, resulting in stereochemically
inactive so-called 6s2 lone pair of electrons. The {SnI6/2}

� octahedra condense to form
a three-dimensional framework via corner-sharing with the Cs+ countercations resid-
ing at 12 coordinate interstices within the network made by eight {SnI6/2}

� octahedra.
This structure exhibits direct bandgap properties of �1.3 eV and very high hole
mobility of μh = 585 cm2 V�1 s�1 with p-type conduction behavior at RT. Thermoelec-
tric power measurements gave positive Seebeck coefficients over the entire tempera-
ture range with linear dependence on temperature, suggesting p-type conduction
(Figure 1(b)). The hole mobility can be estimated from the electrical conductivity
using the equation μh = σp�1e�1 (where μh is the hole mobility, σ is the electrical
conductivity, p is the hole concentration, and e is the electronic charge). The calcu-
lated value is close to that obtained from the Hall effect measurements. Therefore, this
compound can be considered as being an excellent candidate material for replacing
lead-based perovskite. In 2012, a related inorganic CsSnI3 perovskite was used as a
hole conductor by combining the ruthenium dyes, reaching 8.5% efficiency [12].
From these properties and initial works, the field of p-typed perovskite material has
attracted great attention. After these initial works, the field of perovskite-based solar
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cells has literately exploded, with extremely exciting very recent results. CsSnI3
successfully also was demonstrated as light absorber [13]. The high photocurrent
densities of more than 22 mAcm�2 can be attained by utilizing CsSnI3 due to its
favorable bandgap, optical properties, and low exciton binding energies (BEs)
(18 meV) [14]. Nonetheless, an improvement of open-circuit voltage (�0.24 V) is still
required [15]. Also, the fabrication of tin-based ASnI3 perovskite cells is highly
unstable in the ambient due to the tendency for Sn to get oxidized, and its easy
oxidation creates Sn4+ that originates a metal-like behavior in the semiconductor
which lowers the photovoltaic performance [5, 16]. Therefore, a clear improvement
on the stability remains an objective.

1.4 Cs2SnI6-typed perovskite

A new class of perovskite variants A2BX6 would be attractive candidates because B
in A2BX6 is expected to be the +4 oxidation state upon assumption of the A+ and X ion
states, which would lead to a stable structure in air and moisture [8]. It can be inferred
that the electronegativity and ionic radii play an important role to be the stable
structure, the lattice parameters of which are determined by the competition between
the ionic Coulomb and exchange correlation contributions [17]. This typed crystals are
Fm-3 m space group with four formula units in one unit cell, and it is chemically
bonded from the Coulomb interactions between the particular ions [17]. In this crys-
talline structure, 12-fold of each monovalent cation A coordinates (in the unit of the
lattice constant) are (0.25, 0.25, 0.25), each tetravalent cation B is sixfold coordinated
by the halogen ions (x, 0, 0), where x is somewhat different (varying around 0.2) for
different structures. From optical band structure, halogen ions are located in the
upper valence band and the bottom of conduction bands is formed dominantly by the
cationic s-states. Usually incorporation of the d-transition metal ions (in the case of

Figure 1.
(a) Distorted three-dimensional perovskite structure of CsSnI3 at RT. red polyhedron, {SnI6/2}

�: Yellow, Cs. (b)
Crystal structure of Cs2SnI6 from the VESTA program. (c) DTA and graphs for Cs2SnI6 for temperature maxima
of 400–600°C. reprinted from [8–10].
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doped crystals) gives additional localized d-states, which form the bottom of the
conduction bands.

1.5 Characteristics of Cs2SnI6 perovskite

1.5.1 Structural properties

The α-phase of Cs2SnI6 crystalizes into the face-centered-cubic (fcc) K2PtCl6 type
with the space group Fm3̅m (the antifluorite structure) and the lattice parameter a of
11.6276 (9) [16]. The unit cell is configured of four {SnI6}

2�octahedra at the corners
and the face centers and eight Cs2+ cations at the tetragonal interstitials. (see
Figure 1(b)) Alternatively, Cs2SnI6 can be regarded as a defective variant of the
AMX3 structure type similar to those of CsSnI3, CH3NH3SnI3 and CH3NH3PbI3 com-
pounds, in which the {SnI6} octahedra connect to each other by sharing their corners.
In Cs2SnI6, half of the octahedral Sn atoms are missing creating discrete {SnI6}

2�

octahedra. The compound is therefore a molecular salt and contains Sn4+ rather than
Sn2+ in CsSnI3. This accounts of the stability of the material. After the half of the Sn
atoms are removed, the {SnI6}

2� octahedra shrink slightly, leading to the smaller
Sn � I bond length (2.85 Å) [17] in Cs2SnI6 than that in CsSnI3 (3.11 Å) [9] as well as
the smaller intraoctahedral I � I bond length (4.04 Å) than that of interoctahedral
I � I0 bond lengths (4.20 Å).

1.5.2 First-principles electronic band structure of Cs2SnI6

The self-consistent full-potential linearized augmented plane wave method
(LAPW) within density functional theory (DFT) and the generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof for the exchange and corre-
lation potential and WIEN2k program is used for electronic structure calculations
[18–23]. The modified Becke-Johnson exchange potential is also employed for
bandgap correction [24]. From these calculations, Cs2SnI6 estimate a direct bandgap
of �1.3 eV at the Γ point comprising filled I-5p orbitals and empty hybrid I-6p/Sn-5 s
orbitals for the valence band maximum (VBM) and conduction band minimum
(CBM), respectively (Figure 1(c)). The valence and conduction bands are surpris-
ingly well dispersed in energy, for a molecular {SnI6}

2� salt compound, with �1 eV
and � 0.5 eV bandwidth, respectively. Such a band configuration appears to justify
the remarkably high electron and hole mobility of pristine Cs2SnI6.

1.5.3 Electrical properties

From Hall effect measurements, electrical resistivity of a pressed polycrystalline
pellet of Cs2SnI6 by annealing at 200°C shows a reasonably low value of �100 Ω�cm.
The electron carrier concentration is measured to be on the order of �1 � 1014 cm�3

by RT and ≈ � 2.6 � 103 μV/K of the Seebeck coefficient. Plus, electron mobility of
the pristine bulk material that behaves as an n-type semiconductor shows about
310 cm2/V�s. Interestingly, with doping Sn2+ (as SnI2) in Cs2SnI6, p-typed semicon-
ductor behavior can be observed (�1 � 1014 cm�3 of a nearly identical carrier con-
centration and S ≈ 1.9 � 103 μV/K of the Seebeck data). The hole mobility and
resistivity of the p-type Cs2SnI6 show �42 cm2/V�s and 780 Ω�cm, respectively.
Although electron mobility level of p-type Cs2SnI6 is lower than that of the
CH3NH3PbI3 perovskite, it still preserves a considerable hole mobility [5, 16]. And, we
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can clearly understand the ambipolar nature of Cs2SnI6 from these characteristics of
both n- and p-type behavior.

1.5.4 Thermal properties of Cs2SnI6

The thermal stability of Cs2SnI6 is assessed by differential thermal analysis (DTA).
The temperature maximum in each scan was varied progressively by a 100°C incre-
ment between 400°C and 600°C (Figure 1(d)). The melting point Tm was determined
to be at �515°C, but X-ray diffraction suggests that the melting proceeds through
partial decomposition to CsI (mp = 621°C, bp = 1277°C) and SnI4 (mp = 143°C,
bp = 348.5°C). It is not clear at which temperature the decomposition occurs, but it
can be tentatively assigned to the reversible process occurring at Td � 410°C. The
further thermal properties of Cs2SnI6 powder are analyzed by thermal gravimetric
analysis (TGA) and differential scanning calorimetry (DSC) measurements. For the
TGA data, the drastic weight loss onset occurs at 269°C, which is attributed to the
beginning of the decomposition of Cs2SnI6 to SnI4 and CsI from the perovskite
frameworks. Nearly 44% weight loss between 270°C and 350°C of Cs2SnI6 is observed.
In general, DSC measurement can be helped to understand a sublimation and a
decomposition process for Cs2SnI6. The DSC curve exhibits two small endothermic
peaks at 200°C and 308°C. Both TGA and DSC results also confirm that the Cs2SnI6
crystal is relatively good stability and nonexplosive character. In order to verify this
behavior, three independent samples of Cs2SnI6 are prepared starting from pristine,
solution precipitated material. The first sample consists of the ‘as made’ fresh mate-
rial, whereas the other two have been annealed at 350°C and 550°C, respectively, in
evacuated ampoules. In agreement with the DTA and TGA data, the material obtained
from 350°C annealing remains unchanged, whereas the treatment at 550°C results in a
molten solid ingot which is, however, contaminated with orange crystals of SnI4.
High-resolution powder X-ray diffraction using synchrotron radiation confirms the
decomposition of Cs2SnI6 to SnI4 and CsI above 410°C. This is accompanied by a
relative loss of crystallinity, as judged by the loss of diffraction intensity and the
relative broadening of the reflections.

1.6 Cs2SnI6 formation processes

Deposition of perovskite films by spin coating process with anti-solvent is a highly
common method employed in perovskite photovoltaics research [25]. This method is a
good way on a laboratory scale, but it is not suitable for large-area or mass production
process. Here, we introduce a new two-step process (a CsI deposition in Step 1 by e-
spraying process and vaporization of SnX2 or SnX4 in Step 2) method of Cs2SnX6

(X = halide) compounds film formation. In earlier research, a series of experiments
describe how we have optimized our two-step solution processes for synthesizing
iodosalt Cs2SnI6-xBrx thin films to achieve suitable properties as solar photon
absorbers for light to charge conversion [10]. This paper is well explained what the
importance of Step 1 is and how to apply this. As another approach for making better
thin films, we adopted the method suggested by Saparov et al. [26] that Vapor SnI4
treatment is a thermally activated chemical reaction and the reaction temperature is
independent of the SnI4 temperature needed to establish the vapor concentration. The
schematic representation of the experimental vaporized step was illustrated in
Figure 2(a). The as-made CsI film prepared by e-spraying and excess SnI4 powder
was placed in a sealed glass container with the different positions (the center: CsI
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film, the edge: excess SnI4 powder) and rapidly heated to the reaction temperature
(25–200°C or 300°C) for 1 hour in a box furnace at a rate of 10°C/min. In our first
observation, even if the films show very smooth surfaces, SnI4 vaporization condition
at 200°C for 60 min is not enough to fully convert the Cs2SnI6 crystal because of the
existence of the main peaks of CsI film at all the thickness appears at 2θ = 27.6o (see
Figure 2(b)). Therefore, we choose a different condition based on the ground of the
work of Fuchizak [27, 28]. In more detail, at the initial stage of the experimental
research into the melting behavior, Simon’s equation is used:

p
p0

¼ Tm

T0

� �
Cs–1 (1)

where T0 and p0 are the values at the reference state,Tm is the melting temperature
at pressure p, and cS is a constant. This substitution is believed not to cause any
significant issues. Second, the Kechin melting curve equation is discussed. This equa-
tion was derived from

d ln Tm

dp
¼ ΔV

ΔH
¼ Γm

Km
(2)

Here, ΔV and ΔH denote the changes in volume and enthalpy upon melting,
and hence the first equality merely states the Clapeyron-Clausius relationship.
K represents the isothermal bulk modulus [27]. The subscript “m” denotes that the
quantities are calculated from a melting curve, or more precisely, along a solidus.
Thus, Γm and Km are considered as the asymptotic quantities of Γ and K evaluated in

Figure 2.
Vaporized technique as a step 2 process: (a) illustration showing vaporizing procedure; (b) XRD analysis and
cross-sectional image for the different film thickness; (c) vaporized condition for SnI4 powder; and (d)
morphological study from SEM and TEM analysis for 200°C and 300°C for 1 hour.
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the solid state. Because only a solid state is involved in the assessment of the second
equality, it was referred to as a “one-phase” approach in contrast to the first equality,
called a “two-phase” approach. Γ is defined by:

Γ ¼ �dlnT
dp

¼ 2 Υ � 1
3

� �
(3)

where γ is Grüneisen’s parameter, and the latter equality is evolved from
Lindemann’s melting law. The quite intriguing point in Kechin’s treatment for Eq. (2)
is to employ the Padé approximation to express the RHS and to obtain the solution:

Tm

T0
¼ 1þ p

a

� �b
e�cp (4)

when L = M = 1 was chosen in the Padé approximant. The constants, a, b, and c, are
expressible in terms of the original thermodynamic quantities contained in Eq. (2) as
follows:

a ¼ ΔH0

ΔH0
0
¼ Kmo

K0
m0

b ¼ ΔV0

ΔH0
0
þ ac ¼ Γmo

K0
m0

þ a and c ¼ ΔV 0
0

ΔH0
0
¼ � Γ0

m0

K0:
m0

where a prime denotes a pressure derivative, and the subscript “0” means that the
quantity is estimated at p = p0(≃0). When c = 0, Eq. (3) can be simplified to Eq. (1).
Eq. (3) is “almighty” in that it can capture an unusual melting curve with a maximum
at pmax = b/c � a.

However, Eq. (3) was used only as a fitting guide, and no examination was
attempted to demonstrate the fitted parameters on the basis of Eq. (4). Here, we are
simply fitted to Eq. (3), treating a, b, and c as fitting parameters with “best-fit” value.
The overall aspect of the fit is not bad, but the actual melting curve seems to break
more abruptly near 1.5 GPa, beyond which it becomes almost flat, with a slight
maximum at about 3 GPa (Figure 2(c)). Based on this information, we test a different
sets of condition Cs2SnI6 film produced by vaporized SnI4 treatment with the differ-
ent thicknesses. XRD analysis and morphology study for the different thickness can be
seen in Figure 2(b). All of the diffraction peaks are indexed as Cs2SnI6 with the space
group, Fm-3 m(225) (JCPDS #04–016-3227). This experimental study shows that the
complete reacted 500-nm-thick Cs2SnI6 film can be obtained after SnI4 vapor expo-
sure at 300°C for 1 hour. However, when the thickness is over 500 nm, a CsI impurity
peak started to appear. Thus, to remove unreacted CsI, a different treatment condition
is needed (e.g. we can also confirm the completely converted Cs2SnI6 film at 300°C
for 2 hour). Furthermore, we obtain the large Cs2SnI6 crystal for the 300°C cases.
From SEM top-view images in Figure 2(d), the 300°C treated sample has shown an
increased grain size with diameters of 453 � 35 nm, while the diameters of 200°C
treated sample are in the range of 240 � 58 nm. The TEM images are used to further
examine the crystal size. The sizes for 200°C and 300°C treated Cs2SnI6 films are
estimated to be 269� 24 nm and 450� 16 nm, respectively, which are consistent with
the SEM observations. The grain size (D) of two samples is also independently calcu-
lated from XRD data using Scherrer formula [29]. The (222) peak at 2 θ = 26.5o is fitted
to estimate the grain size of Cs2SnI6.. The 222 peak gives an estimate of the average
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crystallite size only in the ab-plane direction. As expected, the average grain size
increases only slightly after 1 h of annealing at 300°C (D = 58.80 � 0.2 nm) compared
with the 200°C treated samples (D = 52.21 � 0.6 nm). The increased grain size
correlates with an improved film conductivity. This improvement is mainly provided
by the carrier mobility being enhanced from 1.94 cm2/(V�s) for the 200°C treated film
to 11.24cm2/(V�s) for the 300°C treated Cs2SnI6 film, and to a lesser extent by the
carrier concentration that increases slightly from 1.57 � 1015 cm�3 to 4.89 � 1015 cm�3

at a film thickness of 1.5 μm. This experimental research indicates that bulk electrical
conductivity reduces with the decreasing grain size. The electrical property change
can be attributed to fewer boundaries impeding electron mobility in the 300°C treated
films [30].

The optical properties of Cs2SnI6 film prepared by the vaporized technique can be
also seen in Figure 3(a). The film formed vaporized condition followed the same
optical (1.6 eV) and electrical properties are quite similar to the literature results [26].
This reason can be understood by the following experiment: X-ray photoemission
spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) measurements
of the Cs2SnI6 film produced by the different methods were performed for composi-
tional and chemical states analysis. The presence of Cs, Sn, and I elements is clearly
discernible (Figure 3(b)). The binding energies of 619.7 eV and 631.2 eV are indica-
tive of I3d bonded to Cs3d at binding energies (BEs) of 725.1 and 739 eV, in good
agreement of result for CsI peak [31]. In the case of the Sn compound, the main
binding energies of Sn3d5/2 and Snd3/2 obtained from solution method are about
488 eV and 496 eV, respectively, attributed to Sn4+ state (see Figure 3(b) middle
column). Interestingly, in the case of the vaporization method, the main binding
energy at 487.3 eV can be assigned to Sn2+, leading to intrinsic defects and instable
form, with a nominal formula Cs+2Sn

2+(I6)
4� [26, 32–34]. The vaporization of a

system of tetrahedral MX4 groups linked through vertices (silica-like structure) is
accompanied by a reduction in the coordination number of the metal, in some
instances to polymeric species which dissociate to monomers at higher temperature
[35]. Thus, the formation of the Sn2+ oxidation states can be explained by halogen
transfer during the high-temperature process [36–38]. The position of energy levels
for occupied states can be also determined by UPS analysis. (Figure 3(b) right
column) The BE of the HOMO onset of Cs2SnI6 film prepared from the different
method is determined by the intersect of the linear extrapolation of the leading edge
of the HOMO peak and the straight background line. The Fermi level in most of the
presented spectra is fixed at zero binding energy, and all the measured positions are

Figure 3.
(a) The optical absorption and PL analysis at 1000 nm thickness prepared by the vaporized technique at 300°C
for 1 hour, and (b) XPS and UPS analysis for Cs2SnI6 prepared from the different technique.
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referred with respect to the Fermi level. The HOMO onset of Cs2SnI6 powder and film
from solution method are observed to be 5.52 � 1.2 eV, while for the vapor method
they are measured to be 5.58 � 0.9 eV. The downshift of HOMO level with increasing
bandgap can be considered by the distortion of crystal from the Sn2+ state. The
different oxidation state can affect not only crystal structure account of the different
ionic radius of Sn2+ (102 pm) and Sn4+ (0.69 pm) but also has a profound influence on
a number of physical properties [39, 40]. The Sn2+compounds are expected to have
distortions of their bonded configurations because of the influence of their nonbonded
pair of electrons, while the 5s0p0 configuration of the Sn4+ ion should give regular
octahedral coordination for tin in ionic lattices. The bond length of Cs2SnI6 can be
seen in Figure 1(b) [17, 41]. The missed half of Sn atom brought the Sn-I length
(2.89 Å) closer to the actual value (2.85 Å), while estimated Sn-I length of Sn2+ was
about 3.22 Å. The incongruous Sn-I length leads to the distortion of Cs2SnI6. From
Goldschmidt tolerance factor (t), we can simply understand the stability and distor-
tion of Cs2SnI6 crystal with Sn2+ and Sn4+ oxidation state [42]. The tolerance factor is
calculated from the ionic radius of the atoms [43]. A tolerance factor of 0.71–0.9
originates from a distorted perovskite structure with tilted octahedra. In the case of
the tolerance factor is higher (>1) or lower (<0.71), perovskite phase cannot be
formed. This rule made for oxide perovskite, but the trend is still valid for pero-halide
perovskite materials structure. The calculated tolerance factor of Sn2+ oxidation state
can be estimated by 0.9012 (from SPuDS software program), while the maximum t
achievable of Sn4+ oxidation state is 0.998. The decreased t value of the Sn2+ oxidized
state indicates that the network of corner-shared SnI6 octahedral will tilt in order to
fill space, causing a less stable structure.

Figure 4 illustrated the electronic structure of Sn2+ state Cs+2Sn
2+I6

4� and Sn4+

state Cs+2Sn
4+I�6 presented by Xiao et al. [33, 41]. The chemical bonding nature and

the origin of the bandgap in Cs2SnI6 can be understood by DFT calculations for some
hypothetic structure. The qualitatively arranged group of electronic structure on the
energy scale can be seen in Figure 4(a). The electron structure on an isolated [36]
octahedron (i.e. {I6}

0 cluster) is firstly displayed. The 18 I 5p orbitals of the {I6}
octahedron are split to seven groups, following by the energy eigenvalues at the Г
point and the group theory. The six radial I 5p orbitals split into three groups of a1g (I-I
bonding) and eg & t1u (I-I antibonding). The 12 tangential I 5p orbitals form 4 triply

Figure 4.
(a) Total and projected DOSs of qualitative interaction diagram for the {I6}

0 cluster, the {SnI6} cluster, and the
{SnI6} sublattice models. The orbital are qualitatively arranged on the energy scale. A schematic illustration of {I6}
a1u orbital: (b) schematic electronic structure for the different state Cs2SnI6. Reprinted form [41].
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degenerated groups of 1t1u & t2g (I-I bonding) and t2u & t1g (I-I antibonding). By
adding a Sn atom and two electrons (transferred from the tow Cs atoms, which is
ionized to Cs+ in Cs2SnI6) into the {I6} octahedron, the electronic structure of a
{SnI6}

2� octahedron cluster is obtained. Therefore, the main difference between the
+2 and + 4 oxidation state is the Sn 5 s orbital position. The unoccupied Sn 5 s orbital at
the Cs+2Sn

4+I�6 state is contributed to the conduction band maximum (CBM). How-
ever, the calculated Cs+2Sn

2+I6
4� state had the fully occupied Sn 5 s orbital and I 5p-Cs

6 s antibonding CBM state. The +2 oxidation state of Sn has deeper VBM, and it can
be explained by its wide bandgap. Using the one-micron-thick Cs2SnI6 film produced
by solution and vapor as a photosensitizer, we fabricated three different series of
solar cells structure: (a) nanoporous TiO2 /Cs2SnI6/Au; (b) nanoporous TiO2 /
Cs2SnI6/Spiro-OMeTAD/Au; and (c) nanoporous TiO2/Cs2SnI6/LPAH/Au. As shown
in the SEM cross section, a nanoporous TiO2 layer with interpenetrating layer of
Cs2SnI6 is placed as the next layer. A selected HTM layer is next deposited followed by
the evaporation of a thin Au contact layer. Three different series of HTM layers
prepared from solution and vapor processes are shown in Figure 5(a). The bottom of
SEM images is also displayed in their band diagrams. The J-V curves for each of the
device structure are plotted in Figure 5(b), along with a table showing their charac-
teristics. For configuration a. and d., we observed a substantial short circuit in the
device of both solution- and vapor-processed samples. For configuration e., the
vaporized samples show the best performance in typed cells (η = 0.505%), while the
solution-processed solar cell shows the best performance (η = 0.177%) in the configu-
ration c.. The overall improved PCE at the vaporized process is attributed to their

Figure 5.
(a) {, #558} and cross-sectional images of a Cs2SnI6 film device (bottom: band alignment diagram) (b) J-V
curves for different structures and device performance as described in the table above.
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smooth surface, but still a low efficiency at 0.5%. However, it should be noted that
large-effective-surface-area polyaromatic hydrocarbon (LPAH) can be dispersed well
in alcoholic solvent (such as ethanol and isopropanol) without any polymer binder or
surfactants [44]. Interestingly, the LPAH suspension with isopropanol also shows
long-term dispersion stability. We believe that our findings make it possible to
use this unique carbon nanostructural material as HTM material. In order to prove
the effectiveness of LPAH, we tested that the case of a methylammonium lead
iodide (MAPbI3) thin film can lead to high-efficiency device. (This book will not
cover it).

Operating mechanisms of the Cs2SnI6-based solar cells have raised a number of
questions. The optimization and further improvement of a new material require a
deep knowledge of the working principles of this photovoltaic device. In order to
understand the effectiveness for photosensitizer, the charge transfer process is studied
by two different tools such as electrochemical impedance spectroscopy (EIS) and
femtosecond transient optical spectroscopy (i.e. TAS and time-resolved PL (TRPL)
spectroscopy) for measuring accumulation of a photogenerated charge and the
diffusion length (LD) [45–47].

