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Preface

Perovskite materials are a one of a kind compound with structures associated 
with that of an inorganic rock deposit. The origin of perovskite material is 
CaTiO3, and this is resultant from a paternal phase with the universal formula 
ABO3. Perovskite materials have been fully investigated since the middle of the 
12th century due to their distinctive properties such as primarily dielectric, 
ferroelectric, and piezoelectric. This wide range of performance parameters has 
been adapted into various fields such as electronic conductivity, multiferroic 
properties, superconductivity, magnetic ordering, thermoelectric, optoelectrical, 
solar cells, photocatalysis, and piezo-photocatalysis properties. Independently, 
from these mainly physical characteristics, the phases exhibit an extensive 
array of chemical features. Perovskite materials are used as photocatalytic and 
electrode materials for degradation of industrial wastewater and solid oxide fuel 
cells where perovskite material with elevated oxide ion electronic conductivity, 
ionic conductivity, and thermal conductivity are required. Several perovskite 
phases exhibit suitable photocatalytic and photo-redox properties, frequently 
dependent upon the occurrence of chemical imperfections in the solid phase. 
This difficulty is an outcome of two key factors. Firstly, the crystal assemblies 
included in the term ‘perovskite’ include a wide range, from the basic cubic 
‘aristo-type’ BaTiO3 to cation and anion short phases, integrated phases with the 
cuprates superconductor, and hexagonal perovskite materials associated with 
SrNiO3. Moreover, both the physical and chemical properties of any associate of 
these structural formulae can be modified over a broad series by comparatively 
basic ion-exchange into all or part of the A‐, and B‐ positions. This extensive 
range of variability consists of the development of perovskite materials in 
which the A-cation is substituted by a simple organic compound, characterized 
by the perovskite material such as methylammonium lead iodide, now deeply 
investigated as the fundamental of ‘perovskite’ solar cells. Furthermore, the 
applications of superlattice thin films and nanomaterial exhibit novel and fully 
serendipitous results when related to the actions of the distinct bulk phases. 
The objective of this book is to deliver a compressed summary of this huge 
body of information. A framework of the systems of these phases is of key 
significance as a requirement of various chemical-physical properties. To present 
a complete outlook, crystal systems are typically signified as perfect forms. 
The book is systematized into nine chapters with four categories. In category 
one, we present a short overview of many fascinating results in photocatalytic 
perovskite materials and the outcomes of the research on lead-free perovskite 
nanocomposites (Chapter 1, 2 & 3). Organic-inorganic perovskites and related 
aspects in perovskite solar cells and structural phase transitions of hybrid 
perovskites are described in category two (Chapter 4 & 5). In category three, 
the thermal and physical properties of perovskite materials with various phases 
are briefly mentioned (Chapter 6, 7, & 8). Finally, category four describes the 
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Chapter 1

Significant Role of Perovskite 
Materials for Degradation of 
Organic Pollutants
Someshwar Pola and Ramesh Gade

Abstract

The advancement and the use of visible energy in ecological reparation and 
photodegradation of organic pollutants are being extensively investigated world-
wide. Through the last two decades, great exertions have been dedicated to emerg-
ing innocuous, economical, well-organized and photostable photocatalysts for 
ecofriendly reparation. So far, many photocatalysts mostly based on ternary metal 
oxides and doped with nonmetals and metals with various systems and structures 
have been described. Among them, perovskite materials and their analogs (layer-
type perovskites) include an emerged as semiconductor-based photocatalysts due 
to their flexibility and simple synthesis processes. This book chapter precisely 
concentrates on the overall of related perovskite materials and their associated 
systems; precisely on the current progress of perovskites that acts as photocatalysts 
and ecofriendly reparation; explores the synthesis methods and morphologies of 
perovskite materials; and reveals the significant tasks and outlooks on the investiga-
tion of perovskite photocatalytic applications.

Keywords: layered-type perovskite materials, photocatalysis, photodegradation, 
organic pollutants

1. Introduction

Solar energy is one of the primary sources in the field of green and pure energy 
that points to the power predicament and climate change task. Solar energy 
consumption is an ecological reconciliation, and then, the chemical change in 
solar is presence exhaustive, considered throughout global [1, 2]. In general, solar 
energy is renewed into a wide range of developments, such as degradation of 
organic pollutants as photocatalysis, splitting of water molecules for producing 
clean energy, and reduction of CO2 gas [3, 4]. Consuming a similar perception, 
metal-oxide photocatalysis has also been widely examined for possible exertions in 
ecological restitution as well as the photodegradation and elimination of organic 
toxins in the aquatic system [5, 6], decrease of bacterial inactivation [7–9], and 
heavy metal ions [10–12]. Throughout the earlier few years, excellent applications 
have been dedicated to evolving well-organized, less expensive, and substantial 
photocatalysts, particularly those that can become active under visible light such 
as NaLaTiO6, Ag3PO4/BaTiO3, Pt/SrTiO3, SrTiO3-TiN, noble-metal-SrTiO3 com-
posites, GdCoO3, orthorhombic perovskites LnVO3 and Ln1−xTixVO3 (Ln = Ce, 
Pr, and Nd), Ca0.6Ho0.4MnO3, Ce-doped BaTiO3, fluorinated Bi2WO6, graphitic 



3

Chapter 1

Significant Role of Perovskite 
Materials for Degradation of 
Organic Pollutants
Someshwar Pola and Ramesh Gade

Abstract

The advancement and the use of visible energy in ecological reparation and 
photodegradation of organic pollutants are being extensively investigated world-
wide. Through the last two decades, great exertions have been dedicated to emerg-
ing innocuous, economical, well-organized and photostable photocatalysts for 
ecofriendly reparation. So far, many photocatalysts mostly based on ternary metal 
oxides and doped with nonmetals and metals with various systems and structures 
have been described. Among them, perovskite materials and their analogs (layer-
type perovskites) include an emerged as semiconductor-based photocatalysts due 
to their flexibility and simple synthesis processes. This book chapter precisely 
concentrates on the overall of related perovskite materials and their associated 
systems; precisely on the current progress of perovskites that acts as photocatalysts 
and ecofriendly reparation; explores the synthesis methods and morphologies of 
perovskite materials; and reveals the significant tasks and outlooks on the investiga-
tion of perovskite photocatalytic applications.

Keywords: layered-type perovskite materials, photocatalysis, photodegradation, 
organic pollutants

1. Introduction

Solar energy is one of the primary sources in the field of green and pure energy 
that points to the power predicament and climate change task. Solar energy 
consumption is an ecological reconciliation, and then, the chemical change in 
solar is presence exhaustive, considered throughout global [1, 2]. In general, solar 
energy is renewed into a wide range of developments, such as degradation of 
organic pollutants as photocatalysis, splitting of water molecules for producing 
clean energy, and reduction of CO2 gas [3, 4]. Consuming a similar perception, 
metal-oxide photocatalysis has also been widely examined for possible exertions in 
ecological restitution as well as the photodegradation and elimination of organic 
toxins in the aquatic system [5, 6], decrease of bacterial inactivation [7–9], and 
heavy metal ions [10–12]. Throughout the earlier few years, excellent applications 
have been dedicated to evolving well-organized, less expensive, and substantial 
photocatalysts, particularly those that can become active under visible light such 
as NaLaTiO6, Ag3PO4/BaTiO3, Pt/SrTiO3, SrTiO3-TiN, noble-metal-SrTiO3 com-
posites, GdCoO3, orthorhombic perovskites LnVO3 and Ln1−xTixVO3 (Ln = Ce, 
Pr, and Nd), Ca0.6Ho0.4MnO3, Ce-doped BaTiO3, fluorinated Bi2WO6, graphitic 



Perovskite and Piezoelectric Materials

4

carbon nitride-Bi2WO6, BaZrO3−δ, CaCu3Ti4O12, [13–24], graphene-doped 
perovskite materials, and nonmetal-doped perovskites [25]. Furthermore, directed 
to years extended exhaustive investigation exertions on the pursuit of innovative 
photocatalytic systems, particularly that can produce the overall spectrum of 
visible-light. Out of a vast assemblage of photocatalysts, perovskite or layered-type 
perovskite systems and its analogs include a better candidate for capable semi-
conductor-based photocatalysts due to their framework easiness and versatility, 
excellent photostability, and systematic photocatalytic nature. In general, the ideal 
perovskite structure is cubic, and the formula is ABO3. Where A is different metal 
cations having charge +1 or +2 or +3 nature and B site occupies with tri or tetra and 
pentavalent nature, which covers the whole family of perovskite oxide materials 
by sensibly various metal ions at A and B locations [26], aside from a perfect cubic 
perovskite system, basic alteration perhaps persuaded by several cations exchange. 
Such framework alteration could undoubtedly vary the photophysical, optical, and 
photocatalytic activities of primary oxides.

Moreover, a sequence of layered-type perovskite materials contains many 2D 
blocks of the ABO3 framework, which are parted by fixed blocks. The scope of 
formulating multicomponent perovskite systems by whichever fractional change 
of cations in A and B or both positions or injecting perovskite oxides into a layered-
type framework agrees scientists investigate and control the framework of crystals 
and the correlated electronic and photocatalytic activities of the perovskites. So far, 
hundreds of various types of perovskite or perovskite-based catalysts have been 
published, and more outstandingly, some ABO3-related materials became renowned 
with “referred” accomplishment for catalytic activities. Thus, these systems 
(perovskite materials) have exposed highly capable of upcoming applications on 
the source of applying more attempts to them. While several outstanding reviews 
mean that explained that perovskites performed as photocatalyst for degradation 
of organic pollutants [27–30], only an insufficient of them content consideration to 
inorganic perovskite (mostly ABO3-related) photocatalysts [31–33]. A wide range of 
tagging and complete attention of perovskite materials, for example, layered-type 
perovskite acting as photocatalysts, is relatively deficient. The purpose of this book 
chapter is to precise the current progress of perovskite-based photocatalysts for 
ecological reparation, deliberate current results, and development on perovskite 
oxides as catalysts, and allow a view on the upcoming investigation of perovskite 
materials. After a short outline on the wide-ranging structure of perovskite oxides, 
it was stated that perovskites act as a photocatalyst that are incorporated, arranged 
and explored based on preparation methods [29, 34], photophysical properties 
based on bandgap energies, morphology-based framework and the photocatalytic 
activities depends on either UV or visible light energy of the semiconducting 
materials. Finally, this chapter is based on the current advancement and expansion 
of perovskite photocatalytic applications under solar energy consumption. The 
potential utilization, new tasks, and the research pathway will be accounted for the 
final part of the chapter [35].

2. Results and discussion

2.1 Details of perovskite oxide materials

2.1.1 Perovskite frameworks

The standard system of perovskite-based materials could be designated 
as ABO3, where the A and B are cations with 12-fold coordinated and 6-fold 
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coordinated to concerning oxygen anions. Figure 1a describes the typically coor-
dinated basic of the ABO3 system, which consists of a 3D system, BO6 octahedra 
as located at corner, and at the center, A cation are occupied. Within the ABO3 
system, the A cation usually is group I and II or a lanthanide metal, whereas the 
B is commonly a transition metal ion. The tolerance factor (t) = 1 calculated by 
using an equation t = (rA + rO)/ √ 2 (rB + rO), where rO, rA, and rB are the radii 
of respective ions A and B and oxygen elements for a cubic crystal structure ABO3 
perovskite system [36].

For constituting a stable perovskite, it is typically the range of t value present 
in between 0.75 and 1.0. The lower value of t builds a somewhat slanted perovskite 
framework with rhombohedral or orthorhombic symmetry. In the case of t, it 
is approximately 1; then, perovskite structure is an ideal cubic system at high 
temperatures. Even though the value of t, obtained by the size of metal ion, is a 
significant guide for the permanency of perovskite systems, the factor of octa-
hedral (u) u = rB/rO and the role of the metal ions composition of A and B atoms 
and the coordination number of respective metals are considered [37]. Given 
the account of those manipulating factors and the electro-neutrality, the ABO3 
perovskite can hold a broad variety of sets of A and B by equal or dissimilar oxida-
tion states and ionic radii. Moreover, the replacement of A or B as well as both 
the cations could be partly by the doping of various elements, to range the ABO3 
perovskite into a wide-ranging family of Am

1 A1−m
1  B1

nB1−n
1  O3±δ [38]. The replacement 

of several cations into the either A or B positions could modify the structure of 
the original system and therefore improve the photocatalytic activities [23]. After 
various metal ions in perovskite oxide are doped, the optical and electronic band 
positions, which influence the high impact on the photocatalytic process, are 
modified [24].

Figure 1. 
Both crystal and layered type perovskite oxides (blue small balls: A-site element; dark blue squares: BO6 
octahedra with green and red balls are oxygen).
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as ABO3, where the A and B are cations with 12-fold coordinated and 6-fold 
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coordinated to concerning oxygen anions. Figure 1a describes the typically coor-
dinated basic of the ABO3 system, which consists of a 3D system, BO6 octahedra 
as located at corner, and at the center, A cation are occupied. Within the ABO3 
system, the A cation usually is group I and II or a lanthanide metal, whereas the 
B is commonly a transition metal ion. The tolerance factor (t) = 1 calculated by 
using an equation t = (rA + rO)/ √ 2 (rB + rO), where rO, rA, and rB are the radii 
of respective ions A and B and oxygen elements for a cubic crystal structure ABO3 
perovskite system [36].

For constituting a stable perovskite, it is typically the range of t value present 
in between 0.75 and 1.0. The lower value of t builds a somewhat slanted perovskite 
framework with rhombohedral or orthorhombic symmetry. In the case of t, it 
is approximately 1; then, perovskite structure is an ideal cubic system at high 
temperatures. Even though the value of t, obtained by the size of metal ion, is a 
significant guide for the permanency of perovskite systems, the factor of octa-
hedral (u) u = rB/rO and the role of the metal ions composition of A and B atoms 
and the coordination number of respective metals are considered [37]. Given 
the account of those manipulating factors and the electro-neutrality, the ABO3 
perovskite can hold a broad variety of sets of A and B by equal or dissimilar oxida-
tion states and ionic radii. Moreover, the replacement of A or B as well as both 
the cations could be partly by the doping of various elements, to range the ABO3 
perovskite into a wide-ranging family of Am

1 A1−m
1  B1

nB1−n
1  O3±δ [38]. The replacement 

of several cations into the either A or B positions could modify the structure of 
the original system and therefore improve the photocatalytic activities [23]. After 
various metal ions in perovskite oxide are doped, the optical and electronic band 
positions, which influence the high impact on the photocatalytic process, are 
modified [24].

