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Abstract

Perovskite materials have advanced significantly in the last several years, putting them at the forefront of research on energy har-
vesting, due to their remarkable piezoelectric, structural, electric, and optoelectronic properties. Enormous efforts have been made
by various researchers to explore ABO; perovskite symmetry by playing with a variety of cations at the A and B sites. With an
emphasis on the wide range of uses for perovskites in energy harvesting, this abstract offers a succinct summary of the most recent
advancements in the field. Interestingly, perovskite solar cells have proven they can be widely used in the solar energy industry
by reaching previously unheard-of levels of stability and efficiency. Perovskites are versatile and show their many uses outside of
photovoltaics, such as in thermoelectric devices and light-emitting diodes. This article also explores the electronic and structural
characteristics of perovskites that enable effective energy conversion. Their compositions can be adjusted to create materials
with specific properties, leading to increased functionality and better performance. Herein, the crystal structure and intriguing
properties of perovskite materials including dielectric, piezoelectric, ferroelectric, magneto resistance, and superconductivity
have been discussed. Perovskite-based devices are also economically feasible choices for renewable energy technologies due to
their low-cost manufacturing processes. It has been reported that perovskite materials are worthy materials for use in optoelec-
tronic devices, transducers, ultrasonic devices, solid oxide fuel cells, ceramics, non-volatile memories, thin film capacitors, etc.
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Introduction

Solids with different surface morphologies are momentous
in the era of smart material technology. The structure of the
crystal was widely studied in the field of crystallography at
the end of the nineteenth century, just before the advent of
the atomic theory of solids. Gustav Rose first discovered the
material called calcium titanium oxide (CaTiO;) perovskite
structure in the Ural Mountains of Russia in 1839. It was
named after a Russian mineralogist, L.A. Perovski’s name
(1792-1856), and is widely known as one of the perovskite
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materials [1]. The term “perovskites” refers to both the
structural classification and the mineral CaTiO;. This dual
usage of the term frequently causes confusion in the field of
materials science, despite the fact that it is rarely explicitly
addressed. In the textbook of Muller and Roy, they dis-
cussed about the nomenclature issue in depth and proposed
a solution by introducing a formalization [2]. Therefore,
CaTiO; represents the perovskite structure as opposed to
the actual composition. Despite these efforts, the proposed
formalization has not acquired widespread adoption, and
confusion continues to exist [3]. The most common min-
eral in the planet Earth’s crust is bridgmanite, which also
adopts a perovskite structure. Ceramics are a special kind
of material made from inorganic compounds of metal, met-
alloids held by ionic and covalent bonds. Some examples
are quartz, mullite, calcium silicates, etc. Out of thousands
of crystal structures, there are very few that dominate in
ceramics. In these structures, ABX; perovskite is widely
used because of its well-known electrical and piezoelectric
properties. J. Curie and P. Curie in 1880 discovered that
certain crystalline materials have the property of generating
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an electric charge when mechanical stress is applied, which
is known as the piezoelectric effect [4, 5]. In 1948, a single
crystal of BaTiO; was developed, and people studied the
structure with the X-ray diffraction technique, polarization,
and their dielectric response. It was possible to observe the
domains and the change in their size, numbers, or orien-
tation in the ferroelectric state. It was also observed that
the displacement of the domain walls occurred with both
polarized and non-polarized light. The Curie point was
observed near 120 °C, along with two polymorphic transi-
tions near 5 °C and — 70 °C [6, 7]. A single crystal has a
three-dimensional structure with repeated unit cell struc-
tures in all directions and a continuous structure throughout
the crystal. Some examples of perovskite single crystals
are BaTiO;, MgSiO3, etc. In 1921, Valasek observed the
ferroelectric phenomenon and discovered the effect of the
applied electric field in the opposite direction of the polari-
zation within the Rochelle salt (potassium and/or sodium
tartrate). In 1940, only two varieties of ferroelectrics were
known: Rochelle salt and potassium dihydrogen phosphate,
as well as their isomorphous counterparts [8, 9]. In 1950,
with the discovery of Pb[Zr,Til — x]Os (PZT) and BaTiO,
(BT), there was a remarkable growth in the research area
of ceramics [10-14]. Later, in 1950, researchers tried to
study the effect of the hydrostatic pressure on the BaTiO;
single crystals. They had shown that with the increase in
pressure, a linear shift of the Curie temperature towards
lower temperature occurred, with a slope of —5.8 x 1073
degrees per atom. This information was helpful in calculat-
ing the specific heat and compressibility at the Curie point.
Hence, it was possible to relate changes in lattice constant
due to the pressure effect [15]. Perovskite materials come
in various categories, like ferroelectric [16], pyroelectric
[17], piezoelectric, or dielectric. Moreover, some of the
perovskite materials also exhibit superconductivity [18].
At room temperature, tetragonal BaTiO; is a ferroelectric
perovskite (ABO;). It is used as a dielectric in multilayer
capacitors (MLCs) and as an overload safety device in
electrical products. For MLC uses, the dielectric materi-
als must have high electrical insulation (> 10'%) and high
permittivity values (> 1000) at room temperature. When
heated above the ferroelectric to paraelectric (tetragonal
to cubic) phase transition temperature, overload protection
devices should be semiconducting (< 100 ) and undergo
a sharp rise in resistivity. In one of the most recent stud-
ies of ferroelectric ceramics, researchers have looked into
a complicated perovskite structure with the chemical for-
mula ((g5_,)BiScO;-xPbTiO5-; osPb(Sn,3Nb,/3)O5. This
particular ceramic has a high Curie temperature (T) of
408 °C and a stable piezoelectric response at 200 °C, with
a significant piezoelectric signal dy;* #2500 pm V™!, which
is the same as the expensive piezoelectric single crystals
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that are built on relaxor materials at room temperature. In
addition, at room temperature, it has a piezoelectric coef-
ficient of d3; =555 pC N~! [19]. Perovskite materials come
in various categories, like ferroelectric [16], pyroelectric
[17], piezoelectric, and dielectric. Moreover, some of the
perovskite materials also exhibit superconductivity [18].
Thus, perovskite materials based on lead have garnered a lot
of interest due to their remarkable optoelectronic and piezo-
electric characteristics. However, because lead is toxic, its
presence raises issues regarding the environment and human
health. Consequently, an extensive amount of research has
been conducted to harness lead-free perovskite alternatives.
Though it is technically possible to produce lead-free per-
ovskites, at this time, their stability and performance are
not up to par with lead-based perovskites. Tin (Sn)-based
perovskites are one of the most promising lead-free alterna-
tives, despite having drawbacks like decreased efficiency
and instability in ambient conditions [20]. Alternative lead-
free substitutes include replacing lead ions with alternative
elements, including but not limited to bismuth (Bi), manga-
nese (Mn), copper (Cu), strontium (Sr), and iron (Fe) [21].
Thus, efforts are being made to develop lead-free perovs-
kites in order to minimize the risks that lead-based perovs-
kites pose to human health and the environment. Relaxor
ferroelectric perovskite materials have been the subject of
recent research, especially lead-based relaxor ferroelectric
oxides such as the (;_)Pb(Mg,;Nb,,;)O;_ PbTiO; (PMN-
PT) solid solution. These substances have distinct piezo-
electric and dielectric characteristics [22]. But due to the
toxic behavior of lead, lead-free perovskite materials are
preferred and have become the major subject of research.
Lead-free perovskites, such as tin-based perovskites, have
become attractive substitutes for lead-based perovskites due
to their lack of toxicity and still having good optoelectronic
qualities [20]. An environmentally responsible and sustain-
able solution for a range of applications, such as energy
harvesting technologies, is the objective of the research and
development of lead-free replacements [23]. Thus, lead-free
relaxor ferroelectric materials, which offer promising prop-
erties for a range of technological applications, are being
actively investigated as environmentally friendly substitutes
for their traditional lead-based counterparts, such as nano-
structured BaTiO;—Fe,0,-Bi,05- and Bi,,Na, ,TiO5-based
relaxor ferroelectric materials, which show potential for
storage applications and significant electrostrain [24]. Fig-
ure 1 demonstrates the remarkable development of lead-free
perovskite materials.

In this review article, we provide a comprehensive over-
view of the various properties and applications. Our focus
is on recent advancements, particularly in enhancing the
stability and efficiency of perovskite solar cells. The article
also explores non-photovoltaic applications, such as LEDs,



lonics

! n
| |
t‘ﬂ

Jaffe et al
PZT Ceramic

"0 ¢
o
-
o
X

‘63.“.

@
"
-0
0 N

BNT Ceramic
Smolenskii et. al

2007;strain=0.45%
2016-2019;
strain=0.46-0.7%
2019;BNT-BKT,
d,,=945pC/N

Fig. 1 Historical evolution and key milestones in the development of piezoelectric materials

thermoelectric devices, and solid oxide fuel cells, showcasing
the versatility of perovskite materials. It addresses environ-
mental concerns by discussing lead-free alternatives. Addi-
tionally, the review delves into the crystal structure and sym-
metry of perovskites and highlights their economic feasibility,
making it a valuable and up-to-date resource in the field.

Structure

Perovskites are generally defined as substances with a crystal
structure that has the formula ABXj, the same crystal struc-
ture as calcium titanium oxide. Gustav Rose made the initial
discovery of the mineral in the Ural Mountains of Russia
in 1889, and it was given to the Russian mineralogist L.A.
Perovski’s name. In perovskites, with the general formula
ABXj, A and B are positively charged ions (i.e., cations)
and X is a negatively charged ion (i.e., anion), where the
cations A and B can span the periodic table and the anion X
is typically a chalcogen or halogen. Specifically, atoms “A”
are larger than atoms “B.” The cation with the symbol “A” is
divalent, whereas the cation with the symbol “B” is tetrava-
lent. “A” cation is located at the 8 corners, and “B” cations
are located at the center of the unit cell. The cation B coor-
dinates with six X anions to generate octahedral geometry,

establishing the cation A in the cubo octahedral location
[25]. The oxygen anions are located in six phases of the unit
cell. The tetravalent “B” cations are situated within oxygen
octahedral structures and occupy the body center position at
coordinates (V2, V2, 12). The oxygen atoms are located near
the face center of the cubic lattice, namely, at the position
coordinates (Y2, Y2, 0). The cation exhibits a coordination
number of 12 when interacting with anions of X, specifi-
cally oxygen. The B cation exhibits a coordination number
of 6 with X anions (oxygen). The “X” component can be
composed of oxides or other larger ions, including halides,
sulfides, and nitrides. The perovskite lattice structure can be
compared to a big, positively charged type B cation in the
center of a cube. Figure 2 shows the ideal perovskite struc-
ture. When the A and B sites are configured as A,,_A,,
and By(,_)B,,, respectively, the X may deviate from the ideal
coordination configuration. When the ions in the A and B
sites go through changes in their oxidation states, additional
perovskite forms may occur. The tolerance factor (¢) is cor-
related with the stability of a perovskite-type phase for a
given set of cations and anions. This parameter has a big
impact on the system’s dielectric characteristics and defines
its symmetry. Regarding the cation’s size limits, tolerance
is a variable factor that enables the formation of a phase
resembling perovskites. It is given by the expression
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Fig.2 Perovskite compounds with a perfect ABO; structure. Adapted
with permission from reference [38]

t = (RA + RX)/+/2(RB + RX)

where ¢ is the tolerance factor, R, and Ry are the radius of
cations A and B (R, > Rjy), and Ry is the radius of the anion.
When the ¢ value is close to 1, the ideal cubic structure
with a perovskite phase is formed, although some perovs-
kite structures can form in the range of 0.90 and 1.10, as in
the case of BaZrO; (t=1.01, cubic) and CaTiO; (t=0.97,
pseudo-orthorhombic monoclinic) [26-29]. Different crys-
tallographic configurations are produced when cations or
anions are partially or completely replaced in perovskites,
causing disruption of the cubic structure. The properties
of perovskite materials are determined by the arrangement
of numerous elements in their atoms. Changes in specific
atomic arrangements cause a number of phase transitions,

which have a wide range of electronic, optical, and chemical
properties with significant characteristics like ferroelectric-
ity, piezoelectricity, nonlinear optical behavior, and so forth
[30-34]. Because of their adaptable chemistry and properties,
perovskites have emerged as excellent materials in solid-state
physics. Researchers are interested in perovskites because
of their potential applications in electronics, optoelectronics,
medicine, optics, and detectors, among other fields [35-37].