1.6.1 Impedance analysis

In earlier reports, dye-sensitized solar cells (DSSCs) have been successfully
modeled by equivalent circuit elements, which have helped to elucidate the roles of
internal interfaces as well as device components [48, 49]. From simulated model,
average charge carrier lifetime, electronic densities of states, and charge carrier
concentrations can be calculated. However, in the single-electrode system like BHJ
organic photovoltaic devices or perovskite solar cell, the different impedance model
is applied due to their geometrical difference [50–52]. Herein, we consider the
properties of the impedance associated with diffusion coupled with recombination
[45, 46, 51]. As seen in Figure 6(a), electron energy diagram of an electron-transporting
materials (specially, nanostructured metal oxide, TiO2, SnO) in contact with a hole-
conducting material (or redox medium), displaying the electrochemical potential of
electrons EFn (Fermi level), when a voltage V is applied to the substrate, and assuming
that conduction band energy (Ec), is stationary with respect to the redox level, Eredox.
The equivalent circuit (transmission line model, TL) for a small periodic ac perturbation
contains the resistance for electron transport throughout the metal oxide nanoparticles,
rtr; the resistance in the hole-transporting medium (hole or ion conduction) rHTM; the
recombination resistance at the metal oxide/HTM interface, rrec; and the chemical
capacitance for charge accumulation in the metal oxide particles, Cμ. The TL pattern
related to the carrier transport at lower frequency which is due to a coupling of capac-
itance with recombination is demonstrated by a straight line. (The extension of the
straight line cuts the semicircle at low frequencies).

The model corresponding to the reflecting boundary condition is shown
in Figure 6(a) and contains three main elements. The first is the chemical capacitance
(Cμ), which makes Cμ dominate the total capacitance at sufficient forward bias. The
Cμ is related to the variation of the electron Fermi level in the TiO2 caused by the
variation of the electron density as a function of the voltage. The fitting of TL allows
to separate the two resistive parameters, for an active film of area A and layer
thickness L. The second is the recombination resistance, Rrec, and the third is the
transport resistance Rtr, that is reciprocal to the carrier conductivity, σ and the
conductivity relates to the free electrons diffusion coefficient, as:
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Rrec ¼ τn
Cμ

, Rtr ¼ L
Aσ

, σ ¼ CμDn

L:

It is important to remark the following property:

Rtr ¼ L
Ld

� �2

Rrec and Ld ¼ Rrec

Rtr

� �1=2

L

The diffusion length (Ld) is also obtained from electron diffusion coefficient, Dn,
and electron lifetime τn, as Ld ¼

ffiffiffiffiffiffiffiffiffiffi
Dnτn

p
and indicates the average distance that gener-

ated or injected electrons travel before recombining. Influence of Ld of the carrier
distribution in forward bias under dark conditions is illustrated in Figure 6(b). For
reflecting boundary (1) of long diffusion length, the carrier profile is nearly homoge-
neous. For short diffusion length (2), a gradient of carriers for the size of diffusion
length is built from the injection point, and the rate of recombination at the back
surface becomes another important factor. Finally, if the rate is large (3), excess
carriers cannot remain at this boundary, and a gradient for the size of the semicon-
ductor layer is built. Figure 6(c) shows a set of the characteristic impedance spectra
pattern obtained for the Cs2SnI6/LPAH/Au at different applied voltages in the work-
ing conditions under 0.1 sun illumination. For all the spectra, an arc is observed at
high frequencies related to the transport in Cs2SnI6/LPAH. At low frequencies, for
samples, the classical feature of a transmission line, TL, discussed earlier is clearly
visible. The TL pattern is defined by a straight line, associated with the carrier

Figure 6.
(a) Electron energy diagram and general TL (b) concentration at the left boundary with concentration in the
diffusion-recombination model. Curve represents the case (1) Ln > > L,(2) Ln < < L (3) long diffusion length
with strong recombination at the back contact (c) the equivalent circuit used to fit the experimental data and
impedance spectroscopy characterization. Reprinted from [46, 51].
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transport, followed by an arc at lower frequency, which is due to a coupling of
capacitance with recombination. The fitting results are presented in Figure 7.

Important information about the recombination in the solar cell is contained in the
recombination resistance, Rrec, and the transport rate is related to conductivity, σ. In
the case of thin film (�500 nm), a Cs2SnI6 film produced by vaporized process
exhibits two orders of higher conductivity, while it displays lower Rrec at comparable
potentials (higher recombination rate) compared with Cs2SnI6 film from solution
process. Therefore, diffusion length (Ld) of vapor-processed Cs2SnI6 film (�0.76 μm
at low voltage) is increased by as much as 65.2%, compared with solution-processed
film (�0.46 μm at low voltage). This reason can be considered as improved Cs2SnI6
film quality. For example, solution-processed Cs2SnI6 film shows the rough film with
pinhole surface because of the loss during converting crystal formation such as being
washed away by dropping SnI4 alcoholic solvent (Figure 7(d)). The light absorption
properties of Cs2SnI6 film can be determined by absorption coefficient. Materials with
strong absorption coefficients more readily absorb photons, which excite electrons
into CB. Thus, knowing the absorption coefficients of materials aids engineers in
determining which material to use in their solar cell designs. The calculated coefficient
(α) of 7.11� 102 cm�1 at 550 nmmeasured for Cs2SnI6 film (at �500 nm) is about two
order lower than that of 1.32 � 104 cm�1 at 550 nm for MAPbI3 film (at �400 nm)
[53]. Although a wider absorption spectrum of Cs2SnI6 film is benefit from light
absorption, a low αmust be improved to be the efficient photosensitizer. The higher α
can be obtained by increasing film thickness developed. For example, α is estimated to
be 1.7 � 103 cm�1 and 8.5 � 103 cm�1 at 550 nm for 1000 nm and 1500 nm Cs2SnI6
film, respectively, which indicates that α of thicker film is an order of magnitude
higher than that of thinner film. However, from calculated diffusion length and the

Figure 7.
Transport and recombination parameters vs. voltage: (a) recombination resistance, Rrec,; (b) conductivity of active
layer considering the geometric cell area; (c) diffusion length; and (d) cross-sectional SEM images of solution-
processed film (inserted in (top) vapor processed film (bottom) photo image) for �500 nm thick Cs2SnI6 film.
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experimental limitation for a completely reacted Cs2SnI6 film, we conclude that about
1.0 μm thick is the best condition for the efficient solar cell. Unlike aforementioned
results, the oppose behavior, i.e. increased transport rate and decreased recombina-
tion rate at thicker film, can be observed due to the existence of CsI impurity at vapor
process. Consequentially, in the case of about 1.0 μm thick, solution-processed Cs2SnI6
film shows longer diffusion length (1.5 μm) than that of vapor process (0.78 μm). This
result indicates solution process is more favorable technique for thicker layer film.
However, vapor-processed Cs2SnI6 film shows a high photocurrent and increased
performance regardless of CsI impurity (leading to decrease Ld) compared with solu-
tion method. Therefore, our group believes that a completely converted or single-
crystalline Cs2SnI6 film over 1.5 μm thick under well-controlled vapor process leads to
the outstanding solar performance.

1.6.2 Femtosecond time-resolved transient absorption spectroscopy

The further photo-induced charge transfer processes can be confirmed by the
excited-state dynamics measured from femtosecond transient absorption (fs-TA)
spectroscopy [54]. In the case of over 800 nm, the totally black colored Cs2SnI6 film
has a problem to transmit light through the samples. Therefore, >500 nm of Cs2SnI6
film is used for this study. Figure 8 presents the normalized ground-state fs-TA
spectra of solution and vapor-processed Cs2SnI6 film on Al2O3 (<100 nm, Aldrich).
Samples are excited with 600 nm, and 10 nJ laser pulses are used with the same

Figure 8.
Femtosecond transient absorbance spectra with white light continuum probe and pulsed fs laser excitation at
600 nm and 10 nJ laser pulses are used with the same spectrum spanning from 500 to 800 nm. Dynamics extracted
at 650 nm (black) and 725 nm (blue) for (a) solution and (b) vapor process for a two-step Cs2SnI6 film.
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spectrum spanning from 500 to 800 nm. Both samples show two main features: a
positive band in the range of 600–680 nm and broad negative band peaked at 680–
800 nm. The broad positive band is resulted in the superposition of a ground-state
bleaching (GSB) and simulated emission (SE) due to the close resemblance to the
spectra of steady absorption and photoluminescence; the negative spectral feature is
assigned to photo-induced absorption of excited state (PIA) as bleaching transitions
from valence band to a conduction band [55]. The peak at 590 nm in case of solution is
considered a noise peak caused by the uncovered Cs2SnI6 layer film defect. In the
global analysis procedure, the decay-associated spectra with time constant probing at
630 nm and 725 nm are plotted in Figure 8(c) and (d).

The completely reacted and covered Cs2SnI6 film shows three time constants of
1.9 ps (74%), 42.4 ps (21%), and 6835 (5%) at 650 nm as well as 0.73 ps (73%), 40.5 ps
(21%), and 5152 ps (6%) at 725 nm, while a solution-processed Cs2SnI6 film reveals
three time constants of 2.02 ps (75%), 40.9 ps (22%), and 6344 ps (3%) at 650 nm and
1.31 ps (67%), 38.4 ps (29%), and 5862 ps (5%) at 725 nm. The fast component for
these samples is accounted for charge carrier trapping at grain boundaries of perov-
skite. We assign the longer time component (τ2) to electron injection into glass. This
long-lifetime component, not resolved in this work, is most likely electron-hole
recombination [56–59]. For 650 and 725 nm, the small differences observed between
solution (τ2,650nm = 40.9 nm and τ2,725nm = 38.4 nm at solution process, while for vapor
process, τ2,650nm = 42.4 nm and τ2,725nm = 40.5 nm). The small differences observed for
both samples are not significative enough to draw any conclusion regarding the
electron injection process. The further experiment for this measure did not progress
by the difficulty in the sampling. For example, in electric field deposition system, a
conductive substrate is prerequisite for making a continuous and homogeneous thin
film. However, for fs-TA spectroscopy analysis, nonconductive substrate is favorable
to clarify the electron transfer dynamics of material itself. Therefore, in this thesis, fs-
TA is no longer used. In spite of possible charge dynamic properties charge injection
and the similar diffusion length (Ld ≈ 0.8 μm at �500 nm) of Cs2SnI6 film compared
with MAPbI3-based solar cell (Ld ≈ 1 μm), our initial finding showed very low device
efficiencies. Nevertheless, we were encouraged because the device operated as a
photosensitizer even when the conduction band energy level between TiO2 and
Cs2SnI6 layer is nearly the same. A possible solution to this problem can be sought in
bandgap tuning, and this can be achieved i) through the modification of the electron-
transporting layer and ii) using an appropriate Cs2SnI6-xBrx absorption layer. These
two approaches are discussed in the next paper.

2. Toward scalable fabrication of perovskite solar cells for mobility

Over the last decade, various support policies for electric vehicles (EVs) have been
established in key markets, facilitating a major expansion of EVs models. But the
challenge remains enormous such as driving range improvement and electricity pro-
duction for charging EVs. Therefore, there are many efforts to increase the mileage of
EVs. The use of solar energy would theoretically be the ideal fuel for EVs. In addition,
significant fiscal incentives were provided for cars equipped with solar roofs (see IRC
Section 30D(g)(1)(A)). Thus, major manufacturers expressed great interest in
vehicle-intergraded solar cells. Still, the limited coverage area and efficiency of crys-
talline silicon-based solar cells make it difficult to have been active in a car application.
Recently, Sono Motors, Lightyear one, and Mercedes-Benz presented the concept of
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the electric concept sedan with a range of 620 miles (�1000 km) by increasing the
solar panel area such as the roof, hood, and trunk. However, unlike stationary solar
cells, mobile one requires higher standards (e.g. climatic tests such as temperature,
humidity, and sun, and mechanical tests such as shock, drop, and scratch resistance
are conducted for pedestrian safety.) Hyundai (Sonata and IoniQ5) and Toyota
(Prius) successfully launched solar-roof-integrated cars from the lamination tech-
nique of the panoramic sunroof.

Hyundai Motor Group continues to study solar roofs, hoods, and trunks with differ-
ent requirements. Although the development of next-generation solar cells has been
underway for a long time, unfortunately, silicon is still a primary material for commer-
cial solar cells. As mentioned earlier, the mobile car with a limited area requires a new
material solar cell capable of higher efficiency (above 30%) and flexibility for easy
application. Here, we deal with perovskite cells (PVCs) for mobility only from the point
of view of the fabrication method. Perovskite is regarded as one of the next-generation
materials that can overcome or create synergy with c-Si. Many researchers and company
have suggested fabrication methods on a lab scale, not in the mass production stage. In
this section, we show the scalable fabrication method of PSCs, considering that different
integration technologies are required depending on the parts in the car.

2.1 Solution-based fabrication of perovskite solar cells

There are representative PSCs manufacturing companies. They present various fab-
rication methods and strategies for the commercialization of perovskite (Table 1). The
latest trends in development in schools and companies, along with increasing interest in
PSCs, are described on website [60]. Solution-based fabrication of PSCs is similar to
organic solar cells (OSCs) and organic light-emitting diode (OLED). In the case of OSCs,
relatively high efficiency (�18.2%) and mass production processes have been success-
fully researched in Kolon Industry [61]. Still, it has not been expanded due to the poor
stability of organic materials. Moreover, the operating life issues of solution-processed
OLED panels compared with the vacuum-processed device make it still an uncommon
technique. Similar to these two devices, fabrication methods of PSCs have been devel-
oped. Similar to these two devices, PSCs are expected to have the same problem. To
avoid these problems, we will briefly review the perovskite coating process.

Company Manufacturing target Technique. Performance claims

Oxford PV (UK) Rigid perovskite/Si tandem PVD 29.8% @ 1.12cm2

(tandem)

Microquanta (China) Rigid glass-backed perovskite cells. ? 17.3% @ 17.3cm2

(module).

Saul Tech. (Poland) Printed flexible, lightweight, perovskite-only
cells (niche application, e.g. IoT device)

Inkjet
printing

25.5% with a small
area

Panasonic (Japan) Rigid perovskite cells.
(comparable c-Si)

Inkjet
printing

16.1% @ 802 cm2

(module)

Toshiba (Japan) lightweight modules for rooftops
(LCOE of 7yen/kWh)

Meniscus
coating

15.1%, @ 703. cm2

(flexible)

Table 1.
Comparison of some companies commercializing perovskite.
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2.1.1 Spin coating technique

It has been widely used to fabricate small cells less than 0.1 cm2 and large module
with area of 100 cm2 as well [62]. The main advantage of this technique is simple, has
high reproducibility, and is easy to control a nanoscale film thickness. For perovskite
application, one-step and two-step of spin coating method are used. For one-step spin
coating, the mixed precursor solution (organic halide salts and lead halide salts are
dissolved in commonly used solvent such as DMF and DMSO) is spin-coated under
layer (charge-transporting layer). In order to prevent incomplete crystallization dur-
ing on-step process, the two-step method including so-called anti-solvent engineering
was introduced [63] This method has been widely used to produce high-quality film
because it rapidly induces supersaturation, but the anti-solvent method cannot guar-
antee uniformity over a large area as the wet film is washed out. Additionally, since
this method causes materials loss and stains with large-area coating, it is necessary to
develop a method to replace this technique.

2.1.2 Meniscus coating (slot die and blade) coating

The term “meniscus coating” is the translation of a meniscus across the surface of a
substrate as the solution is spread through a coating head or blade. These coating
methods include slot die coating and blade coating. These coating can be applied in
both sheet-to-sheet (S2S) and roll-to-roll (R2R) (see Figure 9(c) and (d)). Using R2R
process, the material loss rate is less than 1% and high productivity can be expected
[64]. The film thickness of the meniscus coating can be governed by the precursor
solution concentration, the coating speed, and the gap distance between the blade or
coating head and the substrates. A blade or a coating head moves across a surface or
vice versa in the case of R2R. The blade spread predispensed ink, and the slot-die
spread ink through a microfluidic metal die. They form it into a wet film. Compared
with the spin coating, the solvent evaporation rate of meniscus-coated perovskite film
is relatively slow, which promotes the growth of larger crystals. Because of the diffi-
culty in controlling crystallization of perovskite film only by the natural drying,
additional mechanical (e.g. preheating substrate [65] and gas blowing [66]) and
chemical treatment (e.g.. anti-solvent [67]) are required. The former two cases are

Figure 9.
Schematic of solution-based fabrication and vacuum thermal evaporation (co-evaporation).
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possible through modified coating equipment. The latter, the two-step method with
anti-solvent, has been commonly used in spin coating, as discussed before. However,
this method is difficult to be transferred from spin coating to meniscus coating due to
its narrow time window. In this regard, solvent engineering of perovskite precursor
ink is required to enable a one-step method. Depending on the existence of an ink
reservoir, the slot die coating is more useful than a blade coating for scale-up [68].
Regardless of substrate type, all slot-die coating is still difficult due to materials and
device structure restrictions (see Table 2). Still, the current intermediate results of
these coating are likely to be the first solid step toward future manufacturing of the
PSCs cells.

2.1.3 Spray coating

As a low-temperature coating technology, spray coating with with low cost, high
volume, rapid manufacturing, and low material loss rate is the most widely used
technique. Spray coating uses relatively low-concentration “inks.” This process can be
divided into four stages: i) the generation of the ink droplets, ii) the transport of the
droplets to the substrate, iii) the coalescence of the droplets into a wet film, and iv)
the drying of the thin film (Figure 9(f)) [68]. In recent years, � 15.5% of mini
perovskite module (size�40 cm2) produced by spraying process are reported [72].
Until now, efficiency of spray-coated PSCs still lags behind a meniscus-coated PSC
due to nonuniform crystallization of perovskite and film coverage issue when
one-step process is applied.

2.1.4 Inkjet printing coating

The inkjet printing method can reduce the procedure of the laser etching
processing for module fabrication. For inkjet printing of the perovskite films, most
inkjet-printed demonstrations utilize piezoelectric MEMs print heads, which provide
controllable microfluidic jetting through a silicon-etched nozzle. To improve the reli-
ability and the speed of printing, multiple jet nozzles are also devised [79]. Inkjet
printing enables specific cell shapes for particular functions, such as small-scale utility
power and building-integrated photovoltaics (BIPVs). Additionally, an essential
advantage of continuous and other inkjet printing systems is that they do not require
physical contact or critical gaps between the jet and the substrate, making them
suitable for printing on uneven, curved, or pressure-sensitive surfaces [68]. It will also
enable the printing of solar cells ideal for cars, especially esthetics, in the future. Saule
Technologies uses this method for 1-m-wide perovskite in building-integrated photo-
voltaics (BIPVs) and EV charging ports. Thus, it is a very scalable technique for
fabricating PSCs.

2.2 Solvent

Many papers have explained the growth mechanism of perovskite crystals in
solvent [80, 81]. The interaction between solvents and perovskite compositions is
significant in the nucleation and crystallization processes during the perovskite film
formation. Noted that the choice of solvent in perovskite solution should consider how
well solvent can dissolve precursors and crystallize them in a one-step method, as
mentioned earlier. Polar aprotic solvents (DMF, DMSO, γ-butyrolactone (GBL),
pyrrolidone (NMP), and acetonitrile (ACN)) are commonly used solvents. Organic
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halides are relatively well soluble in organic solvents compared to metal halides
(see Table 2). Many researchers prepare perovskite inks by dissolving organic halides
into the DMF-based solvent before lead halides often decrease solvation time. The
solvent has physical properties, such as Hansen’s solubility parameters, dielectric
constant, and Gutmann’s donor number (DN). Solvents with dielectric constants
more than 30 show generally good solubility for the perovskite precursors. In addi-
tion, halide in the solvents with low DN dominates the coordination with Pb2+, and
perovskites are quickly crystallized. In contrast, solvents with high DN compete for
the coordination of I� with Pb2+ slow down the crystallization of perovskites. Then
higher DN solvents can be employed as solvent additives to control the crystallization
of perovskite [82, 83]. However, by combining volatile non-coordinating solvents, i.e.
2-methoxy ethanol (2ME), and low volatile, coordinating solvent, i.e. N-cyclohexyl-
2-pyrrolidone (CHP), Seok groups obtained bar-coated PSCs cells with a PCE of 20%
with the area of 31 cm2 [76]. 2ME has no or much weaker coordination capability.
Thus, coordination ability and volatility (such as the boiling point and vapor pressure)
can be critical parameters for perovskite crystallization. This solvent engineering will
be a powerful technology for the scalability of printing. The toxicity of solvents, such
as toxic DMF, skin-penetrating DMSO, or carcinogenic NMP, is also an important
point, especially for operators who have direct contact with volatile solvents in the
printing process [82]. It is difficult to determine whether 2ME is a commercially
useful solvent or not due to the different regulations on industrial safety standards
in country. On the other hand, DMSO is most environmentally friendly and least
harmful to human health by systematically considering solvent production.
Therefore, the search “green” solvent systems could also be critical for safe printing
production [84].

2.3 Vacuum thermal evaporation-based fabrication of PSCs

Although vacuum thermal evaporation studies are relatively scarce, the following
improvements led to PSCs with a PCE of 20%, not bad compared to the result of spin-
coated PSCs (see Table 2) [77]. It was a significant result since there would be a
feasible route to produce PSCs commercially, as proven by the CIGS and OLED
industry. Next, we briefly summarize vacuum thermal evaporation-based fabrication
methods.

2.3.1 Co-evaporation

This method is the most suitable vacuum-based process for many applications. The
perovskite films are fabricated inside a high vacuum at a pressure of 10�5 � 10�6 bar.
Each perovskite precursor is loaded into a crucible and heated to an appropriate
sublimation temperature (Figure 9(h)). Removing the annealing step enables to
deposit perovskite on any underlayer material [ref]. Perovskite films prepared in this
way are more homogeneous, with better adherence to substrates than those prepared
by spin coating. In addition, they are denser and pinhole-free, thus, more compatible
with planar solar cells [85]. However, the most critical step is to control volatile
organic halide (e.g. MAI) within the chamber, because it causes the compound to
condense incompletely outside the evaporation cone region. The process is relatively
slow and requires accurate periodic calibration to maintain deposition rates and
precise stoichiometry.
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2.3.2 Sequential evaporation

The method involves depositing several film layers sequentially on top of each
other and then converting these multiple film layers through diffusion and recrystal-
lization. The metal halide layer is typically deposited first and then converted by the
organic halides. This method may not be ideal for optimal commercial scaling due to
its throughput. By optimizing the system’s pressure for each evaporation step, high
efficiency of 17.6% was achieved in a small area. [78] This technique can be challeng-
ing to commercial scale as alternating evaporation can slow throughput and material
utilization. When using a large vacuum chamber, the relatively long distance between
the source and the substrate reduces the deposition rate and increases material waste.
In addition, the vacuum-based fabrication of PSCs uses a variety of vapors, making
control of the precursor stoichiometry challenging. The vacuum-based technology
tends to be costly because of the sophisticated infrastructures required. However,
major display companies such as Samsung and LG are converting their small- and
medium-sized OLED panel manufacturing technology from the sixth generation
(1500x1850 mm) to the eighth generation (2200 x 2500 mm). The evaporator and
Fink Metal Mask (FMM) in a micrometer are the key to OLED panel production: The
evaporator is critical equipment that forms red, green, and blue pixels, and FMM is a
thin metal plate with small fine holes to induce the OLED material to be deposited on
the substrate’s required position. In addition, a curved display has also been devel-
oped. The curvature of curved TVs on the market today is roughly between 2000R
and 4000R. The radius of curvature (R) is the reciprocal of the curvature. For exam-
ple, 2000R TV refers to a curved TV radius of 2000 mm, and the lower R, the more
pronounced curve, and the higher R, the more subtle curve. For mobile solar cell, the
area of the panoramic sunroof in the vehicle is smaller than that of the 6Gen or 8Gen
display. For example, the Hyundai YF sonata has a sunroof of 1000 x 1800 mm and a
curvature of about 8125R (length) and 2512R (width). The vacuum deposition method
applies to flexible substrates, metal foils, and ultrathin glass substrates with a thick-
ness of 0.7 mm, so the range of solar application in a car is also wide

3. Summary

Perovskite solar cells have become one of today’s most promising photovoltaic
technologies. In this book, as the first section, we have introduced a lead-free CsSnI3
and a stable molecular iodosalt, Cs2SnI6, and demonstrated that it is a vapor-
processable semiconductor. Due to the instability properties of CsSnI3, this research
put more effort to develop Cs2SnI6. The use of a new class structural material with
intrinsic stability and beneficial optoelectronic properties can be considered as a
start of the next chapter in pervoksite photon devices. As the second section, large-
area applicable perovskite coating technologies for commercialization were
overhauled. PSCs based on the solution process can be manufactured at a much
lower cost than conventional silicon cells as well as showing similar efficiency to
silicon cells. However, to apply and commercialize this in real life, it needs a large-
scale production technology while maintaining high efficiency. Until now, spin
coating is the main technique. However, in general, this process has cracks or
pinholes in the film when the coating area is expanded, resulting in poor density and
uniformity. In addition, there is a limitation to reduce the amount of discarded
solution, and it is difficult to do continuous (in-line) production. With increasing
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demand for mass production, production of M6-sized PSCs module has been many
technological advances. Plus, improving stability is a problem that must be solved.
For long-term reliability of PSCs, various encapsulation processes are also being
studied. By overcoming many issues that perovskite can have, our company plans to
integrate the PSCs to vehicles by 2025.
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Chapter 13

Tunable Multifuctionality in
Heusler Alloys by Extreme
Conditions
Devarajan Uthiran and Arumugam Sonachalam

Abstract

The multifunctional materials have demonstrated various properties such as shape
memory effect (SME), magneto caloric effect (MCE), magneto resistance (MR),
piezoresistance (PR), exchange bias (EB), half metallic ferromagnetism (HMF), and
spin polarization. Among many Heusler compounds, Ni-Mn-Ga alloys provide SME,
MCE, PR, and MR behaviors. These properties can be tuned by some external/internal
perturbations such as pressure, magnetic field, and chemical composition. These
alloys are prepared using an arc melting furnace under by melting the high-purity
starting elements (99.99%). The aim of the book chapter is to enhance the multicaloric
properties (MCE and PR) nearer to ambient temperature by the application of some
external parameters. Hence, we have chosen few Heusler alloys. These materials are
investigated under extreme conditions (hydrostatic pressure, high magnetic field, and
low temperature). All the doped and undoped Ni-Mn-Ga alloy series alloys exhibit
conventional MCE. The application of external magnetic field increases the magneti-
zation for both alloys. The hydrostatic pressure influences Ms and broadens the
hysteresis width in both the samples. The observed metamagnetic transition at ambi-
ent pressure gets suppressed at higher pressure. Also, high pressure induces larger
magneto crystalline anisotropy. The effect of pressure on MCE is decreased for both
Ni2–xMn1+xGa (x = 0 and 0.15) alloys. These alloys exhibit –ve PR (x=0 @ 30 kbar)
and +ve PR (x = 0.15@ 28 kbar) when subjected to hydrostatic pressure. The rate of
change of T and resistivity with respect to pressure are calculated and show positive
values for both the samples. The residual resistivity and electron-electron scattering
factor are found to be decreased with pressure for x = 0, and it exhibits metallic
behavior. However, both parameters increase for x = 0.15 alloy, and it may be related
to static disorder effects and spin fluctuations.