Figure 1. 
Both crystal and layered type perovskite oxides (blue small balls: A-site element; dark blue squares: BO6 
octahedra with green and red balls are oxygen).
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2.1.2 Layered perovskite-related systems

Moreover, to the overall ABO3 system, further characteristic polymorphs of 
the perovskite system are Brownmillerite (BM) (A2B2O5) framework [39]. BM is 
a type of oxygen-deficient perovskite, in which the unit cell is a system of well-
organized BO4 and BO6 units. The coordination number of cations occupied by 
A-site was decreased to eight because of the oxygen deficiency. Perovskite (ABO3) 
oxides have three dissimilar ionic groups, construction for varied and possibly 
useful imperfection chemistry. Moreover, the partial replacement of A and B 
ions is permitted even though conserving the perovskite system and shortages 
of cations at the A-site or of oxygen anions are common [40]. The Ion-exchange 
method is used for the replacement of existing metal ions with similar sized or 
dissimilar oxidation states; then, imperfections can be announced into the sys-
tem. The imperfection concentrations of perovskites could be led by doping of 
different cations [24]. Oxygen ion interstitials or vacancies could be formed by 
the replacement of B-position cations with higher or lower valence, respectively, 
fabricating new compounds of AB(1−m)Bm

IO3−δ [41]. A typical oxygen-deficient 
perovskite system is Brownmillerite (A2B2O5), in which one part of six oxygen 
atoms is eliminated. Moreover, the replacement of exciting a site cation to new 
cation with higher oxidation state metal ions then the formed new materials with 
new framework with different stoichiometry is A1−mAm

IBO3 [41]. In the case of the 
replacement of A-site ions with smaller oxidation state cations, consequences in 
oxygen-deficient materials with new framework such as A1−mAm

IBO3−x are devel-
oped. Thermodynamically, the replacement of B-position vacancies in perovskite 
systems is not preferable due to the compact size and the high charge of B cations 
[42]. A-position vacancies are more detected due to the BO3 range in perovskite 
system forms a stable network [43]; the 12 coordinated sites can be partly absent 
due to bigger-size A cations. Lately, presenting suitable imperfections on top of 
the surface of perovskite oxides has been thoroughly examined as a means of 
varying the bands’ position and optical properties of the starting materials. For 
this reason, perovskite materials afford a tremendous objective for imperfec-
tion originating to vary the photocatalytic activity of perovskite material-based 
photocatalysts [44].

The typical formula for the furthermost recognized layered perovskite materials 
is designated as An+1BnO3n+1 or A2

IAn−1BnO3n+1 (Ruddlesden-Popper (RP) phase), 
AI[An−1BnO3n+1] (Dion-Jacobson (DJ) phase) for {100} series, (AnBnO3n+2) for {110} 
series and (An+1BnO3n+3) for {111}, and (Bi2O2)(An−1BnO3n+1) (Aurivillius phase) 
series. In these systems, n represents the number of BO6 octahedra that duration a 
layer, which describes the width of the layer. Typical samples of these layered sys-
tems are revealed in Figure 1c–g. For RP phases, their frameworks consist of AIO as 
the spacing layer for the intergrowth ABO3 system. These materials hold fascinating 
properties such as ferroelectricity, superconductivity, magnetoresistance, and pho-
tocatalytic activity. Sr2SnO4 and Li2CaTa2O7 systems are materials of simple RP kind 
photocatalysts. A common formula for DJ phase is AI[An−1BnO3n+1] (n > 1), where 
AI splits the perovskite-type slabs and is characteristically a monovalent alkali 
cation. The typical DJ kind photocatalysts are RbLnTa2O7 (n = 2) and KCa2Nb3O10 
(n = 3). Associates of the AnBnO3n+2 and An+1BnO3n+3 structural sequences with 
dissimilar layered alignments have also been recognized in some photocatalysts like 
Sr2Ta2O7 and Sr5Ta4O15 (n = 4). For Aurivillius phases, their frameworks are con-
structed by one after another fluctuating layers of [Bi2O2]2+ and virtual perovskite 
blocks. Bi2WO6 and BiMoO6 (n = 1), found as the primary ferroelectric nature 
for Aurivillius materials, lately have been extensively investigated as visible light 
photocatalysts.
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2.2 Perovskite systems for photocatalysis

A broad array of perovskite photocatalysts have been advanced for organic 
pollutant degradation in the presence of ultraviolet or visible-light-driven through 
the last two decades [45]. These typical examples and brief investigational 
consequences on perovskites are concise giving to their systems, then perovskite 
materials categorized into six groups. Precisely, ABO3-type perovskites, AAIBO3, 
AIABO3, ABBIO3 and AB(ON)3-type perovskites, and AAIBBIIO3-type perovskites 
are listed in Table 1.

2.3 Photocatalytic properties perovskite oxides

NaTaO3 has been a standard perovskite material for a well-organized UV-light 
photocatalyst for degradation of organic pollutants and production of H2 and O2 
through water splitting [46–57]. It can be prepared by various methods such as 
solid-state [46–48, 53, 56], hydrothermal [49, 52, 54, 55], molten salt [57] and 
sol-gel [50, 51] and with wide bandgap of 4.0 eV. In order to enhance the surface 
area of NaTaO3 bulk material, many investigators tried to use further synthetic ways 
to make nanosized particles as an additional study on the NaTaO3 photocatalyst for 
degradation of organic pollutants. Kondo et al. prepared a colloidal range of NaTaO3 
nanoparticles consuming three-dimensional mesoporous carbon as a pattern, which 
was pretend by the colloidal arrangement of silica nanospheres. After calcining the 
mesoporous carbon matrix, a colloidal arrangement of NaTaO3 nanoparticles with a 
range of 20 nm and a surface area of 34 m2 g−1 was attained. C-doped NaTaO3 mate-
rial was tested for degradation of NOx under UV light [36]. Several titanates such 
as BaTiO3 [58–60], Rh or Fe-doped BaTiO3 [61, 62], CaTiO3 [63, 64] and Cu [65], 
Rh [66], Ag and La-doped CaTiO3 [67], and PbTiO3 [68, 69] were also described 
as UV or visible light photocatalysts. Magnetic BiFeO3, recognized as the one of the 
multi-ferric perovskite materials in magnetoelectric properties, was also examined 
as a visible light photocatalyst for photodegradation of organic pollutants because 
of small bandgap energy (2.2 eV) [70–79]. In a previous account, BiFeO3 with a 
bandgap of around 2.18 eV produced by a citric acid-supported sol-gel technique 
has revealed its visible-light-driven photocatalytic study by the disintegration of 
methyl orange dye [70]. The subsequent investigations on BiFeO3 are primarily 
concentrated on the synthesis of new framework BiFeO3 with various morpholo-
gies. For instance, Lin and Nan et al. prepared BiFeO3 unvarying microspheres and 
microcubes by a using hydrothermal technique as revealed in Figure 2 [73].

The bandgap energies of BiFeO3 compounds were found to be about 1.82 eV 
for BiFeO3 microspheres and 2.12–2.27 eV for microcubes. This indicated that the 
absorption edge was moved toward the longer wavelength that is influenced by 
the crystal-field strength, particle size, and morphology. The microcube mate-
rial showed the maximum photocatalytic degradation performance of congo red 
dye under visible-light irradiation due to the quite low bandgap energy. Further, a 
simplistic aerosol-spraying method was established for the synthesis of mesoporous 
BiFeO3 hollow spheres with improved activity for the photodegradation of RhB dye 
and 4-chlorophenol, because of improved light absorbance ensuing from various 
light reflections in a hollow chamber and a very high surface area [71]. Moreover, 
a unusually improved water oxidation property on Au nanoparticle-filled BiFeO3 
nanowires under visible-light-driven was described [77]. The Au-BiFeO3 hybrid 
system was encouraged by the electrostatic contact of negatively charged Au 
nanoparticles and positively charged BiFeO3 nanowires at pH 6.0 giving to their 
various isoelectric points. An improved absorbance between 500 and 600 nm was 
found for Au/BiFeO3 systems because of the characteristic Au surface plasmon band 
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2.1.2 Layered perovskite-related systems
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2.2 Perovskite systems for photocatalysis

A broad array of perovskite photocatalysts have been advanced for organic 
pollutant degradation in the presence of ultraviolet or visible-light-driven through 
the last two decades [45]. These typical examples and brief investigational 
consequences on perovskites are concise giving to their systems, then perovskite 
materials categorized into six groups. Precisely, ABO3-type perovskites, AAIBO3, 
AIABO3, ABBIO3 and AB(ON)3-type perovskites, and AAIBBIIO3-type perovskites 
are listed in Table 1.

2.3 Photocatalytic properties perovskite oxides

NaTaO3 has been a standard perovskite material for a well-organized UV-light 
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through water splitting [46–57]. It can be prepared by various methods such as 
solid-state [46–48, 53, 56], hydrothermal [49, 52, 54, 55], molten salt [57] and 
sol-gel [50, 51] and with wide bandgap of 4.0 eV. In order to enhance the surface 
area of NaTaO3 bulk material, many investigators tried to use further synthetic ways 
to make nanosized particles as an additional study on the NaTaO3 photocatalyst for 
degradation of organic pollutants. Kondo et al. prepared a colloidal range of NaTaO3 
nanoparticles consuming three-dimensional mesoporous carbon as a pattern, which 
was pretend by the colloidal arrangement of silica nanospheres. After calcining the 
mesoporous carbon matrix, a colloidal arrangement of NaTaO3 nanoparticles with a 
range of 20 nm and a surface area of 34 m2 g−1 was attained. C-doped NaTaO3 mate-
rial was tested for degradation of NOx under UV light [36]. Several titanates such 
as BaTiO3 [58–60], Rh or Fe-doped BaTiO3 [61, 62], CaTiO3 [63, 64] and Cu [65], 
Rh [66], Ag and La-doped CaTiO3 [67], and PbTiO3 [68, 69] were also described 
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of small bandgap energy (2.2 eV) [70–79]. In a previous account, BiFeO3 with a 
bandgap of around 2.18 eV produced by a citric acid-supported sol-gel technique 
has revealed its visible-light-driven photocatalytic study by the disintegration of 
methyl orange dye [70]. The subsequent investigations on BiFeO3 are primarily 
concentrated on the synthesis of new framework BiFeO3 with various morpholo-
gies. For instance, Lin and Nan et al. prepared BiFeO3 unvarying microspheres and 
microcubes by a using hydrothermal technique as revealed in Figure 2 [73].

The bandgap energies of BiFeO3 compounds were found to be about 1.82 eV 
for BiFeO3 microspheres and 2.12–2.27 eV for microcubes. This indicated that the 
absorption edge was moved toward the longer wavelength that is influenced by 
the crystal-field strength, particle size, and morphology. The microcube mate-
rial showed the maximum photocatalytic degradation performance of congo red 
dye under visible-light irradiation due to the quite low bandgap energy. Further, a 
simplistic aerosol-spraying method was established for the synthesis of mesoporous 
BiFeO3 hollow spheres with improved activity for the photodegradation of RhB dye 
and 4-chlorophenol, because of improved light absorbance ensuing from various 
light reflections in a hollow chamber and a very high surface area [71]. Moreover, 
a unusually improved water oxidation property on Au nanoparticle-filled BiFeO3 
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system was encouraged by the electrostatic contact of negatively charged Au 
nanoparticles and positively charged BiFeO3 nanowires at pH 6.0 giving to their 
various isoelectric points. An improved absorbance between 500 and 600 nm was 
found for Au/BiFeO3 systems because of the characteristic Au surface plasmon band 
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existing visible light region then which greater influenced in the photodegradation 
of organic pollutants. Also, the study of photoluminescence supported improvement 
of the photocatalytic property due to the effective charge transfer from BiFeO3 to 
Au. Even though Ba, Ca, Mn, and Gd-doped BiFeO3 nanomaterials have exhibited 
noticeable photocatalytic property for the degradation of dyes [80–84], several 
nano-based LaFeO3 with various morphologies such as nanoparticles, nanorods, 
nanotubes, nanosheets, and nanospheres have also been synthesized for visible light 
photocatalysts for degradation of organic dyes [85–93]. Sodium bismuth titanate 
(Bi0.5Na0.5TiO3) has been extensively used for ferroelectric and piezoelectric devices. 
It was also investigated as a UV-light photocatalyst with a bandgap energy of 3.0 eV 
[94–97]. Hierarchical micro/nanostructured Bi0.5Na0.5TiO3 was produced by in situ 
self-assembly of Bi0.5Na0.5TiO3 nanocrystals under precise hydrothermal conditions, 
through the evolution mechanism was examined in aspect means that during which 
the growth mechanism was studied [95]. It was anticipated that the hierarchical 
nanostructure was assembled through a method of nucleation and growth and 
accumulation of nanoparticles and following in situ dissolution-recrystallization 
of the microsphere type nanoparticles with extended heating period and enhanced 
temperature or basic settings. The 3D hierarchical Bi0.5Na0.5TiO3 showed very high 
photocatalytic activity for the decomposition of methyl orange dye because of the 
adsorption of dye molecules and bigger surface area. The properties of Bi0.5Na0.5TiO3 
were also assessed by photocatalytic degradation of nitric oxide in the gas phase 
[95]. La0.7Sr0.3MnO3, acting as a photocatalyst, was examined for solar light-based 
photocatalytic decomposition of methyl orange [96–98]. In addition, La0.5Ca0.5NiO3 
[99], La0.5Ca0.5CoO3−δ [100], and Sr1−xBaxSnO3 (x = 0–1) [101] nanoparticles were 
synthesized for revealing improved photocatalytic degradation of dyes. A-site 
strontium-based perovskites such as SrTi1−xFexO3−δ, SrTi0.1Fe0.9O3−δ, SrNb0.5Fe0.5O3, 
and SrCo0.5Fe0.5O3−δ compounds were prepared through solid-state reaction and sol-
gel approaches, and were examined for the degradation of organic pollutants under 
visible light irradiation [102–105]. Also, some other researchers modified A-site with 
lanthanum-based perovskites such as LaNi1−xCuxO3 and LaFe0.5Ti0.5O3 were con-
firmed as effective visible light photocatalysts for the photodegradation of p-chloro-
phenol [91, 106, 107]. The other ABBIO3 kind photocatalysts with Ca(TiZr)O3 [108], 
Ba(ZrSn)O3 [109], Na(BiTa)O3 [110], Na(TiCu)O3 [111], Bi(MgFeTi)O3 [112], and 
Ag(TaNb)O3 [113] have also been studied. Related to AAIBO3-type perovskites, the 
ABBIO3 kind system means that BI-site substitution by a different cation is another 
option for tuning the physicochemical or photocatalytic properties of perovskites 
materials as photocatalyst, due to typically the B-position cations in ABO3 mostly 
regulate the position of the conduction band, moreover to construct the structure 
of perovskite system with oxygen atoms. The band positions of photocatalyst can be 
magnificently modified by sensibly coalescing dual or ternary metal cations at the 
B-position, or changing the ratio of several cations, which has been fine verified by 
the various materials as mentioned above. More studies on ABBIO3 kind of photo-
catalysts are projected to show their new exhilarating photocatalytic efficiency.