Crystal symmetry

There are thousands of crystals in nature, but they can be
grouped into only 230 space groups based on symmetry ele-
ments. If we only look at the orientations of symmetry elements,
we can narrow down the macroscopic symmetry elements in
crystals to a few key types: a center of symmetry, a mirror plane,
rotation axes with onefold, twofold, threefold, fourfold, and six-
fold symmetry, and inversion axes with onefold, twofold, three-
fold, fourfold, or sixfold symmetry. The combination of these
distinct symmetry elements results in the macroscopic symme-
try of points or point groups [39]. These point groups, a total of
32 in number, are further categorized into seven fundamental
crystal systems. In order to increase symmetry, these systems are
triclinic, monoclinic, orthorhombic, tetragonal, rhombohedral
(also called trigonal), hexagonal, and cubic. Figure 3 shows all
possible combinations in the case of the 32-point groups.
Crystallography researchers use different kinds of symme-
try elements to describe how orderly points in space are. For
example, think about the center of a unit cell, which consists
of four symmetry elements, viz., (1) a center of symmetry,
(2) axes of rotation, (3) mirror planes, and (4) combina-
tions of these. Using symmetry elements, all crystals can be
divided into 32 distinct classes or point groups, of which 21
are non-centrosymmetric, which is an essential requirement

Fig.3 Interrelationship of
piezoelectric and subgroups
based on symmetry
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for piezoelectricity to exist in any material. Twenty non-cen-
trosymmetric materials showed bulk piezoelectric effects [40].
One important factor in establishing the existence of piezo-
electricity is the lack of a symmetry center. This is because,
under homogeneous stress, the symmetry remains central, pre-
venting the emergence of an asymmetrical outcome, such as a
vector-like polarization. In essence, a material cannot exhibit
polarization arising from the net movement of positive and
negative ions in response to stress unless it lacks a center of
symmetry. In such cases, stress induces the displacement of
ions, giving rise to electric dipoles and subsequent polariza-
tions. When there is an application of stress, the polarization
is developed spontaneously and is maintained as permanent
dipoles in the structure. This type of reaction is known as pie-
zoelectricity, and it occurs because the polarization shifts as
temperature changes. The impact of piezoelectricity is linear

and reversible, and the amount of polarization is dependent
on the magnitude of the stress. Additionally, the sign of the
charge that is created is based on the kind of stress that is
applied, which can be tensile or compressive. Figure 4 shows
the relative amplitude and direction of the axial ZFS vectors
in each phase of ABO; for three local symmetry cases: defect
dipole, paraelectric ion centered in the oxygen octahedron,
and paraelectric center shifted along polarizability.

Symmetry in perovskites

Perovskite structure is generally taken as simple cubic, which
can be lowered to orthorhombic or tetragonal in many cases
[42]. The 32-point group symmetry for the perovskite materials
is discussed in Table 1. The structure of perovskite crystals can
be identified by the generic chemical formula ABX;. When

Rhombohedral Orthorhombic

Zero-Field Splitting vector for defect complex in ABO;

Cubic

Tetragonal

£,

A 4

Fig.4 The relative amplitude and direction of the axial ZFS vectors in each phase of ABO;. Adapted with permission from reference [41]
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looking at A**B**0, perovskites, the hombohedral R3c shape
emerges as the most symmetrical of the available options. This
structure is displayed by minerals such as LaAlO;, for exam-
ple. To construct this structure, the BOg octahedra must rotate
with respect to the cubic framework. It should be noted that
this deviation from perfect cubic symmetry is negligible [100].

The structure of an ideal cubic perovskite is shown in
Fig. 5a. The space group linked with the cubic lattice of per-
ovskite is denoted as Pm-3 m (221). However, at ambient tem-
perature, most of the materials acquire a distorted orthorhom-
bic crystal structure with the space lattice groups Pnma and
Pbnm. In the orthorhombic structure, the octahedra tilt is along
the b and ¢ axes, whereas this tilt is along all the axes in the
rhombohedral structure. This octahedron tilting is influenced
by the sizes of the A and B cations, with AGaOj; exhibiting

more distortion than AAIO;. As shown in Fig. Se, a cubic
bixbyite structure with the space group (Ia3) forms, and this is
beyond a certain hexagonal region. In this structure, the cation
sites are octahedrally coordinated with oxygen, and the differ-
ence between the A and B lattice sites is negligible. The unit
cell of garnet, A;B5O,,, is shown in Fig. 5f. This structure can
be conceptualized as a distorted cubic, close-packed arrange-
ment of oxygen atoms characterized by isometric symmetry
[44]. In this configuration, the alternating of shared corners
between BOg octahedra and BO, tetrahedra collectively forms
a framework for the overall structure. It is interesting to notice
that, despite the striking changes in crystallographic phases
that were expected (from rhombohedral to orthorhombic to
hexagonal to bixbyite), the contours of lattice energy remain
continuous across these phase boundaries. As a result of this,

Table 1 The 32-point group

. System Class Symmetry elements
symmetry for the perovskite
materials is discussed in Ref. International Schonflie
[43]
Triclinic 1 C, E
1 G E;
Monoclinic m C, Eo,
2 C, EC,
2/m Con ECyion
Orthorhombic 2mm C,, E Cys1 6"
222 D, EC,C,C",
mmm Doy EC,C,C"i0 161 v6"
Tetragonal 4 Cy E2C,C,
4 S, E2S,C,
4/m Cu E 2C, C,i 28,41,
4mm Cyy E2C,C,206',20 4
42m D,y EC,C,C",2042S,
422 D, E2C,C,2C’,2C",
4/mmm Dy, E2C,C,2C,2C", i25,5,20", 20,
Trigonal (thombohedral) 3 Cy E 2C;
3 S¢ E 2C;i 25,
3m Cs, E 2C; 30y
32 D, E 2C,3C,
3m Dy, E 2C; 3¢, 12S4 304
Hexagonal 3m Csy, E 2C; 6, 2S;
Ce E2C42C; C,
6/m Cen E 2C, 2C; C, i 2S5 254 oy,
6 m2 Ds, E 2C; 3C, 6,, 2S5 30,
6mm Dg, E 2C¢ 2C; C, 30, 304
622 Dy E 2C¢2C; C, 3C', 3C",
6/mmm Dgy, E 2C¢ 2C; C, 3C", 3C", 255 284 o, 304 30,
Cubic 23 T E 4C, 4C%, 3C,
m3 T, E 4C; 4C%, 3C, i 85 3 o,
43m Ty E 8C; 3C, 66, 6S,
432 (0] E 8C; 3C, 6C', 6C,
m3m O, E 8C; 3C, 6C’, 6C,i 8543 6,6 5465,
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Fig.5 Pictorial representation
of various perovskite unit cells

a) Cubic perovskite unit cell.
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¢) R3¢, rhombohedral perovskite unit cell

d) P63cm, hexagonal perovskite unit cell
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e) Bixbyite unit cell

f) Garnet, (IA3D) unit cell

the lattice or internal energy experiences relatively slight alter-
ations in conjunction with the modifications in the crystalline
structure. This phenomenon is illustrated by the decrease in
the tolerance factor from the dominance of the rhombohedral
structure, which is observed when the A cation radius is rela-
tively high and the B cation radius is low, to the point where
the bixbyite structure is energetically preferred [45].

Classification of perovskites

Perovskite structures are possible in numerous forms, such
as oxides, sulfides, and nitrides, depending on their abil-
ity to occupy different anionic and cationic sites. Perovs-
kites exhibit four dimensionalities, i.e., zero, one, two, and

three dimensionalities that exist in different forms, e.g.,
(a) ABX; perovskites (e.g., CaTiO5; and CH;NH;Pbl;),
(b) A,BX, layered perovskites (e.g., Cs,Pbl, and K,NiF,),
(c) A,BB'X, double perovskite (e.g., Ba,TiRuOy), and (d)
A,A'B,B'X, triple perovskites (e.g., Ba,KNaTe,0,) [46,
47]. Several cation/anion combinations can be used to create
distinct forms by preserving charge neutrality, for example,
ATB>, A2*B*", and A>*B**. A vast array of oxides, halides,
sulfides, and nitride compounds can be created by arranging
more than 90% of the elements of the periodic table in the
aforementioned forms. Numerous of these compounds have
remarkable qualities that make them valuable for energy-
related devices. Perovskites are basically of two types: per-
ovskite-type oxides and metal halide perovskites. Owing
to their favorable chemical and physical characteristics,

@ Springer
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perovskite-type oxides (PTO) exhibit exceptional features
such as catalytic activity for the oxygen evolution reaction
(OER) and oxygen reduction reaction (ORR) [48, 49]; elec-
tronic conductivity [50, 51]; oxygen ion mobility across the
crystal lattice [52]; super magnetic properties; and dielectric,
metallic, and semiconducting behaviors [53, 54]. PTO is
widely used in energy storage applications because of its
high conductivity towards lithium ions (Li-ion). Similar to
PTO, crystals of metal halide perovskite (MHP) are formed
with the general formula ABX; (X="'% halogen), where
halogen anions, metal cations, and organic cations are rep-
resented by A, B, and X, respectively. The following subsec-
tions give a brief overview of the physical, chemical, and
structural characteristics of perovskite-type oxides (PTO)
and metal halide perovskite (MHP) [55].