Keywords: Heusler alloys, NiMnGa, magneto caloric effect, magnetoresistance,
piezoresistance
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1. Introduction

1.1 Investigation of the influence of hydrostatic pressure on the magnetic
magnetocaloric properties, electronic transport, and piezoresistivity of
Ni2–xMn1+xGa (x = 0, 0.15) Heusler alloys

The discovery of new phase transformations can be performed through high-
pressure studies. The hydrostatic pressure effect gives insistently to recognize the
physical stuff of ingredients adjacent to the phase transitions with correlating phe-
nomenon. Within various stages happening in scheme of magnetic shape memory,
they exhibit phases at high and low temperature, high (austenite) and low (austenite).
The self-generated lattice strain is brought by martensite transformation in Heusler
alloys at low temperature. Freshly, the series of Ni-Mn alloys have been fascinating for
numerous uses because of the concerning multifunctional assets such as shape mem-
ory effect (SME) [1, 2], magneto caloric effect (MCE) [3, 4], exchange bias (EB)
behavior [5], and magneto resistance (MR) [6–10]. In the foresaid credible tenders,
the resources having MCE demonstrations predict for custom in condensed matter
cooling system. Within the diverse magnetic shape memory alloys, Ni-Mn-Ga has
premeditated widely; afterward, enormous strain was developed by magnetic field.
The samples endure first-order structural alteration from extraordinary thermal aus-
tenite to low thermal martensite and consume prominant magnetocrystalline anisot-
ropy in the lower martensite in addition to low twinning stress, which provides
magnetic field–induced strain. The change in composition considerately impacts the
phase transformations, crystallographic structures, and magnetic properties in
NiMnGa alloys [11–16].

Hydrostatic pressures are known to play a significant role on the magnetic and
structural properties of these systems [17–19]. The relative stability of the high-
temperature cubic phase and the low-temperature martensite phase can be influenced
by pressure. Magnetism in these alloys mainly arises from RKKY exchange interac-
tion, within the Mn atoms [20]. The exchange interaction between Mn-Mn atoms in
Heusler alloys powerfully influences on the distance and is reformed by either chem-
ical substitutions (or) hydrostatic pressure. These consequences suggest the observa-
tion of positive pressure coefficient of JMn–Mn [21]. Recently, the effect of pressure on
some of the NiMn-based systems has been reported [22–26]. Hydrostatic pressure
effect on magnetic and martensitic transition shifts toward higher temperature with
decrease of ΔSM in NiMnIn magnetic superelastic alloys [22]. Albertini et al reported
the pressure effects on MCE in Mn-rich and Ni-rich Ni2MnGa alloy and found that the
MCE decreases (increases) for Ni (Mn)-rich alloy [23]. Kamarad et al [27] have
studied the effect of hydrostatic pressure on magnetization of Ni-rich Ni2+xMn1–xGa
(x = 0, 0.15) compounds and reported that pressure decreases ΔSM max at TM. Further,
Esakki Muthu et al [26] have reported the effect of hydrostatic pressure on Ms and
ΔSM in Ni50–xMn37+xSn13 (x = 2, 3) alloys. Nayak et al [24] reported on NiCoMnSb
alloy that the pressure enhances the stability of the martensite phase and decreases
ΔSM max besides an upward shift in TM. By the hydrostatic pressure effect on the
magnetic and magneto caloric property of the Heusler alloys. At the same time, up to
now few reports are available on the pressure need of MCE in Mn fertile Ni-Mn-Ga
alloys [23].

Band ferromagnetism is a significant phenomenon developed in several transition-
metal compounds. High-pressure studies can provide valuable information on elec-
tronic structure and electron-electron interactions in intermetallics. Among many of
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these studies, hydrostatic pressure [24] has been recognized as an effective tool to
change physical and chemical properties in solids. Nevertheless, resistivity,
piezoresistance (PR) [25], and pressure-induced phase transition [26, 27] are
renowned as important phenomena that occur in Heusler alloys. PR is the change in
resistance provoked by pressure effect was first discovered by Smith [28] in semi-
conductors (Si, Ge) possessing anisotropic energy with wide band structures. Further,
they are being broadly used as stress and strain sensors [29]. Numerous kinds of
Heusler alloy systems such as Ni-Mn-X (X = Sn, Ga, Si, Sb) have been extensively
studied [9, 30–48]. Among them, Ni2MnGa, a potentially well-known magnetic shape
memory alloy (MSMA) [1, 31, 32], has been considerably investigated material for
both scientific and technological purposes and is known to exhibit various phenomena
such as MCE, EB [32], MR, and magnetic-field–induced strain (MFIS) [33–36]. It
undergoes structural transformation from cubic austenite (high temperature, high
symmetry phase) to low-temperature martensite phase at TM = 202 K [37] and
second-order paramagnetic to FM phase transition at TC = 376 K [27]. Additionally,
the increased rate of TM with pressure is 0.55 K/kbar. On the divergent, for
Ni1.85Mn1.15Ga (TM = 138 K), TM is diluted at the rate of �1.08 K/kbar with fixed
hydrostatic pressure and magnetic field [38, 39]. The temperature-reliant electrical
resistivity ρ(T), whichever frequently employed to separate metals from insulators,
band-gap insulators, Anderson localized insulators, has been studied for Ni-Mn-Ga
alloys, for instance, Ni2MnGa1–xBx (x = 0.03,0.05) [40], Ni2MnGa1–xInx
(x = 0.05–0.15) [41], Ni2.16Mn0.84Ga alloy [42], Ni2+xMn1–xGa (x = 0-–.2) [9, 43], and
Ni49.5Mn25.4Ga25.1, Ni51.1Mn24.9Ga24 alloys [44]. Furthermore, the time-dependent
and field-induced hump in the resistivity was also observed in Ga doped Ni-Mn-Sn
alloy [45]. Clear view of magneto structural transition has been investigated in
Ni2.18Mn0.82Ga [46]. Temperature dependence of electrical resistivity under various
hydrostatic pressures has been studied for Ni2.14Mn0.84Ga1.02, Ni2.14Mn0.92Ga0.94, and
Ni2MnGa single crystals [47]. Large value of piezoresistance and magnetoresistance
under uniaxial stress has been observed in Ni45Co5Mn37.5In12.5 [48]. In this work, we
investigate the effect of hydrostatic pressure on the resistivity and piezoresistivity
(PR) of Ni2–xMn1+xGa (x = 0, 0.15) magnetic shape memory alloys. We have also
determined the ρ0 and (A) for the alloys.

1.2 Experimental techniques

The samples have been prepared by standard arc melting technique [15, 49]. The
elemental ratio is influenced using energy-dispersive analysis of X-rays, which pro-
vide the actual chemical ratio as Ni1.99 Mn1.01Ga1.00 and Ni1.9Mn1.15Ga0.95 for x = 0
(Ni2MnGa) and 0.15 (Ni1.85Mn1.15Ga), respectively. The magnetic studies are accom-
plished at different pressures by 9 Tesla Physical Property Measurement System
(PPMS-9T)-Vibrating Sample Magnetometer (VSM) (Quantum design, USA) module
furnished with the Cu-Be clamp-type pressure cell with 10 kbar upper pressure [28].
The thermomagnetic data are recorded with VSM for both cooling and heating mode
in the temperature range of 2 K–300 K under ambient and high pressures up to
7.4 kbar for Ni1.85Mn1.15Ga (x = 0.15) and 9.69 kbar for Ni2MnGa (x = 0) nominal
compositions at a constant magnetic field of 0.01 T. The isothermal magnetization M
(H) is recorded up to 5 T at ambient and high pressure at different temperatures
(180–250 K: x = 0 & 130–160 K: x = 0.15) across TM. The materials preparation,
characterization, and other studies such as isothermal magnetoresistance, magnetiza-
tion on Ni2–xMn1+xGa (x = 0, 0.15) alloys have been discussed [15, 49–51].
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High-pressure electrical transport measurements are performed by four-probe
resistivity method. Throughout the measurements, the samples with four-probe con-
tacts are immersed in a Teflon capsuled Daphane (#7074) and kept inside the Be-Cu
clamp-type hybrid pressure cell (30 kbar). Usual persistent DC current of 80 mA is
provided by programmable fixed current source (224, Keithely, USA), voltage is
restrained with nanovoltmeter (34420A, Agilent, USA), and temperature is assured
through temperature controller (Lakeshore, USA) and is computerized with
LABVIEW software. The external pressure is applied to sample using 20 Ton hydrau-
lic press. The clamped pressure cell is externally loaded inside the closed-cycle refrig-
erator (CCR-VTI). The pressure is standardized using Bi-resistive transitions of Bi I–II
(25.5 kbar) and II–III (27 kbar) at ambient as well as least temperature was reached
(300– K) employing CCR-VTI. Expending with turbo molecular pump, the cavities
have been vacuumized up to 10�6 mbar. A sufficient He gas is entered into container
of CCR-VTI when the alloy is cooled, and the temperature of the alloy is suppressed
by the compressor. An external mechanical refrigerator removes the warm helium
vapor.

2. Results and discussion

The temperature dependence of magnetization M (T) is measured for Ni2–xMn1+x
Ga (x = 0, 0.15) alloys at 0.01 and 5 T (Figure 1). While cooling from ambient
temperature, from x = 0, a rapid decrease in magnetization happens at 209 K in the
magnetic sources of 0.01 T, which point out the martensitic begins (Ms = 209 K).
Advanced cooling at less than 188 K (martensite end (Mf = 188 K)) results in persistent
magnetization up to 5 K. The reduction in magnetization nearby TM is caused by
prominent magneto crystalline anisotropy in the lower-order phase [1, 52]. Here, the TM

is calculated using the relation TM=(Ms+Af)/2. The hysteresis is noticed between cooling
and warming modes, which describes the first-order structural transition. Comparable
property is found in the M (T) curve for x = 0.15 at a field of 0.01 T (Figure 1b),
which is in agreement with our earlier M (T) measurement at 0.01 T in Ni1.84Mn1.17Ga
in the limited temperature range [50]. The observed Ms values for x = 0 and 0.15
are consistent with reported literature [50, 53, 54]. The various characteristic

Figure 1.
Temperature dependence of magnetization at H=(0.01 & 5 T) for (a) Ni2MnGa and (b) Ni1.85Mn1.15Ga.
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transition temperatures obtained from our M (T) curves are shown in Tables 1 and 2
for x = 0, 0.15. The characteristic transformations decrease with increasing Mn compo-
sitions at normal pressure. The closed view of Figure 1 shows the enlargement of
magneto thermal curves information approximate TM measured. The H = 5 T enhances
the magnitude of magnetization equated to the lower magnetic field (0.01 T) for both
x = 0 and 0.15 (Figure 1). Besides, the magnetization of the low-stability phase is more
than that of high-stability phase at 5 T for both alloys. This is owing to the alignment of
magnetic domains in the oriented axis, it destroys the magneto crystalline anisotropy at
H = 5 T [55, 56]. Similar increase in magnetization with the application of magnetic field
has also been observed in Ni1.84Mn1.17Ga, Ni50+xMn25–xGa (x = 0, 2, 3, 5), and
Ni1.75Mn1.25Ga [50, 57, 58].

Figure 2 indicates thermo-magnetization with cool and warm modes at different
hydrostatic pressures up to 9.69 kbar (x = 0) and 7.4 kbar (x = 0.15) at H = 0.01 T.
Notification from Figure 2a that Ms increases slightly with pressure, because of
hybridization among Ni-3d and Mn/Ga atom. Table 3 displays pressure-derived
function of Ms and TM equated to existing reports. The hysteresis found in both cool
and warm curvatures appears to be extended with enhancement of hydrostatic pres-
sure. The possibility of owing to the variation in magneto crystalline anisotropy at
minimum temperature in lower-order phase. Related pressure reliance has been
described in x = 0 [54], where the heating and cooling curves show opposite trend
compared with the present results.

Figure 2b demonstrates the M (T) curve at several hydrostatic pressures
(0–7.4 kbar) for Ni2–xMn1+xGa (x = 0.15). It is originated that MS and TM suppress as
the pressure enhances (dMs/dP = �2.027 K/kbar); dTM/dP = �1.081 (K/kbar). At the
same time, Albertini et al [23] noticed that martensitic transformation temperatures
raise by pressure for Ni1.9Mn1.3Ga1.8. The negative alteration of MS graces the stability
of cubic higher-order phase representing that martensite phase is low stability with

Pressure (kbar) Transition temperatures (K)

Ms Mf As Af TM = (Ms+Af)/2

0 209 188 205 222 216

1.37 209 185 208 227 218

6.06 210 209 212 230 220

9.69 210 212 213 233 222

Table 1.
Transition temperatures with several hydrostatic pressures of Ni2MnGa.

Pressure (kbar) Transition temperatures (K)

Ms Mf As Af TM = (Ms+Af)/2

0 137 128 142 152 144.5

3.0 133 117 141 146 139.5

5.8 128 113 140 147 137.5

7.4 122 101 136 151 136.5

Table 2.
Transition temperatures with different hydrostatic pressures of Ni1.85Mn1.15Ga.
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pressure. Furthermore, substantial alterations happen in electronic structure under
pressure and may extend to various transformation temperatures. Pressure steadies
the lower-order phase in further FM shape memory alloys (FSMAs) [61]. In addition,
a large width of the hysteresis is noticed on increasing the pressure that is attributed to
the enhancement of magneto elastic coupling with lattice strain, twin boundary
motion, and first-order transition [61].

Pressure habituation of transformation in x=0, 0.15 is represented in Figure 3,
which confirmed that transformation rises with pressure in x=0, while transformation
suppresses in x = 0.15. This occurrence can be described in following ways. Enhance-
ment of pressure will decrease the crystallographic volume, which affects character-
istic transition temperatures. Furthermore, these alloys show that lower volume
change with pressure results in slight change in Ms. Kim et al, described the pressure
reliance of TM in x = 0 and Ni2.14Mn0.84Ga1.02 and established high volume
change [39]. However, the volume change in our present alloys is lower than the
reported Ni50–xMn37+xSn13 (x = 2, 3) [60] and Ni50Mn34In16 [22]. The characteristic

Figure 2.
Thermomagnetic curves (both cool and warm) of Ni2–x Mn1+xGa (x = 0, 0.15) alloys with various applied
pressures at H = 0.01 T.

Sample dTM/dP (K/kbar) dMS/dP (K/kbar)

Ni2MnGa 0.619 0.103

Ni1.85Mn1.15Ga �1.081 �2.027

Ni2.15Mn0.85Ga [23] 0.58 —

Ni1.9Mn1.3Ga1.8 [23] 1.7 —

Ni2.151Mn0.771Ga [59] 0.6 —

Ni48Mn39Sn13 [60] — 3.16

Ni47Mn40Sn13 [60] — 0.51

Table 3.
Pressure derivative values of TM and MS for various NiMnGa (Sn) systems.
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transition temperatures under different pressure are given in Tables 1 and 2 for both
alloys respectively.

The isothermal curves have restrained in x = 0 around TM (180 K–250 K) at
ambient, high pressures (Figure 4a and b). The magnetization work is absorbed into
two ways: magnetic field is improved 0–5 and reduced 5–0 T. It is observed that
magnetic field prompted first-order metamagnetic transition arises at 220 K, ambient
pressure for x = 0 (Figure 4a). The enclosure of Figure 4a) displays the transition
clearly. However, this transition disappears at 9.69 kbar. Related actions have been
detected in Ni2.208Mn0.737Ga [59]. From Figure 4b, the crossover in magnetization is
noticed in the M (H) curve approximately 190–235 K. The magnetization is hard to
impregnate for temperatures 190 and 196 K specifying a martensite phase, although at
austenite phase at 223 K and 235 K the magnetization is relaxed to saturate. This is
because of the firm magnetocrystalline anisotropy around transformations in x = 0 at
high pressure. Figure 4c and d shows the isothermal curve of x = 0.15 at P = 0, 7.4 kbar.
This M (H) is assessed with rate of temperature 130 K–160 K in gradual rise of 2 K; even
though only picked out readings are drawn in Figure 4c and d for the clear visibility. At
normal pressure, the field brought metamagnetic transition is seen in low field (0.68 T)
at 146 K insert (Figure 4c). But, this transition is blocked at 7.4 kbar (Figure 4d).
Similar to x = 0, the cusp in magnetization has been perceived between martensite and
austenite temperature for x = 0.15 at P = 7.4 kbar, as viewed in (Figure 4d). Therefore,
the subjection of pressure develops large magnetocrystalline anisotropy in both alloys.

The entropy change in magnetization (ΔSM) at various pressures is evaluated using
the Maxwell’s relation

ΔSM ¼
ðH

0

∂M H,Tð Þ
∂T

� �

H
dH (1)

ΔSM is computed from the over equation using numerical integration of the iso-
thermal curves. ΔSM with temperature for various pressures is represented in

Figure 3.
Pressure reliance of TM in Ni2–xMn1+xGa (x = 0, 0.15) evaluated at H = 0.01 T under different hydrostatic
pressures.
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Figure 5. The usage of pressure declines the ΔSM is 19.21 Jkg�1K�1 (P = 0 kbar) to
6.04 Jkg�1K�1 (P = 9.69 kbar) for x = 0. Nevertheless, the peak temperature of ΔSM
gains in the direction of higher temperature with pressure. Enhancement of the
maximum temperature of ΔSM near room temperature with the application of higher
pressure. The degree of ΔSM suppresses from 8.9 Jkg�1K�1 (P = 0) to 1.27 Jkg�1K�1

(P = 7.4 kbar) in Ni1.85Mn1.15Ga and the highest temperature of ΔSM moves near to
lower temperature. Likewise, for Ni-rich Ni2.208Mn0.737Ga, ΔSM shrinkages from
96 Jkg�1K�1 (P = 0) to 86 Jkg�1K�1 (P = 8 kbar) [59]. Additionally, in Ni2.15Mn0.85Ga,
ΔSM reduces from 24 Jkg�1K�1 (P = 0) to 20 Jkg�1K�1 (P = 11.7 kbar); however, in
Mn-rich Ni1.9Mn1.3Ga0.8, ΔSM promotes from 4.5 Jkg�1K�1 (P = 0) to 6 Jkg�1K�1

(P = 12.2 kbar) [23]. Based on the earlier reports, it is concluded that pressure stimu-
lates additional magnetic entropy in prominent additional Mn in Ni2–xMn1+xGa com-
pounds equated to the x = 0.15 sample analyzed and excess Ni in Ni2-–Mn1+xGa.

Temperature dependence of resistivity ρ (T) is measured for polycrystalline Ni2–
xMn1+xGa (x = 0, 0.15) at several hydrostatic pressures both in cool and warm
sequences. In order to see the clear features, the heating cycle graph has presented
for pressure (Figure 6) and the cool-warm lines are prearranged as inside view of
Figure 6 at least and maximized pressure. At normal pressure, ρ falls with decrement
of temperature in x = 0 (Figure 6a) and exhibits least thermal hysteresis near mar-
tensite transition. This specifies that structural transitions are specified in the closed
view of Figure 6a. Comparable ρ (T) is identified for x = 0 [47]. These results are
perceived as hysteresis curves at ambient and P = 7 kbar. The fascinating report at 25

Figure 4.
Isothermal curves of x = 0 (a) ambient and (b) 9.69 kbar pressure, x = 0.15 (c) ambient and (d) 7.4 kbar pressure.
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kbar pressure, the hysteresis graph gets repressed in x = 0, at 30 kbar, the hysteresis
completely be wiped out, and it can be evidently seen in inset of Figure 6a. As
increasing pressure, its ρ decreases entire 4–300 K and boosts the metallic nature in
the alloy due to enriched hybridization of valence band by applied pres-
sure [40, 62, 63]. A mark of the pre-martensite transition (TPM) detected at 260 K at
ambient pressure for x=0. The cross of the TPM is not clearly witnessed at higher
pressure (30 kbar) (Figure 6a). The magnetic field and hydrostatic pressure are
significantly affected on TM and TPM of Ni2MnGa system [39, 64]. Similar ρ (T) has
been found for x = 0.15 (Figure 6b), where the application of pressure increases the ρ
due to the pressure-induced phase transformation, which indicates the phase changes
from pre-martensite to martensite [46, 47]. Still, total ρ for x = 0.15 is lower than x =0.
Besides, in demarcation to x = 0, considerable thermal hysteresis is seen for entire
pressure. This may be related to electronic structure as compared with magnetic
actions [19, 63, 65]. The application of pressure shifts the transformation temperature
to higher values, and the clear view of transformations for x = 0.15 is illustrated from
the inset Figure 6b.

Figure 6.
Temperature dependence of resistivity for (a) Ni2MnGa, (b) Ni1.85Mn1.15Ga alloys at various pressures. Inset:
shows ρ vs T in the temperature region of 180–300 K for the pressure of 0 kbar and 30 kbar.

Figure 5.
Temperature desirable of magnetic entropy change in Ni2–xMn1+xGa (x = 0, 0.15) alloys at different hydrostatic
pressures.
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Figure 7 displays the pressure addiction of Tav

Tav ¼ As þ Afð Þ=2½ � (2)

Martensite to austenite transition for x = 0 and 0.15, which rises with improvement
of pressure. The derivative pressures of Tav are 0.15 K/kbar and 0.82 K/kbar for x = 0
and 0.15, respectively. This directs the change in volume with pressure for
Ni1.85Mn1.15Ga matched to Ni2MnGa. The additional Mn atoms will fill the Ga and Ni
sites consequential in hybridization between Ni and Mn/Ga states in NiMnGa
alloy [63]. The application of pressure increases the exchange interactions between
Mn-Mn ions, which enhance the hybridization between Ni and Mn/Ga. This needs
more thermal energy to drive martensite transition, which in turn increases the
characteristic transformation temperature [66, 67]. An important aspect is that width
of the hysteresis (given by the difference of (As+Af)/2 and (Ms+Mf)/2) [68] decreases.
This implies larger mobility of the twin boundaries with the application of hydrostatic
pressure.