The mesoporous nature of LaTiO2N of photocatalyst attended due to thermal 
ammonolysis process of La2Ti2O7 precursor from polymer complex obtained from 
the solid-state reaction. The oxynitride analysis revealed that the pore size and shape, 
lattice defects and local defects, and oxidation states’ local analysis related between 
morphology and photocatalytic activity were reported by Pokrant et al. [114]. Due to 
the high capability of accommodating an extensive array of cations and valences at 
both A- and B-sites, ABO3-kind perovskite materials are capable materials for fabri-
cating solid-solution photocatalysts. On the other hand, equally the A and B cations 
can be changed by corresponding cations subsequent in a perovskite with the formula 
of (ABO3)x(AIBIO3)1−x. Additional solid solution examples with CaZrO3–CaTaO2N 
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[115], SrTiO3–LaTiO2N [116], La0.8Ba0.2Fe0.9Mn0.1O3−x [117], Na1−xLaxFe1−xTaxO3 
[118], Na0.5La0.5TiO3–LaCrO3 [119], Cu-(Sr1−yNay)-(Ti1−xMox)O3 [120], Na1−xLaxTa1−x 
CrxO3 [121], BiFeO3–(Na0.5Bi0.5)TiO3 [122], and Sr1−xBixTi1−xCrxO3 [123] have been 
used as photocatalysts for splitting of water molecules under visible light.

2.4 Photocatalytic activity of layered perovskite materials

In the general formula of the RP phase, An−1A2
IBnO3n+1, A and AI are alkali, 

alkaline earth, or rare earth metals, respectively, while B states to transition met-
als. A and AI cations are placed in the perovskite layer and boundary with 12-fold 
cuboctahedral and 9-fold coordination to the anions, respectively, whereas B 
cations are sited inside the perovskite system with anionic squares, octahedra, and 
pyramids. The tantalum-based RP phase materials have been examined as photo-
catalysts for degradation of organic pollutants under UV light irradiation condi-
tions; such materials are K2Sr1.5Ta3O10 [124], Li2CaTa2O7 [125], H1.81Sr0.81Bi0.19Ta2O7 
[126], and N-alkyl chain inserted H2CaTa2O7 [127]. A series of various metals and 
N-doped perovskite materials were synthesized, such as Sn, Cr, Zn, V, Fe, Ni, W, 
and N-doped K2La2Ti3O10, for photocatalysis studies under UV and visible light irra-
diation [128–133]. Still, only Sn-doping efficiently decreased the bandgap energy 
of K2La2Ti3O10 from 3.6 eV to 2.7 eV. The bandgap energy of N-doped K2La2Ti3O10 
was measured to be around 3.4 eV. Additional RP phase kind titanates like Sr2SnO4 
[134], Sr3Ti2O7 [135], Cr-doped Sr2TiO4 [136], Sr4Ti3O10 [137], Na2Ca2Nb4O13 [138], 
and Rh- and Ln-doped Ca3Ti2O7 [139] have also been examined. Bi2WO6 (2.8 eV) 
shows very high oxygen evolution efficacy than Bi2MoO6 (3.0 eV) from aqueous 
AgNO3 solution under visible-light-driven. Because of the appropriate bandgap 
energy, comparatively elevated photocatalytic performance, and good constancy, 
Bi2MO6 materials have been thoroughly examined as the Aurivillius phase kind that 
acts as photocatalysts under visible light. In this connection, hundreds of publica-
tions associated to the Bi2MoO6 and Bi2WO6 act as photocatalysts so far reported. 
Most of the investigations in the reports are concentrated on the synthesis of vari-
ous nanostructured Bi2MoO6 and Bi2WO6 as well as nanofibers, nanosheets, ordered 
arrays, hollow spheres, hierarchical architectures, inverse opals, and nanoplates, 
etc., by various synthesis techniques like solvothermal, hydrothermal, electros-
pinning, molten salt, thermal evaporation deposition, and microwave. All these 
methods of hydrothermal process have been frequently working for the controlled 
sizes, shapes, and morphologies of the particles. The photocatalytic properties of 
these perovskite materials are mostly examined by the photodegradation of organic 
pollutants. Moreover, the investigations on the simple Bi2MoO6 and Bi2WO6, doped 
with various metals and nonmetals such as Zn, Er, Mo, Zr, Gd, W, F, and N, into 
Bi2MoO6 and Bi2WO6 was studied for increasing the photocatalytic performance 
under visible light. Therefore, these Bi2MO6-based photocatalysts is not specified 
here, due to further full deliberations that can be shown in many reviews [140–142].

ABi2Nb2O9 where A is Ca, Sr, Ba and Pb is other type of the AL-like layered 
perovskite material [143–150]. The bandgap energy of PbBi2Nb2O9 is 2.88 eV and 
originally described as an undoped with single-phase layered-type perovskite mate-
rial used as photocatalyst employed under visible light irradiation [144]. Bi5FeTi3O15 
is also Aurivillius (AL) type multi-layered nanostructured perovskite material 
with a low bandgap energy (2.1 eV) and also shows photocatalytic activity under 
visible light [151, 152]. Mostly, these materials were synthesized using the hydro-
thermal method that has been frequently working for the controlled shapes such as 
flower-like hierarchical morphology, nanoplate-based, and the complete advance 
process from nanonet-based to nanoplate-based micro-flowers was shown. The 
photocatalytic activity of Bi5FeTi3O15 was studied by the degradation of rhodamine 
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B and acetaldehyde under visible light [151]. The La substituted Bi5−xLaxTi3FeO15 
(x = 1, 2) Al-type layered materials were synthesized through hydrothermal method 
and these materials were used for photodegradation of rhodamine B under solar-
light irradiation [153]. Among all AL-type perovskite materials, only PbBi2Nb2O9, 
Bi2MO6 (M = W or Mo), and Bi5Ti3FeO15 are very high photocatalytic active under 
visible-light-driven due to low bandgap energy and photostability. Another type 
of layered perovskite material is Dion-Jacobson phase (DJ), a simple example is 
CsBa2M3O10 (M = Ta, Nb) and oxynitride crystals used for degradation of caffeine 
from wastewater under UVA- and visible-light-driven [154]. Similarly, another DJ 
phase material such means Dion–Jacobsen (DJ) as CsM2Nb3O10 (M = Ba and Sr) and 
also doped with nitrogen used for photocatalysts for degradation of methylene blue 
[155]. Zhu et al. prepared tantalum-based {111}-layered type of perovskite material 
such as Ba5Ta4O15 from hydrothermal method, which has been frequently employed 
for the controlled shape like hexagonal structure with nanosheets and used as pho-
tocatalyst for photodegradation of rhodamine B and gaseous formaldehyde [156]. 
Pola et al. synthesized a layered-type perovskite material constructed on AIAIITi2O6 
(AI = Na or Ag or Cu and AII = La) structure for the photodegradation of several 
organic pollutants and industrial wastewater under visible-light-driven [157–162].

Perovskite system Synthesis 
process

Light 
source

Pollutants References

NaTaO3 HT UV CH3CHO [163]

La-doped NaTaO3 SG UV MB [164]

La-doped NaTaO3 HT UV MB [165]

Cr-doped NaTaO3 HT UV MB [166]

Eu-doped NaTaO3 SS UV MB [167]

Bi-doped NaTaO3 SS UV MB [168]

N-doped NaTaO3 SS UV MB [169]

C-doped NaTaO3 HT Visible NOx [36]

N/F co-doped NaTaO3 HT UV RhB [170]

SrTiO3 HT UV RhB [42, 43, 171]

Fe-doped SrTiO3 SG Visible RhB [172]

N-doped SrTiO3 HT Visible MB, RhB, MO [173]

F-doped SrTiO3 BM Visible NO [174]

Ni/La-doped SrTiO3 SG Visible MG [175]

S/C co-doped SrTiO3 SS Visible 2-Propanol [176]

N/La-doped SrTiO3 SG Visible 2-Propanol [177]

Fe-doped SrTiO3 ST Visible 
light

TC [178]

SrTiO3/Fe2O3 HT Visible TC [179]

BaTiO3 SG UV Pesticide [36]

BaTiO3 SG UV Aromatics [58]

BaTiO3 HT UV MO [58]

KNbO3 HT Visible RhB [180]

KNbO3 HT UV RhB [181]

KNbO3 HT Visible MB [182]

NaNbO3 SS UV RhB [183]

NaNbO3 Imp. UV 2-Propanol [184]

NaNbO3 SS UV MB [185]
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Perovskite system Synthesis 
process

Light 
source

Pollutants References

N-doped NaNbO3 SS UV 2-Propanol [186–188]

Ru-doped NaNbO3 HT Visible Phenol [189]

AgNbO3 SS UV MB [190]

La-doped AgNbO3 SS Visible 2-Propanol [191]

BiFeO3 SG UV-Vis MO, RhB, 
4-CP

[69– 77]

Ba-doped BiFeO3 ES Visible CR [79]

Ca-doped BiFeO3 ES Visible CR [80]

Ba or Mn-doped BiFeO3 ES Visible CR [82]

Ca or Mn-doped BiFeO3 HT UV- 
Visible

RhB [82]

Gd-doped BiFeO3 SG Visible RhB [83]

LaFeO3 Comb. UV Methyl phenol [84]

LaFeO3 SG Visible RhB [85]

LaFeO3 HT Visible RhB, MB, 
chlorophenol

[86, 90, 91, 192]

Ca-doped LaFeO3 SS Visible MB [92]

LnFeO3 (Pr,Y) SG Visible RhB [193]

SrFeO3−x US Visible Phenol [194]

SrFeO3 SS Visible MB [195]

BaZrO3 SG UV MB [196]

BaZrO3 HT UV MO [197]

ATiO3 (A = Fe, Pb) and AFeO3 
(A = Bi, La, Y)

SG Visible MB [198]

Zn0.9Mg0.1TiO3 SG Visible MB [199]

SrTiO3 nanocube-coated CdS 
microspheres

HT Visible Antibiotic 
pollutants

[200]

Ag/AgCl/CaTiO3 HT Visible RhB [201]

TiO2-coupled NiTiO3 SS Visible MB [202]

ZnTiO3 HT UV MO and PCP [203]

Mg-doped BaZrO3 SS UV MB [204]

SrSnO3 MW UV MO [205]

LaCoO3 MW Visible MO [206]

LaCoO3 Ads. UV MB, MO [207]

LaCoO3 ES UV RhB [208]

LaNiO3 SG Visible MO [209]

Bi0.5Na0.5TiO3 HT UV MO [93]

La0.7Sr0.3MnO3 SG Solar 
light

MO [97]

La0.5Ca0.5NiO3 SG UV RB5 [98]

La0.5Ca0.5CoO3 SG UV CR [99]

Sr1−xBaxSnO3 SS UV Azo-dye [100]

BaCo1/2Nb1/2O3 SG Visible MB [210]

Ba(In1/3Pb1/3M1/3)O3 (M = Nb and Ta) SS Visible MB, 4-CP [211]

A(In1/3Nb1/3B1/3)O3 (A = Sr, Ba; 
B = Sn, Pb)

SS Visible MB, 4-CP [212]

SrTi1−xFexO3−δ SS Visible MB [102]
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Sr1−xBaxSnO3 SS UV Azo-dye [100]
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Perovskite system Synthesis 
process

Light 
source

Pollutants References

SrTi0.1Fe0.9O3−δ SG Solar 
light

MO [103]

SrFe0.5Co0.5O3−δ SG Solar 
light

CR [213]

LaFe0.5Ti0.5O3 SG UV Phenol [90]

Bi(Mg3/8Fe2/8Ti3/8)O3 MS Visible MO [110]

LaTi(ON)3 SG Visible Acetone [214]

(Ag0.75Sr0.25)(Nb0.75Ti0.25)O3 SS Visible CH3CHO [215]

La0.8Ba0.2Fe0.9Mn0.1O3−x SG Solar 
light

MO [115]

Cu-(Sr1−yNay)(Ti1−xMox)O3 HT Visible Propanol [118]

BiFeO3–(Na0.5Bi0.5)TiO3 SG Visible RhB [120]

SrBi2Nb2O9 SG
SS

UV Aniline, RhB [145, 146]

ABi2Nb2O9 (A = Sr, Ba) SG UV MO [147]

Bi5Ti3FeO15 HT
SS

Visible RhB, CH3CHO
IPA

[149, 150]

Bi5−xLaxTi3FeO15 SS Solar 
light

RhB [151]

Bi3SrTi2TaO12

Bi2LaSrTi2TaO12

SS UV RhB [216]

Ba5Ta4O15 HT UV RhB [154]

N-doped Ln2Ti2O7 (Ln = La, Pr, Nd) HT Visible MO [217]

CdS/Ag/Bi2MoO6 SG Visible RhB [218]

SS: solid state; HT: hydrothermal; SG: sol-gel; BM: ball-milling; ES: electronspun; MW: microwave; Comb.: 
combustion; US: ultrasonic; MS: molten salt; Imp.: impregnation; Ads.: adsorption; ST: solvothermal; RhB: 
rhodamine B; MO: methyl orange; MB: methylene blue; 4-cp: 4-chlorophenol; MG: malachite green; CR: congo red; 
NO: nitrogen monoxide; PA: isopropyl alcohol; TC: tetracycline; and PCP: pentachlorophenol.

Table 1. 
Perovskite materials used as photocatalysts (ABO3, AAIBO3, AAIBO3, ABBIO3, AB(ON)3, and AAIBBIIO3) for 
degradation of pollutants.

Figure 2. 
SEM patterns of BiFeO3: (a) microspheres and (b) microcubes. The intensified pictures are revealed in the 
upper part inserts. Recopied with consent from Ref. [147]. Copyright © 2010, American Chemical Society.
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Visible RhB, CH3CHO
IPA

[149, 150]

Bi5−xLaxTi3FeO15 SS Solar 
light

RhB [151]

Bi3SrTi2TaO12

Bi2LaSrTi2TaO12

SS UV RhB [216]

Ba5Ta4O15 HT UV RhB [154]

N-doped Ln2Ti2O7 (Ln = La, Pr, Nd) HT Visible MO [217]

CdS/Ag/Bi2MoO6 SG Visible RhB [218]

SS: solid state; HT: hydrothermal; SG: sol-gel; BM: ball-milling; ES: electronspun; MW: microwave; Comb.: 
combustion; US: ultrasonic; MS: molten salt; Imp.: impregnation; Ads.: adsorption; ST: solvothermal; RhB: 
rhodamine B; MO: methyl orange; MB: methylene blue; 4-cp: 4-chlorophenol; MG: malachite green; CR: congo red; 
NO: nitrogen monoxide; PA: isopropyl alcohol; TC: tetracycline; and PCP: pentachlorophenol.