Perovskite-type oxide

Perovskite can be found in many different forms, including
the oxides and sulfides described in the previous heading.
Perovskite oxides (PO) have good catalytic performance
for the O, evolution reaction (OER) and O, reduction
reaction (ORR), electrical properties due to their excel-
lent characteristics [50, 56], super magnetic characteristics
[57], as well as O, ion mobility across the crystal structure
[52], insulating, metallic, and semiconducting behaviors.
A variety of oxides of transition metals with the simple
formula ABO; is included in the perovskite oxide (PO)
group. Typically, a cubic structure can be found in these
oxides. Hexahedral, tetrahedral, orthorhombic, and rhom-
bohedral forms are all possible transformations that are due
to variations in physical environments such as tempera-
ture and pressure and also due to structural variations in
perovskite oxides, and different magnetic ordering can be
realized [58]. The metallic, catalytic, piezoelectric, ferro-
electric, superconductivity, and magnetic properties can be
changed with the appropriate doping PO or by substituting
anion/cation. Due to their wide range of capabilities, PTOs
are utilized in many different types of electronic devices,
including biosensors, transducers, actuators, LED screens,
random access memory, solar cells, wireless technology,
frequency-controllable microwave instruments, piezoelec-
tric devices, and supercapacitors [59]. Perovskite oxide
(PO) appears to be widely recognized for its application
as catalysts in hydrogen lysis, oxidation/reduction, and
hydrogenation processes. In recent years, the PO has seen
an increase in its use in the fields of geosciences, material
physics, energy, and catalysis [60]. PO are employed in
solar cells and supercapacitors because of their appealing
properties, which include lattice defects, lattice planes that
are exposed, consistent surface features, NP scales, and a
comparatively large surface with mesoporosity [61].

@ Springer

Metal halide perovskites

Metal halide perovskites (MHPs) have been recognized
as low-cost, high-efficiency optoelectronic semiconduc-
tors for next-generation devices because of these advanta-
geous qualities. The use of MHPs has brought about the
development of PSCs, or perovskite solar cells. The most
advanced PSCs now have a power conversion efficiency
(PCE) comparable to the finest crystalline silicon solar
cells. CH;NH;PbX; and CsPbX; (X=CI, Br, or I) are a
couple of the significant MHPs. MHPs have a tolerance
factor that is close to 1, just like PTOs, indicating that
they have the ability to sustain a symmetrical and sta-
ble structure. Many reports have stated that MHPs can be
obtained under specific temperature conditions in three
different phases: orthorhombic: T <165 K; tetragonal:
165 < T <327 K; cubic: T> 327 K. Additionally, MHPs
can introduce a superlattice to automatically create buffer
layers at boundaries and self-adjust the phase configu-
ration [62, 63]. MHPs exhibit exciting emissions, high
absorption coefficients, and a tunable energy band gap.
MHPs are therefore categorized as common semiconduc-
tor materials with a direct band gap. Additionally, MHPs
exhibit tunable and transparent photoluminescence at
room temperature, which is achieved through modifica-
tions to organic molecules or halide anions. MHPs are
materials with a broad range of applications for light-
emitting devices, such as lasers, LEDs, and optical sen-
sors, because of their tunable bands, such as emission and
absorption [64]. Polycrystalline thin films composed of
MHPs, for instance, are easier to produce and have fewer
defects than standard semiconductor films. MHP thin-film
synthesis has drawn a lot of attention due to its signifi-
cance in a number of optoelectronic applications [65].
A vast array of devices have made use of nanomaterials
derived from MHP [55]. Perovskite materials can be made
via a variety of methods, such as the sol—gel process, spray
and freeze drying, carbonization, hydrothermal, and solid-
state reactions.

Synthesis methods

The growing interest in nanoparticles as a result of their
distinctive size- and shape-dependent optical, electronic, and
biochemical properties emphasizes the need for easy-to-use
and novel techniques to control the morphologies of nano-
particles in an efficient manner [66, 67]. Materials that are
either organic or inorganic and have at least one dimension
between 1 and 100 nm in diameter are referred to as nano-
particles [66]. In general, there are two main approaches
for synthesizing nanoparticles: the bottom-up approach and



lonics

the top-down approach. Figure 6 depicts the diagrammatical
illustration of bottom-up and top-down approaches.

e Bottom-up approach. One of the most popular techniques
for synthesizing large amounts of particles with a variety
of sizes and shapes is this one. Using this process, atoms,
ions, and organic molecules come together to form bigger
structures. This method yields homogenous, uniformly
shaped nanoparticles with a narrow size distribution and
fewer surface flaws. Therefore, in order to prepare well-
defined nanoparticles for biotechnological applications,
a bottom-up approach is typically employed. Solution
phase synthesis, vapor phase synthesis, and self-assem-
bled organic materials in the form of micelles, vesicles,
polymersomes, and cross-linked nanoparticles are a few
examples of bottom-up approaches for nanoparticle syn-
thesis [67].

e Top-down approach. It uses attrition and milling to
mechanically break down big materials into smaller
nanoparticles. The impure nanoparticles produced by the
top-down method have surface crystallographic damage
and defects in their materials. In addition, a wide range
of particle shapes and sizes are present in the generated
heterogeneous nanoparticles. These particles are mostly
used in the preparation of nanograined bulk material coat-
ings to increase the wear and tear resistance of automotive
and surgical implants due to poor control over particle
size and large surface defects [68]. In the last few years,
“bottom-up” production methods have become more and
more popular. Bottom-up methodology pertains to the
process of building material from the bottom up, either
cluster by cluster, molecule by molecule, or atom by atom.
Both strategies are crucial to contemporary industry, and

Lithography
Cutting, etching

Fig.6 Schematic representation of top-down and bottom-up
approaches for nanoparticle synthesis. Copyright and permission
[69]

they also have a place in nanotechnology. The two pri-
mary approaches can further be divided intoa number of
methods for the preparation of nanomaterials.

Solid state reaction method

Ceramic materials are made utilizing a range of old and novel
methods, including hydrothermal synthesis, spray drying syn-
thesis, wet chemical route, sol-gel method, and solid-state
reaction method. The solid-state reaction technique is com-
monly used to generate polycrystalline materials because it
is simple, inexpensive, and successful. This is a direct reac-
tion approach in which high temperatures are used to provide
the needed temperature between precursors, which are nor-
mally in powder form. Solid-state reactions are typically slow
because, unlike gas-phase reactions, they involve a lot of bond
breaking and ion migration through the solid. According to the
approach, the reaction does not start until the temperature hits
at least 2/3 of one of the reactants’ melting points. In the solid-
state reaction procedure, the initial reagents used are oxides
and carbonates with high purity, which are weighed in accord-
ance with the desired compound’s stoichiometry while taking
moisture and impurity amounts into account. Raw material
impurities have an impact on the dielectric, conductive, and
piezoelectric properties in addition to reactivity [70]. To con-
trol particle size and produce a homogeneous mixture, raw
ingredients are mechanically combined, followed by a grind-
ing operation. As a wetting medium, ethanol is used because
it is inexpensive and available with enough purity. All the
raw materials were weighed according to their stoichiometric
proportion and milled in ethanol medium continuously using
an agate mortar and pestle. This liquid is used for a homoge-
neous mixture of precursors to escape the formation of the
secondary phase. Mixing is generally done by a ball mill, and
the method may take several hours. After grinding and mix-
ing the starting materials for the required time, the calcination
of the mixture is being done. Calcination is a heat treatment
process in the existence of oxygen applied to solid resources
to bring about a thermal decomposition, phase transition, or
elimination of a volatile segment. It normally takes place at
high temperatures, but below the melting point of the prod-
uct materials. In general, four physical processes are involved
in the calcination of the raw materials: linear expansion of
the particles (<400 °C), solid phase reaction (400-750 °C),
contraction of the product (750-850 °C), and grain growth
(> 850 °C). The calcined powder is again grinded and crushed
to reduce its size, which also enhances densification during
the sintering process [71]. Ceramic processing has profound
effects on the microstructure and electrical properties of the
given material. The effects are the purity, crystal forms, and
particle size of the raw materials; the reactivity of the mixed
materials, the grinding method; and control against impurity
pick-up and particle size.
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Sol-gel method

Initially, for the preparation of glass and ceramic materials
at low-temperature sol-gel method was developed. In the
sol-gel method, firstly, the hydrolysis of the metal alkoxide
solution with water or alcohol takes place in the presence of
an acid or base, which is then followed by polycondensation.
With the removal of the water molecules in the solution,
the liquid phase gets changed into the gel phase, and there
is also an increase in the viscosity of the solution due to
polycondensation. The gel phase changes into the powder
phase after all the water molecules are condensed. To get
the fine crystalline nature of the powder, some additional
heat is required. The sol-gel method is very useful to pre-
pare oxides, composites, and hybrids of organic and inor-
ganic materials. Inorganic polymerization reactions are the
basis of the sol-gel method. Its simple procedure is the main
advantage of this method [72].

Co-precipitation

This is a straightforward, widely used method for creating
a wide range of nanoparticles. The precipitation process in
this method requires an aqueous medium. This procedure
can be used to produce uniform nanoparticles. To summa-
rize, the co-precipitation technique involves combining two
or more salts of water-soluble metal ions, usually divalent
and trivalent ones. The soluble salts are primarily found in
the trivalent metal ions found in them. These soluble salts
react and are reduced, resulting in the precipitation of at
least one insoluble salt. It is necessary to constantly stir the
solution, which may or may not adhere to the heat conditions
depending on the reducing agent and reaction conditions.
The degree of crystallinity in the particles can be increased
by applying heat energy. By adding common reducing agents
like sodium hydroxide, ammonia solution, and many more to
keep the pH at the required level, the entire process is kept
in an alkaline medium. The ratio of salt used, the pH of the
solution, the temperature of the reaction medium, and the
type of base used—all of which can be controlled by filtra-
tion or centrifugation—all affect the size of the nanoparti-
cles. The solvent can then be extracted, dried, and further
purified. Nucleation, growth, coarsening (Ostwald ripening),
agglomeration, and stabilizing processes are the steps in this
method that lead to the formation of nanoparticles. They
primarily involve the processes of nucleation and growth. A
new thermodynamic phase’s smallest elementary particles
appear through a process known as nucleation. The degree
of supersaturation is a key factor in the nucleation process.
The solution has more dissolved materials in it than the sol-
vent could dissolve when it is in a supersaturation state. The
solute thus has a solubility that is greater than equilibrium.
In the process of growth, larger particles will eat smaller
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ones in order to lower their surface energy. Particle growth
beyond the nanoscale may occur if coarsening and agglom-
eration are not controlled. Certain stabilizing or capping
agents are useful in stopping the growth of nanomaterials.
Through the chemisorption of charged species, the capping
agents attach to the nanoparticle surface and cause an elec-
trostatic (van der Waals) repulsion to form on its surface.
Stable nanoparticles will form if the repulsive forces are
strong, or else coagulation will take place [72].

Microwave assisted

The microwave-assisted technique was developed in the
1950s, but it has only gained widespread recognition in the
past 20 years. By employing EMR to heat the materials with
moveable electric charges, microwave radiations are directly
transferred to the materials. Thermal energy is produced in
this process from electromagnetic energy. As a result of the
use of frequencies between 1 and 2.5 GHz, temperatures
between 100 and 200 °C will rise. It necessitates a quicker
reaction time in order to finish more laborious reactions in a
matter of minutes. It is possible to prepare small-size parti-
cles with a narrow size distribution using this method. This
technique is used to prepare ferrites, oxides, selenides, and
colloidal metals [72].