The temperature dependence of piezoresistivity (PR) of Ni2–XMn1+XGa (x = 0,
0.15) alloys at various pressures is computed using the relation

PR Tð Þ ¼ ρP Tð Þ½ Þ � ρA Tð ÞÞ=ρA Tð Þ� (3)

where ρP and ρA are resistivity at pressure (P) and ambient pressure. Fascinatingly,
PR has negative and positive sign for x = 0 and 0.15 (Figure 8). The highest PR is
found at the martensite transition (near TM) for all pressures. Inset of Figure 8a
exposes that for x = 0, negative PR gradually enhances with pressure and peak value of
–PR is 34% mentioned at 232 K for P = 30 kbar. For x = 0.15, a prominent peak of PR is
remarked at TM and the application of pressure increases the +PR (inset of Figure 8b).
The maximum +PR of 17% is noticed at 154 K for P = 28 kbar. The observation of
negative and positive PR is stimulated by decrement and increment in resistivity (ρ)
with pressure for x = 0 and x0.15 presented in inset of Figure 8a and b. Therefore, it
affirms that the PR of x = 0 responds with pressure. The PR activities are watched in
single crystalline Ni45Co5Mn37.5In12.5 under uniaxial stress and attained peak value of
PR 122% [48]. Hereafter, the Ni-Mn-Ga compounds are hardly prospective applica-
tions in subject of spintronics by revealing changes of PR.

Figure 7.
Pressure dependence of Tav for Ni2–xMn1+xGa (x = 0, 0.15) alloys.
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Figure 9a and b shows variation of both residual resistivity (ρ0) and electron
scattering factor (A) with pressure for x = 0 and 0.15. The ρ0 and (A) are obtained by
fitting the simple electrical resistivity equation,

ρ ¼ ρ0 þ AT2� �
(4)

From the low thermal region 4–200 K (x = 0) and 4–130 K (x = 0.15) and the
curved fitting are displayed in the inset of Figure 9a and b. The ρ0 happens in these
alloys due to impurities (or) imperfections. The (A) value at lower thermal region
denotes electron-electron scattering [69]. From Figure 9a, the rate of ρ0 and A
reductions with pressure for x = 0. In demarcation, for x = 0.15 mutually ρ0 and (A)
gains with subjected pressure Figure 9b. The divergent changes of (A) involve that
the subjection of pressure suppresses and enhances the electron-electron scattering for
x = 0 and x = 0.15. In the case of x = 0.15, the fixed disorder on because of additional
Mn that lodges the Ni locations possibly liable for rises in both the ρ0 and (A) with
pressure [7]. Another factor that might increase (A) could be related to the spin
fluctuations due to Fermi surface nesting under pressure [70–72].

Figure 8.
Temperature habituation of PR at various hydrostatic pressures for (a) x = 0, (b) x = 0.15 alloys. Pressure variant
of PR for x = 0 and x = 0.15 is exposed in insets of a and b.

Figure 9.
Pressure discrepancy of residual resistivity (ρ0) and electron scattering factor (A) for (a) Ni2MnGa (b)
Ni1.85Mn1.15Ga. The insets of a and b reveals ρ0 dependence T

2 for Ni2MnGa and Ni1.85Mn1.15Ga.
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3. Conclusion

The usage of outward magnetic field raises the magnetization for Ni2MnGa and
Ni1.85Mn1.15Ga alloys. By applying hydrostatic pressure, which includes Ms and
expands the hysteresis width in both alloys. The metamagnetic transition is detected
at ambient pressure and suppressed at maximum pressure. The high pressure encour-
ages greater magnetocrystalline anisotropy. Finally, the pressure impact on MCE is
reduced in ΔSM for both alloys. In compact of the work, Ni2MnGa and Ni1.85Mn1.15Ga
alloys reveal negative and positive PR, when applied to hydrostatic pressure of 30 kbar
and 28 kbar. The rate of variation of TM and resistivity pertaining to pressure has been
computed and exhibits positive numbers for the two alloys. The ρ0 and (A) are
originated to be reduced with pressure for Ni2MnGa, which exhibit metallic property,
merely both rise for Ni1.85Mn1.15Ga, and it may be associated to stationary disorder
effects and spin oscillations. These materials have incredible potential interest in
sensors and spintronics.
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Chapter 14

Metal Halide Hybrid Perovskites
Fency Sunny, Linda Maria Varghese, Nandakumar Kalarikkal 
and Kurukkal Balakrishnan Subila

Abstract

Halide Perovskites have gained much attention in the past decade owing to their 
impressive optical and electrical properties like direct tunable bandgaps, strong light 
absorption, high photoluminescence quantum yield, and defect resistance shown by 
them. These materials find application in numerous fields including photovoltaics, 
optoelectronics, catalysis, and lasing applications. Multidimensional hybrid perovskites 
have been extensively researched as these structures lead to superior results. They 
combine the properties of three-dimensional variant along with the stability of the two-
dimensional perovskite. This chapter focuses on the unique properties of metal halide 
perovskites including the crystal structure, optical, electronic, and electrical properties. 
The different techniques followed for the synthesis of metal-halide nanostructures and 
2D/3D hybrids are also included focusing on the changes in physical properties and the 
structure of these materials.

Keywords: metal halide perovskites, hybrid organic–inorganic perovskites,  
2D/3D perovskites, structure, property enhancement

1. Introduction

Perovskite, commonly referring to as a calcium titanium oxide mineral, with the 
chemical formula of CaTiO3, was discovered by Gustav Rose in the Ural Mountains 
of Russia in 1839 and is named after Russian mineralogist Lev Alexeievitch Perovski. 
Later on, the name perovskite structure has been given to any material, which has 
the same crystallographic structure as calcium titanium oxide (CaTiO3). The general 
chemical formula of perovskite compound is ABX3, where “A” and “B” are cations in 
which An atom is bigger in size than B atom, and “X” is an anion that binds to both 
cations and can be either halide [halide perovskite] or oxygen [oxide perovskite]. The 
ideal cubic symmetric perovskite structure has the B cation in 6-fold coordination, 
situated in the center surrounded by an octahedron of anion, the halogen atoms are 
in the faces center, and the A cation in 12-fold cubo octahedral coordination [1]. The 
A and B sites, both can accommodate inorganic cations resulting in the formation of 
inorganic perovskite. In the same way, if we replace inorganic cation A with small 
organic cations that leads to organic–inorganic hybrid materials [2].

Many physical properties of perovskite materials particularly electronic, magnetic, 
and dielectric properties depend on the crystal structure of perovskite, and the pos-
sibility for cations is limited by the stability of the structure, which can also produce 
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several distorted structures. These distorted structures as the result of varying cations 
can be used to tune the properties of perovskite materials. Electro neutrality and ionic 
radii are the two important factors that determine the stability of perovskite materials. 
The stability of the perovskite can be estimated by the Goldschmidt tolerance fac-
tor and an octahedral factor. Even though these two factors predict the structure of 
perovskite, it is not easy to predict the type of distortion occurring in the structure, 
due to both the octahedral and Goldschmidt factors do not account for the various 
molecular interactions in the compound including ionic, covalent, or hydrogen bond-
ing. Although the chemical formula and coordination number remain the same, these 
distortions reduce the symmetry of the perovskite to lower symmetry crystal structures 
like orthorhombic, rhombohedral, hexagonal, and tetragonal forms [3]. Different 
phases of the perovskite materials mainly depend on the temperature changes, that is 
at 100 K the perovskite shows a stable orthorhombic phase, but at 160 K, the tetragonal 
phase replaces the orthorhombic phase. At a higher temperature of about 330 K, the 
most stable cubic phase starts to appear and replace the tetragonal phase [4].

Compared with any other semiconductor materials, perovskite materials maintain 
a high crystallinity, and this enables the formation of versatile forms of perovskite 
materials from nanocrystals to macroscopic single crystals [5]. And one of the amazing 
facts about the perovskite material is the simplicity of its preparations; however, often 
simple methods create interesting chemistry and mechanisms that give the material 
unique properties and applications [3]. Different synthetic methods have their own 
special features; and hence, it is very important to choose the correct method based 
on the targeted compound and applications. Although perovskite materials are seen to 
have excellent properties and applications, there are still many properties that need to 
be explored. In this chapter, we discuss the unique properties of perovskite materials 
and their synthesis methods along with the effect of varying doping materials.

2. Types of perovskite halides

2.1 Inorganic perovskite

Material having the general formula ABX3 is called perovskite material. Inorganic 
halide perovskite consisting of inorganic A site cations such as Cs+, Rb+, and B site 
with metal ion and X with halogen ion, have been demonstrated with improved 
stability toward moisture, light, and heat as compared to organic–inorganic hybrid 
perovskite and embrace unique structural features. These unique properties of 
inorganic halide perovskite are used in optical and photovoltaic applications. 
Meanwhile, inorganic halide perovskite shows dramatic change in phase transition 
temperature creating stability issues, and causing serious deformation, since most 
of the properties depend on chemical composition and crystal structure. According 
to environmental temperature, inorganic perovskite shows rapid phase changes, the 
favorable phase transition can be achieved by partial substitution of different halogen 
in inorganic halide perovskite. Incorporation of bromine to iodine, the visible light 
absorption range decreases and increases the band gap. The tin-based perovskite, 
CsSnX3, shows a red shift in optical spectra compared to inorganic lead perovskite 
and CsGeX3 shows similar optical spectra as CsPbX3. In addition to the 3D inorganic 
halide perovskite ABX3, heterovalent perovskites with +4 oxidation state in the B 
cation with chemical formula A2BX6 are also synthesized. Cs2PdBr6 synthesized via 
solution process shows excellent stability to moisture and suitable for optoelectronic 
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application. Cs3Sb2I9 is another inorganic halide perovskite posse’s similar property to 
hybrid halide perovskite. The lead-free germanium-based perovskite CsGeX3 posseses 
properties including high dielectric constants, photoabsorption coefficients, effective 
masses of charge carriers, exciton binding energies, and electronic band structures. 
Along with Cs ion, Rb ion can also be used as A-site cation in inorganic perovskite. 
Some of the Rb halide perovskites are reported. Among the A2BX6perovskite, 
Cs2PdBr6, Cs2SnI6, Cs2TiBr6 have been utilized in photovoltaic devices [6].

Compared with hybrid halide perovskite, inorganic halides show much more sta-
bility, therefore, a lot of studies have been focused on the synthesis of inorganic halide 
perovskite nanostructures using different strategies. Inorganic halide perovskite in 
nano size have shown superior optical, electrical, and optoelectronic properties which 
offer excellent platforms for distinct fundamental research and further development 
for future applications [7].

2.2 Organic inorganic perovskite

In the organic−inorganic hybrid perovskite, at least one of the A or B sites are occu-
pied with organic ions, typically A sites are occupied with organic ion, B site with metal 
ion and X site with halogen ion. Methylammonium [MA] and formamidium [FA] with 
chemical formula CH3NH3 and CH (NH2)2, respectively are the most common organic 
ion occupied in A site of hybrid perovskite material. The possibilities of the formation 
of various perovskite materials are determined by various stability parameters, which 
determine whether a set of A, B or X ion may adopt the perovskite structure. In the case 
of organic ions, it is not easy to assign the ionic size, especially for nonspherically sym-
metric and charged complexes. Hence by considering the assumption of the molecule 
being free to rotate about its center of mass, the effective radii for organic cations are 
determined. The size restrictions, as outlined by the tolerance factor in the 3D structure 
can be lifted by slicing the perovskite structure. In the case of 2D layered derivative of 
perovskite structure, there is no restriction in the A cation length, and in the case of 
zero-dimension, size restrictions are not even considered as limitation in synthesis. 
This structural flexibility of structure in lower dimension structure provides a platform 
for preparation of varying structural material and tunable applications. When A site 
occupied with organic cation, it is necessary that it must contain a terminal functional 
group that interact with inorganic material, but the remaining part should not interfere 
with B or X components. Mono or diammonium cations are important factor in 2D 
layered perovskite structure, for example (RNH3)2BX4 or (NH3RNH3)BX4, in which R 
group denote organic functional group. The main advantage of this ammonium cation 
is that they form H-bonding with inorganic ions which give stability as well as the 
orientation of organic cations. The metal ion in site B can also influence the organic 
cation and H-bonding, especially when they show some kind of distortion in structure. 
Along with size and fit, the charge balance requirement is also important in respect to 
inorganic cation. In short both organic and inorganic cations are related to each other, 
allowing certain degree of influence of structure and properties of perovskite material.

The choice of organic cation and stoichiometry are two important factors on the 
orientation of resultant inorganic framework. In addition to the structural flexibility, 
the properties of both organic and inorganic cation combined together to give the 
structural properties of hybrid material. The energy transfer between organic and 
inorganic ions are studied and reported, include naphtelene and pyrene ion in Pb 
halide framework, azobenzene in PbBr4, 3–2-(aminoethyl) indole in CuCl4 are some 
of the examples, in which electronic tunability of both ions to create unique features. 
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In addition to the monomeric cation, incorporation of polymerizable moieties is also 
reported. The polyacetylene derivatives on lead bromide framework that have been 
reported is an example of polymerized structure. The structure shows enhanced air 
and moisture stability obtained from the protective polymer structure. Generally 
longer alkyl chains provide more degrees of freedom resulting more structural phase 
transition. Ferroelectric transitions of hybrid halide perovskite are reported; provid-
ing interesting possibilities for material design to ferroelectric random access memory 
and magnetic data storage. The hybrid perovskites can overcome some of the limita-
tions of organic and inorganic quantum dot LED, including the issues of high cost, 
poor color purity, and high ionization energy. In total inorganic–organic hybrid halide 
perovskite found application in optical, electrical, and magnetic fields.

Even though many studies on hybrid perovskite are going on, the continued study 
of structure–property relationships in hybrid organic–inorganic halide perovskite is 
an important step for bringing reproducibility and predictability to the diverse and 
interdisciplinary fields [8].

2.3 2D/3D hybrid Heterojunction perovskite

Perovskite solar cells based on 2D/3D heterostructure have attracted researcher’s 
attention in the past few years due to their promising photovoltaic application, and their 
amazing properties such as high absorption coefficient, tunable direct band gap and long 
exciton diffusion, and stability. The 3D halide perovskite attains a power conversion effi-
ciency of 25%, which makes them attractive materials in the field of photovoltaic. Despite 
this efficiency, perovskite suffers stability issues including phase conversion of perovskite 
film, degradation in moisture, heat and irradiation, hinders the further development. 
Researchers have made so much effort to enhance the stability of 3D perovskite, among 
them introduction of 2D perovskite is one of the potential strategies for the stability 
improvement. The structural features especially the hydrophobic nature of the spacing 
as well as packing crystal structure in the 2D perovskite material makes them stable in 
the ambient temperature by protecting perovskite from the direct contact of moisture. 
However pure 2D crystals are not desirable, because of wide band gap and non-preferred 
crystallographic orientation [9]. Cation exchange has been used as a plausible way for 
transformation between 3D and 2D phases of halide perovskites [10]. Building on the 
combined benefit of both 2D and 3D perovskite material a new type of 2D/3D hetero-
structure is synthesized in the field of solar cell, in which 2D perovskite were incorporated 
onto the surface of 3D component as capping layer to increase the stability of the 3D 
perovskite phase without changing the device performance. That is in 3D\2D heterojunc-
tion architecture only the surface of the light absorbing perovskite layer is altered while 
the optoelectronic properties of the bulk film are remain intact. The 2D/3D hierarchical 
structural was first constructed for 3D MAPbI3, the structure is (PEA)2(MA)4Pb5I16/
MAPbI3 (PEA = phenylethylammonium). This 2D/3D structure used in solar cell exhibit 
a strong moisture hindrance. Another structure (BA)2PbI4/MAPbI3 (BA = butylam-
monium) shows much enhanced thermal stability and high photo conversion efficiency 
of 19.8%. Recently the 2D/3D FA (FA = formamidinium) structure also synthesized. For 
neat 2D perovskite, much study has been takes place and achieved in determining the 
nature of films, including thickness distribution, and charge transport. But to obtain a 
clear-cut understanding of the interfacial mechanism at the 2D/3D heterojunction, we 
need more information about the ligand dependence of 2D/3D heterojunction and its 
influence on charge collection. The ligand chemistry is very importance in knowing the 
thickness distribution and orientation of 2D perovskite, which is expected to play a major 
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role in charge transfer at the heterojunction and solar cell. The ambient phase stability was 
studied for all the films and found that 2D/3D heterojunction assisted phase shows excel-
lent stability especially for 3D FAPbI3perovskite, particularly FPEA-–based film maintains 
84% of its value after ambient exposure for long time [11].

2.4 Double perovskite

In order to overcome the structural instabilities of halide perovskite especially 
lead halide perovskite, and the hybrid perovskite, researchers has sought in search 
of alternate crystal structure, found a promising material called double perovskite. 
ABX3 is the general formula for an optimal-perovskite materials in which A and B are 
cations of different size and X is an anion similar in size to B cation. But in the case of 
double perovskite either A or B site can be occupied by two different types of cations, 
giving the formula A′A″B2X6 or A2B′B″X6. Among these two structures, the double 
B site perovskite is the preferred one because the physical properties of perovskite 
mainly depend on B site cation. The crystal structure of A2B′B″X6 depends on the 
arrangement of B′ and B″ cations in the sub lattices, which are mainly focusing on 
reducing the madelung [strain] energy of double perovskite due to the charge dif-
ference between these two B cations. Based on the charge difference between B′ and 
B″ there are three kinds of B cation sub lattices, called random, rock salt and layered 
structure [12]. The compound having random type sub lattices generally possess 
cubic or orthorhombic unit cell, and rock salt type sub lattices usually crystallize in 
cubic or monoclinic unit cell. When the B′ and B″ cations can alternate in one direc-
tion, the layered type is formed and possess a monoclinic unit cell [13]. The introduc-
tion of vacancy in the B site of A2B′B″X6 creates another type of double perovskite 
called vacancy ordered double perovskite. Cs2SnI6, Cs3Bi2Br9, and Cs2TeI6 belong to 
this group which is also called as a defect tolerant semiconductor. Figure 1 represents 
the crystal structure of double perovskite [14].

The experimental synthesis of Cs2BiAgCl6 and Cs2BiAgBr6 are the first docu-
mented double perovskite in the halide double perovskite avenue. Both these 
perovskites are crystallized in face centred cubic double structure, called elpasolite. 
The two B cations need a convenient oxidation state to form the perovskite phase and 
provide a combined charge of 4+; this charge can be equally or unequally divided. In 
the unequal distribution, the replacement of divalent cation by a pair of monovalent-
trivalent cations maintains the charge neutrality. In search of trivalent cation, 
researchers reached the nitrogen family and found bismuth and antimony as the 
most suitable ones. And for monovalent cations, noble metals like copper, silver, or 
gold the ones with excellent electrical conductivity and optical properties are chosen. 
So far, among the many reported double perovskites, Cs2BiAgBr6 is the only double 
perovskite found application in any active devices [15]. Also, Cs2BiAgBr6 was suc-
cessfully applied for X-ray detection and is of great importance in medical diagnosis, 
industrial application, and scientific researche. Along with hybrid double perovskite, 
rare earth metal containing double halide perovskite like MA2KYCl6, MA2KGdCl6 
synthesized via solution-evaporation method have also found considerable impor-
tance [16]. The Cs2AgBiBr6nanocrystals exhibited impressive photo conversion of CO2 
into solar fuels, along with Cs2AgBiBr6, Cs2AgBiCl6, Cs2AgSbBr6, Cs2AgInCl6 found 
application in water splitting. The hybrid halide double perovskite is also synthesized, 
following are some of the reported perovskite MA2KBiCl6, MA2TlBiBr6, MA2AgBiBrl6. 
MA2KBiCl6 is the first synthesized hybrid double perovskite shows high resistivity 
and superior magnetic properties. Properties of doped double perovskite are also a 
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topic discussion and Bi doped Cs2SnCl6 showed great potential as blue phosphor and 
LED exhibit white light emission. Recently, Cs2AgInCl6 doped with Na+ cation also 
reported with efficient white emission via radiative recombination.

Compared to halide perovskite, the main issue associated with double perovskite is 
the much lower defect tolerance which sometime reduces the efficiency of perovskite 
materials. Based on the recent report, the double perovskite Cs2AgInCl6 shows much less 
PL efficiency than corresponding bulk structure. However, Cs2AgInCl6 could be used 
in LED, UV photo detector and scintillators [17]. There is plenty of double halides that 
can be synthesized according to the theoretical assumption. However, so far only few 
double perovskites have been synthesized. In order to produce more stable halide double 
perovskite, one should know some important points such as suitable composition, the 
properties of the material to be used, and the limitation to the synthetic procedure. Due 
to the low decomposition temperature of organic starting materials, the hybrid halide 
double perovskite is somewhat difficult to synthesis [18]. The major challenge in the 
synthesis of halide double perovskite is the high temperature requirement. The most 
studied double perovskite Cs2AgBiBr6 require high annealing temperature up to 285°C 
for obtaining high quality thin films. To some extent, this high temperature requirement 
puts limits on the synthesis and application of double halide perovskite [14].

3. Properties

3.1 Crystal structure

Perovskites are one of the oldest families of materials. Perovskites are normally 
formed by three molecules in the stoichiometric form ABX3. The B site occupant is a 

Figure 1. 
Schematic representation of 2D/3D hierarchical structure: (a) fabrication of 2D/3D heterojunction; (b) spacers 
with different chemical structure and compositional engineering; (c) schematic model of 2D/3D hierarchical 
structure. (Source: Niu et al. [11]. Copyright 2019 American Chemical Society. Reprinted with permission).
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divalent cation like lead, bismuth, tin, germanium, etc. and X is halide ion. In organic 
–inorganic perovskites, the A site is occupied by a monovalent cation such as methyl 
ammonium, or formamidinium. Inorganic perovskite halides have cesium, rubidium 
etc. The stability of perovskite structure is determined by the Goldschmidt tolerance 
factor, t, which is given by the equation t = 

( )
+

√ +2
A X

B X

r r
r r

 based on the ionic radii of the 

component ions [19]. The different cations that can occupy the place in a stable 
perovskite should have ionic radii satisfying t with values between 0.76−1.13 con-
straining the options of possible cations [20]. In HOIPs, a notable number of toler-
ance factors are found to lie in the range of ~0.8–1.0 for stable perovskite structure. In 
the ideal case, perovskites take the cubic space group Pm

´
3 m with no variable param-

eters in the structure [20].
Apart from the original ABX3 phase, hybrid perovskites also stabilize in a variety of 

structural phases. Hybrid organic−inorganic perovskites (HOIP) can be categorized 
from a structural perspective as ABX3perovskites, A2BB′X6 double perovskites and 
A3BX antiperovskite subclasses [20]. Halide double perovskites changes the simple 
perovskite ABX3 structure to a 2 × 2 × 2 supercell, with the general formula A2BIBIIIX6. 
Here, the two bivalent cations B2+ are exchanged by a combination of one monovalent 
cation B+ (e.g., Au+, Cu+, Ag+, In+) and one trivalent cation B3+ (e.g., Bi3+, Sb3+) [21].

The lower-dimensional 2D perovskites is composed of alternating layers of organic 
and inorganic phases called Ruddlesden–Popper (RP) phases having general formula 
A2A′n − 1BnX3n + 1. The size of the organic cation controls the 3D to 2D structural 
transition, in particular when it exceeds the critical size of Goldschmidt’s tolerance 
factor, [22]. The 2D perovskites thus generated have alternating organic and inorganic 
sheets that are along [001] direction. This leads to the formation of layered structures. 
Though these phase results in excellent properties, it is affected by stability issues. In 
order to enhance the stability a combination of 3D and 2D phases are synthesized. The 
layered structure encompasses alternate 3D and 2D phases connected by the organic 
cation spacer (Figure 2) [22].

3.2 Electronic properties

Halide perovskites find numerous applications in myriad of fields owing to the 
exceptional electronic properties shown. The bandgaps of these materials are mainly 
determined by the halide ion due to the strong contribution of the 2p orbital of the 
halide ion. The bandgap can be tuned by changing the B-site ion as well [20].

HOIP are direct-bandgap semiconductors, with experimentally observed band-
gaps ranging from ~1.2 to 2.8 eV. In HOIPs, the A-site cation also affects the band gap 
as amine cations could distort the anionic framework through hydrogen bonding and 
van der Waals interactions upon thermal and pressure perturbation. The electronic 
structure has been studied using computational methods. For a common HOIP 
structure like that of MAPbI3, the conduction band minimum originates mainly from 
the 6p states of Pb, hybridized with a small amount of the 5p states of I, while the 
valence band maximum is mainly formed from the 5p states of I, mixed with a certain 
percentage of the 6 s states of Pb [20].

Double perovskites are seen to be materials with predominantly indirect band 
gaps. Cs2AgInxBi1−xCl6 NCs are the first double perovskite nanocrystals (NC) to have 
direct bad gap. Alloying the ratio of In to Br resulted in the shift of the band gap from 
indirect to direct. The direct band gap product showed better photoluminescence 
quantum yield (PLQY) [24]. Vacancy ordered double perovskites have been observed 
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to show direct bandgaps. Hybrid double perovskites that are isoelectronic to common 
HOIP such as CH3NH3PbBr3 was synthesized to obtain direct bandgap materials [25].