Table 1. 
Perovskite materials used as photocatalysts (ABO3, AAIBO3, AAIBO3, ABBIO3, AB(ON)3, and AAIBBIIO3) for 
degradation of pollutants.

Figure 2. 
SEM patterns of BiFeO3: (a) microspheres and (b) microcubes. The intensified pictures are revealed in the 
upper part inserts. Recopied with consent from Ref. [147]. Copyright © 2010, American Chemical Society.
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Lead-Free Perovskite 
Nanocomposites: An Aspect for 
Environmental Application
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Abstract

Perovskites possess an interesting crystal structure and its structural properties 
allow us to achieve various applications. Beside its ferroelectric, piezoelectric, 
magnetic, multiferroic, etc., properties, these branches of materials are also useful 
to develop materials for various environmental applications. As the population is 
increasing nowadays, different type of environmental pollution is one of the grow-
ing worries for society. The effort of researchers and scientists focuses on develop-
ing new materials to get rid of these individual issues. With modern advances in 
synthesis methods, including the preparation of perovskite nanocomposites, there 
is a growing interest in perovskite-type materials for environmental application. 
Basically, this chapter concludes with a few of the major issues in the recent envi-
ronment: green energy (solar cell), fuel cell, sensors (gas and for biomedical), and 
remediation of heavy metals from industrial wastewater.

Keywords: perovskite, nanocomposite, fuel cell, sensors, solar cell, heavy metals, 
wastewater treatment

1. Introduction

Perovskites possess a very interesting crystal structure; are basically a combination 
of three basic crystal structures (simple cubic structure, body center cubic structure, 
and face-centered cubic structure). The extraordinary range of structure and proper-
ties interplay of perovskites makes them an exceptional research field for different 
branches like materials science, physics and solid-state chemistry. A wide range of 
unique functional materials and device ideas can be predicted through a basic under-
standing of the correlation between structural and chemical compatibility.

The perovskite structure is shown to be the single most adaptable ceramic host. 
Inorganic perovskite-type oxides are attractive compounds for varied applications 
due to its large number of compounds, they exhibit both physical and biochemical 
characteristics and their nano-formulation have been utilized as catalysts in many 
reactions due to their sensitivity, unique long-term stability, and anti-interference 
ability. Some perovskite materials are very hopeful applicants for the improvement 
of effective anodic catalysts performance. Depending on perovskite-phase metal 
oxides’ distinct variety of properties they became useful for various applications 
they are newly used in electrochemical sensing of alcohols, glucose, hydrogen-
peroxide, gases, and neurotransmitters. Perovskite organometallic halide showed 
efficient essential properties for photovoltaic solar cells.
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1.1 The basic structure of perovskites

Figure 1 depicts the ideal perovskite structure. In the ideal crystal structure 
of perovskite with general formula ABX3; where “A” and “B” are generally metal 
cations and “X” is an oxide or halide like Cl, Br, I, etc., “A” can be Ca, K, Na, Pb, Sr, 
and other rare-earth metals which occupy the 12-fold coordinated sites between the 
octahedra. “X” forms the BX6 octahedra where B located at the center of octahedra. 
Perovskite can be described as consisting of corner-sharing [BX6] octahedra with 
the A-cation occupying the 12-fold coordination site formed in the middle of the 
cube of eight such octahedra. In an ideal cubic unit cell of perovskite, Wyckoff posi-
tions for A- ion is at cube-corner positions (0, 0, 0); ion B sites at body center posi-
tion (1/2, 1/2, 1/2) and ion X sits at face-centered positions (1/2, 1/2, 0). Figure 2 
shows the elements which can be in A-site, B-site from the periodic table.

In ideal perovskite such as SrTiO3 [3], CsSnBr3 [4], etc., there is no such 
 distortion in the unit cell. There are many different types of lattice distortions 
that can happen due to the flexibility of bond angles within the ideal perovskite 
 structure [5].

i. Distortion in BX6 octahedra, by the Jahn-Teller effect.

ii. Off-center displacement of B-cation in BX6 octahedra, this one of the causes 
for ferroelectricity in these type of materials.

iii. So-called tilting in octahedra framework, usually occurring as a result of too 
small A-cations at cuboctahedral site.

iv. Ordering of more than one type of cations A or B, or of vacancies.

v. Ordering of more than one kind of anions X, or of vacancies.

The different physical properties (mainly electronic, magnetic, dielectric, and 
piezoelectric properties) of perovskite materials are crucially dependent on these 
distortions. The distortion as a consequence of cationic substitution can be used to 
fine-tune physical properties exhibited by perovskite.

Figure 1. 
The ideal structure for perovskite; blue balls represent the A-site, yellow ball shows the B-site, and magenta 
balls showing the position of X anion (face center position) [1].
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In the case of perovskite structure (closed packed), A-cation must fit among 
four BX6 octahedra. Each A-cation is surrounded by 12 nearest X-anions (12-
fold coordination). Therefore A-cations have limited space to accommodate itself in 
the interstitial position. In the case of ideal perovskite structure, the cell axis (a) is 
geometrically related to the ionic radii (𝑟𝑟𝐴𝐴, 𝑟𝑟𝐵𝐵, and 𝑟𝑟𝑋𝑋) as described in the following 
equation.

 ( ) ( )= + = +2 2A X B Xa r r r r  (1)

The ratio of the two expressions for the cell length is called Goldschmidt’s toler-
ance factor (t) and it allows us for evaluating the degree of distortion in the unit 
cell. The expression for Goldschmidt’s tolerance factor [6] is as follows.

 ( )
( )
+

=
+2

A X

B X

r r
t

r r
 (2)

where 𝑟𝑟𝐴𝐴 is the radius of A-cation is, 𝑟𝑟𝐵𝐵 is the radius for B-cation and 𝑟𝑟𝑋𝑋 is the 
radius for X-anion.

1.2 Why lead-free?

Lead (and its oxide form) is highly hazardous and its harmfulness is further 
improved due to its volatilization at high temperature mainly during calcination 
and sintering causing environmental pollution during different sample preparation 
techniques [7]. According to the European Union (EU), hazardous substances like 
lead and other heavy metals is planning to strictly prohibit [8, 9].

1.2.1 Toxicity effects of lead

The main indications of lead poisoning are tiredness, muscles and joints 
pain, abdominal uneasiness, etc. Sometimes the deposition of lead sulfide 

Figure 2. 
A map of the elements in the periodic table which can occupy the A, B, and/or X sites [2].
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can be found out in the dental margin of the gums of the patients having poor 
dental hygiene. Lead harming has been considered as a health hazard, for its 
bad effects on neurological and cerebral development [10–12]. The main route 
of absorption in adults is the respiratory region where 30–70% of inhaled lead 
(typically the inorganic form like oxides and salts) goes into the cardiovascular 
system. The maximum tolerance of lead in blood ranges from 1.45 to 2.4 mol L−1 
(30–50 g 100 mL−1) with a provision of 6 monthly observations [13]. Basically, 
lead has few significant biochemical properties that give toxic effects on the 
human biological system. (i) As lead is electropositive in nature, it shows a very 
high affinity for the enzymes, which are necessary for the synthesis of hemoglo-
bin. (ii) The divalent lead behaves similarly to calcium preventing mitochondrial 
oxidative phosphorylation as a result intelligence quotient (IQ ) got reducing. 
(iii) The transcription of DNA can also disturb by lead by interacting with bind-
ing protein and nucleic acids [14, 15]. Figure 3 illustrated the adverse effect of 
lead on the human body.

Bearing in mind the hazardous effect of Pb in Pb-based compounds, the 
research communities focused on designing the materials which are basically 
Pb-free. Hence, this chapter concludes with some Pb-free perovskite-type materials 
for the environmental application point of view.

Figure 3. 
Schematic diagram for toxic effect of lead on human body.
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2.  Application of Pb-free perovskites from a different aspect  
of environmental

2.1 Perovskites as solid oxide fuel cells

Recently, the inorganic perovskite-type of oxide nanomaterials have been widely 
applied in the processing of chemically modified electrodes [16, 17]. They have 
acknowledged considerable attention in the last few decades because of their catalytic 
activity in diverse processes like purification of waste gas and catalytic combustion.

In the fuel cell, there is a direct conversion of chemical energy into electrical 
energy similar to a battery. These are attractive because of their great efficiency, low 
emission, almost zero pollution (basically noise pollution). The solid oxide fuel cells 
(SOFCs) have come into the picture as effective substitutions to the combustion 
engines due to their prospective to minimize the environmental impact of the use of 
conventional fossil fuels. Perovskite oxides exhibited attractive properties like a high 
electrical and ionic conductivity similar to that of metals and the perfect mix of these 
two types [18]. This mixed conduction properties of perovskite oxides are advanta-
geous for electrochemical reaction. The working principle of a SOFC is depicted by 
Figure 4 [19]. The perovskite Ba0.5Sr0.5Co0.8Fe0.2O3-δ used as an effective cathode for 
intermediary SOFC reported by Shao and Haile. This cathode unveiled the maxi-
mum power density of 402 and 1010 mW cm−2 at 500 and 600°C, respectively [20]. 
The combination of single and double perovskite oxide Ba0.5Sr0.5(Co0.7Fe0.3)0.6875W0.

3125O3−δ (B-SCFW) was investigated by Shin et al. [21] for self-assembled perovskite 
composites for SOFC. In contrast, Goodenough reported that the double perovskite 
Sr2MgMnMoO6-δ can act as an anode material for SOFC with dry methane as the fuel 
and it shows maximum power density of 438 mW cm−2 at 800°C. This anode mate-
rial exhibited long-term stability and having oxygen insufficiency, as well as some 
good environmental effects like tolerance to sulfur, stability in reducing atmosphere 
[22]. Table 1 enlisted with some perovskites used as anode and cathode for SOFCs.

Figure 4. 
Diagram illustrates the working principle of SOFC [19].
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2.2 Perovskites as sensor

2.2.1 Perovskites as glucose sensor

It is very essential to determine hydrogen peroxide (H2O2) and glucose analyti-
cally in any aspect of our daily life. In environmental waste management, chemical 
and food industries, and medical diagnostics H2O2 widely used as one of the most 
important oxidizing agents [29]. On the other hand, glucose represents a funda-
mental component in human blood that delivers energy through the metabolic 
process. If in human blood, the glucose concentration fluctuates than the normal 
range of 80–120 mg dL−1 (4.4–6.6 mM) is related to the metabolic disorder from 
insulin insufficiency and hyperglycemia, the so-called diabetes mellitus [30]. To 
perform the diagnosis and supervision of such health issue it is necessary a tight 
observation of glucose level of blood. Hence, it is very significant to make the 
biosensors for the sensitive determination of glucose and H2O2. Basically, there are 
two types of glucose sensors available: enzymatic and non-enzymatic. Different 
types of enzymatic glucose sensors were constructed and used in the literature 
exhibiting the advantages of simplicity and sensitivity. However, enzymatic glucose 
sensors suffered from the lack of stability and the difficult procedures required for 
the effective immobilization of the enzyme on the electrode surface. The lack of 
enzyme stability was attributed to its intrinsic nature because the enzyme activity 
was highly affected by poisonous chemicals, pH, temperature, humidity, etc. As a 
result, most attention was given for a sensitive, simple, stable, and selective non-
enzymatic glucose sensor. Different novel materials were proposed for the electro-
catalytic oxidation of glucose like noble nanometals, nanoalloys, metal oxides, and 
inorganic perovskite oxides. Inorganic perovskite oxides as nanomaterials exhibited 
fascinating properties for glucose sensing like ferroelectricity, superconductivity, 
charge ordering, high thermopower, good biocompatibility, catalytic.

Wang et al. utilized a carbon paste electrode (CPE) modified with LaNi0.5Ti0.5O3 
(LNT) as a promising nonenzymatic glucose sensor. This glucose sensor displayed a 
perfect electrochemical activity and was used to quantify of glucose with great sen-
sitivity of 1630.57 μA mM−1 cm−2 and a low detection limit of 0.07 μM. This glucose 
sensor also demonstrated an excellent reproducibility, long-term immovability, as 
well as outstanding selectivity with no interference from the common interfering 

Perovskite 
compositions
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cathode 

In cell

Fuel used Operating 
temperature 

(°C)

Maximum 
power 

density 
(mW cm−2)

Reference

Ba0.5Sr0.5Co0.8Fe0.2O3-δ Cathode Humidified H2 
(~3% H2O)

500 402 [20]

600 1010

Ba0.5Sr0.5Co0.2Fe0.8O3-δ Cathode Humidified H2 800 266 [23]

NdFeO3 Anode Sulfur vapor 
or SO2

620 0.154 [24]

650 0.265

La0.6Sr0.4Fe0.8Co0.2O3 Cathode Glycerol 800 Not reported [25]

Sm0.5Sr0.5CoO3-δ Cathode Not reported 700 936 [26]

La0.8Sr0.2Cr0.97V0.03O3 Anode Dry methane 800 Not reported [27]

La0.75Sr0.25Cr0.5Mn0.5O3 Anode Methane Not reported Not reported [28]
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substances such as dopamine, ascorbic acid, and uric acid [31]. The perovskite-
spinel type composite oxide LaNi0.5Ti0.5O3-NiFe2O4 with different compositions was 
demonstrated as the glucose sensor by Wang et al. This material also exhibits admi-
rable reproducibility, stability and selectivity in glucose sensitivity with a linear 
signal-to-glucose concentration range of 0.5–10 mM and a detection limit (S/N = 3) 
of 0.04 mM [32]. Furthermore, LaxSr1-xCoyFe1-yO3-δ (x = 0.6; y = 0.0 and 0.2) 
perovskites were studied as electro-catalytic materials for H2O2 and glucose electro-
chemical sensors by Liotta et al. [33]. The group of Atta et al. has reformed SrPdO3 
perovskite with gold nanoparticles to be employed as a non-enzymatic voltammetric 
glucose sensor. This nanocomposite disclosed an excellent performance to glucose 
sensing in terms of highly reproducible response, high sensitivity, low detection 
limit, appreciable selectivity, long-standing stability [34]. He et al. depicted that the 
perovskite oxide La0.6Sr0.4CoO3-δ can provide superior electro-oxidation activities 
(to H2O2 and glucose) over La0.6Sr0.4Co0.2Fe0.8O3-δ and LaNi0.6Co0.4O3 that translates 
to good H2O2 or glucose detection performance. They have modified the sensor by 
making composite with reduced graphene oxide (RGO) and La0.6Sr0.4CoO3-δ for 
exhibiting higher detection properties and improved selectivity [35].