Hydrothermal technique

The reaction occurring in solvents contained in sealed ves-
sels by heating them to their critical point under autogenous
pressure is called the hydrothermal/solvothermal process.
In this method, the solutions are subjected to high pressure
and temperature. The main advantage of this method is the
preparation of good-quality crystals while controlling their
composition. In 1:2 mol ratios, the divalent and trivalent
transition metal salts are mixed together [73-75]. To get a
homogeneous solution, mix the organic solvent with con-
stant stirring in the above solution. Stirring this solution at
room temperature yields a low-viscous gel. Then, the solu-
tions are brought into the sealed vessel, commonly called
an autoclave (bomb). By heating, an autogenous increase in
pressure takes place, which will directly raise the solvents
above their boiling points. The temperature adjustment and
time are dependent on the type of nanoparticles to be syn-
thesized. After the hydrothermal treatment by varying the
time and temperature, the sample thus prepared is filtered
and washed, followed by drying, which gives us the desired
crystalline powder. This is a good method for the preparation
of the least-size nanoparticles, which can be applied in the
biological field. Through the selection of suitable solvents
and also by varying factors like temperature, pressure, pH,
aging time, the concentration of reactants, and the time of
the reaction, the controlled and desired size, morphology,
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and surface chemistry of nanoparticles will be produced.
Highly homogeneous nanoparticles can be achieved by using
this technique. Without post-annealing treatments, the devel-
opment of the least-size nanoparticles in the desired crystal-
line phase at relatively lower temperatures is possible with
this method. This attracted so many researchers than the
traditional methods. By using this method, single crystals,
zeolite oxides [76], and single crystals, many doped met-
als, selenides, and sulfides are prepared [72]. Figure 7 dem-
onstrates the various synthesis methods being used for the
preparation of perovskite nanomaterials.

Properties
Phase transition

The various phases and structural transitions exist when
there is a change in temperature. Specifically, these transi-
tions include a cubic phase occurring above 120 °C, fol-
lowed by a tetragonal phase between 120 and 5 °C, an
orthorhombic phase between 5 and — 90 °C, and ultimately
a thombohedral phase below —90 °C. Notably, during the
rhombohedral phase, the crystal’s polar axis is aligned with
a body diagonal [77]. Below the Curie temperature, which
defines the transition from ferroelectric (FE) to paraelectric
(PE) phase, the crystal structure deforms into the tetragonal

Fig.7 A visual depiction of various innovative techniques for synthe-
sizing perovskite materials

phase, resulting in spontaneous polarization and ferroelec-
tric and piezoelectric behavior. BaTiO5 exhibits distinct
phases depending on temperature variations. It acquires
a paraelectric cubic phase above its Curie point, approxi-
mately at 120 °C. In the temperature range from 130 to
0 °C, it stabilizes into a ferroelectric tetragonal phase with
a c/aratio of approximately 1.01. The spontaneous polari-
zation in this phase aligns with one of the [001] direc-
tions from the original cubic structure. BaTiO; assumes
a ferroelectric orthorhombic phase transition between 0
and — 90 °C, with polarization along one of the [109] direc-
tions in its original cubic structure. When the temperature
falls below — 90 °C, an orthorhombic to ferroelectric rhom-
bohedral phase transition occurs, with polarization follow-
ing one of the [110] cubic orientations. This spontaneous
polarization below the Curie temperature (T) results from
changes in the crystal structure [78, 79]. Table 2 shows the
substitution of various dopants and their influence on phase
transition. The cubic phase displays paraelectric charac-
teristics and has a very small dielectric constant, but the
tetragonal phase indicates ferroelectric characteristics,
which are more useful for dielectric applications due to its
high dielectric constant [80].

where | is the decrease, 1 is the increase, and —is the
unchanged.

Perovskite materials find utility across a diverse array of
applications, including capacitors, non-volatile memories,
actuators, sensors, piezoelectric devices, ultrasonic equip-
ment, underwater technologies, high-temperature heating
systems, frequency filters for wireless communications, and
more. Perovskite materials can be nano-crystalline, bulk,
thin films, or rods, depending on their application [84]. Sev-
eral factors make perovskite-type structures functional, such
as non-stoichiometric arrangements of cations and anions,
irregular cation configurations, and an electronic structure
with mixed valences. These structures support most periodic
table metals. Multicomponent perovskites (ABO;) can be
synthesized by partially substituting cations in the A and
B locations. This technique creates complex, multifaceted
materials in a perovskite-type oxide structure. These prop-
erties make perovskite materials distinctive. Ferroelectric-
ity allows spontaneous electric polarization that may be
reversed with an electric field [85-87]. Figure 8 shows an
example of different phase transitions of BaTiOj.

Table 2 Substitutions and their

il hase transiti Material Substitution Site Ionic radii Tro Tor T, Ref
1niluence on phase transition
BaTiO, Ca*t 0.100 ! ! - [81-83]
Sr?* A 0.118 ! ! !
Ba®*:0.135 Zr+t 0.072 1 1 !
Sn** B 0.069 1 1 !
Ti**:0.06 Hf** 0.064 1 1 !
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Piezoelectricity

The Nobel laureates Pierre and Jacques Curie first identi-
fied the piezoelectric phenomena in 1880 by measuring
surface charges that appeared on various crystals under
stress, including tourmaline, quartz, and Rochelle salt. A
resurgence of intense research and development into piezo-
electric devices was inevitably sparked by the discovery of
inexpensively produced piezoelectric ceramics with astound-
ing performance characteristics, which led to their wide-
ranging applications. One of them, barium titanate (BaTiO;)
ceramic, was found to have a gigantic dielectric constant of
1100, which was ten times greater than the greatest value
at the time, rutile TiO,. Due to the discovery of several
additional piezoelectric ceramics, including led niobate
piezoelectric ceramics in 1952 and lead zirconate titanate
(PZT) compositions in 1955, the productions that utilized
the piezoelectric materials quickly advanced in the late
1950s. Today, a number of piezoelectric ceramics, includ-
ing BaTiO;, PZT (and modified compositions like (Pb, La)
(Zr,T1)O;, etc.), lead magnesium niobate (Pb(Mg,;Nb,,3)
O;, and lead zinc niobate Pb(Zn,;;Nb,,;)O5, are widely uti-
lized [88]. Noncentrosymmetric crystals show the phenom-
enon known as piezoelectricity, in which the application of
stress causes the material to acquire an electric polarization.
The development of an induced strain, on the other hand,
is inversely proportional to an applied electric field. The
converse effect is a phenomenon that is used in actuation
[89]. Piezoelectricity is a remarkable phenomenon exhibited
by certain materials, showcasing their unique capability to
produce an electric current in response to the application
of mechanical force and, conversely, to convert electri-
cal energy into mechanical motion [90]. This fascinating
property results from the interaction between mechanical
stress and the electrical charge innate to these materials.

When these substances are subjected to mechanical stress,
a remarkable transformation occurs. This transformation
results in the separation of positive and negative ions within
the material through the creation of electric polarization.
These piezoelectric materials can be broadly categorized
into two primary groups: crystals and ceramics. The atomic
structures of crystals such as quartz and tourmaline are well-
ordered, and their piezoelectric properties are pronounced.
In contrast, ceramics, such as lead zirconate titanate (PZT),
barium zirconate titanate (BZT), and potassium sodium
niobate (KNN), exhibit piezoelectric properties due to their
unique microstructures and chemical composition. These
two distinct classes of piezoelectric materials have numer-
ous applications in a variety of disciplines, including sen-
sors, transducers, actuators, and energy-harvesting devices.
The ability to harness mechanical energy and convert it into
electrical power has expanded the scope of technological
possibilities and contributed to scientific and technological
advancements. Some examples are as follows:

¢ Naturally occurring: quartz, cane sugar, collagen, topaz,
Rochelle salt, wood, tendon, etc.

e Man-made crystals: gallium orthophosphate (GaPO,),
quartz analogic crystal, lanthanum gallium silicate
(La;GasSi0,,), quartz analogic crystal, etc.

e Man-made ceramics: barium titanate, lead zirconate
titanate etc.

As piezoelectric materials are crystalline and show no
characteristics of being piezoelectric in their natural state,
a poling condition must exist for the crystalline material to
exhibit the piezoelectric effect. Electric diploes align paral-
lel to the direction of the applied field in these materials
when they are exposed to a high DC electric field, which
polarizes the specimen. Figure 9 shows a detailed diagram

Fig. 8 Phase diagram of BaTiO;
(copyright permission and cop-
yright clearance center license
number: 5030130645203
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of the material before, during, and after the poling process.
Electric dipoles are initially randomly oriented, but during
poling, they align themselves in the applied field’s direction
to produce net polarization. Electric dipoles exhibit a slight
deviation from their symmetry after poling, which results in
permanent polarization and mechanical deformation, result-
ing in the specimen’s piezoelectricity. Additionally, the sub-
stitution or addition of dopants could improve the properties
of piezoelectric materials by distorting the crystal structure
and its properties [91-93].

PZT is one of the piezoelectric materials that is most
widely utilized and exploited for piezoelectric actuators,
sensors, transducers, and so on, but it is extremely haz-
ardous and can harm the kidneys, brain, nervous system,
and particularly the intelligence of children. Moreover, the
volatilization of PbO during the high-temperature sintering
process results in instability in the production’s composition
and electrical properties in addition to environmental degra-
dation. A considerable amount of research has been done to
find alternative piezoelectric materials in order to overcome
the problem of lead toxicity [88]. As a result, during the past
15 years, research into new lead-free materials has greatly
increased. Polarization in a material depends on two primary
factors: the magnitude of the applied stress and the nature
of the stress, whether it is tensile or compressive. When an

external pressure is applied to the material, it produces an
electric charge proportional to the magnitude of the applied
burden [7, 95]. This means that when a mechanical load is
applied, the material will produce an electric charge pro-
portional to the applied load. The pictorial representation
of the piezoelectric effect due to tension and compression
is shown in Fig. 10. In the compression effect, volume is
decreased, and it shows a voltage of the same polarity as the
material, whereas in the case of the tension effect, volume
is increased, and it shows a voltage opposite to the polarity
of the material.

Pyroelectricity

The pyroelectric phenomenon was first noticed in 400 BC
in ancient Greece due to the ability of heated tourmaline
crystals to attract small objects [96]. The pyroelectric
effect was first studied in relation to its possible origin,
particular material performances, and potential applica-
tions during the 1930s [97-100]. Since the pyroelectric
phenomenon is used in thermal detectors, it has been
the subject of extensive research beginning in the 1960s
[96, 98, 101]. The term “pyroelectric effect” describes
a shift in spontaneous polarization that occurs in some
polar materials as a result of temperature fluctuations.