3.3 Optical properties

HOIPs have been studied to show efficient broadband tunable optical properties. 
In the bulk form, HOIP-based LEDs are constructed as simple multilayered devices. 
Depending on the halide composition, these were found to be near-infrared, green 
and red-light emitters at room temperature with bright electroluminescence owing 
to the efficient radiative recombination of injected electrons and holes. However, the 
poor morphology of HOIP thin layers leads to lower efficiencies of the HOIP LEDs 
compared to conventional organic and quantum-dot LEDs [20].

The absorption measurements of Cs2AgBiX6 NCs with different halide com-
positions revealed the tunable exciton peaks ranging from 367 to 500 nm with the 
corresponding PL peaks varying from 395 to 575 nm [24]. The study of optical 
properties in double perovskites has shown that ligand passivation of surface defects 
can increase the PLQY (a 100-time increase). The colloidal NCs of Cs2AgBiBr6 were 
observed to exhibit dual absorption peak at 427 nm and 380 nm, the former from 
direct Bi s–p transition, while the latter may be assigned to the isolated octahedral 

Figure 2. 
Schematic representation of different metal halide structures: (a) cubic-phase ABX3 (3D); (b) pseudocubic 
ABX3 (3D); (c) A4BX6 (0D); (d) AB2X5 (2D); (e) A2BX4 (2D); (f) A2BX6 (0D); (g) A2B+ B3+X6 (3D); and 
(h and i) A3B2X9 (2D). (source: Shamsi et al. [23]. Copyright 2019 American Chemical Society. Reprinted with 
permission.)
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BiBr6
3+ complex in the colloidal solution. The thin films of the double perovskites have 

shown stable single peak emissions with better PLQY [24].
In case of 2D/3D hybrid perovskites, the Ruddlesden–Popper structure of layered 

perovskites results in the variation of charge carrier dynamics and the optoelectronic 
properties with a varying value of n. As the value of n increases the optoelectronic 
properties tend to be that of the bulk material with broadened transient absorption 
features. For low values of n, on the other hand, the excitonic peak is enhanced and 
the material shows an increased monomolecular recombination rate [26].

3.4 Electrical properties

Metal halide perovskites show great carrier transport properties combined 
with long carrier lifetimes results in them being effectively used in photovoltaic 
applications. The long transport length helps in the perovskite thin films being used 
effectively for long distance transport of charges. This is achieved by the initial 
photoexcited carriers recombining away from the excitation spot which results in 
regeneration of photons that is reabsorbed. This forms charge carriers at significant 
distances away from the initial excitation point [20].

For efficient charge–carrier separation, the exciton binding energy (EB), which 
defines the lowest energy required to dissociate an exciton (electron–hole pair), 
must be small. In HOIPs, it has been shown experimentally that photo excitations 
directly generate free electrons and holes, rather than bound excitons. This is due 
to the fact that the EB is low enough (≤25 meV) to allow charge separation at room 
temperature [20].

The combination of 2D and 3D perovskite structures in 2D–3D hybrid structures 
has yielded solar cells achieving high PCEs and excellent stability over thousands 
of hours. Engineering of the 2D/3D heterostructures has helped in achieving better 
performing solar cells [26].

3.5 Ferroelectric properties

Study of the existence of ferroelectric domains in perovskite materials are of great 
interest as they will enhance the electron–hole separation in the materials, resulting 
in better photovoltaic performance. Halide HOIPs have cations such as FA or MA that 
are of polar nature and shows order–disorder transitions across phase transitions. 
MAPbI3 was the first to show potential ferroelectric behavior with the observation of 
a hysteresis in the current voltage plot. Further experiments using piezoelectric force 
microscopy have since proved that MAPbI3 is indeed ferroelectric. Density functional 
theory (DFT) calculations along with symmetry mode analysis have shown that the 
origin of the spontaneous polarization as a combined effect of the relative movement 
of MA and the relaxation of the framework, which are coupled through hydrogen 
bonding [20].

3.6 Other properties

In HIOP the framework stiffness is seen to be proportional to the Pb–X bond 
strength, tolerance factor, as well as the electronegativity of the halogen atoms. The 
Young’s moduli have been measured to be about ~10–20 GPa. This value correlates 
well with chemical and structural differences. The hardness properties show an 
inverted trend with respect to the halide ion (I > Br > Cl). The least rigid system was 
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seen to be MAPbI3 which also exhibited the highest resistance to plastic deformation. 
The thermal expansion behavior of these halide HOIPs had significant thermoelastic 
response (~30–40 × 10−6 K−1), due to octahedral flexing. This could contribute to self-
helaing property of possible point defects in device applications. At the same time, 
relatively low hardness properties indicate ease of plastic deformation, which could 
affect the cyclability of flexible cells and devices [20].

4. Synthesis methods

4.1 Synthesis of nanostructures

Nanostructures of halide perovskites have attracted great deal of attention due to 
the interesting properties shown in the nano scale. Various methods are followed for 
the synthesis of halide perovskites.

4.1.1 Ligand assisted synthesis

Colloidal halide perovskite nanostructures are synthesized using ligand assisted 
method. Long chain amines and a combination of short chain and long chain amines 
have been used as ligands for the synthesis of stable halide perovskites [27–29]. The 
surface adsorption and desorption of the ligands leads to the formation of stable nano-
structures at relatively low temperature [29]. This helps in the more efficient application-
based synthesis of perovskites. Quantum dots, nanocrystals (NCs), nanosheets (NS), 
and nanorods of halide perovskites have been synthesized using the colloidal method.

The colloidal hot-injection method has been used to successfully synthesize lead 
based, lead-free pure inorganic and organic−inorganic hybrid perovskite NPs having 
excellent structural and optical properties [30]. The ligands and the solvents used and 
the ratio of the ligand to precursors affect the morphology of the synthesized materi-
als. In a typical method, the synthesis of CsPbX3 (X = Cl, Br, I) is achieved by “con-
trolled arrested precipitation of Cs+, Pb2+, and X− ions into CsPbX3 NCs is obtained 
by reacting Cs-oleate with a Pb(II)-halide in a high boiling solvent (octadecene) at 
140−200°C” [31]. Hot injection method in the original and modified form has been 
used to synthesize double perovskites. Cs2AgBiBr6 double perovskite NCs with high 
crystallinity were synthesized via hot-injection approach. These NCs were capable 
of maintaining their structural stability in a set of varied environments such as low 
polarity solutions, 55% relative humidity and temperature of 100°C [24].

Colloidal synthesis of HOIP was first done using medium-length alkyl chain 
organic ammonium cations (bromides of octylammonium and octadecylammonium) 
as capping ligands to obtain luminescent NCs via the solvent-induced reprecipitation 
method. The change in the organic cation involved in the process led to particles with 
better emission and properties (Figure 3) [32, 33].

Ligand assisted reprecipitation (LARP) method is one of the common low temper-
ature methods widely carried out to produce highly crystalline HOIPs with different 
morphologies. The nature of the capping ligand and the ratio of precursors to solvent 
are the controlling factors determining the shape, size and the formation mechanism 
of the HOIPs in this method. The commonly used solvents are Octylamine (OTAm, 
C8H17NH2), methylamine (MA, CH3NH2), toluene (C6H5CH3), N,N′-dimethyl 
formamide (DMF), γ-butyrolactone, oleylamine (OLAm), oleic acid (OLA), 1-octa-
decene (1-ODE). It is the interaction between the ligand and the added antisolvent 
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(e.g., Toluene) that results in the formation of crystalline or amorphous products 
[30]. Dual-ligand-assisted re-precipitation method under the synergistic effect of 
n-octanoic acid (OTAC), oleylamine (OLA), and (3-aminopropyl) triethoxysilane 
(APTES) was used for the synthesis of enhanced α-CsPbI3 NCs [34].

4.1.2 Heating-up synthesis

Direct heating of the precursors in a suitable solvent (octadecene) has been 
followed for the easier synthesis of high-quality perovskite nanocrystals. The one 
pot approach results in a relatively simple, reproducible, easily scalable and tunable 
method [35]. The method has been extensively used in the synthesis of lead-free 
inorganic halide perovskites, wherein the precursors are added together into the sol-
vent with or without the ligands and heated to a definite temperature. The reaction is 
allowed to take place for a specified time after which it is cooled to room temperature 
naturally. On centrifuging and washing the nanocrystals are obtained. A combination 
of hot injection and heating up method has been used for the production of double 
perovskite such as Cs2AgBi(Br/I)6 exhibiting better performance [36].

4.1.3 Hydrothermal synthesis

Hydrothermal method proves to be an efficient, simple and straight forward 
method for the synthesis of inorganic halide perovskites. In the method the precur-
sors dissolved in halide acids or DMF are placed in Teflon liner inside an autoclave 
for the corresponding time [37, 38]. The reaction is allowed to take place at a constant 
temperature for time as low as 30 minutes. Double perovskites have been studied to be 

Figure 3. 
A schematic of synthesis of different dimensional perovskite nanostructures using different organic ligands: Acetate 
acid and dodecylamine for nanorods; hexanoic acid and octylamine for spherical quantum dots; oleic acid and 
octylamine for few-unit-cell-thick nanoplatelets; oleic acid and dodecylamine for nanocubes. Reprinted with 
permission from [32]. Copyright 2016 American Chemical Society.
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extremely sensitive to impurities. Therefore, the cleaning of the Teflon liner is espe-
cially important in this type of synthesis. Alloyed double perovskite materials such as 
Cs2AgInCl6 have been synthesized by the hydrothermal method. 10 M HCl solution 
was used as the solvent in this case. The product obtained was seen to be extremely 
stable with efficient white light emission on alloying sodium [38].

4.2 Thin film synthesis

Thin film preparation is done basically by spin coating the precursor solution 
dissolved in the required molar quantity. The coating is done usually onto substrates 
fit for the proposed application. Single crystal thin films are fabricated aimed at better 
efficiency and performance.

Thin films of 2D/3D hybrid structure of BAx(FA0.83Cs0.17)1−xPb(I0.6Br0.4)3 were 
prepared by the spin-coating of a blend of FA0.83Cs0.17Pb(I0.6Br0.4)3 and BAPb(I0.6Br0.4)3 
in N,N-dimethylformamide, DMF. The coated film is then dried at 70°C for 60 s in 
nitrogen filled atmosphere followed by transfer into an oven where they were annealed 
in air at 175°C for 80 min to obtain the smooth films with the 2D crystallites at the 
boundaries of 3D grains [26]. Hybrid double perovskite has also been synthesized 
easily using the method of spin coating. Two step method has been followed for the 
synthesis of 2D/3D double perovskite wherein the organic cation such as PEA is spin 
coated onto the annealed films of the double perovskite [39]. Thin films of inorganic 
and double perovskites are easily synthesized normally by spin coating solution of the 
precursors in solvents such as DMF or dimethyl sulfoxide (DMSO) onto the suitable 
substrate for the appropriate applications in photovoltaics and optoelectronics [25].

4.3 Synthesis of single crystals

Single crystal nanostructures of halide perovskites are synthesized for improved 
application as semiconductors in electronics, optoelectronics, and photovoltaics. 
These structures provide improved photophysical properties and are therefore carry 
much importance [40].

The anisotropic growth rates of the crystals which depend on the feed ratios of the 
precursors, mineralizers, and solvents helps in the fabrication of the single-crystal 
thin films. Inverse temperature, temperature lowering, solvent evaporation and 
anti-solvent assisted crystallization methods are utilized for the process. Vapor phase 
epitaxial growth of thin films has been extensively used in inorganic halide perovskite 
monocrystal fabrication. Single crystals of HOIPs such as FAPbI3 and MAPbI3 have 
been reportedly sliced into wafers from their bulk counterpart in a top-down strategy 
for single crystal thin film strategy [41]. Dissolution-recrystallization pathway in 
solution synthesis from lead iodide (or lead acetate) films coated on substrates was 
used to grow single crystal nanowires, nanorods, and nanoplates of methylammo-
nium lead halide perovskites (CH3NH3PbI3 and CH3NH3PbBr3). These single crystals 
showed increased photoluminescence and long carrier lifetimes [40].

HOIP single crystals have also been synthesized using bottom seeded solution 
growth and top seeded solution growth. The former method employs seed crystals 
that are fixed at the middle of a designated tray are rotated by the electric motor 
and the saturates solution was cooled to obtain the single crystals. The latter method 
employs seed crystals placed on a silicon substrate on top of a solution which facili-
tates the dissolution of the lower crystals due to the temperature discrepancy between 
the bottom and top of the solution that induced super-saturation to form the single 
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crystals. 2D perovskite single crystals have been synthesized by a combination of 
vapor phase and solution processes. The process involves spin casting one of the 
precursors at an elevated temperature followed by chemical vapor deposition of the 
other one [42].

5. Property enhancement by doping

Doping, in general is an effective approach to enhance the properties of semicon-
ductor materials by intentionally introducing impurity or heteroatom into the target 
lattices. The doping with anions and cations of different charge is also known to 
modify their micro structural, electrical, and magnetic properties. Considering the 
fact that halide materials possess interesting properties, researchers recognized that 
introduction of other materials into the halide perovskite could potentially lead to 
relevant discoveries and applications, with this aim, over the past few years, differ-
ent kind of dopant materials are introduced. Among them most relevant ones are 
discussed here [43].

5.1 Metal ion

Due to the high abundance in the earth’s crust, varying oxidation state and mostly 
nontoxic nature, doping by transition metals are the best choice to enhance the 
properties of perovskite materials. There are two methods to doping by metal ions 
in perovskite materials, alloying to partially replace the metal frame and inserting 
a small amount of transition metal in the lattices. Among these two insertions of 
small amount of transition metal ion into the perovskite is the preferred one, cause 
the energy transfer and charge carrier transfer processes between the dopant and 
perovskite crystals [44].

So far a large number of reports were being available on CsPbX3 perovskite nano-
crystals doped with divalent transition metals like Mn2+, Co2+, Cu2+ and Zn2+. These 
metal ions play a role in eliminating the defects and distortions of perovskite crystals 
and exhibit dual color emission and efficient charge transfer. Among various methods 
available incorporating metal ion into perovskite material through hot injection is 
the feasible method, moreover, transition metals are economical and eco-friendly 
compared to other toxic materials and shows excellent properties without destroying 
the crystal structure [45]. Among these transition metals, Mn2+ need special atten-
tion due to its excellent properties. Mn-doping in nanocrystals increased the exciton 
luminescence and attribute the efficient energy transfer between exciton and host. 
Thus, for Mn doped CsPbX3 achieved up to 60% luminescence quantum yield [16]. 
MAPbBr3 the one of the most studied organic−inorganic perovskites show structural 
instabilities, which can be improved by doping with Zn metal ions. The Zn doped 
MAPbBr3 reveals excellent optoelectronic properties and environmental stability due 
to increased lattice strain which leads to the improved interaction between bonds 
[46]. Cs2SbAgCl6 and its Cu2+ doped perovskite shows well-ordered double perovskite 
cubic structure with excellent conductivity. The researchers proposed that Cu2+ dop-
ing creates cation defect, which leads to increased conductivity of double perovskite. 
In conclusion, the antimony−silver based double perovskite doped with copper ion 
exhibit desirable properties comparison to the bare perovskite in greater bandgap 
tunability and stability and has impact on their morphological, optical, electronic 
behaviors [47].
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In addition to the transition metals, alkali and alkaline earth metals, other group 
metals are also used as dopant in perovskite materials. The possibility of doping with 
alkali metal ion like Rb was explored and the result shows that Rb ion doping suppress 
the forming of impurity phases, and also increase the lifetime of perovskite materials 
[43]. In search of other metal doping, it has been found that Na+, in bulk, Cs2SbInCl6 
bring an increase in PL emission by three order magnitude compared to pure double 
halide material with an optimum Na content of 40%. This is where explained as the 
result of improved crystal quality and increased rate of radiative recombination [17]. 
There is also a reported result of increased hole concentration and mobility by Na 
doping and promoted electron injection in devices by Li doping in solar cell applica-
tion [43]. Alkaline earth metals, Ca, Sr., and Ba, are proposed to be able to enhance the 
properties of perovskite with doping and has remarkable impact on their morphologi-
cal, optical, and electronic behaviors. Besides alkali and alkaline earth metals, metals 
like Al3+ can provide tremendous morphological control to improve the properties of 
halide perovskite. The incorporation of indium (In3+) has also been reported to influ-
ence morphology by facilitating preferential growth of grains in several orientations 
[48]. In addition to that, Bi-doped bulk crystals underwent a significant band gap 
narrowing and shows improved stability and excellent optoelectronic and magnetic 
properties.

5.2 Lanthanides

To date, several successful doping of inorganic or hybrid perovskite by metal 
ions have been reported. However, the emissions for transition metal ions are broad 
band and confined to specific wavelength region limiting their application to limited 
energy structure. Hence lanthanide ions or called rare earth elements would be the 
most suitable candidate for energy and optical applications, because they possess rich 
and unique optical properties and emissions are in wide range with sharp line from 
UV to infrared region. In addition to that moving from Ce to Lu, a gradual decrease in 
ionic radii of lanthanides provide varying electrical, magnetic and chemical features 
provide the opportunities to study the changes of doping. Various lanthanide doped 
halide perovskite are studied and successful doping of Ce3+,Sm3+, Eu3+, Tb3+, Dy3+, 
Er3+ and Yb3+ into the CsPbCl3 perovskite through hot injection methods are reported. 
Lanthanide doped double halide perovskite of the type Cs2AgInCl6 are also reported. 
For the lanthanide doped perovskite nanocrystals stable and tunable multi-color emis-
sion from visible to NIR regions are obtained [23]. However, few RE metals have been 
reported so far make it an attractive field. Eu3+ is reported to stabilize CsPbI3 thin films.

Various materials like main group metals, transition metals and rare earth metals have 
been successfully doped into perovskite nanocrystals, single crystal, and polycrystalline 
film, giving rise to enhanced properties of perovskite materials. The various properties 
obtained through doping technology including improved stability, improved quality of 
thin films with reduced defect and enlarged grain size found application in optoelec-
tronic devices including LEDs and solar cells. It is evident that dopant engineering has 
emerged as one of the excellent tools to enhance the properties of perovskite. Despite the 
fact that doping improves the properties our understanding about the mechanism related 
to doped halide perovskite is still limited. And number of scientific issues in terms of 
synthesis, doping methods, and structure and property relation are remaining unsolved. 
To fully exploit the possibilities of doping, there are certain questions that are needed to 
be answered, such as the role of metal ions in crystallization, their doping capability, the 
true position of metal ions, and how these differ with altered perovskite compositions. 
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Although 3D halide perovskite has been the prime target of doping, lower dimensional 
perovskite including 2D halide perovskite could be the next frontier for doping study, 
since they provide a rich space to study the interaction of electrically-, optically-, or 
magnetically-active do pants with quantum confinement effects [43].

5.3 Small molecules

Generally, in semiconductor devices, small molecules are used as dopant 
to enhance the properties of materials. The mechanism behind these doping is 
surface and interface charge transfer pathway. The small molecules like HATCN 
(Hexaazatriphenylenehexacarbonitrile), F4TCNQ (2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane) are used as dopant in low concentration in 2D perovskite 
materials. Also, molecules like cobaltocene and zethrene was used in inorganic 
perovskite materials and shows strong charge transfer from dopant to perovskite 
[44]. Even though doping with small molecule provide enhancement in property, 
formation of composite with small molecule is considered as more effective way to 
improve the properties of perovskite materials. The development of low cost, largest 
surface to volume ratio, low resistivity and high sensitivity along with ecofriendly 
perovskite-graphene based composite attain widespread attention in electrochem-
istry, sensing and optoelectrical applications. For example, CsPbBr3 QDs/GO com-
posite, that is cesium perovskite quantum dots and graphene oxide composite were 
used as photo catalyst for artificial CO2 reduction. Quantum dot photo catalyst found 
wide attention, because of their large surface area and charge transfer mechanism. 
Moreover, the quantum confinement effect causes the shift in band position provides 
sufficient energy for photochemical reaction [49]. A perovskite and dual additive 
composite are reported in recent years, the PEO (polyethylene oxide) and TPBi 
(2,2′,2″-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)) blended perovskite 
act as the barrier for the excitonic dissociation at interface, which contribute to the 
increase in PL intensity. The possible reason for the change in PL is the smaller grain 
and higher surface coverage provided by the dual additive perovskite material, which 
can be possibly used as LEDs with high luminance and current efficiency [50].

5.4 Polymer

Perovskite-polymer composite received great attention in recent years due to their 
combination of properties from polymers and perovskite. The technique involves 
the formation of perovskite and polymer matrix in one pot reaction, to avoid the 
complexity of separate preparation. Compared with other technique like coating and 
ligand cross linking, forming composite with polymers is relatively easy to handle. In 
addition to the stability, polymers provide other advantages like convenient device 
fabrication mechanical performance, and enhanced luminescent properties. Recently 
poly (methyl methacrylate) (PMMA) and perovskite composite based solar cell pro-
vide a power conversion efficiency of 22.1%. Along with this, a lot of composites with 
excellent stability is reported. Even though excellent applications are reported, some 
serious issues are also found with polymers blending with perovskite. The blending 
of perovskite with polymers may result into serious aggregation. The large polar-
ity difference between polymers and perovskite material results the aggregation of 
perovskite material, which reduce the efficiency of perovskite material. Another issue 
is the stability, the preparation and storage of perovskite material required high atten-
tion, to optimize the property of composite material. The time-consuming blending 
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process, especially with high molecular weight polymer, result the decomposition 
of perovskite by moisture. The organic solvent used for dissolve polymers should be 
anhydrous to avoid the aggregation, and these solvents are not environment friendly 
and of high cost. Also needed to consider the fact that physical properties of polymers 
are different, hence it is necessary to know the characters of polymers before using as 
a composite with perovskite material. Commercially available polymers like PMMA, 
polystyrene (PS), polyethylenimine (PEI), polyvinylpyrrolidone (PVP), and poly 
(butyl methacrylate) (PBMA) are used with CSPbBr3 perovskite material to form 
composite. The one pot synthesis of perovskite-polymer composite is illustrated in 
Figure 4 [51]. The PMMA and perovskite material have difference in polarity make 
them less efficient, hence butyl methylacrylate with long alkyl chain of similar 
polarities was selected to prepare CsPbBr3-PBMA shows deep green color than those 
of PMMA, indicating more stability. The organic halide perovskite-polymer com-
posite of MAPbBr3-PMMA could also synthesize via injection of precursor solution 
into the bulk MMA. The PL intensity of both CsPbBr3-PMMA, CsPbBr3-PBMA could 
remain high as 70% and 78% for month indicating stability. A white LED device was 
prepared based on the green emissive composite with phosphor of red emission. Also, 
the diverse selection of monomer provides controlled mechanical properties and flex-
ibility to the composite also enables the preparation of device in large area. Recently, 
CsPbBr3-PMMA was successfully prepared without using organic solvent provides a 
new direction to the perovskite-polymer composite synthesis and will broaden the use 
of polymer in perovskite science [51].

Figure 4. 
Illustration of one-pot strategy to prepare perovskite-polymer composites (CsPbBr3-polymer or CH3NH3PbBr3-
polymer). a) Formation of perovskite crystals in bulk monomers. The photo taken under room light is for the 
emissive bulk styrene after adding precursors. b) the UV- or thermal- polymerized perovskite-polymer composites. 
Representative disks (under room and UV light) are shown in photos reprinted with permission from [51]. 
Copyright 2018 American Chemical Society.
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6. Conclusion

Metal halide hybrid perovskites are one of the most researched materials in the 
recent years owing to the fascinating properties they exhibit. These materials, there-
fore, find application in various fields. Inorganic, hybrid, organic–inorganic, 2D/3D 
mixed dimensional are all different types of halide perovskites that find applications 
in optoelectronics, photovoltaics, catalysis, etc. today. These variations come from 
the changes in the compositional elements in the basic structure family. The different 
phases exhibit peculiar properties that make them multifunctional. The crystal struc-
ture variation itself leads to changes in the properties. The changes in the electronic, 
optical, and electrical properties of the different types of metal halides are explored 
in the chapter. Ferroelectric property is mainly shown by the organic−inorganic 
counterparts owing to the polar nature of the organic cation. The synthesis techniques 
followed for the nanostructure, thin film and single crystals are varied and important 
as the growth of the materials and enhancement of its properties can be achieved 
by making changes in the synthesis procedures. The property enhancement of these 
materials is easily achievable by the addition of dopants or by fabricating polymer 
composites. These methods also help in enhancing the stability along with the proper-
ties making the extant of application of perovskite materials much wider.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 15

The Mystery of Dimensional
Effects in Ferroelectricity
Rolly Verma and Sanjeeb Kumar Rout

Abstract

The dimensional effect on ferroelectricity is a subject of long-understanding
fundamental interest. While the low-dimensional finite ferroelectric structures are
committed to the potential increase in electronics miniaturization, these anticipated
benefits hinged on the existence of stable ferroelectric states in low-dimensional
structures. This phenomenon can be understood from the point of basic physics. This
chapter reviews the literature on the finite-size effects in ferroelectrics, emphasizing
perovskite and polyvinylidene-based polymer ferroelectrics having technological
importance. The reviewed data revealed that despite critical dimensionality being
predicted in ferroelectrics, polarization switching phenomenon is possible in as thin as
one monolayer film, at least in the case of P(VDF-TrFE) Langmuir–Blodgett thin film
with stabilized functional properties. The roles of the depolarization field, electrode
interfaces, domain wall motion, etc. in controlling the measured ferroelectric proper-
ties have been discussed. Further, the observed deviation from the bulk properties is
explained based on both experimental and theoretical modeling.