2.2.2 Perovskites as a gas sensor

The clean air is undoubtedly most necessary than water for human health, but 
unfortunately, human activities accompanying socioeconomic developments are 
the vital pollution sources. So, it is very important to closely observe the quality of 
the air, including the indoor air quality (IAQ ) as we spent most of our time (~90%) 
of our time in the indoor climate, to prevent different unusual symptoms [35–37]. 
Thus, researchers and scientists across the whole globe have been developing new and 
advanced material based innovative methods for consistent and careful detection of 
gases and volatile organic compounds (VOCs) hazardous to human and environmen-
tal health [38, 39]. The environmental worries about health hazards due to the exis-
tence of poisonous gases, for example, CO, CO2, NO2, O3, etc., and subsequent safety 
regulations have demanded the enhanced use of sensors in various sceneries from the 
industrial sites to automobiles, the different workplaces and even homes. Among the 
several toxic gases, CO and NO2 are the most harmful air pollutants and are dangerous 
for animals, plants and as well as human beings. The Occupational Safety and Health 
Administration (OSHA) have also announced the limit lowest tolerance for these type 
of gases in a particular time period, for example, the limits for CO and NO2 gases are 
∼20 ppm and ∼5 ppm over the period of 8 h respectively. Over-acquaintance to these 
gases could be the reason for diseases and in dangerous cases even loss of human life 
[40]. There are a number of features that the materials can have to be utilized as gas 
sensors, explicitly, an excellent similitude with the target gases, easy to synthesize, 
thermal stability, appropriate electronic structure, and adaptation with present 
technologies. The perovskite oxides are interesting materials as gas sensors because of 
their ideal bandgap, excellent thermal stability and the size difference between the A- 
and B-sites cations, tolerating different dopants addition for monitoring the catalytic 
properties and their semiconducting properties. Lots of perovskites were synthesized 
to utilize as gas sensors for detecting different hazardous gases. Table 2 enlisted with 
different perovskite oxides for various gas sensing applications.

2.3 Perovskites as solar cell materials

The consumption of energy has been continuously increasing globally and limita-
tions of sources of fossil fuels leading to perform the research on sustainable, environ-
ment-friendly, and renewable energy sources. Due to the abundance of sun rays on 
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substances such as dopamine, ascorbic acid, and uric acid [31]. The perovskite-
spinel type composite oxide LaNi0.5Ti0.5O3-NiFe2O4 with different compositions was 
demonstrated as the glucose sensor by Wang et al. This material also exhibits admi-
rable reproducibility, stability and selectivity in glucose sensitivity with a linear 
signal-to-glucose concentration range of 0.5–10 mM and a detection limit (S/N = 3) 
of 0.04 mM [32]. Furthermore, LaxSr1-xCoyFe1-yO3-δ (x = 0.6; y = 0.0 and 0.2) 
perovskites were studied as electro-catalytic materials for H2O2 and glucose electro-
chemical sensors by Liotta et al. [33]. The group of Atta et al. has reformed SrPdO3 
perovskite with gold nanoparticles to be employed as a non-enzymatic voltammetric 
glucose sensor. This nanocomposite disclosed an excellent performance to glucose 
sensing in terms of highly reproducible response, high sensitivity, low detection 
limit, appreciable selectivity, long-standing stability [34]. He et al. depicted that the 
perovskite oxide La0.6Sr0.4CoO3-δ can provide superior electro-oxidation activities 
(to H2O2 and glucose) over La0.6Sr0.4Co0.2Fe0.8O3-δ and LaNi0.6Co0.4O3 that translates 
to good H2O2 or glucose detection performance. They have modified the sensor by 
making composite with reduced graphene oxide (RGO) and La0.6Sr0.4CoO3-δ for 
exhibiting higher detection properties and improved selectivity [35].

2.2.2 Perovskites as a gas sensor

The clean air is undoubtedly most necessary than water for human health, but 
unfortunately, human activities accompanying socioeconomic developments are 
the vital pollution sources. So, it is very important to closely observe the quality of 
the air, including the indoor air quality (IAQ ) as we spent most of our time (~90%) 
of our time in the indoor climate, to prevent different unusual symptoms [35–37]. 
Thus, researchers and scientists across the whole globe have been developing new and 
advanced material based innovative methods for consistent and careful detection of 
gases and volatile organic compounds (VOCs) hazardous to human and environmen-
tal health [38, 39]. The environmental worries about health hazards due to the exis-
tence of poisonous gases, for example, CO, CO2, NO2, O3, etc., and subsequent safety 
regulations have demanded the enhanced use of sensors in various sceneries from the 
industrial sites to automobiles, the different workplaces and even homes. Among the 
several toxic gases, CO and NO2 are the most harmful air pollutants and are dangerous 
for animals, plants and as well as human beings. The Occupational Safety and Health 
Administration (OSHA) have also announced the limit lowest tolerance for these type 
of gases in a particular time period, for example, the limits for CO and NO2 gases are 
∼20 ppm and ∼5 ppm over the period of 8 h respectively. Over-acquaintance to these 
gases could be the reason for diseases and in dangerous cases even loss of human life 
[40]. There are a number of features that the materials can have to be utilized as gas 
sensors, explicitly, an excellent similitude with the target gases, easy to synthesize, 
thermal stability, appropriate electronic structure, and adaptation with present 
technologies. The perovskite oxides are interesting materials as gas sensors because of 
their ideal bandgap, excellent thermal stability and the size difference between the A- 
and B-sites cations, tolerating different dopants addition for monitoring the catalytic 
properties and their semiconducting properties. Lots of perovskites were synthesized 
to utilize as gas sensors for detecting different hazardous gases. Table 2 enlisted with 
different perovskite oxides for various gas sensing applications.

2.3 Perovskites as solar cell materials

The consumption of energy has been continuously increasing globally and limita-
tions of sources of fossil fuels leading to perform the research on sustainable, environ-
ment-friendly, and renewable energy sources. Due to the abundance of sun rays on 
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Perovskites Sensing for Response ratio % Reference

LaCoO3 CO Under 5000 ppm CO at 500°C, the thick film 
sensor achieved a high sensing response of 
∼279.86

[41]

La0.9Ce0.1CoO3 CO 240% with respect to 100 ppm CO in air [42]

Ca modified 
LaFeO3

SO2 Maximum resistive response of 3 ppm SO2 was 
detected at ~275°C by the LaCaFeO3 samples, 
and it shows 15% higher efficiency than LaFeO3

[43]

NdFe1–xCoxO3 CO 1215% at 170°C for 0.03% CO gas [44]

LaFeO3 Ethanol Not reported [45]

Ag-LaFeO3 Methanol The maximum response to the other test gases 
is 8

[46]

Ag-LaFeO3 Formaldehyde Best response to 0.5 ppm formaldehyde (24.5) 
at 40°C

[47]

SrFeO3 Ethanol Not reported [48]

LaFeO3 NO2 Not reported [49]

GaFeO3 Ethanol Ethanol sensing down to 1 ppm at 350°C [50]

SrTi1 − xFexO3 − δ Hydrocarbons Not reported [51]

α-Fe2O3/LaFeO3 Acetone Response 48.3% at 100 ppm concentration at 
350°C

[52]

YCo1-xPdxO3 CO, NO2 Different for the different composition [53]

ZnSnO3 n-Propanol gas The detection limit of ZnSnO3 nanospheres to 
500 ppb n-propanol gas could reach 1.7

[54]

LaFeO3 and 
rGO-LaFeO3

NO2 and CO Response 183.4% for 3 ppm concentration of 
NO2 at a 250°C

[55]

BaTiO3/LaFeO3 
nanocomposite

Ethanol Response 102.7% to 100 ppm ethanol at 128°C [56]

Ba-BiFeO3 Ethanol Temperature dependent sensing performance 
toward 100 ppm ethanol gas; maximum 
sensitivity at 400°C

[57]

La doped BiFeO3 Acetone The morphotropic phase boundary (MPB) phase 
Bi0.9La0.1FeO3 shows ultra-low concentration 
detection of 50 ppb acetone

[58]

Pr doped BiFeO3 Formaldehyde 50 ppm, 190°C, Rgas/Rair = 17.6 [59]

BaTiO3 thick films H2S BaTiO3 sensor operated at 350°C [60]

Sr doped BaTiO3 NH3 and NO2 0.2 mol% doping of Sr showed enhanced 
performance for sensing of both NO2 and NH3 
gases at room temperature

[61]

BaSnO3 SO2 10 ppm of SO2 [62]

BaSnO3 LPG Addition of noble metal Pt, the operating 
temperature decreases and the sensitivity 
improved but also imparted partial selectivity 
for the detection of LPG

[63]

LaBO3 (B = Fe, Co) Acetone At a low operating temperature of 120°C showed 
that the LaFeO3 NFs based sensor displayed high 
stable and selective response toward 40 ppm 
acetone with fast response and recovery time of 
14 and 49 s

[64]

Table 2. 
Tabulated with different perovskite oxides for various gas sensing applications.
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our globe, the transformation of sunlight into electricity is one of the most favorable 
studies for increasing energy demands without having any adverse effect on the global 
climate. Solar cell technology offers an eco-friendly and renewable energy path to con-
vert photon energy into electricity openly [65]. Nowadays a large effort has been put in 
the research to develop high efficiency, low-cost photovoltaic devices but regrettably 
did not succeed yet. During the last decade, research into perovskite solar cells (PSCs) 
has increased and it also been nominated as a runner-up for the top 10 breakthroughs 
research of 2013 by the editors of Science [66]. The organic-inorganic perovskite 
having the general formula ABX3 where A is cesium (Cs), methylammonium (MA), 
or formamidinium (FA); B is Pb or Sn; and X is Cl, Br, or I, have recently appeared as 
an exciting class of semiconductors which can act as solar cell materials [67]. These 
organic-inorganic halide perovskite solar cells have shown substantial improvement 
of power conversion efficiency (PCE) from the preliminary efficiency of 3.8% [68] to 
about 22.1% [69]. The maximum theoretical power conversion efficiency accomplished 
by perovskite (CH3NH3PbI3) is about 31.4% [70]. The organic-halide perovskites owing 
extraordinary performance because of some unique properties like (i) high absorbing 
coefficient, (ii) high charge carrier mobility, (iii) long diffusion length, (iv) direct 
bandgap which can be engineered easily and (v) moreover easy to fabricate [71]. 
The normally used Pb-based perovskites have numerous advantages such as (i) large 
diffusion length, (ii) absorption range, (iii) low exciton binding energy, and (iv) high 
carrier mobility. Conversely, the Pb-based perovskite solar cell has a serious toxic issue 
on both humans and the environment [72]. Generally, PV panels are positioned on 
the roof of houses or in the open field, their exposure to rainfall is inescapable. In the 
manifestation of rain and moisture the degradation of PbI2 may cause mild to acute 
health issues, like effects on cardiovascular, neurological, reproductive system [73] 
mainly it is carcinogenic [72, 74] Additionally, lead pollution has severe effects on 
water and soil resources and emission of greenhouse gasses [75, 76]. Hence, in PSCs, 
it is essential to replace Pb for economical green energy conversion devices which may 
use mankind in future endeavors [77].

To develop Pb-free PSCs, Sn2+ metal cation was the first another candidate 
to replace Pb2+ as of its comparable electronic configuration and effective ionic 
radius (Sn2+: 115 pm) to lead (Pb2+: 119 pm) [78]. The hybrid organic-inorganic 
halide perovskites having the chemical formula of AMIVXVII

3, where A represents a 
small monovalent organic molecule, MIV is a divalent group-IVA cation and XVII is 
a halogen anion, have recently attracted remarkable attention in the photovoltaic 
community MASnI3 and MASn-(I3−xBrx) have been shown to the efficiencies of 
6.4% [79] and 5.73% [80] respectively. CH3NH3SnI3, HC(NH2)2SnI3, NH2NH3SnI3, 
and NH2(CH2)3SnI3 is the promising candidate to be a light sensitizer with suitable 
inorganic hole-transport material to achieve cost-effective and efficient lead-free 
perovskite solar cell [81, 82]. Gagandeep et al. uses the graphene as the layer for 
charge transport and is demonstrate the structure like n-Graphene/CH3NH3SnI3/p-
Graphene which shows the efficiency of 10.67–13.28% [83]. Giorgi et al. substituted 
Pb by TlBi (MATl0.5Bi0.5I3) and InBi (MAIn0.5Bi0.5I3) and depicted that these systems 
are quietly equivalent to MAPbI3 and can be good replacements for PSCs [84]. 
Germanium is also assumed as a possible candidate for Pb substitution in halide 
perovskites. The theoretical structure and electronic properties of AGeI3 (A = MA, 
FA, Cs) were investigated by Krishnamoorthy et al. [85]. There are several ele-
ments like: Bi [86–88], Sb [89–91], Ti [92], Cu [93, 94] that use to substitute Pb to 
decrease the lead pollution. The group of Song et al. has reported the photovoltaic 
application of Sn-based halide perovskite materials having the general formula 
ASnI3 (A = Cs, methylammonium and formamidinium tin iodide as the representa-
tive light absorbers). Among all the perovskites, CsSnI3 devices accomplished a 
maximum power conversion efficiency of 4.81% [95]. Nishimura et al. synthesized 
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our globe, the transformation of sunlight into electricity is one of the most favorable 
studies for increasing energy demands without having any adverse effect on the global 
climate. Solar cell technology offers an eco-friendly and renewable energy path to con-
vert photon energy into electricity openly [65]. Nowadays a large effort has been put in 
the research to develop high efficiency, low-cost photovoltaic devices but regrettably 
did not succeed yet. During the last decade, research into perovskite solar cells (PSCs) 
has increased and it also been nominated as a runner-up for the top 10 breakthroughs 
research of 2013 by the editors of Science [66]. The organic-inorganic perovskite 
having the general formula ABX3 where A is cesium (Cs), methylammonium (MA), 
or formamidinium (FA); B is Pb or Sn; and X is Cl, Br, or I, have recently appeared as 
an exciting class of semiconductors which can act as solar cell materials [67]. These 
organic-inorganic halide perovskite solar cells have shown substantial improvement 
of power conversion efficiency (PCE) from the preliminary efficiency of 3.8% [68] to 
about 22.1% [69]. The maximum theoretical power conversion efficiency accomplished 
by perovskite (CH3NH3PbI3) is about 31.4% [70]. The organic-halide perovskites owing 
extraordinary performance because of some unique properties like (i) high absorbing 
coefficient, (ii) high charge carrier mobility, (iii) long diffusion length, (iv) direct 
bandgap which can be engineered easily and (v) moreover easy to fabricate [71]. 
The normally used Pb-based perovskites have numerous advantages such as (i) large 
diffusion length, (ii) absorption range, (iii) low exciton binding energy, and (iv) high 
carrier mobility. Conversely, the Pb-based perovskite solar cell has a serious toxic issue 
on both humans and the environment [72]. Generally, PV panels are positioned on 
the roof of houses or in the open field, their exposure to rainfall is inescapable. In the 
manifestation of rain and moisture the degradation of PbI2 may cause mild to acute 
health issues, like effects on cardiovascular, neurological, reproductive system [73] 
mainly it is carcinogenic [72, 74] Additionally, lead pollution has severe effects on 
water and soil resources and emission of greenhouse gasses [75, 76]. Hence, in PSCs, 
it is essential to replace Pb for economical green energy conversion devices which may 
use mankind in future endeavors [77].