Fig.9 Systematic diagram of

the poling process. Adapted
with permission from reference
[94]
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Pyroelectric materials also have their reverse effect,
known as an electrocaloric effect, which can alter tem-
perature as a result of polarization variation, much like
the piezoelectric and converse piezoelectric effects [102].
One intriguing characteristic of some materials is their
capacity to produce an electric potential in response to
temperature changes, whether they are heating or cooling.
When a material’s temperature fluctuates, positive and
negative charges within it migrate to opposing ends, caus-
ing this fascinating phenomenon. An electrical potential
difference and material polarization are the outcomes of
this movement [97]. The pyroelectric effect's mechanism
is connected to spontaneous polarization. Figure 11 shows
the forming principle of the pyroelectric effect. The elec-
tric dipoles only vibrate at random in the vicinity of their
aligning axes at a constant temperature, which leads to a
constant total spontaneous polarization. As the tempera-
ture rises, the electric dipoles oscillate at a greater angle,
which reduces both the number of bound charges and the
overall spontaneous polarization. In order to offset the
bound charges, the free charges correspondingly redis-
tribute, creating an electron flow, or pyroelectric current
[103, 104]. Paradoxically, a pyroelectric current will also
be produced in the opposite direction if the material is
cooled instead of heated. Dielectric displacement, or D,
is defined as follows for dielectrics:

D = g =€eE+P 1)

A

where Q represents the charge, A denotes the electrode
sample area, e denotes permittivity, E denotes the external
electrical field, and P denotes polarization. The pyroelectric
coefficient p can be defined as

&(ﬂ)l
oP
_oD _ a\a _poe 95 2
oT A oT ' oT

(b):dT/dt£0

Fig. 11 TIllustration of the pyroelectric effect mechanism
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The pyroelectric coefficient, in the absence of an external
electric field, can be written as

o\

_OPY_%(E) 3)
P=%r =4
where i, is the pyroelectric current and % is the change in
temperature [105]. Pyroelectric current can be measured to
determine the pyroelectric coefficient based on Eq. (3), given
a sample area and temperature change rate. In pyroelectric
applications, pyroelectric ceramics are fairly significant.
They have many benefits, such as good mechanical qualities,
low cost, easy manufacturing in large areas, and dependable
electrical performance. Perovskites with the formula ABX,
are well known for being a very adaptable ceramic host,
where the B ions in the center and the A ions at the unit
cell’s corner are octahedrally and 12-fold coordinated [27,
106, 107]. The middle of each face’s X represents oxygen in
the majority of common pyroelectric materials [107]. The
common understanding of perovskite materials’ ferroelec-
tricity is that a permanent electric dipole is created when a
B-site ion is displaced from its centrosymmetric position
in the unit cell along the c-axis [108, 109]. Thus, one can
greatly alter the electrical properties by suitably altering the
A or B site’s composition. In pyroelectric applications, there
are numerous significant lead-free ceramic systems, includ-
ing ceramics based on BaTiOj; and Bi, sNa sTiO5 [97].

Therefore, ferroelectric material (such as BaTiO;) is
non-centrosymmetric, piezoelectric, and pyroelectric. In the
domain of ferroelectric crystals, these are the crystals that
are inherently polar, and the direction of their spontaneous
polarization can be altered by the application of an external
electric field. Therefore, all ferroelectric materials are pyro-
electric by nature. It is essential to observe, however, that not
all pyroelectric materials possess this switchable polariza-
tion; this is the distinguishing characteristic that separates
ferroelectric materials from other pyroelectric materials.

Ferroelectricity

In 1912, Erwin Schrodinger first coined the term “ferroelec-
trics” or “ferroelectricity” [8]. Spontaneous polarization in
crystalline materials below a specific temperature known as
the Curie temperature (Tc) is a phenomenon known as ferro-
electricity. Under the influence of an external electric field, the
polarization can reverse itself. Ferroelectricity is a spontaneous
polarization of the specimen that is electrically switchable. The
substances that exhibit this kind of behavior are known as fer-
roelectric substances or ferroelectrics. Piezo- and pyroelectric
properties are shared by all ferroelectric materials. Polariza-
tion—electric field (P-E) loop or ferroelectric hysteresis loop are
terms used to describe how electric polarization lags behind an
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external electric field [110, 111]. However, when an electric
field is applied, the crystal’s domains have a natural tendency
to align in the direction of the field. This results in the mani-
festation of various phenomena related to the hysteresis loop,
including domain rotation and domain growth. Figure 12 illus-
trates a ferroelectric hysteresis loop. Electric dipoles begin to
align themselves towards the electric field when it is applied,
which results in net polarization in the specimen. At higher
electric fields, every single dipole is pointed directly in the
direction of the field, causing saturation in the polarization,
also known as saturation polarization (Ps) [112, 113]. Polar-
ization changes its direction in response to an electric field
reversal. Remnant polarization (Pr), a specific value of polari-
zation, exists when the electric field is zero or when there is no
electric field. The coercive field (Ec) is the name given to the
field that is applied in the opposite direction to cause remnant

polarization to be zero. The thickness of the specimen, the
locations of flaws, mechanical stress, and thermal treatment are
only a few of the variables that might affect the P-E loop. The
transition from ferroelectric to paraelectric above Tc reveals
the lack of the P-E hysteresis loop [114, 115]. The synthe-
sis and characterization of lead-free materials with properties
comparable to those of materials based on Pb(Zr, T1)O5 (PZT)
are receiving a lot of attention in the field of ferroelectrics
[116]. When the randomly distributed ferroelectric domains in
ferroelectric ceramics are aligned through the poling process,
piezoelectricity is produced [117]. During World War II, there
was another research that led to the finding of ferroelectricity
in barium titanate and other perovskite-based materials [118,
119]. Since then, these materials have been utilized in a wide
variety of applications, including the creation of ferroelectric
capacitors for electronic devices and non-volatile memory

Fig. 12 a Various energy

applications like sensors,
nanogenerators, and multi-layer (a)

capacitors. b Understanding fer-
roelectric behavior: hysteresis
loop of polarization (P) versus
applied field (E) (copyright
permission and copyright
clearance center license number
5030130645203)
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(FeRAM), piezoelectric sensors, actuators, and even medical
ultrasonic imaging. With the help of the tolerance factor (t),
we can describe the ferroelectric behavior of perovskites. Anti-
ferroelectrics have a distribution of 0.78 <# < 1.0, while fer-
roelectrics cover the whole perovskite range of 0.78 <t'<1.05.
Halliyal and Shrout found that plotting ¢ versus the average
electro-negativity as expressed by [120]

A= (uAO + uB0O)/2 4)

where u, is the electro-negativity difference between A
and O. The designations A and B represent cations, while O
signifies oxygen. In complex and simple perovskites, phase
compounds with low ¢ and x tended to form pyrochlore
phase(s). However, raising #' in solid solutions stabilizes
perovskites [121]. Ferroelectrics have a dielectric constant
that is two orders of magnitude higher than that of regular
dielectrics. BaTiOj, a ferroelectric material with a relative
dielectric constant exceeding 2000 and a permanent electric
dipole, is an example of this [122]. However, polarization in
the solid is caused by the alignment of neighboring unit cell
dipoles. The existence of spontaneous polarization promotes
numerous energy applications like nanogenerators, sensors,
and multi-layer capacitors, as shown in Fig. 11.

Superconductivity

Superconductivity, a fascinating phenomenon in the field of
condensed matter physics, has found intriguing expression
in perovskite materials. In recent years, these materials have
received considerable attention due to their extraordinary
electrical and optical properties, which make them valuable
for a variety of applications, ranging from photovoltaics to
superconductivity. A superconductor is a material that exhibits
zero electrical resistance and expulsion of the magnetic flux
when a material is cooled below some temperature (critical
temperature). It was first discovered in 1911 by Dutch physicist
Heike Kamerlingh Onnes in mercury when he cooled it to 4
°K. Following the discovery of superconductivity in perovskite
and related cuprate systems in 1986, interest in the perovskite
structure increased dramatically [123]. The intriguing conse-
quences of his renewed interest in perovskites were observa-
tions that the structure could accommodate significant levels
of CO,>" on the B cation site, such as the layered perovskites
Ba,_,Sr,Cu0,CO; [124, 125]. The majority of cuprate super-
conductors originate from the perovskite structure. In fact,
because of its intriguing features, which go beyond super-
conductivity, perovskite structure compounds are among the
most investigated types of compounds currently. Generally,
perovskites are defined as ABX; compounds, where X can be
either an oxygen halide or an alkaline earth element, B can
be a transition metal element, and A is typically an alkaline
earth or rare earth element [126]. Two significant non-cuprate
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oxide superconductors, BaPb, BixO; (T, .,=13 K) and
Ba_K,BiO; (T, ,.x =30 K), are derived from BaBiO; with
the ABX; perovskite structure [127, 128]. The structural foun-
dation for supporting charge density waves (CDWs) in BaBiO;
and a combination of Bi** and Bi’* is provided by this crystal
structure [129—131]. The phenomenon of superconductivity
can be easily explained by the BCS theory, which is based on
the Cooper pair. A Cooper pair is an electron—electron pair
that is formed at low temperatures. Numerous practical appli-
cations have resulted from these properties, including highly
efficient electrical transmission lines, powerful electromagnets
used in magnetic resonance imaging (MRI) devices, and par-
ticle accelerators. Table 3 illustrates the composite of a super-
conductor with its critical temperature and critical pressure. At
the starting stage, the critical temperature is very low for the
superconductor materials.

K T = 13hwD/2 [ [ el /IN(EL) 5)

Mixed valence oxides have a low tendency of states per
unit cell N(Ey) at the Fermi level and should have a tendency
of large electron—phonon coupling constant V*.

The phase diagram of coupling constant A =[N(Ey)] V*
versus T proposed by Chakraverty has three phases: metal-
lic, insulating bipolaronic, and superconductor. Metallic has
a small value of 4, insulating bipolaronic has a large 4, and
superconductors have A between both, as shown in Fig. 13a.
The Jahn-Teller (JT) polaron model is the primary source
of knowledge regarding the increase in critical temperature.
This model proposes that a nonlinear molecule or molecular
complex that exhibits electronic degeneracy will inherently
endure distortion in order to eradicate or mitigate this degen-
eracy. In cases of minor JT disorder in which the stabiliza-
tion energy (EJT) remains less than the metal’s bandwidth,
an increase in EJT corresponds to a greater propensity for
localization. These electron and lattice distortion combi-
nations, characterized by a substantial effective mass, are
capable of traversing the lattice as a single unit. As a result,
a strong electron—phonon coupling becomes evident. Hence,
cuprates are introduced in making superconductors, which
are helpful in raising the critical temperature. Figure 13b
shows the increase in critical temperature with respect to
the year of discovery in cuprates. The cuprate superconduc-
tor adopts the structure of perovskites, in which electron
moves within weakly coupled copper oxide (CuO,) with
strain-tuning effect in perovskite [143].