Keywords: perovskite ferroelectrics, boundary conditions, dimensional confinement,
polarization switching kinetics

1. Introduction

Ferroelectric materials have been recognized as one of the focal points in con-
densed matter physics and material science for over 50 years. This is the most exciting
material used in the electronics industry possessing switchable spontaneous polariza-
tion with the direction of applied field stress. These ferroelectrics exhibit substantial
piezoelectricity as well. Accordingly, these materials are widely exploited as ultrasonic
devices, sensors, actuators, energy storage, memory components, and noticeably
more consumer electronics products. At the next level up, modern electronics have
taken the charge of electronics miniaturization with the nano-dimensional system
including thin film and ultra-thin films precisely placed in the electronics circuit [1].
In the last few decades, the advancement in voltage-modulated scanning probe
microscopy techniques, exemplified by piezoresponse force microscopy (PFM) and
associated spectroscopies, opened a driveway to make use of ferroelectrics on a single-
digit nanometer level. Current research in the United States and other nations is
pushing the limits of miniaturization to the point that structures only hundreds of
atom-thick will be commonly manufactured [2]. This high-precision microelectronics
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assembly is achieved by scaling down the materials in accord. Nevertheless, the
performance of the ferroelectric material is related to the way they are structurally
confined undoubtedly due to structure–property alliance. Whilst the dimensional
downscaling of the ferroelectric materials from bulk to nanoscale boost the possibili-
ties to endure the boxing up of increased numbers of components into single elec-
tronics integrated circuit, the functional properties are suppressed as the material goes
down to the critical dimension. The theoretical studies on the nano-dimensional
system including thin films and ultra-thin films have shown that ferroelectricity
persists down to the nanoscale. However, the experimental approach at this scale
revealed the disappearance of the ferroelectric switching phenomena as the critical
size of the crystal in the ferroelectric system is reached. For example, 80% of the
dielectric and piezoelectric properties of perovskite ceramics are suppressed com-
pared to their bulk counterpart as the material is scaled down to �10 nm [3]. A bulk-
like ferroelectricity with finite-size modifications has been observed in nanocrystals as
thin as 25 Å crystalline ferroelectric polymer films [4–6], 100 Å perovskite films [7]
and as small as 250 Å in diameter ultrafine nanoparticles [8]. These outcomes can be
elucidated as the bulk ferroelectricity is stamped out by surface depolarization ener-
gies and inferred that the bulk transition is limited by minimum critical dimension.
This is noted as the scaling effect. It occupies a prominent place in the research area as
our limited intuition for the nanoworld and comprehensive knowledge of structure–
property relations often lag behind technological advances. Since nanostructuring of
ferroelectric materials ends up with the appearance of their critical size limit, below
which the essential ferroelectric parameters cannot be sustained, a completely
contrasting behavior has been observed in hafnium based thin films which displayed
an unconventional form of ferroelectricity in thin films with a thickness of only a few
nanometers. This allows the construction of nanometer-sized memories and logic
devices. Until now, however, it is an unsolved mystery how ferroelectricity could
turn-out at this scale. A study reported by scientists at the University of Groningen,
Netherland revealed that migrating oxygen atoms (or vacancies) are supposed to be
responsible for the distinguished polarization switching phenomena in a hafnium-
based capacitor [9]. Likewise, Bune et al. [10] have reported the near-absence of
finite-size effect in two monolayer crystalline Langmuir–Blodgett film of P(VDF-
TrFE) ferroelectric polymer. This contrasting behavior of ferroelectrics increased the
curiosity of the scientific community in this stream. Although, well-developed theo-
ries exist for bulk materials, the extrapolation of these theories to thin films and
nanostructures is frequently ambiguous. Hence understanding the dimensional sys-
tem and going into the issues with scaling and size effect is crucial and is the central
challenge for the ferroelectrics-based electronics community.

The chapter is aspired to understand the fundamental mechanism underlying
ferroelectric behavioral patterns in polymer and ceramics systems as it is scaled down
to a critical dimensional range attractive for a variety of technological applications.
This knowledge would be beneficial for the current ferroelectric materials as well as
for designing new materials with even a cut above electroactive property. The chapter
is divaricated into six sections. Section 1 introduces the topic of our discussion. Section
2 talks about the theoretical framework for the scaling effect in the ferroelectric
system. Section 3 discusses about how material functional properties are depleted in
nano-confined perovskite ferroelectric system including phase transition tempera-
tures, spontaneous polarization, coercive field and piezoelectric coefficient. Next are
the possible causes for the observed scaling effect. Section 5 explores the scaling effect
in ferroelectric polymer thin films with special emphasis on PVDF and its copolymers.
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The fundamental ferroelectric polarization switching mechanism for nanostructures is
introduced and the models for thin films at the nanoscale are reviewed in Section 6.
The nucleation-limited-switching (NLS) model based on region-to-region switching
kinetics for polymer thin films will be highlighted. Finally, the observed results will be
summarized and the future outlook for ferroelectric nanostructures are discussed. We
clarify here that the goal of this chapter is not to review all the work in the vast field of
ferroelectrics but rather to provide a scholastic presentation for the readers through
the use of select case studies and authors experience in the field.

2. Theoretical framework

The more is the challenge for developing nano-scaled devices, the more is the
challenge to sustain their ferroelectricity at this scale. To capture the comprehensive
knowledge in the versatility of ferroelectricity as the material is scaled down, particu-
larly at the nanoscale, a theoretical framework is exceedingly advantageous. The first-
principle density functional theory (DFT)-based modeling and simulations plays a
significant role as the fundamental properties could be envisioned and act as guide-
lines in the design of ferroelectric nanostructures. For the last decade, it has been
successfully implied to various ferroelectric bulk crystals as well as nanostructures.
According to first-principle density functional theory, ferroelectricity is analyzed in
two possible ways [11]: (a) calculation of total energy by solving ground state problem
for a given potential, (b) computation of linear response (LR). This is done by
discovering the lowest order changes in ground state energy as the potential changes.
The former provides the knowledge about the parameters which is the first derivative
of total energy such as stress or electric polarization while the latter computes the
properties corresponding to the second and third derivatives of total energy such as
phonons, dielectric, piezoelectric and other compliances. In the perovskite ferroelec-
trics oxides, the transition metal is in d0 state, therefore the effect of electronic
interaction is rather weak on the ground state electrons. Hence the first-principle
calculation can be quite useful in their studies. In ferroelectric oxides, it is very
unlikely to have electronic excitations due to the presence of large band insulators
with unsettled d-states of transition metal (B). DFT calculation ascertains the crystal
structure through energy minimization such as phonons, Raman tensors, dielectric,
piezoelectric and other compliances. For example, DFT calculation provides subtle
information about which structural distortions can destabilize the cubic structure in
perovskite ferroelectrics [12]. Further, DFT calculation explains that the temperature
dependence ferroelectricity arises from the phonon contribution and these operations
hold sway over the interesting piezoelectric response as well. Even so, it has some
limitations, firstly these simulations are relevant for the material properties at T = 0 K
(or at low temperature). Secondly, DFT theory could simulate no more than 150
atoms (for a short time scale � 100 ps) and have definable size errors in the approx-
imation of thermodynamic properties of ferroelectrics. However, this dereliction is
compensated in more intuitive way through an effective Hamiltonian methodology
which dealt with finite temperatures along with large-scale simulations of ferroelec-
trics. This approach remains unaltered for the bulk ferroelectric but for thin film or at
the nano-scale, effects of surrounding (appropriate boundary conditions) are cap-
tured as the estimated properties of nanostructures below the “critical dimension”
depends on the length-scale measurement, that is on the ambient conditions not on
the volume of a cluster [11]. Two important boundary conditions have been reported.
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First is the mechanical boundary condition specially for thin film developed epitaxi-
ally on a substrate. For this, the required in-plane strain component by the lattice
constant of the substrate are frozen to constant value while in thick films, all the strain
component are free to fluctuate. Second is the electrical boundary condition that
creates depolarization field arising due to bound charges at the surface partially
recompensated by free carriers assembled at the electrode. This interesting finding is
summarized here in the context of BaTiO3. Using the first-principle calculations,
Junquera and Ghosez explained that a favorable polar state can be realized only for
BaTiO3 film as thin as six-unit cells (�24 Å) and attributed this extraordinary ferro-
electric stability to the depolarizing electrostatic field at the ferroelectric-metal elec-
trode interface [13]. Since the depolarization field is responsible for diminishing
ferroelectricity at the finite size, the author theoretically explained here that the
electrons at the metal interface tend to screen the surface charge. As a result, the
dipoles with the similar polarity appeared at the metal-ferroelectric interface and
stabilized the ferroelectricity. The fusion of first-principle density functional (DFT)
calculations with an effective Hamiltonian offers a multiscale driveway to analyze the
various functional properties of ferroelectric oxides. It also provides the possibility to
directly couple the properties to the atomic arrangements and the boundary condi-
tions. Another important theory is Landau Devonshire theory which uses spatial
inhomogeneity to show the smearing of phase transitions in ferroelectric
nanostructures [14]. This theory explains that the inhomogeneity between a ferro-
electric material and an electrode is a result of domain structure in ferroelectric thin
films. A dead layer is formed between the film and the electrode. The reduced dead
layer softens the domain structure contributing large dielectric response of the film.
Landau–Devonshire theory is a free-energy-based phenomenological perspective for
continuum mechanics ferroelectric functioning. This theory is very helpful in analyz-
ing diverse phases in complex phase diagrams, microstructures as well as device
simulations [15]. However, parameters obtained from Landau free energy are based
on material-specific information. Therefore, it is highly desirable to link first-principle
calculations with Landau-like theories at nonzero temperature so that analysis could
be done at all length-scales fairly based on the information obtained from first princi-
ple calculations. The latter pushed the limit of fabrication of perovskite ferroelectrics
below � 15 nm [16] and as thin as 1 nm in ferroelectric polymer system [10].

3. Critical dimensional range for perovskite ferroelectrics

On the edge of the ferroelectrics class is the ABO3 oxides (where ‘A’ and ‘B’ are two
cations, often of different sizes, and O is the oxygen atom that bonds to both ions)
occurring in the perovskite structure. Typical materials that crystallize in the perov-
skite structure having technological importance are ferroelectric BaTiO3, PbTiO3,
piezoelectric Pb Zr, Tið ÞO3, electrostrictive Pb Mg,Nbð ÞO3, multiferroic BiFeO3 etc.
Ferroelectricity is a cooperative phenomenon of the orchestration of the charged
dipoles within the crystal structure. In perovskite, it is governed by the existence of
long-range ordering of elemental dipoles up to a distance ranging from millimeter to a
few microns. The lower-dimensional confinement of the perovskite ferroelectric
material especially in the nano to sub Å level, strongly perturbs the long-range ferro-
electric order as the fraction of surface/interface atoms is increased. As the ferroelec-
tric particle goes down to the nano-range, there is a greater probability of the
arrangement of constituent atoms at the surface of the particles, thereby ratio of
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surface area to volume ratio is increased that changes the free energy of the crystal,
triggering immense changes in the functional parameters of the material [17] such as
the abnormal lowering of ferroelectric to paraelectric phase transition temperature
(Tc), suppression of remnant polarization (Pr), and increase in the coercive field (Ec).
Few literature reports evidenced the shifting of Tc toward room temperature when the
particle size is lowered down to 200 nm or below [18–20]. It has been suggested that
the surface charge layer and the depolarization field played a significant role in this
scaling effect as the depolarization effect breaks the material into small domains of
different polarization to minimize the macroscopic charge generated on the surface as
it is cooled through Tc [21]. Ivan et al. [22] also mentioned the role of depolarizing
field in nanoconfined perovskite material using an ab initio derived Hamiltonian.
Daniel and his research colleague well-articulated the nature of ferroelectric phase
transition temperature (Tc) on downscaling the barium titanate (BTO) nanocrystals
using the surface plasmon technique [23]. They proposed that the behavior of surface
ferroelectricity seems to be different from the volume ferroelectricity and is charac-
terized by very long relaxation time scales. For nanoscale ferroelectrics, the surface
and the volume of the crystals are well-tuned due to the dominance of the surface over
the whole nanocrystals. Therefore, the volume Tc may probably close to the bulk-like
but for nanocrystals, it decreases significantly relative to the bulk value. The BTO
crystal size > 0.1 μm exhibited bulk like properties with a phase transition tempera-
ture Tc � 130°C, while a continuous shift in the temperature range �50–90°C has
been observed for the crystals with dimensions <50 nm. This behavior may be the
consequence of barium titanate nanocrystalline size distribution [23]. For lead titanate
(PbTiO3) crystals, size effects were found to be applicable below 100 nm. The Tc

decreases from 500 to 486°C as the particle size decreases from 80 nm to 30 nm
respectively with a more diffused peak in the lower dimension and the phase transi-
tion peak completely disappeared after 26 nm [24]. This scaling effect on Tc, typically
implied by the relation:

δT ¼ Tc ∞ð Þ � Tc dð Þ½ �
Tc ∞ð Þ ¼ Ad�ƛ (1)

where Tc ∞ð Þ and Tc dð Þ are phase transition temperature of bulk crystal and thin
film of thickness ‘d’ respectively, too deviates at the ultralow-dimensional scale as
reported by Emad et al. [25]. Genesta et al. [26] reported the disappearance of ferro-
electric switching in barium titanate nanowire below a critical size of about 1.2 nm.
The author explained that the global contraction of the unit cell at the wire surface is
attributed to the disappearance of ferroelectricity. Vincenzo and Randall [17] have
provided a very good discussion about the size and scaling effect in the barium
titanate ferroelectric system. Even though discrepancies on size limit still persist as
ferroelectricity not only depends on the absolute critical size of the material but the
preparation route to achieve the limit. For example, Ishikawa et al. illustrated that
sol–gel-prepared PbTiO3 nanoparticles exhibited a critical dimensional limit of
�10 nm at 300 K which was later defied by Fong et al. [27] who suggested the stable
ferroelectric phase in PbTiO3 thin films down to the thickness of 3-unit cells (1.2 nm)
at room temperature. Recently Hao et al. [28] demonstrated the structural and polar-
ization switching behavior of 4.5 nm BaTiO3 ultrafine nanoparticles. The author
attributed the switchable polarization to the presence of local spatial coherent asym-
metric nanoparticles with discernable Ti-distortion and paved the way for the con-
struction of high-density memory devices. This finding evidenced that the absence of
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ferroelectricity reported literature may not be inherent to the system. The abnormal
response of phase transition temperature on downscaling the perovskite ferroelectrics
extends to other ordered parameters as well. Daopei et al. [29] theoretically demon-
strated three types of equilibrium polarization patterns based on various sizes and
material parameters combination, i.e., monodomain, vortex-like, and multidomain, in
isolated BaTiO3 or PbTiO3 octahedral nanoparticles embedded in a dielectric medium,
like SrTiO3 (ST, high dielectric permittivity) and amorphous silica (a-SiO2, low
dielectric permittivity) using a time-dependent Landau–Ginzburg method with
coupled-physics finite-element-method-based simulations. The author further
discussed the existence of. The critical particle size below which ferroelectricity van-
ishes in their calculations was 2.5 and 3.6 nm for PbTiO3 octahedral nanoparticles for
high- and low-permittivity matrix materials respectively. However, this size was
unalike for BaTiO3 octahedral nanoparticles (�3.6 nm) for all that of the matrix
materials. Yan et al. [30] synthesized barium titanate nanoparticle by high-gravity
reactive precipitation (HGRP) method and found that crystal with the size of 30 nm
exhibited a completely paraelectric cubic phase which changes to tetragonal ferro-
electric phase at 70 nm confirmed by XRD and Raman spectral analysis. Nuraje et al.
[31] confirmed the tetragonal BaTiO3 nanoparticles (�6–12 nm) at room temperature
by electrostatic force microscopy (EFM). Besides, coercive field (Ec), the field of
negligible polarization, an important functional parameter pertains to the scaling
effect in perovskite ferroelectrics as well. According to Janovec–Ka–Dunn (JKD) law,
the scaling dimension (�thickness ‘d’) of ferroelectric thin-film and the coercive field
is given by semiempirical relation:

Ec ∝ d�2=3 (2)

Following the JKD scaling theory, Xu et al. [32] investigated the ferroelectric
properties in 20–330 nm of (0 0 1)- and (1 1 1)-oriented PbZr0.2Ti0.8O3 ceramics
system. The change in the spontaneous polarization and the coercive field by lowering
the dimension of thin PZT thin-film is delineated in Figure 1. Likewise, Venkata et al.
[33], Hong et al. [34] also confirmed the falling of field-induced polarization behavior
with the downscaling in perovskite polycrystals and ferroelectric nano-thin films
respectively (Figure 1). It has been observed that (0 0 1)-oriented PZT film followed
the JKD scaling while (1 1 1)-oriented heterostructures (�<165 nm) deviated from
the expected scaling. The first principle DFT calculation attributed this deviation to
the formation of a lower energy barrier phase for switching which eventually reduces
the domain-wall energy and exacerbates the deviation.

However, defying the general hypothesis on the scaling effect in perovskite
ceramics, an increase in long-range ferroelectric order is observed in NaNbO3 by Juriji
et al. [35] in 2017 as the material was scaled down below 0.27 μmwhich was attributed
to the existence of intra-granular stresses induced during the formation of non-180°
domain walls as the grain dimension is reduced. Recently, Lorenzo et al. [36] success-
fully developed an unusual ferroelectric orthorhombic phase (Pmma) in 24 nm crystal
of NaNbO3 using a microwave synthesis route. Further, the exceptional property of
ferroelectricity’s appearance in antiferroelectric PbZrO3 ceramics as the material
attained its critical dimension �400–500 nm [37]. This unique result provided the
possibility among the research community to stabilize ferroelectricity in lower
dimensions which was not observed in other ferroic-system. The disappearance of
ferroelectricity below the critical nano-dimension was long thought of the past. In
recent years, advanced characterization techniques enabled the fundamental size
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effect at the sub-Å level (�6 unit cells) in perovskite ferroelectric systems [13] that
lowered the critical dimension for the existence of ferroelectricity in thin films by
orders of magnitude.

4. Genesis of scaling effect in perovskite ferroelectrics

Ferroelectric instability is a consequence of a delicate balance between short-range
and long-range dipolar interactions. These interactions are definitely perturbed in
nanostructures. With the downscaling of ferroelectrics to nanoscale, the surface to
volume ratio is changed, the short-range forces are altered at the surfaces and inter-
faces while long-range character is influenced by the limitation in finite sizes of the
material. One of the critical issues in downscaling the perovskite ferroelectrics is the
distortion of the ferroelectric phase such as orthorhombic or tetragonality (c/a) in

Figure 1.
Variation of (a) perovskite polycrystals [33] (open access) (b) ferroelectric nano-thin films [34] (c) polarization
hysteresis, (d) Coercive field, (e) Remnant polarization (Pr) for (001)- and (111)- oriented PZT thin-films [32].
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crystals. It is noted that tetragonality in PbTiO3 crystals were rapidly decreased to 1 as
it was scaled down to 7 nm [24] following the relation:

c
a
≈ 1� exp ��d, where d is the grain size of the materialð Þ: (3)

However, this explanation was not appropriate as the theoretical calculations pushed
the limit of fabrication of perovskite ferroelectrics as thin as �15 nm [10, 16]. The
origination of scaling and size effect is still not realized although two important expla-
nations were suggested: (a) the distinctive intrinsic properties of nanoparticles smaller
than critical dimension, (b) generation of local depolarization field due to the surface
ions arresting the ferroelectric phase. The development of the depolarization field is a
consequence of extrinsic effects such as electrical boundary conditions and electrode
screening effect. It is the key issue in analyzing the ferroelectric domain structures,
Further, the strain and the electrical polarization in ferroelectrics are coupled phenom-
ena, therefore any misfit strain affairs change the spontaneous polarization of the
material. Hence the materials are responsive to mechanical boundary conditions as well.
The boundary conditions cognate with the contact situation between the surface of the
ferroelectric film and the electrode, play a prominent role in the scaling effect of thin-
films. The suppression of spontaneous polarization by instigating the surface and inter-
facial charges offsetting the normal component of the polarization, creates a depolari-
zation field [38]. In a few cases, the depolarization electrical energy guided the retention
of polar crystals by electrode screening effect [39]. The latter is associated with the
perfect screening of the electrode and depolarization phase, thereby stabilizing the
ferroelectric phase and its resulting properties [13]. While in other cases, it is
completely considered for destabilizing the ferroelectric domains [17, 21, 40]. The size
of the ferroelectric crystals strongly influences the magnitude of the depolarization
field. The scaling of ferroelectrics to their critical dimensional range, being the surface
charge remains constant, increases the voltage developed per unit length which induces
the depolarization-field-induced scaling effect. The latter is eminent in thin films, when
present strongly influences the ferroelectric domains. Further, with the reduced film
thickness, rational growth is promoted that leads to strong mechanical boundary con-
ditions, contributes to the scaling effect in ferroelectrics. Factors such as lattice
mismatch in epitaxial grown thin films, the difference in the properties of the substrate
and the ferroelectric film or growth-related strain generated during the fabrication
process creates mechanical boundary conditions. It is associated with the substrate-
induced stress/strain that is not only coupled with the spontaneous polarization but
strongly influences the array of ferroelastic domains, if present. For example, if the
polarization vector switches ferroelastically between [0 0 1] and [1 0 0] directions, then
biaxial compression perpendicular to the polar axis will stabilize that orientation and
increases the phase transition temperature. However, when these strain effects are
overlaid on the scaling effect, the process is supposed to be reversed [41, 42]. Therefore,
it is notable that mechanical boundary condition functions along with the intrinsic
scaling effect [3]. In bulk ceramics, mechanical boundary conditions are created at the
grain boundaries and developed a spontaneous dipole. Apart from surface/ferroelectric
film interfaces, the other factors that strongly influence the scaling effect in ferroelec-
trics are the volume of domain walls and grain boundaries in the lower-dimensional
scale of ferroelectric system. The extreme reduction in thin-films/grain size lessen the
number of stable domain configurations and eventually mobility of domain boundaries
decreases which resulted in low permittivity of the system [3]. Besides, crystal imper-
fections, doping effect, grain boundaries, microstructures, etc., are interlinked to the
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processing condition [43] may influence the scaling effect in perovskite ferroelectrics
and requires independent assessment.