To develop Pb-free PSCs, Sn2+ metal cation was the first another candidate 
to replace Pb2+ as of its comparable electronic configuration and effective ionic 
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perovskite solar cell [81, 82]. Gagandeep et al. uses the graphene as the layer for 
charge transport and is demonstrate the structure like n-Graphene/CH3NH3SnI3/p-
Graphene which shows the efficiency of 10.67–13.28% [83]. Giorgi et al. substituted 
Pb by TlBi (MATl0.5Bi0.5I3) and InBi (MAIn0.5Bi0.5I3) and depicted that these systems 
are quietly equivalent to MAPbI3 and can be good replacements for PSCs [84]. 
Germanium is also assumed as a possible candidate for Pb substitution in halide 
perovskites. The theoretical structure and electronic properties of AGeI3 (A = MA, 
FA, Cs) were investigated by Krishnamoorthy et al. [85]. There are several ele-
ments like: Bi [86–88], Sb [89–91], Ti [92], Cu [93, 94] that use to substitute Pb to 
decrease the lead pollution. The group of Song et al. has reported the photovoltaic 
application of Sn-based halide perovskite materials having the general formula 
ASnI3 (A = Cs, methylammonium and formamidinium tin iodide as the representa-
tive light absorbers). Among all the perovskites, CsSnI3 devices accomplished a 
maximum power conversion efficiency of 4.81% [95]. Nishimura et al. synthesized 
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GeI2 doped FA0.98EDA0.01SnI3 and GeI2 doped EA0.98EDA0.01SnI3 PSCs and shows the 
power conversion efficiency of 13.24% for lead-free perovskite solar cell has been 
demonstrated with mixed cation and surface passivation [96].

2.4 Removal of heavy metals from wastewater

To survive on this planet the clean air, water, and foods are essential to all forms 
of life. The surface and the groundwaters are only the sources of clean water which 
help to all living systems as well as human activities such as consuming, irrigation of 
crops, industrial application, etc. [97]. Water pollution is one of the most world-
wide common issues as the population outbursts and industrial evolutions are there. 
Day by day, the heavy metals (maybe in the form of ions) are released into water 
bodies by various industries [98] and are exceedingly water-soluble, non-decom-
posable, oncogenic agents and cause adverse health complications on the animals 
as well as human beings. Wastewaters coming out from various industries contain 
many heavy metal ions, for example, Cu2+, As5+, Ni2+, Sb5+, Zn2+, Cd2+, and Pb2+ 
[99]. In addition to heavy metal ions, the different organic and inorganic dyes are 
alternative pollutant releases from different industries for example papers, textiles, 
and plastics where the dyes are used for coloring their product and also generate 
significant volumes of wastewater. Many of these dyes containing heavy metal ions 
have a tendency to store in the living entities causing a different type of diseases and 
disorders [100–102]. Hence, it is essential to purify the metal-contaminated water 
before its discharge to the environment. Among all compare to current methods to 
remove heavy metal from the contaminated water [100, 101] adsorption method is 
the most likely one because it low cost-effective, high efficiency, and simple to run.

2.4.1 Heavy metals from contaminated water

The group of Zhang et al. synthesized the porous nano-calcium titanate micro-
spheres via a citric acid assisted modified sol-gel method and used for absorption 
of heavy metals like lead, cadmium, and zinc [103]. Haron et al. reported that the 
nano-crystalline LaGdO3 perovskite was synthesized by the co-precipitation method 
could adsorb heavy metal ions (Cd2+ and Pb2+) which should be the attention in an 
application such as wastewater treatment [104]. Zhang et al. synthesized porous 
nano-barium-strontium titanate via sol-gel method using sorghum straw as a template 
and investigate about adsorption mechanism of Pb, Zn, and Cd from contaminated 
water [105]. LaFeO3 nanoparticles were synthesized by Rao et al. by the sol-gel 
method in presence of different chelating agents and these nanoparticles utilized 
for an adsorbent of the removal of heavy metal ions in particular cadmium ion. The 
LaFeO3 sample prepared with succinic acid (SA) as a chelating agent shows a higher 
removal efficiency of Cd2+ ions from aqueous systems [106]. Zhang et al. investigated 
Sr modified LaFeO3 and its structural and catalytic activity. La0.8Sr0.2FeO3 contributed 
significantly enhanced activity in methane combustion and CO oxidation because the 
oxygen vacancies accelerated the dissociation of gaseous oxygen on the surface in CO 
oxidation and facilitated the diffusion of lattice oxygen from the bulk to the surface 
during CH4 combustion [107]. The perovskite LaAlO3 was manufactured using the 
co-precipitation method by Haron et al. The structural and efficiency of removal of 
heavy metal (Cd2+ and Pb2+) were extremely investigated by them. The adsorption 
performance was studied which fit with the Langmuir isotherm. The results disclosed 
that LaAlO3 perovskite showed high efficiency as heavy metal ions remover from 
the contaminated water. This adsorbent could be recycled with an EDTA solution 
and reprocessed with only slightly less efficient than that of the fresh sample [108]. 
The group of Chen et al. synthesized ternary photocatalyst ZnTiO3/Zn2Ti3O8/ZnO 
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heterojunction which displays excellent performance for the degradation of organic 
pollutants as well as reduction of heavy metal Cr(VI) ions from wastewater [109]. 
Figure 5 schematically represent the heavy metal ion (Cd2+) adsorb with LaFeO3 
perovskite prepared with the different chelating agent.

2.4.2 Heavy metals in wastewater from the textile industry

The growing population in our globe, demands to clothe and increase with the 
taming sense of fashion and lifestyle thus textiles are contrived to meet the growing 
demands. In several countries such as India and Sri Lanka; the production of textile 
becomes their source of income that subsidizes their gross domestic product (GDP). 
However, this has brought both significances to such countries either in a positive way 
which is an enhancement of the economy or in a negative way indorsed to environ-
mental pollution. The textile industries have been adapted as the worst reprobates of 
pollution contributors [110]. Especially, in India, according to the Central Pollution 
Control Board [111], a total of 2324 textile industries are set up. The textile industries 
employ different types of dyes for the manufacturing of various fabric materials. 
In reality, about 1 million different dyes are found in the market [112] and roughly 
700,000 tons of artificial dyes are produced per year [113]. The disposal of dyes in 
waters exemplifies a severe environmental issue due to the coinciding presence of vari-
ous types of pollutants [114–116]. All traditional methods used for the treatment of 
dyes and/or heavy metals have limitations because of cost, efficiency and operational 
complications. Among all of them, adsorption was exposed as one of the most effec-
tive methods due to its simplicity in operation, adaptability, high-treatment efficiency 
and low cost, and hence it is extensively applied for wastewaters treatment [117–121].

The perovskite oxide La0.9Sr0.1FeO3, capped with cetyl trimethyl ammonium 
bromide (CTAB) cationic surfactant, and used as a sorbent for the removal of the 
anionic Congo red (CR) dye from aqueous solutions was reported by Ali et al. [122]. 
The group of Chu et al. demonstrated the efficiency of Ag-La0.8Ca0.2Fe0.94O3-δ for 
the removal of organic and bacterial pollutants by catalytic peroxymonosulfate 
(PMS) activation. The oxygen vacancies in the B-site of perovskite enhances PMS 
activation and The SO4• and •OH radicals enhance the biocidal activity [123]. 
Nanocrystalline LaAlO3:Sm3+:Bi3+ composites are used to adsorb Direct Blue-53 (DB-
53) dye was reported by Pratibha et al. [124]. This adsorbent is good and promising 
in the adsorption capacity and is advantageous in the elimination of toxic and 
non-biodegradable pollutants from water. The group of Dong et al. hydrothermally 
synthesized perovskite BaZrO3 in the form of hollow micro- and nano-sphere. This 
size-tunable BaZrO3 hollow nanospheres exhibited an excellent adsorption perfor-
mance for reactive dyes in acidic conditions and can be used as excellent circular 
adsorbents for removing reactive dyes. They show the adsorption capacities are over 

Figure 5. 
Representation of the adsorption process over LaFeO3 nanoparticles surfaces prepared using succinic acid (SA), 
citric acid (CA), and oxalic acid (OA) [106].
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160 mg g−1 for different investigated dyes at a pH value of 2. The adsorbents were 
easily recovered by using a basic solution with the adsorption performance persis-
tent and the desorption rate is more than 97 wt% [125]. Siddharth et al. synthesized 
the perovskite structure of Ti-doped BaMnO3 (BaMn0.85Ti0.15O2.93) and its enhanced 
photocatalytic degradation (~99%) as compared to BaMnO3 toward toxic water 
impurities like RhB and MB dyes within 270 and 150 min under sunlight [126].

3. Conclusion

Nowadays, because of the increasing population and demand for natural 
resources is a global concern, hence, it is one of the origins of environmental pollu-
tion. Among all the pollutants, lead is one of the most hazardous materials. For the 
reason that the toxic effect of lead in lead-based materials, the researcher com-
munities and scientists concentrated on synthesized lead-free materials possessing 
the same properties. Since the last two decades, the investigation on such materials 
enhances unexpectedly. Lead-free perovskite materials with excellent dielectric 
and piezoelectric properties belonging to the ferroelectric family and these reduce 
the adverse effect on the human body as well as the environment. Here this chapter 
concludes with different applications like SOFCs, sensors, solar cells, wastewater 
treatment of lead-free perovskite materials.
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Chapter 3

Perovskite Nanoparticles
Burak Gultekin, Ali Kemal Havare, Shirin Siyahjani, 
Halil Ibrahim Ciftci and Mustafa Can

Abstract

2D perovskite nanoparticles have a great potential for using in optoelectronic 
devices such as Solar Cells and Light Emitting Diodes within their tuneable optic 
and structural properties. In this chapter, it is aimed to express “relation between 
chemical structures and photo-physical behaviours of perovskite nanoparticles and 
milestones for their electronic applications”. Initially, general synthesis methods 
of perovskite nanoparticles have been explained. Furthermore, advantages and 
disadvantages of the methods have been discussed. After the synthesis, formation 
of 2D perovskite crystal and effects on shape factor, particle size and uniformity of 
perovskite have been explained in detail. Beside these, optic properties of lumi-
nescent perovskite nanoparticles have been summarized a long with spectral band 
tuning via size and composition changes. In addition, since their different optical 
properties and relatively more stable chemical structure under ambient conditions, 
a comprehensive compilation of opto-electronic applications of 2D perovskite 
nanoparticles have been prepared.

Keywords: perovskite, nanoparticle, nanocrystal, opto-electronics, solar cells, 
OLEDs, fluorescence

1. Introduction

Inorganic and/or hybrid perovskites have become prominent in solution-
processed optoelectronics. Thousands of reports have been proposed about photo-
voltaics [1–3], light-emitting diodes (LEDs) [4–6], lasers [6, 7] and photodetectors 
[8–12] containing perovskite semiconductors per annum over the past decade. 
Halide perovskite nanostructures exhibit tremendous optic and electrical properties 
such as strong absorption and/or emission, higher photoluminescence quantum 
yields (PLQYs) [13–15], higher exciton binding energies and tuneable bandgaps 
than those of bulk perovskites and other nanomaterials. With these outstanding 
properties, they may offer many scopes for optoelectronics. Particularly, hybrid 
lead halide perovskite nanostructures (PNSs) offer unique opportunities for light-
emitting diode (LED) applications. PNSs represent larger exciton binding energies 
and longer carrier decay times than those of bulk crystals. In addition to this, their 
narrow emission band makes them good candidates for LED [16] and laser [17]. 
Since Schmidt et al. reported the synthesis of first colloidal PNS by a simple pro-
cedure under ambient conditions in 2014 [18], many research groups have started 
working on these materials. In the synthesis of PNSs, it is possible to use organic 
ligands for capping to stop crystals` growth in the nanometer scale. Furthermore, 
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Abstract

2D perovskite nanoparticles have a great potential for using in optoelectronic 
devices such as Solar Cells and Light Emitting Diodes within their tuneable optic 
and structural properties. In this chapter, it is aimed to express “relation between 
chemical structures and photo-physical behaviours of perovskite nanoparticles and 
milestones for their electronic applications”. Initially, general synthesis methods 
of perovskite nanoparticles have been explained. Furthermore, advantages and 
disadvantages of the methods have been discussed. After the synthesis, formation 
of 2D perovskite crystal and effects on shape factor, particle size and uniformity of 
perovskite have been explained in detail. Beside these, optic properties of lumi-
nescent perovskite nanoparticles have been summarized a long with spectral band 
tuning via size and composition changes. In addition, since their different optical 
properties and relatively more stable chemical structure under ambient conditions, 
a comprehensive compilation of opto-electronic applications of 2D perovskite 
nanoparticles have been prepared.

Keywords: perovskite, nanoparticle, nanocrystal, opto-electronics, solar cells, 
OLEDs, fluorescence

1. Introduction

Inorganic and/or hybrid perovskites have become prominent in solution-
processed optoelectronics. Thousands of reports have been proposed about photo-
voltaics [1–3], light-emitting diodes (LEDs) [4–6], lasers [6, 7] and photodetectors 
[8–12] containing perovskite semiconductors per annum over the past decade. 
Halide perovskite nanostructures exhibit tremendous optic and electrical properties 
such as strong absorption and/or emission, higher photoluminescence quantum 
yields (PLQYs) [13–15], higher exciton binding energies and tuneable bandgaps 
than those of bulk perovskites and other nanomaterials. With these outstanding 
properties, they may offer many scopes for optoelectronics. Particularly, hybrid 
lead halide perovskite nanostructures (PNSs) offer unique opportunities for light-
emitting diode (LED) applications. PNSs represent larger exciton binding energies 
and longer carrier decay times than those of bulk crystals. In addition to this, their 
narrow emission band makes them good candidates for LED [16] and laser [17]. 
Since Schmidt et al. reported the synthesis of first colloidal PNS by a simple pro-
cedure under ambient conditions in 2014 [18], many research groups have started 
working on these materials. In the synthesis of PNSs, it is possible to use organic 
ligands for capping to stop crystals` growth in the nanometer scale. Furthermore, 
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capping ligands can reduce surface defects in the same way of the traditional 
NC preparation. Thus, size and shape of PNSs can be tune finely from a single 
perovskite layer or below the exciton Bohr radius for using the effect to quantum 
confinement to multilayers which exhibits bulk-like properties. With this method, 
it is possible to prepare nanostructures like quantum dots (QDs), nanoplatelets 
(NPLs), nanosheets (NSs), and nanowires (NWs) [19, 20].