Applications

Perovskite having different properties relates to different
types of applications. The main reason behind their different
properties is because of their crystal structure. On the basis
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Table 3 Composite of

. . S.no Compositions Critical pressure Critical temperature Ref
superconductor with their
critical temperature and critical 1 YBa,Cu,0,_, 0.62 GPa 93 K [132]
pressure 2 HgBa,Ca, yLayCu;Oy, 5) 0.62 GPa 93K [132]
3 (Cuy5Tly5) 0.202 GPa 96 K [133]
Ba,Ca,Cu;0,(.s (CuTl-
1223)
4 (Ag)x/CuTIl-1223 0.202 GPa 99to 107 K [134]
5 Ba,,K,SbO, 12 GPa 30K [135]
6 K;5Cyp Less than 0.3 GPa 18K [136]
7 Cr;RhN - 17K [137]
8 Ti,Ba,Ca,Cu;0,(., 7 GPa 131.8 K [138]
9 MgCNi, 25 GPa ~7.6 K [139]
10 Ba(Pb,;_,Bi, )05 1 atm=101,325 Pascal 13K [140]
11 La, Sr,Cu0,, - 39K [141]
12 YRh;B, - 0.65 K [142]

of their multifunctional properties, perovskite materials can
be used for different applications, as discussed below.

Solar cell

The combination of two terms, photo and voltaic, illus-
trates the process of conversion. Photovoltaics convert solar
energy into electrical power. Photo means light, and voltaic
means electricity. We used cells, which are mostly made
of silicon, the most prevalent element, for them to func-
tion. Numerous materials have already been published in
the past, leading to different generations of solar cells. There
are essentially three generations of solar cells. Using both
mono- and polycrystalline SiO,, the first generation of solar
cells had a power conversion efficiency (PCE) of roughly
25%. The second generation of semiconductors included
amorphous Si0O, and a variety of semiconductor materials,
such as gallium arsenide (GaAs), cadmium telluride (CdTe),
and copper indium gallium selenide (CIGS). The potential
productivity of these cells is close to 20%. A new genera-
tion of solar cells was introduced because, despite their
extreme PCEs, the first generation of solar cells was costly,
the second generation was toxic, and there was a shortage of
materials [61]. Thus, the primary goal of the third genera-
tion of solar cells is to create more environmentally friendly,
more affordable, and more solar energy-producing solar cells
than the previous generation. Consequently, the scientists
focused their attention on third-generation solar cells, which
are essentially made of polymers and a variety of particu-
lar micro- and nanomaterials [144]. The third generation
of solar cells is perovskite. Perovskite solar cells (PSCs)
have garnered significant interest owing to their exceptional
power conversion efficiency (PCE) attained in a very short
duration and remarkably low material expenses. PSCs uti-
lize organic—inorganic metal halide perovskites as the active

layer in photovoltaic devices [145]. Further reports in 2014
revealed a PCE of 19.3% and a certified PCE of 17.9%, fol-
lowing the initial report in 2012 on a long-term, durable
solid-state perovskite solar cell with a PCE of 9.7% [146]. In
the last few years, the power conversion efficiency of PSCs
has rapidly increased from 3.8 [147] to 22.1% [148], out-
performing the well-researched dye-sensitized solar cells
(DSSC) and organic photovoltaics (OPV), as well as com-
peting with well-established photovoltaic technologies based
on Si, GaAs, and copper indium gallium selenide (CIGS).
As one of the “Top 10 Emerging Technologies of 2016,”
perovskite photovoltaic is currently thought to be the most
promising photovoltaic technology for the upcoming gen-
eration of solar cells [149]. The chemical formula for the
metal halide perovskites is ABX5, where X is a halide anion
(such as CI7, Br™, and I") and A is typically a monovalent
organic or inorganic cation. Formamidinium ([HC(NH,)*])
and methylammonium (CH,;NH;") are examples of organic
cations that can occupy the A site. Inorganic cations that
can occupy the A site include Cs*. A tunable band gap, a
high absorption coefficient, an ambipolar carrier transport
property, long carrier diffusion lengths [150], a high defect
tolerance, and more are found to be characteristics of the
hybrid perovskites, which make it an ideal light absorber.
The n-type electron collector and p-type hole collector lay-
ers are sandwiched between perovskites, which act as an
absorbing layer [151]. The fill factor (FF), open circuit volt-
age (V,.), and other cell parameters are largely controlled
by each of these layers. Figure 14 shows the schematic dia-
gram of the perovskite solar cell. The process of making
perovskite solar cells (PSCs) is sequential. An electron trans-
port layer, a perovskite transport layer, and a hole transport
layer on an FTO or glass substrate make up the basic PSC.
Mesoporous titanium dioxide is deposited as the initial step
over a transparent substrate in a manner similar to that of
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an electron transport layer (ETL). There are several other
inorganic and organic ETLs that have been connected to
the PSCs. The ETL must have a higher transmission rate
than the perovskite layer in order for the perovskite layer to
absorb the excitons. The perovskite film is then deposited
over the ETL. On the ETL and hole transport layer (HTL)
sides, respectively, low- and high-work-function electrodes
can be used. A perovskite absorber prevents charge recom-
bination by having a balanced diffusion length of electron
and hole of greater than 500 nm [152, 153]. A high recom-
bination rate is caused by electron and hole clouding in the
device architecture. By providing a suitable path for both
electrons and holes in a planar heterojunction PSC, the PCE
can be significantly enhanced. Finding the right precursor
concentration in the right solvent, as well as controlling

@ Springer

the crystallization time and temperature, is a key factor in
attaining optimal solar cell performance. Another important
factor is the thickness of the perovskite films [154, 155].
Fundamental research in the field of photovoltaic perovs-
kites is accelerating. A literature survey conducted in 2012
with the term “perovskite-based solar cells” in the heading
produced about 7 results; however, by 2023, that number had
increased to 1760. Due to intense efforts, the PCEs of PSCs
have increased from 9.7 to 25.2% in just 9 years. Perovskite
solar cells are anticipated to be a competitive alternative to
Si0,-dependent solar cells in the upcoming years [156]. The
studied materials for perovskite solar cells are CH;NH;Pbl;,
CH;NH;Pbl; ,Cl,, CH;NH;PbBr;, CH;NH;Pb(I, ,Br,);,
HC(NH,),Pbl,, HC(NH,),Pb(,_,Br,);, and CH;NH;SnI,.
One can observe that the majority of iodide perovskites
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Fig. 14 Schematic representa-
tion of perovskite solar cell.
Adapted with permission from
reference [157]

Top contact

HTL

ABXg

ETL

A
MA ‘FA :Cs

have an open-circuit voltage greater than 1 V and that the
voltages of their bromide analogues are higher than those
of their iodide counterparts. Because bromide perovskite
has a wider band gap than iodide, this is the cause. High-
efficiency perovskite solar cells also require HTM materials.
The most researched HTM in this regard is spiro-MeOTAD,
but polymeric HTMs that have also been tested include the
tryarylamine-based PTAA and the thiophene derivative
P3HT. Also confirmed to be appropriate for perovskite solar
cells are inorganic HTMs like NiO, Cul, and CuSCN [146].

Solid oxide fuel cells

A fuel cell is an electrochemical device that produces elec-
tricity via a chemical reaction between a fuel and an oxidiz-
ing agent, typically oxygen or air. It operates on the same
fundamental principles as a battery but differs significantly
in that it can generate electricity continuously as long as it is
supplied with fuel [158, 159]. Fuel cells are one of the most
auspicious technologies, and there are various types of fuel
cells depending on the nature of the electrolyte used: solid-
oxide fuel cell (SOFC), molten carbonate fuel cell IMCFC),
polymer electrolyte (proton exchange) membrane fuel cell
(PEMEFC), phosphoric acid fuel cell (PAFC), direct metha-
nol fuel cell (DMFC), and alkaline fuel cell (AFC) [160].
Particularly, SOFCs have gained much attention in recent
years. This increased interest in solid oxide fuel cells is due
to the various advantages of SOFCs, among other forms of
fuel cells. SOFCs are the technology that can be a driving
force to change the course of action in the modern era due
to their optimal power generation features and maximum
electrical efficiency for automobiles and household devices
[161]. Here are some key advantages of SOFCs: high effi-
ciency shown by SOFCs, typically around 60-70%. High-
temperature procedure allows for efficient conversion of
chemical energy into electricity. SOFCs can run on a wide
range of fuels, which include hydrocarbons, natural gases,
methane, propane, and hydrogen. SOFCs can also run on

biofuels or a combination of fuels, which provides versatil-
ity and adaptability in various sittings [162]. Other benefits
include low air pollution and greenhouse gas emissions from
high-temperature operation and a long operating lifespan.
SOFCs can function at moderate temperatures, making
them useful for many applications. SOFCs are considered
an exciting option for the future production of clean energy.
Unlike conventional heat engines, SOFC technology does
not have problems with leakage, lubrication, or heat loss.
Perovskite materials are extensively utilized in SOFCs as
the cathode, the anode, and the electrolyte. This is due to
the fact that large varieties of dopants that have distinct and
variable states are readily available and may be positioned at
the A and B sites. Figure 15 shows the systematic diagram
of SOFCs.

The basic structure of a solid oxide fuel cell typically con-
sists of several key components: electrolyte, anode, cathode,
bipolar plates, and current collectors. Cathode: the cathode
is the electrode on the oxidant (usually air or oxygen) side of
the SOFCs. Perovskite minerals are frequently used in their
production; examples include lanthanum strontium mangan-
ite (LSM) and lanthanum strontium cobalt ferrite (LSCF).
By taking electrons and oxygen ions in order to generate
oxide ions, the cathode makes the electrochemical reduc-
tion of oxygen easier to accomplish, and the anode is the
electrode on the fuel side of the SOFC [163]. In Table 4, we
discuss the method of preparation, phase formation, power
density, and conductivity of perovskite-based cathode mate-
rials for SOFCs.