5. Scaling effect in ferroelectric polymers

Ferroelectric polymers such as poly(vinylidene fluoride) and its copolymer sys-
tems have evinced the distinguishing properties in lower-dimensional structures.
Their nanostructures are emphasized as electrospun nanofibers [44], anodic alumi-
num oxide-templated nanotubes [45] and the 2D Langmuir–Blodgett (LB) nanofilm
[46]. Few reports have also described the PVDF-nanosphere [47]. For example,
Zhengguo et al. [48] reported the formation of P(VDF-TrFE) nanoparticles with sizes
of 60–100 nm using a solution method with the successful application in low band-
gap polymer photovoltaic devices. Mostly, these polymers are analyzed in the form of
thin films [49–51]. Unlike ferroelectric ceramics, the polymer ferroelectrics are semi-
crystalline (amorphous and crystal parts are intertwined) in nature, therefore the
ferroelectricity in the polymer is strongly affected by the interaction between the
crystalline and amorphous interface. This is known as the nanoconfinement effect
[52], according to which the dipole switching in polymer ferroelectrics largely
depends on the local electric field in the crystals. Definitely, these interactions are
perturbed as the dimensionality of the polymer ferroelectrics goes down to the lowest
possible range. As a consequence, the crystal orientations are varied that eventually
influences the functional properties of the material. In the bulk form, P(VDF-TrFE,
70:30) exhibited the first-order ferroelectric to paraelectric phase transition tempera-
ture Tc � 100°C and a spontaneous polarization of Ps � 0.1 C/m2 at room temperature
[53]. A maximum polarization of 12 μC/cm2 at 4 V has been observed for 100 nm thick
P(VDF-TrFE) film which is attributed to the presence of crystalline β-phase (a type of
crystal orientation) [54]. Similarly, Xu et al. [55] suggested the preferential crystal
orientation for the maximum polarization of 10 μC/cm2 and apparent coercive field
�6 MV/m in 500 nm thick PVDF film at a very low switching voltage of 3 V. The
study of ferroelectric polymer in their ultra-low dimensions were not possible until
the discovery of Langmuir–Blodgett (LB) [56] technique of monolayer formation as
the thin films constructed by the conventional route of synthesis such as uniaxial or
biaxial drawing [57], solvent casting [58], uniaxial stretching [59] or spin coating
limited the thickness as thin as � 60 nm only [50]. Langmuir–Blodgett (LB) mono-
layer transfer technique produces high-quality ferroelectric polymer ultrathin films
which are few monolayers thick and can be switched at 1 V, permitting precise control
of the film nanostructures [5]. In 1993 ferroelectricity was first discovered in 30
monolayers (15 nm) LB films of P(VDF-TrFE) random copolymer. Later, in 1998,
using this method, Bune et al. [4, 10] reported the ultrathin ferroelectric film of
PVDF-TrFE copolymer with a thickness of 1 nm. This film was prepared using a
horizontal Langmuir–Blodgett (LB) technique, known as Langmuir–Schaefer (LS)
technique. This gave the recognition of two-dimensional ferroelectric polymer thin
film system implying that the state of ferroelectricity may be achieved by coupling
only within the plane of the film and unlocked a new frontier in polarization switching
development in ultrathin-single crystal films [4, 5, 60–62]. However, the larger inter-
facial effect may arrest the ferroelectric switching even in PVDF-based Langmuir–
Blodgett (LB) nanofilms [63]. The P(VDF-TrFE) ferroelectric LB films displayed
complete polarization reversal in samples for the thickness ranging from 30 to 100
monolayers. Also, the partial reversal has been observed at eight monolayers
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thickness, the thinnest possible ferroelectric films made to date [64]. The 30-layer
ferroelectric LB films (�15 nm) exhibited the phase transition temperature (Tc) in the
range �70–90°C lower than the typical values �90–110°C for spun films of
P(VDF-TrFE) [65]. The decrease in Tc is typically attributed to the depolarization
interfaces. Zhu et al. [66] demonstrated the lowering of the spontaneous polarization
to 5 μC/cm2 at a very high electric field of 700 MV/m for 18 nm thick P(VDF-TrFE)
LB film even with 80% of crystallinity. The impression of reduced ferroelectric
response reaches out to piezoelectric responses as well. The piezoelectric coefficient of
|d33| = 5 pm/V for a 30-layer ferroelectric LB film was measured using an interfero-
metric method as compared to the bulk P(VDF-TrFE) film ��41 pm/V and pure
PVDF film ��26 pm/V. Further, a large coercive field of 1:2� 0:3 V=m has been
observed which is approximately 20 times larger than a bulk counterpart [64, 67]. To
a great degree, the increase in coercive field as the film dimension is lowered is
explained by power law (E � d�0:7, d is the thickness of the ferroelectric film)
[68, 69]. Nevertheless, the advancement in characterization techniques for the
nanostructures further decreases the dimensionality with stable ferroelectric state.
Recently, the single monolayer (0.5 nm) of P(VDF-TrFE) LB film surprisingly
exhibited the ferroelectric switching calculated theoretically by Fridkin [70] as shown
in Figure 2. Earlier the near-absence of finite-size effect was reported for the P(VDF-
TrFE) LB film as thin as 2 monolayer (� 10 Å) crystalline film [10]. A schematic
representation showing the polarization switching in 1 and 10 monolayers of P(VDF-
TrFE) thin films is delineated in Figure 2. Hence, it is noteworthy that there is no
critical size thickness for exhibiting ferroelectric switching phenomena in ferroelectric

Figure 2.
The schematic representation of polarization switching in one and ten monolayer of P(VDF-TrFE) LB film
(replotted taking the Ref. [10, 71]).
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polymer P(VDF-TrFE) thin films. These outstanding results vitalized the search for
the critical dimensions in other ferroelectrics.

6. Polarization switching kinetics for nanoscale ferroelectrics

Electric polarization is the first-order framework of ferroelectric transitions, whose
non-zero value apprehends the ferroelectric phase from the paraelectric one. The
phenomenon of macroscopic polarization reversal with the external field stress is
termed polarization switching. The kinetics for the same was contrasting for the
lower-dimensional system compared to its bulk counterpart. Ferroelectric materials
including bulk ceramics, spin-coated epitaxial oxide thin film or the Langmuir–
Blodgett polymer thin films, consist of widely distributed domains. Earlier studies
have shown that polarization switching is a complex inhomogeneous phenomenon
involving domain nucleation and growth. This process can be realized in terms of
Kolmogorov–Avrami framework of inhomogeneous phase transformation, [72] where
polarization is associated with the lower energy phase. At the macroscopic level,
typically two frameworks have been observed in partially polarized ferroelectric
materials: (a) the whole material may experience an identical polarization or (b) the
presence of spatial inhomogeneous polarization. The second situation is practically
observed in ferroelectric P(VDF-TrFE) thin films. Devonshire was the first scientist to
develop a theory on polarization switching on barium titanate ceramics system based
on Landau mean-field phase transition [73]. Later on, the theory was improved with
the consideration of Ginzburg spatial inhomogeneity framework and termed as
Landua–Ginzburg–Devonshire (LGD) theory [5, 74]. According to this theory, the
free energy for macroscopic polarization which is considered as order parameter is
expanded as Eq. (4).

F Pð Þ ¼ 1
2
αp2 þ 1

2
βp4 þ 1

6
γp6 � EP (4)

where α, β and γ are the Landau coefficients and E is the electric field
within the ferroelectric material. The term EP of Eq. (1) defines the polarization align-
ment in the direction of the field to lower the free energy. The calculated P–E relation
for P(VDF-TrFE) using Landau–Devonshire theory is shown in Figure 3.

In the computed P–E relation (Figure 3), the author theoretically explained an
unstable region between point a and b and proposed that the polarization switching as
a consequence of lowering the free energy of the system. Nevertheless, a gap always
persists between the theoretical and experimental values. For example, the field for
minimal polarization was computed in the order of magnitude in GV/m while it is
typically 50 MV/m, as verified experimentally. The explanation of polarization
switching based on nucleation and multidomain [75, 76], is labeled as extrinsic
switching. This process involves the recasting of free energy of the crystal system due
to the presence of sporadic dipolar defects, thereby lowering the energy barrier for
local dipole reversal, thus creates a nucleation center for emerging ferroelectric
switching domains. Likewise, the Monte-Carlo simulations unduly confirmed the
non-collective polarization switching phenomenon mediated by the formation and
development of domains as well.

However, the nanosized polymer ferroelectric P(VDF-TrFE) LB thin films (within
the critical thickness) exhibited a critical behavior, a homogeneous non-domain
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switching of polarization is observed [5]. Gaynutdinov et al. [71] demonstrated that
polarization switching kinetics for 54 nm thick film of P(VDF-TrFE) copolymer were
subjectively different from the 18 nm thick film. While bulk-like properties exhibited
the nucleation and domain growth as the cause of polarization switching, 18 nm thick
film exhibited purely intrinsic switching kinetics with a true threshold field. Vizdrik
et al. [76] simulated the switching kinetics in P(VDF-TrFE) LB film with thickness of
30 monolayer. It was observed that the film experienced a pronounced slowing of
polarization switching over six orders of magnitude in close proximity of coercive
field which is distinct from the extrinsic switching that lacks true coercive field with
increased field or temperature. The extrinsic switching is associated with the activa-
tion of nucleation and is a function of frequency. If the nucleation is non-existing, a
very high coercive field is required to obtain the uniform polarization in ferroelectric
crystal ideally, typically known as intrinsic switching and the associated threshold
field is known as the intrinsic coercive field. Also, the intrinsic switching is not
possible below the intrinsic coercive field as the constituent crystal dipoles are
exceedingly harmonized and they tend to switch coherently or not at all. This type of
switching is specifically observed in ultrathin P(VDF-TrFE) LB films. The reduced
thickness of LB films apparently takes the edge off nucleation volume and therefore
prohibits the occurrence of extrinsic switching. Notably, intrinsic switching process
takes larger time (>1 s) as compared to extrinsic switching (works in microseconds)
observed in thicker films and at lower field. Paramonova et al. [77] validated the
intrinsic homogenous switching in PVDF/PVDF-TrFE Langmuir–Blodgett (LB) films
using the molecular dynamic simulation method. Further, the intrinsic coercive field
is independent of film thickness in PVDF-based LB film below �15 nm, evincing the
absence of finite size scaling below 15 nm [78, 79]. However, critical thickness for the
intrinsic switching may vary in different polymer films because of diverse molecular
structures. Theoretical modeling is a constructing way in guiding research for the
dimensional effects in ferroelectricity. The nanoscale ferroelectrics constituted the
switching kinetics contesting between extrinsic and intrinsic switching mechanism.

Figure 3.
The computed P-E relation for P(VDF-TrFE) using Landau-Devonshire theory [75, 76].
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These mechanisms are associated with the film thickness, as the film thickness
increases, domain mechanism carry the way, else the nucleation-independent
switching mechanism is endured [80].

7. Summary and future outlook

Ferroelectrics with reduced dimension has exciting applications in modern electron-
ics system, especially in medical engineering and material technologies [81]. The first
challenge conveyed by nanoscale ferroelectrics for device application is the stability of
ferroelectric properties at the desired ultralow-dimensional range. For the last few
decades, tremendous effort, both theoretically and experimentally have been implied
for finding stable ferroelectricity in nanoparticles at their maximum reduced dimen-
sions. However, setting aside the academic cliché, the real scenario probably deals with
the lacking of crucial steps toward the real-mass commercialization of nanoscale ferro-
electrics. The science and technology of nano and ultra-nanoscale ferroelectrics is in
infant stage. Numerous fundamental issues are still unsolved hampering the real-mass
commercialization. It is expected that with the proper selection of material-system,
minimizing intrinsic and extrinsic effects and the advancement in nanoscale character-
ization techniques, the possibility of scaling and size-effects could be minimized.

This chapter dealt with the ferroelectric phenomena emphasizing important func-
tional parameters, such as phase transition temperature (Tc), polarization switching,
coercive field (Ec), etc., taking the frame of reference of finite-size and scaling effect.
The existence of critical dimensional range for ferroelectricity is limited by the exper-
imental conditions, shape of the nanoparticles and the characterization techniques.
Further, the theoretical analysis revealed that the rich set of complexities in the lower-
dimensional scale of ferroelectrics were sensitively hung on structural, electrical and
mechanical nature in their circumjacent. The pushing limit for perovskite ferroelectric
crystal is as small as �15 nm and the thinnest possible films were �200 Å. Unlike
nanoscaled ferroelectric ceramics system, the lower-dimensional polymer ferroelec-
tric thin films are out of the way from the scaling effect. Langmuir–Blodgett deposi-
tion technique has produced high quality of ultrathin ferroelectric films of one
monolayer thickness (�10 Å) of P(VDF-TrFE) ferroelectric polymer. Their long chain
nature and the conformational variability countermanded the quantum confinement
effect. This technique has opened a new frontier of finite-size effects on the atomic
scale. Further, LB films also exhibited the two-dimensional properties of ferroelectrics
by demonstrating that there is no supposed critical thickness in polymer ferroelectrics
as films of only two monolayers (�1 nm) are ferroelectric with a transition tempera-
ture near that of the bulk material. However, the long-range cooperative ferroelectric
interactions among dipoles are debilitated in otherwise customary ferroelectrics.
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Abstract

Although perovskites are widely employed in other industries such as photovoltaics 
and light-emitting diodes (LEDs), digital technology is rapidly gaining pace in today’s 
market and shows no signs of abating. As a result, the progress of system memory 
and memory storage has accelerated into new inventions. The invention of dynamic 
Random-Access Memory (RAM) in the 1960s laid the groundwork for today’s 
multibillion-dollar memory technology sector. Resistive switching (RS) capabili-
ties of perovskite-based materials such as perovskite oxides and metal halides have 
been extensively studied. Chemical stability, high endurance, quick writing speed, 
and strong electronic interaction correlation are some of the benefits of employ-
ing perovskites in RS devices. This chapter will investigate the progress of system 
memory and memory storage employing perovskites, the advantageous proper-
ties of perovskites utilized in memory devices, the various types of RS employing 
perovskites, as well as the research challenges that perovskite-based memory systems 
face in future commercial development.

Keywords: resistive switching, memory devices, memory storage, perovskites, 
non-volatile

1. Introduction

Perovskites, which have the same crystal structure as calcium titanium oxide 
(CaTiO3), are semiconductor materials that have gained massive interest in vari-
ous technology. When exposed to light, the structure and characteristics of these 
materials allow them to transfer electric change. These materials are very beneficial 
for system memory and memory storage in computer memory. Perovskites’ resistive 
switching (RS) properties enable fast writing speed and long durability. Thus, RS is 
employed in the most recent computer memory technology, Resistive Random Access 
Memory (ReRAM), which is expected to replace flash memory [1, 2].

In memory devices, there are many forms of RS. Bipolar and unipolar switching, 
write-once-read-many (WORM) [3], and multilevel RS [4] are examples of these. 
This chapter will discuss the advancements in the use of perovskites for RS memory. 
Oxide perovskites, halide perovskites, and layered perovskites are some of the 
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perovskite materials employed in this application. Lastly, some design challenges are 
discussed, and future work is proposed.

2. System memory and memory storage technology

Digital technology is being employed extensively in today’s economy, and it shows 
no signs of abating. As a result, the progress of system memory and memory storage 
has accelerated, resulting in new improvements. The system memory is where the 
computer stores currently running applications and data. On the other hand, memory 
storage is generally for the goal of orderly retrieval and documentation. Figure 1 
depicts the chronology of the evolution of system memory and memory stage.

In 1932, Gustav Tauchek invented the drum memory technology which marked 
the beginning of system memory [5, 6]. The drum memory was cylindrical in form, 
with an outside covering comprised of recordable ferromagnetic elements, and it 
could store up to 500,000 bits, or 62.5 kilobytes of memory [7]. Eventually, in the 
mid-1940s, the delay line memory was found, which was a refreshable memory that 
used sequential access and was constructed of mercury. This unique mercury delay 
line was capable of transmitting data at a rate of around 5,000,000 binary digits per 
second. It was not until World War II that the United States Navy adopted the initial 
drum memory idea and refined it into the magnetic drum memory system. The mag-
netic core memory was then constructed using tiny toroidal ferrimagnetic ceramic 
ferrites. The memory was stored via an induced magnetic field, which could store 
one bit depending on the magnetization direction [8]. Twister memory, which used 
magnetic tape instead of rings to replace core memory, was introduced in 1968 at Bells 
Lab but received little attention [9]. The magnetic tape was intentionally chosen to 
enable magnetization only down the length of the tape. As a result, only one point of 
the twistor would have the proper field direction to ever get magnetized. On the other 
hand, bubble memory which is a sort of non-volatile memory employs a small layer 

Figure 1. 
A timeline depicting the progress of system memory and memory storage over time.
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of magnetic material in its fabrication due to the influence of an external magnetic 
field. This contains little magnetized patches known as bubbles or domains, each of 
which may retain one bit of data [10, 11]. Similarly, bubble memory also suffered 
the same fate as twister memory since both were eclipsed by the development of 
dynamic RAM.

The invention of dynamic Random-Access Memory (RAM) in the 1960s laid the 
groundwork for today’s multibillion-dollar memory technology sector. Every sort of 
memory technology described above is rendered obsolete by the discovery of RAM. 
The earliest architecture of dynamic RAM was a square array with a capacitor and a 
transistor for each data bit [12]. In today’s technology, a broad range of RAM technol-
ogies have been researched for their commercialization potential. The advancement 
of memory storage technology began in 1976 with the usage of punched cards, with 
certain holes on them as a set of instructions for digital programs [13]. It was then 
refined further into punch tapes or paper tapes. Similarly, paper tapes were devel-
oped to replace punched cards, which were considerably more convenient since they 
provided a continuous set of data or instructions without the need to insert punched 
cards one at a time. The substance used to create the paper tapes was then altered and 
replaced with magnetic materials.

Magnetic tapes were significantly easier to use and could contain far more data 
than paper tapes. This has transformed the broadcasting industry by allowing live 
broadcasts to be recorded and replayed at any time [5]. It was not until 1969 that 
memory storage technology was substantially influenced by the invention of mag-
netic discs, which can store databases and vast volumes of data. As a result, floppy 
discs were inspired by magnetic discs, which were portable and generally available 
to the public. Flash drives, which are based on Erasable Programmable Read Only 
Memory (EPROM) and Electrically Erasable Programmable Read Only Memory 
(EEPROM) technologies, are no longer rare in today’s technology [14, 15]. Future 
predictions for system memory and memory storage technologies have focused on a 
few advancements, including the ReRAM technology, which was projected to replace 
flash memory.

3. Resistive switching in memory devices

3.1 Bipolar and unipolar switching

The rapid switching speed, lower power consumption, and excellent scalability, 
ReRAM has emerged as the most encouraging choice for the future use of non-volatile 
devices [1, 2]. A dual terminal ReRAM device has an insulating layer wedged between 
two conducting electrodes. An external electric field can cause the memory cell to 
flip between two resistance states, known as the low resistance state (LRS, ON state) 
and high resistance (HRS, OFF state) state [16]. ReRAM is divided into two switching 
modes: unipolar and bipolar. The polarity of the switching voltage is inconsequential 
in unipolar switching, whereas in bipolar switching, the electrical polarity required to 
change from an HRS to an LRS is the inverse of that required to switch from an LRS to 
an HRS. Switching materials such as organics, binary oxides, and perovskite oxides, 
have been studied to achieve ReRAM with reliable switching, high ON/OFF current 
ratio, and long retention period [17–19].

Non-volatile memory (NVM) is a classification of computer memory that cannot be 
deleted or removed even when the power is turned off. In today’s technology, NVMs are 
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typically utilized for long-term data storage or secondary storage. Flash drives, mag-
netic storage devices, ferroelectric RAM, magnetoresistive RAM, ReRAM, and optical 
discs are examples of NVM devices. In today’s storage technology, NAND (Boolean 
operator and logic gate) flash memory are widely used in most goods. However, the 
demand for faster writing speeds, higher density, and lower cost drives new research 
into developing technologies such as ReRAM. In the late 1990s and early 2000s, 
researchers investigated ReRAM technology, which allows RS between two resistance 
states to be exchanged via a thin film layer [20]. It works on the principle of applying a 
high voltage across a dielectric to transition from insulating to conductive qualities via 
a conduction filament pathway. Classification of ReRAM mechanism as memristors is 
controversial [21]. Theoretically, their RS curves differ from each other. Figure 2 shows 
a typical current-voltage (I-V) characteristic obtained for a ReRAM device [2]. Such 
classifications of ReRAM and memristors are still a source of contention today.

The memristor is the fourth fundamental circuit element identified, after resis-
tors, capacitors, and inductors. Chua et al. suggested the notion of memristor in 1971 
[22], and it was validated in 2008. There are several materials having memristive 
characteristics which have been discovered since 1962. Memristors, like resistance in 
Ohms, are defined as:

 

dM=
dq
ϕ

 (1)

where φ is magnetic flux and q is electric charge. As observed in its theoretical 
memristor curves, memristor curves are typically non-linear devices. Real-world 
memristors, on the other hand, have a comparable I-V characteristic to ReRAM. Some 
researchers hypothesized that such behavior was caused by conducting filament [23], 
active memristor [24], and non-zero crossing [25]. ReRAM curves, on the other hand, 
can be classified as bipolar or unipolar switching. To generate the RS curve, unipolar 
switching uses the same polarity of the swept bias with variable magnitudes, but 
bipolar switching requires various polarities [26]. ReRAM devices, in general, consist 
of an insulator layer sandwiched between two electrodes. Conduction pathways were 
formed by the flow of charge carriers alternating between the cathode and anode, 

Figure 2. 
(a) The predicted and typical types of (a) unipolar switching and (b) bipolar switching ReRAM curves. Adapted 
from Figure 4 [2].
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which was induced by several physical mechanisms that are still commonly utilized 
today. Furthermore, the conduction methods differ depending on the materials uti-
lized and the device’s overall architecture. Szot et al. were the first to detect conduc-
tive filament using an electron microscope, which they attributed to filament build-up 
and rupture [27].

3.2 Write-once-read-many (WORM)

WORM devices, in general, are devices in which data that has been written cannot 
be manipulated or removed. WORM memory is used in fields such as healthcare, 
security, taxation, and accounting where the data cannot be tampered with or 
updated to secure information. The most prevalent WORM devices in use today are 
the Compact Disc Recordable (CD-R) and Digital Versatile Disc Recordable (DVD-R).  
Furthermore, the “read-many” element implies that the device’s data can be read 
an infinite number of times, with the only limitation being the device lifetime. The 
WORM memory pixels are read according to the rows, with an unwritten pixel 
labeled as logical “0” and a written pixel labeled as logical “1” [3].

Today’s WORM memory technology is based on the electrically or laser pro-
grammed fuse WORM type. However, in current WORM research, the emphasis was 
shifted to organic materials or solution process techniques in order to achieve rapid 
switching rate, lower power consumption,, large storage density, simplicity, and 
being cost-effective, which has been dubbed WORM RS [28, 29]. Unlike ReRAM, the 
intrinsic features of WORM RS were sufficient to oppose the applied electric field, 
resulting in an irreversible shift. A typical WORM RS I-V curve obtained when a volt-
age is supplied is shown in Figure 3 [30]. The change between resistance states (OFF 
to ON) is an irreversible process, indicating WORM features.

3.3 Multilevel resistive switching

The potential of multilayer RS effect has been documented in several inorganic 
materials due to its superior memory performance, but the difficult fabrication 

Figure 3. 
A typical WORM curve transiting from OFF to ON process. Adapted from Figure 3 [30].
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method and stiffness restrict the development for ReRAM [31–33]. Organometal 
halide perovskites (OHPs) have recently sparked a lot of interest in the ReRAM 
community because to the high flexibility, variable band gaps, huge absorption coef-
ficients, and long electron-hole diffusion length [34, 35]. Furthermore, OHPs highly 
feature defect-tolerant, simple, and cost-effective solution-processed procedures for 
fabricating the OHPs layers. As a result, they envision it being used in multilevel RS, 
which is advantageous for multilevel data storage. Typically, these devices feature 
numerous resistance states that can be changed within the device. Figure 4 shows 
a typical multilevel perovskite memory consisting of a all-inorganic CsPb1–xBixI3 
perovskite film [36]. This reveal that multilevel RS was accomplished by altering the 
reset stop voltages.

4. Recent advancements of perovskites in memory devices

4.1 Oxide perovskites in memory devices

In recent oxide perovskites based works, a Ag/BaTiO3/Nb:SrTiO3 ferroelectric 
tunnel junction (FTJ) with the quickest switching speed of 600 ps has been con-
structed [37]. When the sub-nanosecond switching action is maintained at 112.85°C, 
the device exhibits great temperature resilience. In addition, the gadget established 
32 states or 5 bits of states for each cell, which is regarded to be the highest in the 
class. The combination of a high carrier concentration in the Nb:SrTiO3 electrode 
and the low work function of silver metal has resulted in significant increases in 
operation speed with a low current density of 4 × 103 A cm−2. The device perfor-
mance can be seen through the rapid resistance switching at normal temperature 
depicted in Figure 5.