In a simple PNS growth process, the methylammonium cations are embedded in 
the voids of the corner-sharing PbX6 octahedra, the long alkyl chain cations only at 
the periphery of the octahedra with their chains hanging it. Therefore, long alkyl-
ammonium ions can be used as the capping agents to limit the growth of the PNSs 
in three-dimension (3D). There are five common methods proposed in the literature 
which exhibits good prospects for obtaining various uniform and defect free PNSs. 
These are named as solvent-induced precipitation, hot injection, template assisted, 
ligand assisted reprecipitation and emulsion methods [13, 14].

In order to determine the structural and optic properties of PNSs, some char-
acterization techniques such as small angle x-ray scattering (SAXS), scanning 
electron microscope (SEM), absorption and emission spectroscopy have been used 
extensively. It is crucial to know the shape and optical response of the nanocrystals 
for the further opto-electronic application of them.

As it is mentioned above, well-defined PNSs were used in many applications 
such as optical lasing and LEDs. Some of those applications have been investigated 
intensively by many groups all around the world. Some milestone studies have been 
presented comparatively.

2. Synthesis of nano-crystalline perovskites

There are many proposed methods for synthesis of PNSs by many groups in 
the literatures. Here we would like to express five of most common and essential 
methods (Figure 1) [21–23].

2.1 Solvent-induced precipitation

The physical properties of perovskite cluster such as size of NPs can be arranged 
by using long alkyl chain amine derivatives while oleic acid ensures the colloid 
stability via preventing the aggregation. In order to initiate the solvent-induced 
precipitation, and obtain colloidal MAPbBr3 NPs, lead bromide (PbBr2) and methyl 
ammonium bromide (CH3NH3Br) were mixed with Octylammoniumbromide 
(OABr) in acetone with oleic acid (OAc) and octylamine and the solution were kept 
at 80°C. The PLQY of obtained NPSs was about 20% as well as stable over three 
months. After this first attempt, PLQY of NPSs was increased up to 83% by optimi-
zation of the molar ratios of starting materials [22, 24].

Figure 1. 
Common synthesis methods for perovskite nano-crystals.
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2.2 Ligand assisted reprecipitation (LARP) technique

In this method, a polar solvent such as dimethylformamide (DMF) which 
dissolve all starting materials and capping ligands have been used to prepare 
the precursor solution [25, 26]. This solution is added dropwise into vigorously 
stirred toluene which is not a good solvent for starting materials and perovskite 
crystal. Zhang et al. has demonstrated the synthesis of colour- tuneable PNSs 
(average particle size of 3.3 ± 0.7 nm) with a PLQYs of 50–70% (Figure 2) [25]. 
It was claimed that a slight descending of PLQY was observed by the ascending 
of the size of the perovskite crystal (2–8 μm, PLQY < 0.1%). In the nanometer 
scales, surface defects of the crystals can easily be passivated by ligands. Thus, 
most of the photo-generated charges can recombine before there are trapped by 
defects on the surface. However, due to the less ligand passivation, the number of 
defects on the bulk perovskite structure`s surface, which increased the number of 
trapped charges, are significantly high, resulting very low PLQY. In another study, 
well-defined cubic and thermally stable FAPbX3 nanocrystals (about 10 m) has 
been prepared by LARP method. The reported PLQY for the NPS was 75% [27]. 
A new procedure, which was used to obtain a core-shell shape by using the LARP 
approach has been recently demonstrated. With this proposed method, a solution-
processed, stable core–shell-type Methyl ammonium (MA+) + Octyl ammonium 
(OA+) lead bromide perovskite NPs (≈5–12 nm) with good PLQY was prepared. 
In addition to this, Core–shell-type NPs was accomplished by systematically 
changing the molar ratio of capping ligands, OABr, and MABr without altering 
total amount of alkylammonium bromide and synthesis conditions. The color 
tunability of NPs in the blue to green spectral region (438–521 nm), high PLQY, 
and reasonable stability under ambient condition are credited to the quantum 
confinement imparted by the crystal engineering associated with core–shell NP 
formation [28–30].

2.3 Hot injection method

The stability of inorganic perovskites is significantly higher than that of hybrid 
perovskite crystals. By changing the organic cation with an inorganic one (e.g., Cs),  

Figure 2. 
(a) Schematic illustration of Set up for LARP; (b) starting materials and shape of perovskite nano-crystals; 
(c) image of typical solution containing CH3NH3PbBr3 nano-structures (reproduced with permission of  
Ref. [26]).
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chemical and thermal stability of Perovskite material can be increased greatly 
(Figure 3) [31, 32]. It is possible to obtain various crystal phases by changing the 
temperature resulting a shifting in the optical responses. The hot injection method is a 
widespread method for synthesizing inorganic PNSs. In a typical synthesis procedure, 
a solution of PbX2 (X = I/Br/Cl), in octadecene (ODE) along with oleic acid and oleyl 
amine is prepared. During stirring, Cs-oleate is injected into that solution quickly 
under dry condition at 140–200°C [32]. To quench the reaction (after 5–10 sec), the 
reactor is cooled with an ice bath. With this method, it is easy to obtain uniform nano-
cubes with the size of 4–15 nm edge length representing high PLQY, up to 50–90% 
and a very narrow emission band (12–42 nm) in the visible region (410–700 nm). As 
it was mentioned before, the optical properties of the NPSs are related to shape, size, 

Figure 3. 
Schematic illustration of Hot-injection method (left-hand), image of Cs2SnI6 samples under UV-light (right-
hand) and possible crystal shapes obtained by hot-injection method (reproduced with permission of Ref. [33]).

Figure 4. 
Schematic illustration of perovskite nano-crystal preparation by the template-assisted method (reproduced 
with permission of Ref. [36]).
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and surface chemistry of them due to the significant changes in the band structures. 
Therefore, by the variation of the surfactants, ligands, reaction temperature and 
time, the perovskite precursor composition can be adjust [33] to realize the forma-
tion of nanowires, nanoplatelets, spherical dots, and nanorods (Figure 3) [33–35]. A 
critical point for the hot injection is the reaction temperature effecting the size of the 
NPSs. To overcome this disadvantage, new methods have been developed for hybrid 
perovskites.

2.4 Template-assisted method

In this synthesis approach, NP formation is induced by a specific substrate 
such as mesoporous silica and aluminum oxide film as a template [36–38]. NPSs 
is obtained on the films which exhibits intensive light. This technique is suitable 
for formation of mono disperse NPSs with various narrow emissions (full wind 
of half maximum (FWHM) is less than 40 nm) bands from green (FWHM: 22 
nm) to near infrared (FWHM: 36 nm) by template optimization [37–39]. In 
a recent study, perovskite nanocrystals have been prepared in a nano-porous 
structure. By this kind of strategies, it is possible to confine PNSs (<10 nm) 
without any capping agents (Figure 4). In other words, the emission wavelength 
of perovskite nanoparticles can be arranged precisely for sophisticated photonic 
applications such as lasers [36, 37].

2.5 Emulsion method

In order to control the crystallization of perovskite and obtain uniform NPs, 
emulsion synthesis method was modified [40]. By using this method, it is possible 
to tune the size of PNSs under 10 nm with an PLQY up to 92% [41]. In this method, 
an emulsion is prepared with two immiscible solvents. After that, a demulsifier is 
added into this for initiating solvent mixing and start crystallization (Figure 5). For 
this procedure, DMF and n-hexane are very good candidates as immiscible solvents 
while tert-butanol or acetone is used as demulsifier solvent [41]. This method is 
suitable to obtain PNSs in solid state which can be used in another solvent matrix 
for an application later. Furthermore, long alkyl ammonium halides are used as 
capping agent.

Figure 5. 
(a) Schematic illustration of preparation of nano-crystals by emulsion method; (b) ternary phase diagram 
(DMF/OA/n-hexane); (c) image of a typical CH3NH3PbBr3 emulsion, colloidal NP solution and solid-state 
powder of CH3NH3PbBr3 NPs (reproduced with permission of Ref. [41]).
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this procedure, DMF and n-hexane are very good candidates as immiscible solvents 
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suitable to obtain PNSs in solid state which can be used in another solvent matrix 
for an application later. Furthermore, long alkyl ammonium halides are used as 
capping agent.

Figure 5. 
(a) Schematic illustration of preparation of nano-crystals by emulsion method; (b) ternary phase diagram 
(DMF/OA/n-hexane); (c) image of a typical CH3NH3PbBr3 emulsion, colloidal NP solution and solid-state 
powder of CH3NH3PbBr3 NPs (reproduced with permission of Ref. [41]).



Perovskite and Piezoelectric Materials

54

3. Form factor of perovskite nano-crystals

3.1 Crystal shape of perovskite nano structures

As it is well known, semiconductor perovskite crystalline structure has a general 
formula of ABX3 where A is an organic or inorganic cation, organic methylam-
monium (MA+), formamidinium (FA+) or inorganic cesium (Cs+); B is a metal 
cation typically lead (Pb2+) or tin cations (Sn2+); and X is a halide anion. Cation A 
is slightly larger than centred cation B having 6 co-ordination number. There is a 
significant relationship, which is called “Goldschimidt Tolerance Factor” between 
the size of the ions and the formation and the shape of the crystal structure:

 
( )2
A X

B X

r rt
r r

′ +
=

+
 (1)

Where, Ar  and Br  are cationic diameters of A and B respectively, and Xr  is the 
anionic diameter of halide in Å. When cation A is too big or cation B is too small 
(>1), hexagonal perovskite crystal is formed. If cation A and has the ideal size 
(0.9 < t  < 1), cubic perovskite crystal is formed. Finally, if cation is too small to fit 
into the space between metal cations (B) (0.7 < t  < 0.9), orthorhombic perovskite 
structure is formed [42].

3.2 Geometry of perovskite nano-crystals

A typical “bulk” perovskite structure is called three-dimensional (3D) which 
is usually comply to the ABX3 formula completely [43–45]. In this situation, “3D” 
refers to the growth in every dimension without any confinement. X anions are 
combined through corner sharing to form a 3D network. Beside this, the cation A 
occupies the site in the middle of eight octahedra, and each element needs to owe 
the proper valence state to keep a whole charge balance [43]. To obtain nano crystal-
line perovskites, crystal growth must be restricted with at least one dimension by a 
capping agent or a matrix. Thus, It is possible to prepare various dimensioned PNSs 
such as zero, one or two dimension (0D, 1D or 2D respectively) (Figure 6) [1, 46].

Figure 6. 
Schematic illustration of low-dimensional perovskites and 3D perovskite crystal structures (reproduced with 
permission of Ref. [47]).
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0D PNSs have been synthesized, by LARP [25], hot-injection [32] and tem-
plate-assisted method [36] by different groups. Crystal growth is prevented in all 
dimensions by a ligand or a metal-oxide matrix to obtained quantum-dot-like NPs 
representing good Photoluminescence (PL). Prepared nanostructures have been 
used in many opto-electronic applications such as solar cells, LEDs and laser.

Perovskite nanowires or nanorods are basically 1D PNSs which represent 
outstanding anisotropic optical and electrochemical properties with very high 
PLQFs [41]. 1D PNSs have been proposed by Horvath et al. for the first time in the 
literature. Nanowires with 50–400 nm wide and 10 μm length has been prepared 
in DMF solution phase. Obtained NPSs have been used in Solar Cells [48], LED [4] 
and photodetector [8] applications.

Consequently, 2D PNSs are nano pellet or nano sheet shaped materials which 
consist of several unit cells leading larger binding energy for the exciton and 
more intense PL. These types of NPs have similar networks with corresponded 3D 
perovskite, however the general formula of ABX3 is changed when the NP is very 
thin. Number of sheets in a nano pellet NPS can be determine by using absorption 
and emission spectroscopy. Differences of Absorption and emission maximum of 
nanosheets (n = 1, 2, 3 and 4) are very significant. Maximum absorption peak is red 
shifted with the increasing of number of unit cell (nano- pellet) (Figure 7).

4. Applications of perovskite nanoparticles

4.1 Optical properties of perovskite nanoparticles

In recent years, perovskite is a very important milestone in solar cell research, 
thanks to its perfect exciton and charge carrier properties. This excellent perfor-
mance has allowed perovskite to be used as outstanding light emitters in Light 
Emitting Diodes (LEDs) and other optoelectronic applications [4, 7, 25, 50–56]. One 
of the most attractive features of perovskites is their emissions, which can be easily 
adjusted in the visible range compared to traditional III–V and II–VI groups. All 
inorganic-perovskite ABX3 emissions, including quantum dots and nanoplatelets, 

Figure 7. 
(a) Schematic illustration of the perovskite nanopelets preparation. (b) Image of OA/MA perovskite 
suspensions in toluene under ambient light (reproduced with permission of Ref. [49]).



Perovskite and Piezoelectric Materials

54

3. Form factor of perovskite nano-crystals
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dimensions by a ligand or a metal-oxide matrix to obtained quantum-dot-like NPs 
representing good Photoluminescence (PL). Prepared nanostructures have been 
used in many opto-electronic applications such as solar cells, LEDs and laser.

Perovskite nanowires or nanorods are basically 1D PNSs which represent 
outstanding anisotropic optical and electrochemical properties with very high 
PLQFs [41]. 1D PNSs have been proposed by Horvath et al. for the first time in the 
literature. Nanowires with 50–400 nm wide and 10 μm length has been prepared 
in DMF solution phase. Obtained NPSs have been used in Solar Cells [48], LED [4] 
and photodetector [8] applications.

Consequently, 2D PNSs are nano pellet or nano sheet shaped materials which 
consist of several unit cells leading larger binding energy for the exciton and 
more intense PL. These types of NPs have similar networks with corresponded 3D 
perovskite, however the general formula of ABX3 is changed when the NP is very 
thin. Number of sheets in a nano pellet NPS can be determine by using absorption 
and emission spectroscopy. Differences of Absorption and emission maximum of 
nanosheets (n = 1, 2, 3 and 4) are very significant. Maximum absorption peak is red 
shifted with the increasing of number of unit cell (nano- pellet) (Figure 7).

4. Applications of perovskite nanoparticles

4.1 Optical properties of perovskite nanoparticles

In recent years, perovskite is a very important milestone in solar cell research, 
thanks to its perfect exciton and charge carrier properties. This excellent perfor-
mance has allowed perovskite to be used as outstanding light emitters in Light 
Emitting Diodes (LEDs) and other optoelectronic applications [4, 7, 25, 50–56]. One 
of the most attractive features of perovskites is their emissions, which can be easily 
adjusted in the visible range compared to traditional III–V and II–VI groups. All 
inorganic-perovskite ABX3 emissions, including quantum dots and nanoplatelets, 

Figure 7. 
(a) Schematic illustration of the perovskite nanopelets preparation. (b) Image of OA/MA perovskite 
suspensions in toluene under ambient light (reproduced with permission of Ref. [49]).