Porous materials, such as ceramics based on nickel or
cermet (ceramic—metal composites), are usually utilized in
their construction. The anode acts as a catalyst for the electro-
chemical oxidation of the fuel, which in this case is hydrogen,
into protons and electrons [179]. In Table 5, we discuss the
method of preparation, phase formation, power density, and
conductivity of perovskite-based anode materials for SOFCs.
The electrolyte in the solid oxide fuel cell is an essential com-
ponent because it serves to partition the fuel and oxidant gases
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Fig. 15 Working diagram of

solid oxide fuel cell

while simultaneously facilitating the movement of oxygen
ions. Materials such as yttria-stabilized zirconia (YSZ) and
scandia-stabilized zirconia (ScSZ) are examples of materials
that are frequently utilized for the electrolyte. The electrolyte
material that is used is determined by a number of criteria,

Solid Oxide Fuel Cell

Electron

Anode

Flow

—

Electrolyte

Oxygen

Cathode

Table 4 Perovskite-based cathode materials for SOFCs

including the operating temperature and the performance
requirements [180]. In stack designs, bipolar plates are uti-
lized to transport gases and serve as current collectors. These
plates are also employed. They are typically constructed out
of materials that are resistant to corrosion and feature flow

Perovskite cathode materials Method Phase Power density (mW/cm?) Conductivity (S/cm)  Ref
SrFe;_ ,Mo,0;—1(x=0.25) Microwave-assisted combus- Cubic Pm-3m - 22 at 800 °C [164]
tion method
Pr1-Ca,BaCo,20s4_5 Solid-state P4/mmm tetragonal ~ 646.5 at 800 °C 320 at 800 °C in air [165]
SmBaCo, sMn, 505, 5 Sol-gel method Tetragonal PA/mmm 1060 at 900 °C 33 at 900 °C [166]
Nd, sSr sCoq sFeq 5055 Sol-gel method Cubic Pm-3m 1560 at 650 °C - [167]
GdBaFeNiOs, 5 Sol-gel method Orthorhombic Pmmm 515 at 800 °C 9.5 at 400 °C [168]
Lag 35Pr 1551y sFeO; 5 Wet chemical route Cubic Pm-3m 1083 at 700 °C - [169]
NdBaFe, Mn,Oxs, s Sol-gel method Cubic Pm-3m 453 at 700 °C 114 at 550°C in air [170]
Pr; ¢Cayl-xCa,Co,05, 5 Sol—gel process Tetragonal PA/mmm 712 at 800°C - [171]
(x=0.2)
LnBaCoFeOs_ 5 (Ln=Pr, EDTA-citrate complexing P4/mmm tetragonal 749 and 669 at 800 °C 321 and114 at 350°C  [172]
Nd) method
NdBaCo,,3F,;;Cu,/305, 5 EDTA citric acid complexa- P4/mmm tetragonal 736 at 800 °C 92 at 625 °C [173]
tion method

YBa, 551 sCo; 4Cug ¢Os, 5 Sol-gel method Orthorhombic 398 at 850 °C 174 at 350 °C in air [174]
Sr,Fe; sMo sO¢_s Combustion method Pnma orthorhombic 1102 at 800 °C 30 at 550 °C [175]
PrBa 5Sr sCo,_ Fe Polymerization method Pmmm orthorhombic 97 for 60 at 850°C [176]
Ox 5,5 (*=0.56) at 850 °C

SrCoy¢Tij ; Tag 055 Solid-state - 1.99,1.75,1.28,and 0.90  65-142 at 400-650 °C [177]

at 650, 600, 550, and
500 °C
BaFe osPr( 450535 Sol-gel method Cubic Pm-3m 798.7 at 750 °C 12.6 at 750 C [178]
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channels that allow for the fuel and oxidant gases to be dis-
tributed evenly over the cell surfaces. Current collectors are
components that work to collect the electrical current that is
produced by the individual cells that make up a stack and then
send that current to an external circuit. In most cases, these
will be constructed out of conductive materials, and they will
be in physical touch with the electrodes [181].

Thin film capacitors

Perovskite thin films have high dielectric values, which makes
them ideally suitable for capacitor applications. Capacitors are
generally used for signal coupling, signal decoupling, filtering,
and impedance matching. Single-layer thin films have lower
inductance than multi-layer ceramic capacitors because of the
high mutual inductance between the internal counter elec-
trodes, which can lead to a reduction in the size of electronic
systems due to the integration of the capacitor and another
component. The reduction of components improves the per-
formance of the system. This aspect is critical for high-fre-
quency circuitry [192]. Thin films designed for employment
within the microwave frequency spectrum are coveted due
to their inherent attributes, including minimal attenuation at
microwave frequencies, negligible intermodulation distortion,
and cost-effectiveness in the production process. Moreover,
thin-film devices have a distinct advantage over bulk materials
because their structural configurations are perfectly compat-
ible with planar microwave circuits [192—194]. The equation
of energy density obtained from the polarization—electric field
(P-E) relation says the predominant energy storage property
can be ascribed to both large dielectric polarization and high
breakdown strength [195].

Prmax
U= / Edp (6)

0

Table 5 Perovskite-type anode materials for SOFCs

“PLax and “E” refer to the maximal polarization and
breakdown strength, respectively, in this context. In addition,
energy loss must be considered when coping with the delay
in polarization saturation within P-E loops [195-198]. This
factor can have a substantial effect on the energy efficacy of
energy storage devices. In general, the energy storage efficacy
of thin film samples is significantly superior to that of their
bulk counterparts. Thin films with fewer defects can attain
higher breakdown strength, which is an advantage. Consider
the ferroelectric material ( ggBaTiO5_ 1,Bi(Mg;,Ti;,)O3,
which has a relaxor-type configuration. This material can
withstand an ultrahigh dielectric breakdown strength of 1900
kV/cm in its thin film state, resulting in an energy storage
density of up to 37 J/cm®. In contrast, the same composition
in its bulk state obtains a relatively lower electric field of
224 kV/cm, resulting in a density of energy storage of 1.81
J/em® [197-199]. Because of their extraordinary ultrahigh
dielectric breakdown strength, the use of lead-free dielectric
ceramics in thin film form is highly recommended for both
environmental sustainability and optimum energy storage
performance. SrTiO; films grown on a Lay ;51 33MnO; elec-
trode attained an impressive energy density of approximately
307 J/em® with an energy efficiency of approximately 89%.
At the interface of SrTiO; and La ¢;Sr; 3:MnO;, oxygen
vacancies and an ion interdiffusion layer are created, which
contributes to this material’s exceptional performance [200].
Perovskites and their unique properties, such as high energy
conversion efficiency and the ability to be processed as thin
films, have garnered considerable attention. Table 6 shows
the comparison based on the energy storage density (W,..)
and efficiency (in %) of some thin films. Notably, Zhai and
Shen reported an exceptional energy density of 31.96 J/cm®
and an energy efficiency of 61% at 2400 kV/cm of electric
field strength. This accomplishment was made possible by a
multi-layered, lead-free ) 9,(Big sNag 5)g 94T103-( 0sBaTiO5/

Perovskite anode materials Method Phase

Power density (mW/cm?) Conductivity (S/cm)  Ref

A,FeMoO¢ 5 (A=Ca, Sr,  Solid-state method
Ba) cubic

Monoclinic, tetragonal,

831 for A=Sr, 561 for - [182]
A=Ba, and 186 for
A=Caat 850 °C

Sr,FeTiO¢_g

SryFe; sMoy 506 5
La,ZnMnOg
Sr,FeNby ,Mog 30 5

Mo-Pr; sBay sMnO;_g

SrMo,_ Ga,05 5 (x=0.1)

Lay 551, sFe| sMoy 5045
PrBaMn,Os_ 5

SrMo1-xMgx0;°8 (x=0.1,

0.2)

Ball-milling

Sol-gel

Wet chemical method
Solid-state method

Sol-gel
Wet chemical method
Sol-gel

Pechini method

Pm-3m cubic
Fm-3m cubic
P21/n monoclinic
I4/mmm tetragonal

Cubic and hexagonal
Pm-3m cubic
Pm-3m cubic

Cubic and hexagonal

Soft chemistry procedures Cubic Pm-3m

441 and 335 at 800 °C 2.83 at 800 °C [183]
42.6 at 800 °C 59.48 at 800 °C in air [184]
155 at 650 °C 0.054 at 650 °C [185]
- 19.5inairand 5.3in  [186]
5% H, at 800 °C
700 at 850 °C 101 in air at 800 °C [187]
900 at 850 °C 268 at 850 °C [188]
1156 at 800 °C 23 at 800 °C [189]
1.7 at 800 °C 8.16 800 °C [190]

555 and 832 at 850 °C

146 and 114 at 850 °C

[191]
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BiFeOj; thin film heterostructure with a 4-layer BiFeO; film.
The enhanced insulative properties and dielectric breakdown
strength at the interfaces were crucial to this extraordinary
performance [201].

Laser and light-emitting diodes

Lasers and light-emitting diodes (LEDs) are both pivotal
light sources in modern technology, yet they differ signifi-
cantly in terms of operation and application.

e Laser (light amplification by stimulated emission of radi-
ation). Lasers operate using the stimulated emission prin-
ciple. They produce light that is highly focused, coherent,
and monochromatic, meaning that the light waves are in
phase, have a single color, and are focused on a narrow
beam. This extraordinary precision renders lasers indis-
pensable for a variety of applications, including cutting
and welding in manufacturing, medical procedures, and
optical communication. Each form of laser, including
gas lasers, solid-state lasers, and semiconductor lasers,
is designed for a particular function.

e Light-emitting diodes (LEDs). LEDs are semiconductor
devices that emit light when an electric current flows
through them. LEDs emit incoherent light with a broader
spectrum of colors than lasers. LEDs are extensively
employed in numerous applications, including display
screens, indicator lights, streetlights, and residential
lighting. Compared to traditional incandescent bulbs,
they have a longer lifespan and utilize considerably less
energy. Organic LEDs (OLEDs) and quantum dot LEDs,
which were made by advancements in LED technology,
offer even greater versatility and color accuracy. How-
ever, it is essential to note that the commercialization of
perovskite-based lasers and LEDs is an ongoing area of
research, and challenges related to stability and longevity
need to be addressed before they can be widely adopted
in practical applications. Researchers are actively work-
ing to overcome these hurdles to unlock the full potential

Table 6 Comparison based on the energy storage density (W,..) and

efficiency (in %) of some thin films

ec.

Composition W, Jfem?)  Efficiency (%) Ref

BNKT-0.10BFO 22.12 60.85 [202]
BNKT-1558Z 34.69 59.32 [203]
BiMg sTij 505 26 - [204]
BiAIO, 31.1 82.2 [205]
NBT 12 43 [206]
Mn-doped SrTiO; 23.8 69.8 [207]
BF-KNMN 28.0 90.3 [208]
0.89NBT-0.06BT-0.05BFO  42.9 65.7 [209]

@ Springer

of perovskite materials in laser and LED technologies. In
order to satisfy the requirements of the detailed balanc-
ing equation, it is essential to have an external lumines-
cence efficiency that approaches 100%. This condition
is a fundamental necessity for attaining the Shockley-
Queisser limit, which is an estimated efficiency of 33.5%
in solar cells. This highlights the necessity for a solar-cell
material of outstanding quality that not only has amaz-
ing photovoltaic characteristics but also serves as an
extraordinary light emitter. Since their introduction in the
mid-twentieth century, semiconductor solid-state lasers
have seen significant advancements and have become
ubiquitous elements in our everyday lives. In the present
scenario, solution-processed gain media, such as organic
polymers and colloidal quantum dots, have emerged as
viable alternatives with potential. The attraction of these
entities arises from their ability to engage in cost-effec-
tive and sustainable manufacturing processes, in addition
to their compatibility with the seamless incorporation
of adaptable and wearable optoelectronic devices. The
amplified spontaneous emission/lasing from perovskite
materials is shown in Table 7. An important development
in this field is the rise of halide perovskites, which has
established them as viable competitors in the field.