The advancement of fabrication for BaTiO3 has been established by growing this 
material on pre-deposited SrTiO3 substrate using the epitaxy technique to form a 
free-standing film. Then, they are transferred onto a silicon substrate for integration 
into complementary metal-oxide-semiconductor (CMOS) devices [38]. Not only 

Figure 4. 
I-V curves of Au/KCl-MAPIC/ITO/glass indicating two VSETs of 0.8 V and 1.0 V. Adapted from figure 3 [36].
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the performance of the device is comparable with previously reported work [39], 
but it also exhibits a large ON state current with good bias voltage measurement of 
0.2 V. This enables a non-destructive readout during the operation process. With an 
optimal depiction of SrRuO3/BaTiO3 dual buffer layers, highly structured BiFeO3 
films were prepared oriented on flexible mica substrates [40]. The BiFeO3 films 
possess a stable ferroelectric polarization with over 100 bending cycles at a 5 mm 
radius. Therefore, it results in the continuously controllable resistance memristor 
characteristics which suggests the feasibility for solid synaptic devices. Moreover, 
using interactive supervised learning, the handwritten digits reveals excellent 
recognition accuracy valued at 90% in artificial neural network simulations which 
displays the potential for flexible ferroelectric memristors in wearable devices (data 
storage and computation). Ferroionic tunnel junctions have been suggested to make 
a huge electroresistance in ReRAM based BaTiO3 [41]. In low-resistance states, it 
works as a ferroelectric tunnel junction and as a Schottky junction which is due to 
changes within the interface caused by a field. This device significantly employs the 
ferroelectric barrier (BaTiO3) and Nb-doped SrTiO3 as the bottom electrode. The 
giant electroresistance result in ON/OFF ratios of 5.1 × 107 and 2.1 × 109 at room 
temperature and 10 K, respectively. The movement of oxygen vacancies from polar-
ization reversal caused by the bias voltage could significantly alter the dimension of 
the interface barriers [42].

The ferroelectric manipulation of spin-filtering BaTiO3/CoFe2O4 composite bar-
riers has been demonstrated in multiferroic FTJ synapses [43]. By manipulating the 
polarization switching of BaTiO3, it is possible to establish long-term memory and 
a constant conductance change achieving a 544,400% ON/OFF current ratio. On a 
crossbar neural network, supervised learning simulations applies the Spike-Timing 
Dependent Plasticity (STDP) outcomes as a database for weight training which 
achieved recognition accuracy rates above 97%. As a result, there is an approximately 
10-fold shift in tunneling magnetoresistance ratio including a turnaround rely-
ing on the resistance state of the electrodes when the polarization is switched. A 
novel approach to multiferroic neuromorphic devices with energy-saving electrical 
exploitation is provided by these studies, notably the switchable spin polarization. 

Figure 5. 
(a) Graph of resistance vs. driven voltage (Vd), and (b) common resistance switching between ON state and 
various high-resistance states at pulse duration, td = 600 ps. Adapted from Figure 2 [37] .
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Additional FTJ device options include ferroelectric oxide-grown spinel ferrite barri-
ers, which open a wider range of potential applications.

On the other hand, SrTiO3 has been used to develop the Pt/CeO2/Nb: SrTiO3 heter-
ostructure which demonstrates outstanding memory behavior with a highest RS ratio 
of 3 × 104 [44]. Under the irradiation of an ultraviolet 405 nm laser beam, an obvious 
photoresponse was detected, which also corresponds to substantial switching charac-
teristics in a high resistance state. This device demonstrates light-manipulated RS and 
voltage dependent photoresponse, which are two different types of RS. The RS and 
photoresponse features were contributed from the Schottky barrier at the Pt/CeO2 
interface, as well as the electron trapping, and de-trapping caused by oxygen vacan-
cies at the interface. An ultrathin (6.2 nm) ferroelectric La0.1Bi0.9FeO3(LBFO) layer has 
been introduced on a 0.7 wt% Nb-doped SrTiO3 (001) single-crystal substrate to form 
a Pt/La0.1Bi0.9FeO3/Nb-doped SrTiO3 heterostructure [45]. The ferroelectricity of the 
LBFO film was extremely high, but the coercive field was extremely low. By adjusting 
the thickness of the LBFO film, it was possible to produce a high resistance OFF/ON 
ratio of up to 2.8 × 105 for the Pt/LBFO (6.2 nm)/NSTO heterostructure. Moreover, 
the heterostructure exhibited multi-level storage and outstanding retention proper-
ties, as well as steady bipolar resistance switching behavior, which is suitable for 
application in ferroelectric memristors. On the LaBiFeO3/Nb-doped SrTiO3 interface, 
the resistance switching behavior has been demonstrated to be caused by a modu-
lating impact of ferroelectric polarization turnaround on both the breadth of the 
depletion area and the potential barrier’s heigh.

Using pulsed-laser deposition (PLD) technology, epitaxial BiFeO3 (BFO) thin 
films were fabricated to produce the robust in-plane domain dynamic process cre-
ated when applied under the influence of external electric fields [46]. It has also been 
noticed that the retention and repeatability are good, particularly at high tempera-
tures. Besides, by forming a heterostructure consisting of indium tin oxide (ITO), 
BFO, and strontium ruthenium oxide (SRO), an optically triggered non-volatile 
memory has been demonstrated [47]. In comparison to traditional devices, in which 
optical excitations often increase conductivity, the constructed structure demon-
strates a significant drop in conductivity (1 × 10−4) following laser illumination at 
wavelengths 405, 532, and 1064 nm, indicating that the device is poorly conductive. 
Additionally, optical stimuli may be used to reset the negative optoelectronic mem-
ory, and an electrical pulse could be used to establish the memory. It was discovered 
that this property could be inhibited by annealing in an oxygen-rich environment, but 
that it could be restored by annealing in an oxygen-depleted atmosphere. Based on 
investigations of the transport and dielectric characteristics, it has been determined 
that the optical/electrical RS behavior observed at the ITO/BFO interface is caused 
by the potential profile’s modulation at the ITO/BFO interface caused by optical and 
electrical excitations.

Fundamental research into the reversible topotactic phase change between the 
insulating brownmillerite (BM) phase and the conducting perovskite structure is 
critical for the creation of RS memories. Using SrFeOx as a model, the system demon-
strated that in the ON state, SrFeO3 nanofilaments are produced and stretch essen-
tially through the BM SrFeO2.5 matrix, and that in the OFF state, they are ruptured, 
indicating indisputably the presence of a filamentary RS process [48]. The nanofila-
ments are roughly 10 nm in diameter, permitting for the first time the downscaling 
of Au/SrFeOx/SrRuO3 RS devices to the 100 nm range. They have exceptional perfor-
mance, with an ON/OFF ratio of up to 104, a retention time of more than 105 s, and an 
endurance of up to 107 cycles, among other things.
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On the other hand, an investigation into the process of irreversible RS conver-
sion from bipolar to unipolar process is conducted in a capacitor model composed of 
SrZrO3, TiOx/Pt, which has been produced on a substrate composed of Pt, Ti, SiO2, 
and SiO2 [49]. The I-V properties of bipolar RS memory were seen in the RS operating 
voltage range spanning from +2.5 V to −1.9 V, and the memory exhibits outstanding 
durability and retention characteristics. An additional forming step happens when 
the voltage bias is raised above +4 V, irrevocably changing the RS mode from bipolar 
to unipolar. This process occurs as the voltage bias is raised above +4 V. In this study, 
two materials are combined with two different switching processes to create an RS 
memory with acceptable properties in various current regions. Furthermore, a bipolar 
RS characteristic was investigated in a Pt/LaNiO3/Nb: SrZrO3/Cu structure, where the 
Cu and LNO layers function as capping and buffering layers, respectively [50]. It was 
feasible to achieve a high endurance performance for the bistable bipolar switching 
characteristic at room temperature, which was measured up to 1.2103 times. The Cu 
layer was utilized as a reservoir layer to change the distribution of oxygen vacancies 
and traps inside the films, resulting in a steady RS response, low operation voltage, 
and extended retention duration.

A nanocomposite consisting of La0.7Sr0.3MnO3 (LSMO) and reduced graphene 
oxide (rGO) has been identified as a viable option for non-volatile memory applica-
tions in oxide electronic devices [51]. Individual component phases were identified 
because of the structural characterization process. A minimal switching speed of 
1.1 μs and a relatively steady switch mechanism over 1000 switching cycles were 
obtained from the device. The switching behavior is also shown to be resilient against 
variable voltage sweeping rates. It is highlighted that the transportation of the oxygen 
ions at the SET and RESET voltages result in alterations of the resistance states due 
to the conduction filaments forming or rupturing. LSMO is also combined with BTO 
to form a heterostructure of non-volatile and reversible RS [52]. It was revealed that 
altering the electric field orientation caused variations in the LSMO layer’s resistivity 
and metal-insulator transition temperature (TMI). When the BTO layer is subjected 
to a negative electric field, the resistivity for the accumulation state of hole carriers 
drops while the TMI for the accumulation state of hole carriers rises. When a positive 
electric field is applied to the BTO layer, the resistivity rises while the TMI falls for the 
hole carrier depletion condition.

4.2 Halide perovskites in memory devices

An organo-metal halide source has been shown to produce perovskite layers 
through one-step spin-coating technique for the construction of unipolar RS devices 
in a cross-bar array design utilizing a simple one-step spin-coating procedure [53]. 
With gold as the electrodes, these unipolar perovskite RS devices attain a high ON/
OFF ratio of up to 108 while operating at a small operating voltage, with high stabil-
ity, over 1000 writing cycles, and retention over 104 s. The memory devices were 
successfully incorporated into an 8 8 crossbar array design with up to 94 percent 
yield. Furthermore, as shown in Figure 6, the 1D-1R system of selective activation of 
memory cells was shown by eliminating crosstalk interference between nearby cells 
linked by external diodes.

An active layer for resistive memory has been developed using CsPbBr3 single-
crystal film (SCF) [54]. With an extremely high switching ratio of above 109 and a 
rapid switching speed of 1.8 s, the Ag/CsPbBr3/Ag memory cells demonstrate repeat-
able RS. A large interface contact is produced when the metal/CsPbBr3 SCF contact 
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has an interface S value of 0.50, indicating that a large interface contact has been 
established. Because of the high RS ratio at the interface, the high interface contact 
leads to the stable high resistance state (HRS), and the steady HRS leads to an ultra-
high RS ratio. Besides, it has been demonstrated that the use of vacancy defects in 
lead halide perovskite structures may create excellent performance nano floating gate 
memory (NFGMs) [55]. A CdS nanoribbon (NR) surface was evenly covered with 
CH3NH3PbBr3 nanocrystals (NCs) using a simple dip-coating procedure, resulting in 
a core-shell structure composed of CdS NR/CH3NH3PbBr3 NC cores and shells. It is 
noteworthy that the device exhibited a very large memory window of up to 77.4 V and 
a long retention time of 12,000 s, as well as a high current ON/OFF ratio of 7 × 107 
and long-term air stability for 50 days, all of which were attributed to the presence of 
sufficient carrier trapping states in CH3NH3PbBr3 NCs.

On the other hand, a CH3NH3PbI3−xClx/FTO RS device structure has been proven 
to retain information in dual levels of resistance states generated by electrical probe 
stimulation [56]. The device with the silver probe demonstrates bipolar RS behavior 
after formation, with a 106 ON/OFF resistance ratio, showing that it is bipolar RS. 
The constructed probe-based memory cell has a minimum endurance of 104 cycles 
and a minimal retention length of 2 × 103 s, which are both good performance fea-
tures. Thus, organic-inorganic lead halide perovskite (OILHP) materials are highly 
proposed as a feasible candidate for usage as a storage layer for probe-based storage 
memories. Thin polyethyleneimine (PEI) interfacial layers have been introduced 
between the layers to avoid direct contact between the perovskite layer and the 
top and bottom electrodes, resulting in a device structure consisting of ITO/PEI/
CH3NH3PbI3/PEI/metal [57]. This device can reach over 4000 durability cycles while 
maintaining a low operating voltage of around 0.25 V. Aside from that, the repeatabil-
ity of memory switching behavior was proven across 180 devices manufactured using 
eight different device batching settings.

Figure 6. 
A diagram of the identical reading procedure in a 2 × 2 array in a 1D-1R architecture with memory cells 
connected by external diodes. Adapted from Figure 4 [53].
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Recently, 2D/3D perovskite heterostructure films consisting of 2D perovskite 
(phenethylammonium lead iodide, PEA2PbI4)/3D perovskite (MAPbI3) have been pro-
duced using a low-temperature all-solution technique [58]. The integration of 2D and 
3D perovskite RS memories displayed remarkable efficiency, with an overall durability 
of 2700 cycles, an ON/OFF ratio of more than 106, and a reaction time of 640 μs. Both 
the expected activation energy for thermally aided ion hopping and the time-of-flight 
secondary ion mass spectrometry data suggested that the 2D perovskite layer effectively 
blocked Ag ion migration through into the 3D perovskite film. By putting n-butylam-
monium iodide above CH3NH3PbI3−xClx (MAPbI3−xClx), another 2D/3D memory device 
was demonstrated [59]. The perovskite film is made in a single step by heating molten 
salt methylammonium acetate to room temperature and spinning it in the air. When 
compared to their 3D counterparts, RS memory devices with a 2D/3D perovskite hetero-
structure provide a significantly better switching window with an ON/OFF ratio of 
more than 103 while needing a lower operating voltage. The 2D/3D perovskite hetero-
structure is advantageous for manufacturing uniform-crystalline-grain, highly compact 
structures, and it can passivate defect states for the MAPbI3−xClx film and interface, 
resulting in improved memory properties for both the film and the interface.

In contrast, the cube of CsPbX3 was used in an Al/CsPbClxBrx (x = 3, 1.5, 0)/ITO/
PET memory device that demonstrated a bipolar RS pattern at a low working voltage 
[60]. When compared to all other memory devices developed, the CsPbBr3-based 
system has the most obvious RS qualities, such as the lack of an initial forming proce-
dure, reproducibility, uniform switching, and a long retention period with a high ON/
OFF ratio. The multilayer data storage potential of flexible memory devices may also 
be evaluated by making minor changes to current compliance and stopping voltage.

Recently, flexible wearable electronic materials and fiber-shaped resistive random 
access memory based on MAPbI3, an organic-inorganic halide perovskite semicon-
ductor, have been created utilizing a simple and cost-effective cheap deep coating 
process [61]. After refining the manufacturing settings, a well-arranged pinhole-free 
layer was coated on the aluminum fiber. The device has a bipolar RS feature with a 
roughly 106 ON/OFF ratio, a low working voltage, and a retention duration of more 
than 104 s. More crucially, the switching mechanism has remained nearly unchanged 
with up to a 45° bending angle.

In addition, our previous study investigated increasing the molar ratio of Pb to 
Ti by 5% in the MAPbI3-TiO2 layer, which increased VSET and VRESET values to 3.6 V 
and 1.1 V, respectively [59]. This study is regarded as a forerunner in understand-
ing the use of a single layer MAPbI3-TiO2 in several applications. In the meanwhile, 
Cs3Sb2I9 inorganic halide perovskite has been developed as a lead-free source of high 
ReRAM and artificial synaptic devices [62]. A vapor-assisted solution technique was 
used to create this 2D perovskite (VASP). The memristive devices not only feature 
reproducible bipolar RS with a massive ON/OFF ratio of 104 at a low working voltage 
of 0.4 V, but they also have superb retention over 104 s and extraordinary resistance to 
environmental degradation. The ReRAM devices show promise to produce phototun-
able memories and artificial synaptic devices with the capacity to perform concurrent 
processing and learning due to high light-matter interaction in the perovskite and an 
intrinsic electronic–ionic connection.

4.3 Layered perovskites in memory devices

Dion-Jacobson organic-inorganic halide perovskite (OIHP) has been proven 
as a resistive switching memory (RSM), with grain size varying to improve grain 
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boundaries [63]. By adjusting the ratio of N, N-dimethylformamide to dimethyl 
sulfoxide in the reaction mixture, the grain structure of the OIHP may be easily 
controlled. The controlled grain sizes in RSM can alter the paths for halide ion migra-
tion, enabling for a shift in the ON/OFF ratio by modifying the grain size. Large 
memory applications also need the use of the cross-point array structure. However, 
because sneak-current paths may generate undesirable current flow across unselected 
memory cells in a cross-point array structure, it is critical to minimize leakage current 
from surrounding cells by integrating selector devices in the design. We demonstrate 
the usage of selector devices in combination with the devices to avoid sneak current 
paths in OIHP-based RSMs. These findings suggest that OIHP might be utilized in 
high-density memory applications.

An Al2O3/2D Ruddlesden-Popper perovskite (2D PVK) heterostructure dielectric 
architecture, on the other hand, has been utilized to create ambipolar SnO transistor-
based non-volatile memories with multibit memory behavior and ultralong retention 
time of >105 s [64]. The unique storage features are attributed to the decreased gate 
leakage generated by the Al2O3 layer, as well as the hopping-like ionic transport in 
2D PVK with changeable activation energy under various light intensities. Because 
of the photoinduced field-effect process, it is feasible to operate a top-gated transis-
tor in the presence of light, which would not be possible in the absence of light. As 
a result, it has exceptional photoresponsive properties, such as an extremely high 
specific detector detectivity of 2.7 × 1015 Jones and a large bandwidth spectrum 
differentiating capacity (375–1064 nm). The shape of metal halide perovskite layers, 
rather than grain size, is critical for high-performance memory systems. By includ-
ing the organic semiconductor 2,7-dioctyl[1]benzothieno[3,2-b]benzothiophene 
(C8-BTBT) into the perovskite formulation, the microstructure of solution-processed 
layered Ruddlesden–Popper-phase perovskite films based on phenethylammonium 
lead bromide ((PEA)2PbBr4) can be manipulated [65]. The hole is transported in the 
CB-BTBT, while the charge is stored in the (PEA)2PbBr4. With the combination of 
the (PEA)2PbBr4/C8-BTBT channels, the transistor-based memory device exhibited a 
huge record memory window over 180 V, large erase/write channel current ratio 104, 
excellent data retention, and hood durability over 104 cycles. Moreover, a Ruddlesden-
Popper-phase strontium titanate, SrO(SrTiO3)n (n = 1) and conventional perovskite 
SrTiO3 have been combined to form a heterojunction thin-film on an FTO substrate 
using the sol-gel method [66]. The Au/Sr2TiO4/SrTiO3/FTO/glass memory device 
performed a stable switching ratio over 102 under a high operating voltage of 8 V.

Generally, ion migration in the I-V hysteresis is known as the drawback of halide 
perovskite optoelectronic. This unwanted issue has been solved by employing layered 
Ruddlesden-Popper perovskites (RPPs) [67]. As a result, the memory devices of 
RPP with indices n = 5 show the largest ON/OFF ratio of 104, operated in low VSET, 
in comparison to n = 1 and the 3D indices composition of perovskite, as presented in 
Figure 7 In addition, the device can last for 500 cycles in an inert environment with 
data retention of 250 h. The data retention can be extended when the device is oper-
ated under 60% relative humidity. These results are due to the chemical interaction 
between moving ions and the external contacts, which results in a modification of 
the charge transfer barrier at the interface, which subsequently modifies the device’s 
resistive states.

On the other hand, neuromorphic computing requires extremely minimal operat-
ing energy to provide huge parallel data processing that mimics the human brain. It is 
necessary to attain this aim by using resistive memory that is based on materials that 
have good ionic transport and operate at very low currents. Extremely low operating 
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current facilitates low-power operation by minimizing program, erasing, and read 
currents. The mixed electronic and ionic transport, as well as the ease with which 
they may be produced, make the 2D Ruddlesden-Popper phase hybrid lead bromide 
perovskite single crystals appealing materials for low operating current nanodevice 
applications [68]. The migration of bromide ions across the exfoliated 2D perovskite 
layer demonstrates ionic transport in the layer. Resistance memories with the lowest 
program currents down to 10 pA with a 100 ON/OFF ratio. Furthermore, the resistive 
memory demonstrated 400 fJ/spike synaptic functioning, which is comparable to the 
energy consumption required to convey information in the normal nervous system.

The use of lead-free perovskite through Aurivillius phase thin films have been 
suggested to improve their ferroelectric characteristics by modifying the growth, 
texture, and orientation [69]. In particular, liquid injection chemical vapor deposition 
(LI-CVD) was used to grow c-plane oriented Bi6Ti3Fe2O18 (B6TFO) functional oxide 
Aurivillius phase thin films on c-plane sapphire substrates, which were then annealed 
at 850°C to generate highly crystalline, well-textured single-phase Aurivillius plate-
like shapes with 110 nm average film thickness and 24 nm roughness. Piezoresponse 
force microscopy (PFM) shows in-plane polarization enhanced by adjusting the 
deposition of a-axis oriented grains along the plane of the B6TFO films. Interestingly, 
the device shows a large and stable ferroelectric polarization switching under high 
operating temperatures of up to 200°C even after 20 h of PFM scanning. These inves-
tigations show the promise of B6TFO thin films for high-temperature piezoelectric 
applications and non-volatile ferroelectric memory applications.

It is also important to highlight that multiferroic materials with associated fer-
roelectric and ferromagnetic order characteristics might be used to store data by 
writing bits electrically and reading them magnetically. For example, Aurivillius 
phase Bi6Ti2.8Fe1.52Mn0.68O18 (B6TFMO) produced by chemical solution deposition 
(CSD) shows magnetoelectric coupling at ambient temperature [70]. The in-plane 
ferromagnetic signature can be enhanced by manipulating the deposition method 
using the liquid injection chemical vapor deposition technique, which is related to the 
formation of Aurivillius phase [71]. Under magnetoelectric coupling, the ferroelectric 
switching volume increased by up to 14 percent as compared to CDS-grown films, 
and irreversible and reversible magnetoelectric domain switching was observed. This 

Figure 7. 
Electrical characteristics of various ReRAM devices: (a) I-V curves for devices incorporating perovskites with 
varying n indices (n = 1, 5/3D) in an ITO/PEDOT:PSS/perovskite/PCBM/Ag setup (b) overview of SET voltages 
and ON/OFF ratios for various devices. Adapted from Figure 3 [67].



Recent Advances in Multifunctional Perovskite Materials

342

demonstrates that B6TFMO thin films are a viable choice for in-plane RAM applica-
tions as well as future high data storage multistate memory devices.

5. Design challenges of perovskites based memory devices

Understanding the RS properties is critical when building a RS device. According 
to published research, RS is often associated with oxygen or halide vacancies, metal-
lic defects, and dislocations in perovskite thin films [72]. The kind of perovskites, 
film thickness, inclusion of dopants, and selection of bottom/top electrodes are all 
basic elements to consider in memory design construction. To fabricate a stable and 
efficient perovskite film device, preparation processes of perovskite thin films and 
understanding of the interaction between each layer are critical.

Wearable gadgets are gaining popularity among researchers in the age of wear-
able technology. Conventional electrodes, such as metals or transparent conduct-
ing oxides, are inflexible and readily shattered under stress. On the other hand, 
perovskites may be prepared via low temperature solution processing methods, 
Flexible devices could be considered while memory performance is maintained 
as published for study involving polyethylene naphthalate (PEN) or polyethylene 
terephthalate (PET) substrates [73, 74].

For further development of halide perovskites with high performance RS memory, 
the stability issue must be addressed due to the sensitivity to heat and moisture. This 
obstacle must be overcome to compete with metal oxide-based memory, which are 
more stable and easier to manufacture. To slow down the deterioration process while 
boosting stability, thick encapsulation might be applied to the devices. This layer 
may consist of a thin metal oxide or polymer-based layer [75]. Similar, to perovskite 
solar cells, the usage of lead compound is a key drawback in halide perovskite-based 
RS devices. Since lead is a poisonous chemical, the environmental impact of lead 
leaking may be disastrous. As a result, researchers are investigating lead alternatives 
such as lead-free perovskites. One example that researchers are looking at is tin-based 
perovskites, which have similar RS capability. Ji et al. discovered a lead-free all-
inorganic cesium tin iodide perovskite (CsSnI3) [76]. The (Ag or Au)/PMMA/CsSnI3/
Pt/SiO2/Si bipolar RS could represent an ecologically acceptable option.

6. Conclusions

RS memory is one of the most sophisticated techniques for next-generation storage 
class memory, with lower power consumption, high density, and better performance. 
RS devices are regarded as one of the viable technologies for next-generation non-vola-
tile memory. In addition to the well-studied usage of perovskite in perovskite solar cells, 
the use of perovskites in memory devices might be a fascinating subject to examine. 
Perovskites of various classes, such as perovskite oxides, perovskite halides, and layered 
perovskites, can be used in various RS devices. There are still numerous options to 
investigate for RS devices. The interactions of these perovskites with other elements 
are currently understudied and need to be investigated further. However, they still face 
significant challenges in entering the commercial sector. Although memory perfor-
mance is advancing at a rapid pace, fundamental challenges in stability, reproducibility, 
and real-world applications are being addressed. As a result, perovskite may continue 
to play a significant role in dominating the memory storage sector soon.
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