Non-volatile memories

There are several memory architectures available that meet
the growing need for next-generation non-volatile memory
devices with faster switching speeds and greater endur-
ance, such as resistive switching random access memory
(ReRAM) [215], magnetic random access memory (MRAM)
[216], and phase-change random access memory (PRAM)
[217]. Non-volatile memories are an important part of com-
puter components. These materials can retain the informa-
tion within the material itself when the power is interrupted.
In developing non-volatile memories, there has been the
use of ferroelectric thin films (ferroelectric random-access
memories or Fe-RAMs). In Fe-RAMs, information is
stored in the polarization state of the material. Early work
was focused on PZT and SBT. In films, there must be a
large difference between these two characteristics: remnant
polarization (P,) and reliable polarization cycling [193,
194]. One of the new storage devices for managing mass
data is RRAM. Resistive random-access memory is promis-
ing because of its simple structure, fast switching, low power
consumption, and high density. RRAM stores data through
current-stage changes under electric fields. Active layers can
be electrically charged from a low resistance state (LHS) to
a high resistance state (HRS) by applying voltages at differ-
ent amplitudes [218]. RRAM has a sandwich-like structure
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Table 7 Amplified spontaneous emission from perovskite materials

Material Morphology Pump source S.E Wavelength (nm) Modal gain Threshold (ASE or Cavity type Ref
(X=Cl—, Br—, coefficient lasing) (uJ cm™2)

orl-) (cm™)

CH;NH;PbX; Thin film 600 nm, 150 fs ~500-790 40 ~12 (ASE) N.A [210]
CH;NH,Pbl; Thin film 530 nm, 4 ns ~780 - ~10 (ASE) N.A [211]
CH;NH,Pbl; Thin film 532, 1ns ~780 - ~0.32 (lasing) DFB [212]
CH;NH,Pbl, Microcrystal networks 355 nm, 0.8 ns ~765 - ~200 (lasing) Random lasing [213]
CsPbX; NPs 400 nm, 100 fs ~470-640 ~450 ~5—22 (ASE) N.A [214]

of three layers, which consist of the top electrode, active
layer, and bottom electrode. Many material systems exhibit
resistive switching behaviors; organics [219, 220], transi-
tion metal oxides [221], and perovskite oxides [222] are a
few examples. In addition to their hysteretic current—voltage
(I-V) responses, analogue switching, flexibility, multilevel
data storage, and the potential for low power consumption/
high-density memory applications are some of the benefits
of using organic—inorganic hybrid perovskites (OIHPs).
Consequently, they have been employed in the production of
synaptic and resistive memory devices [223, 224]. For resis-
tive switching memory and other next-generation memory
devices, OIHP materials are attractive options for two rea-
sons. Initially, both inorganic and organic counterparts can
provide benefits for OIHP. Given that this material contains
inorganic components, such as oxides and chalcogenides,
it may exhibit superior resistive switching properties. But
because of their brittleness, inorganic materials are not as
useful for flexible electronics. As a result of the structural
flexibility of organic parts, materials like A-site organic cati-
ons can find new uses in flexible devices [225]. Secondly,
optical memories could potentially use OIHP. Fast optical
signal transfer is becoming a major concern in the field of
optical communication in order to develop photon-writing
memories. The light-harvesting and light-responsive quali-
ties of this material have accelerated the development of
photosensory devices, such as photodiodes and phototransis-
tors [226]. A blend of perovskite/PS has been used to dem-
onstrate OIHP-based photo memory with a heterojunction
floating gate [227]. Figure 16 shows the schematic illustra-
tion of a memory device with an Au/MABI/ITO structure.
In the active layer, there are many materials that can be
used, like perovskites, polymers, and oxides [229]. StZrO,
(SZO) films are examples of a category of perovskite mate-
rials in which various dopants can significantly impact
the presence of oxygen vacancies and defect levels inside
the perovskite switching layers. As a result, these altera-
tions have a noticeable effect on the material’s switching
characteristics. The primary objective of this study is to
examine the effects of co-doping with vanadium (V) and
thulium (Tm) on SZO films prepared using the sol-gel

technique [230]. In our literature work, we examine resist-
ance switching in thulium (Tm) and vanadium (V) co-doped
S1ZrO; (SZO) films. Sol-gel-synthesized films were merged
between oriented Al top and LaNiO; (LNO) bottom elec-
trodes. The baseline condition is that leakage current den-
sity grows proportionally to bias voltage in the first stage.
After that, when the top electrode (TE) is given a negative
bias voltage greater than — 12 V, leakage current density
increases significantly, indicating a high leakage state. After
the previous phase, when the tunnelling electrode (TE) is
exposed to a positive bias voltage over 10 V, the leakage
current density sharply decreases, resulting in a transition
into the low leakage state. After surpassing — 10 V, the
leakage current density suddenly returns to H-state levels.
The device transitions between the high (H-state) and low
(L-state) states without returning to the beginning condition
during electrical operations, which is known as hysteresis.
The leakage states do not change spontaneously without
electrical power, and the resistance ratio between them is
approximately 10*. The transition between these states is
thought to be caused by the formation and destruction of
conductivity-promoting channels or filaments [230-235].

or
o Bi3+
™ CH,NH;*

Fig. 16 Schematic illustration of a memory device with an Au/
MABI/ITO structure. Adapted with permission from reference [228]

@ Springer



lonics

Figure 17a analyzes the Schottky emission mode: Ln(J) vs.
V{172 with fitted experimental data (solid line) [236]. The
conduction mechanisms of the H-state and L-state were
reported to be ohmic conduction and Poole—Frenkel (PF)
emission [235]. The repeatable resistance-switching phe-
nomena that are seen can be attributed to the formation of
conducting filaments consisting of metallic components. A
suitable negative bias stimulates the device’s metallic com-
ponents to form conductive channels. This causes the initial
leaking state to change to the high leakage state (H-state).
However, a proper positive bias interrupts these conductive
channels, returning them to the low leakage state. Vanadium
(V) and thulium (Tm) doping significantly affect the operat-
ing voltage of the doped SrZrO; (SZO) system, suggesting
device improvement. Figure 17b depicts the effect of the
pulse width with a 15 V pulse amplitude on the resistance
switching.

A —15 V with a 5 ns voltage pulse causes a rapid
change from the starting condition to the high leaking state
(H-state), indicating that the forming process is fast. To
analyze the temporal features of the switching dynamics
between the H-state and the low leakage state (L-state),
negative and positive direct current (dc) voltages are used
to produce these states. The high state (H-state) transitions
to the low state (L-state) using a 15 V, 5 ps voltage pulse.
This pulse triggers a switching process from 500 ns to 5 ps.
As pulse width rises, the current density associated with
the high state (H-state) decreases before resistance switch-
ing. However, a 5 ns voltage pulse from — 15 V converts the
L-state to the H-state. Note that the time required to transi-
tion from the H-state to the L-state is much longer than the
opposite transfer. This shows an imbalance in switching
characteristics. The investigation examines how stress dura-
tion affects leakage current modification, particularly with
varying pulse lengths [230]. The decay of leakage current
amplifies as the pulse width diminishes, post-transition-
ing the leakage state from L-state to H-state via a voltage

pulse. Upon employing a— 12V, 50 ps voltage pulse for the
switch, the leakage current remains largely unaltered fol-
lowing 1200 s of 3 V stress. However, when transitioning
to the H-state using a— 12 V, 5 ns voltage pulse, the leak-
age current experiences an approximate 80% decay from
its initial magnitude. This decay arises from the forma-
tion of unstable conducting paths at smaller pulse widths,
which subsequently fracture during voltage stress, leading
to a decline in leakage current. Consequently, resistance
switching via narrower pulse widths is associated with a
more pronounced decay in leakage current. The study also
provides insights into the relationship between normalized
leakage current and stress time across various stress volt-
ages [230]. When transitioning to the H-state using a— 12
V, 5 ns voltage pulse, it is observed that the decay under a
3 V voltage stress is considerably more pronounced than
the decay under a—3 V stress. In simpler terms, significant
decay takes place when the direction of the voltage stress
is opposite to that of the initial voltage pulse.

Future perspectives

Perovskite materials provide an essential family of materials
with extraordinarily versatile structural, electric, and opto-
electronic properties. Enormous efforts have been made by
various researchers to explore ABO; perovskite symmetry by
playing with a variety of cations at the A and B sites. Per-
ovskite materials, with their diverse and unique properties,
are suitable for a wide range of applications. These include
thin film capacitors, lasers, light-emitting diodes, non-volatile
memories, actuators, and sensors. They are also used in vari-
ous piezoelectric, ultrasonic, and underwater devices, high-
temperature heating applications, and frequency filters for
wireless communications. Although significant advancement
has been made, there are still a large number of derivatives for
novel perovskite materials that are theoretically anticipated

Fig. 17 A I-V characteristics of
Al/(V:Tm:SZO)/LNO struc- A

ture—investigating electrical

behavior and b the plot of leak- T
age current density with a pulse 20
width (copyright permission 2" ':
and copyright clearance center 2o IR
license number 0022-3727) 8w N
€ w0 N\
2
=10
3
i k 5
g’ 0 \
© 10
b .
k Original-state

= g

10 | H-state
: ]
-

10
10+
0 N -

—o— forming process
—C— H-state to L-state

~——

Leakage Current Density @ -1V (Ncm')

10 —— L.state to H-state

Bias Voltage (V)

original 10t 107 10¢ 105 10¢ 10° 107 10" 10
Pulse Width (sec)

@ Springer



lonics

to exist in the future due to their structural and compositional
flexibility. Future research must concentrate on discovering
more efficient cathodes and anodes for direct hydrocarbon at
relatively low temperatures, and these materials must have
excellent electrical conductivity and high-temperature stabil-
ity. SOFC is a device with a solid—solid and gas—solid inter-
face that must be long-lastingly stable at elevated tempera-
tures. In addition, advancements can be made in the areas of
synthesizing and designing these materials to improve their
piezoelectric and dielectric properties with greater tempera-
ture stability. Due to their multi-faceted and versatile proper-
ties, many promising candidates of perovskite materials hold
great potential to be an integral part of the future develop-
ments of miniaturized electronic devices. Though significant
progress has been achieved, the development of efficient
synthesis and preparation of perovskite nanostructures still
remains a huge challenge. This parameter is crucially impor-
tant to facilitate superior integrated devices for commerciali-
zation and become the strategic technologies of the future.

Conclusion

In this review article, we explain the comprehensive
advancements in perovskite materials, underscoring their
multifaceted properties and significant impact on energy
harvesting applications. Perovskites, with their adaptable
ABO3 structure, have emerged as a cornerstone in the field
of materials science, offering a broad spectrum of electri-
cal, optical, and mechanical properties. Their versatility
extends from solar cells with unprecedented efficiency
levels to applications in LEDs, sensors, and actuators,
manifesting a revolution in renewable energy technolo-
gies and electronic devices. The exploration of lead-free
perovskites and the quest for environmentally benign alter-
natives underscore the commitment to sustainable devel-
opment within the field. As research continues to push the
boundaries of what is possible with perovskite materials,
the potential for innovation remains boundless, promising
to usher in a new era of technological advancements that
are sustainable, efficient, and transformative. This review
not only highlights the significant strides made in under-
standing and harnessing the properties of perovskites but
also sets the stage for future research directions that could
further amplify the impact of these materials on various
technological domains.
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