Perovskite and Piezoelectric Materials

56

can cover the entire visible area, even close to the infrared or ultraviolet region, by 
substituting halide elements from chloride to iodine [26, 34, 51, 57, 58]. Another way 
to adjust the emission is to insert other organic molecules into it or replace anions/
cations.

4.2 High quantum efficiency

Perovskites are considered superior light emitters owing to their large absorption 
coefficients and high quantum yields [59, 60]. The high quantum yield generally 
indicates that most of the absorbed photons are transformed by radiative recom-
bination processes. High quantum yields (90%) have been reported in inorganic 
ABX3 and organic-inorganic methyl-ammonium halide perovskite nanocrystals 
without further surface treatment [26, 34]. However, the main reason for reduced 
quantum efficiency in conventional III –V and II –VI groups is that these nanocrys-
talline structures are often affected by surface defects or donor-receptor levels. In 
perovskite, where there are very few electrical charge trapping conditions, high 
quantum efficiency is the result of the formation of a clear band gap that greatly 
supports exciton radial recombination efficiency [61].

4.3 Quantum confinement effect

Optical absorption and emission characteristics of a semiconductor can be 
adjusted by changing the size of the semiconductor. If the size of such materials is in 
the nanocrystal range, changes in band gaps can be observed. The reduction of the 
crystal size causes the quantum capture effect to be observed and the bandwidth 
to shift to blue. If the semiconductor size is too small to compare with the Bohr 
radius of excitons, quantum trapping can be seen in the optical properties of the 
semiconductors. For example, the quantum capture effect is quite evident in com-
pletely inorganic CsPbBr3 perovskite nanocrystals and in organic-inorganic methyl 
ammonium lead halide perovskite nanocrystals. This can usually be observed when 
the nanocrystalline size is comparable to the exciton Bohr radius. Figure 8a and b 
demonstrate that the emission of CsPbBr3 perovskite nanocrystals can actually be 
adjusted from 2.7 eV to 2.4 eV, with a size ranging from 4 nm to 12 nm, which is 
compatible with the theoretical calculation [34].

4.4 Linear absorption and emission

Many groups have focused on improving the band spacing, excitonic char-
acteristic and optical properties of photoluminescent quantum yields of halide 
perovskite nanocrystals for optoelectronic applications in recent years [18, 62]. The 
most interesting of these features is that bandwidth is adjustable. It is possible to 
adjust the bandwidth by changing the individual components of the metal halide 
perovskites (MHP). Optical properties of bulk perovskite thin films could be 
changed across the entire visible spectrum. Thus, it has been shown that the optical 
properties of MAPbBr3 nanocrystals, which have an emission of approximately 529 
nm, can also be altered throughout the entire visible spectrum [63, 64]. For CsPb(X 
= Cl, Br or I)3 nanocrystals, using halide components, the emission wavelength is 
from 410 nm (X = Cl), (X = Br) to 512 nm, (X = I) It has been shown that it can be 
shifted to 685 nm (Figure 9).

Adjustable optical features of perovskite nanocrystals are based on the elec-
tronic structure of these materials (Figure 10). The conduction band consists of 
external p orbitals of halid and antibonding orbitals of hybridization of Pb 6p 
orbitals. The valence band consists of antibonding of the hybridization of Pb 6s 
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Figure 8. 
(a) The emission spectra of CsPbBr3 NCs Quantum-size effects in the absorption and (b) experimental 
versus effective mass approximation size (theoretical technique) with respect to the band gap energy range 
(reproduced with permission of Ref. [34]).

Figure 9. 
UV−vis and photoluminescence spectra shows that the band gap could be tuned by controlling of CsPbX3 NCs 
as a function of halide (reproduced with permission of Ref. [34]).
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and the same halide p-orbitals. The conduction band is generally p-like owing 
to the high density energy bands lead density contribution [65]. However, as the 
opposite of this situation, the band gap of gallium arsenide occurs between bond-
ing and antibonding orbitals. As the halide component changes, the valence energy 
band shifts at the limit value, while only small changes occur in the energy limit 
value of the transmission band [66]. The cation A does not contribute considerably 
to the conduction and valence orbitals, but has an important effect on the band gap 
of perovskite [67]. As a result, emission energies of MA-based perovskite nanocrys-
tals have been demonstrated to range from halide to 407 to 734 nm. It is understood 
that the FA emissions of nanocrystalline FAs shifted to 408 nm with Cl, to 535 nm 
with Br and to I and 784 nm, that is, to red [68–70]. In addition, the B cation has a 
significant mission in changing the optical properties of metal halide perovskites 
nanocrystals. As is known, the lead is a harmful element for the nature, instead of 
using the band [71], the band gap and PL emissions of the metal halide perovskites 
nanocrystals shifted from Cl to 443 nm and from I to 953 nm. The reason is prob-
ably a result of the higher electronegativity of Sn2 than Pb2 [72]. But, the stability 
of Sn2+ and similarly Ge2+ based on perovskite compounds is too weak owing to the 
reduction of non-interacting electron pair effects corresponding to a decrease in 
the stability of the divalent oxidation state [73]. As a result, PL emissions or energy 
band gaps of nanocrystalline structures obtained by various methods depend only 
on stoichiometry [74]. Stokes shift is an important parameter at the absorption 
and emission spectra that LHP nanocrystals show typically small, ranging from 
20 to 85 meV [75–77]. Stokes shift increases as nanocrystals decrease in size. This 
is clarified by the creation of a compatible hole state that can be delocalized across 
the whole nanocrystal [78]. PL line widths of metal halide perovskites are another 
important point, particularly for LED applications. In fact, the line widths are com-
monly in the range of 70-110 meV and have been found to vary significantly with 
respect to the halide content. In many articles, the halide component greatly varies 
the PL spectra in terms of wavelength, for instance for Cl-perovskites reaches to 
10–12 nm and for I-perovskites 40 nm. In terms of photoluminescent quantum 
yields, LHP nanocrystals display high values with the more epitaxial shell range the 
more chalcogenide QDs without electronic passivation [69]. Some article abot MA 
based halide perovskites have been reached to 80 % to 95 % for photoluminescent 

Figure 10. 
The energy bands forms in a lead iodide perovskite by the crossing of lead and iodide orbitals (reproduced with 
permission of Ref. [23]).
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quantum yields, bromide and iodides, respectively [79–82]. The defect tolerance 
of halide perovskite gives new properties due to orbital structure and the bandgap 
that forms between two antibonding orbitals. FA-based nanocrystals also reach 
to 70–90% photoluminescent quantum yield. There is alternative method that 
doping with additional ions to handle the optical emission of LHP nanocrystals. 
The addition of Mn2+ ions leads to a strong Stokes shift emission by the band gap 
given by the perovskite matrix and the emission from the atomic states of the Mn2+ 
ions (Figure 11a) [83]. Mn2+ doping can result in a pair of controllable emissions 
from both localized Mn2+ states and band gap recombination [84, 85]. In contrary, 
CsPbBr3 nanocrystals have been shown to cause blue shift of doping, band bound-
ary and PL emission with other divalent cations such as Sn2+, Cd2+ and Zn2+. In 
these cases, an important portion (0.2–0.7%) of the original Pb ions have been 
exchanged by new metal cations that produce alloy nanocrystals. CsPbBr3 alloy 
nanocrystals with 0.2% content of AI3+ ions have a blue shear PL emission with a 
centre of 456 nm and a relatively high 42% photoluminescence quantum yield [86]. 
In all these cases, perovskite nanocrystals act as an absorbent host that stimulates 
dopants through energy transfer. In addition, by selecting specific dopant atoms, 
the emission wavelengths of the nanocrystals obtained can be easily adjusted. 
When lanthanide ions are doped, the emission of CsPbCl3 nanocubes ranges from 
400 nm to 1000 nm and their quantum yields are 15% and 35%, respectively 
(Figure 11b) [87].

5. Optoelectronics applications of perovskite

5.1 Optical lasing

High absorption coefficient and strong photoluminescence is the most powerful 
side of metal halide perovskite. It is possible to obtain a laser with a high quantum 
efficiency material and a suitable optical band spacing. With the understanding 

Figure 11. 
(a) Photoluminescence emission & absorption of Mn-doped CsPbCl3 NCs, (b) photoluminescence curves of 
CsPbCl3 NCs doped with different lanthanide ions (reproduced with permission of Refs. [23, 87]).
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quantum yields, bromide and iodides, respectively [79–82]. The defect tolerance 
of halide perovskite gives new properties due to orbital structure and the bandgap 
that forms between two antibonding orbitals. FA-based nanocrystals also reach 
to 70–90% photoluminescent quantum yield. There is alternative method that 
doping with additional ions to handle the optical emission of LHP nanocrystals. 
The addition of Mn2+ ions leads to a strong Stokes shift emission by the band gap 
given by the perovskite matrix and the emission from the atomic states of the Mn2+ 
ions (Figure 11a) [83]. Mn2+ doping can result in a pair of controllable emissions 
from both localized Mn2+ states and band gap recombination [84, 85]. In contrary, 
CsPbBr3 nanocrystals have been shown to cause blue shift of doping, band bound-
ary and PL emission with other divalent cations such as Sn2+, Cd2+ and Zn2+. In 
these cases, an important portion (0.2–0.7%) of the original Pb ions have been 
exchanged by new metal cations that produce alloy nanocrystals. CsPbBr3 alloy 
nanocrystals with 0.2% content of AI3+ ions have a blue shear PL emission with a 
centre of 456 nm and a relatively high 42% photoluminescence quantum yield [86]. 
In all these cases, perovskite nanocrystals act as an absorbent host that stimulates 
dopants through energy transfer. In addition, by selecting specific dopant atoms, 
the emission wavelengths of the nanocrystals obtained can be easily adjusted. 
When lanthanide ions are doped, the emission of CsPbCl3 nanocubes ranges from 
400 nm to 1000 nm and their quantum yields are 15% and 35%, respectively 
(Figure 11b) [87].

5. Optoelectronics applications of perovskite

5.1 Optical lasing

High absorption coefficient and strong photoluminescence is the most powerful 
side of metal halide perovskite. It is possible to obtain a laser with a high quantum 
efficiency material and a suitable optical band spacing. With the understanding 
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(a) Photoluminescence emission & absorption of Mn-doped CsPbCl3 NCs, (b) photoluminescence curves of 
CsPbCl3 NCs doped with different lanthanide ions (reproduced with permission of Refs. [23, 87]).



Perovskite and Piezoelectric Materials

60

that amplified spontaneous emission can be obtained from perovskite material, 
research has focused on this subject. Especially, laser obtaining studies were carried 
out by using perovskite crystal. It has also been shown that perovskite nanowires in 
high crystalline feature can have a Fabry-Perot gap to obtain a laser in the material 
[88]. By manipulating the content of the halide in the composition of the perovskite 
lead to control the emission wavelength and obtain the laser in the entire visible 
spectrum (Figure 12a and b) [57]. Zhu et al. showed that laser exposure in CH3NH3 
PbX3 with an exponentially low current threshold (220 nJ cm−2) and a correspond-
ing carrier density as low as 1.5 × 1016 cm−3.

5.2 Light emitting diodes

Metal halide perovskite has great potential due to its easy preparation, low 
cost and high-performance light emitting diodes. Perovskites in LED applications 
show well a high colour purity, usually 15–25 nm full width half-colour purity 
for electroluminescence spectra. The point is here that the colour adjustment can 
cover the entire visible part of the spectrum by changing the content of different 
halides within the compounds. Therefore, many researchers have achieved high 
performance in perovskite quantum dot LED because of their quantum dots, strong 
luminescence, and high external quantum yields (Figure 13a) [25]. The stability 
problem of organic-inorganic hybrid perovskite can be eliminated by synthesiz-
ing the inorganic perovskites (ie CsPbX3) as quantum dots for LED applications 
(Figure 13b) [89]. The performance of perovskite nanoplatelets in LED applications 
was lower than the quantum dots (Figure 13c). As a result, perovskite has a great 
potential for lighting and display applications as a new generation LED material.

5.3 Alternative applications

FETs, photodetectors, and single photon emitters are the other potential 
optoelectronic application devices. Liu et al. [90] used perovskite nanoplatelets 
to produce a FET on a Si/SiO2. For this device, the current-voltage curve showed 
ohmic contact between the perovskite nanoplatelets and electrodes, and a linear 
dependency was noted. In that study, they revealed a strong light-material interac-
tion and broadband light harvesting capability of perovskite. Many photodetec-
tors were fabricated based on a horizontal CH3NH3PbI3 nanowire array [49]. The 

Figure 12. 
(a) Photoluminescence spectra of CsPb (X = Cl, Br, I)3 nanoplatelets and (b) wavelength adjustment 
of perovskite lasing by controlling the content of halide in CsPbX3 perovskite [6, 7, 57]. There is really an 
extraordinary point about nanowires is that they have very little carrier capture area and the laser quantum 
efficiency reaches to 100% (reproduced with permission of Ref. [6]).
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Figure 13. 
In LED applications are generally used a low dimensional perovskite. (a) CH3NH3PbX3 quantum dots are 
applied to fabricate LED, (b) CsPbX3 quantum dots are used to form LED, (c) CH3NH3PbX3 nanoplatelets 
are performed to obtain LED (reproduced with permission of Refs. [25, 89, 91]).

response time compared to the obtained photodetectors bulk perovskite and other 
inorganic nanowire photodetectors is higher in terms of response time of 0.3 ms, 
1.3 A W−1 response and a detectivity of 2.5 × 1012 Jones. Park et al. show a remark-
able perovskite nanomaterials application that Quantum dots were used as a single 
photon emitter at standard conditions. CsPbX3 perovskite was used as the leading 
material to synthesize cubic shapes and quantum dots with an average size of 10 nm. 
Perovskite quantum dots displayed an excellent photon beam of emitted light and 
photoluminescence (PL) intensity fluctuations associated with PL life. It is defined 
that phenomenon as “A-type flashing” that is popular in the quantum dot system.

6. Conclusion

In this chapter, preparation methods and applications of 2D perovskite nanopar-
ticles were reviewed. The most crucial points for synthesis method are uniformity 



Perovskite and Piezoelectric Materials

60

that amplified spontaneous emission can be obtained from perovskite material, 
research has focused on this subject. Especially, laser obtaining studies were carried 
out by using perovskite crystal. It has also been shown that perovskite nanowires in 
high crystalline feature can have a Fabry-Perot gap to obtain a laser in the material 
[88]. By manipulating the content of the halide in the composition of the perovskite 
lead to control the emission wavelength and obtain the laser in the entire visible 
spectrum (Figure 12a and b) [57]. Zhu et al. showed that laser exposure in CH3NH3 
PbX3 with an exponentially low current threshold (220 nJ cm−2) and a correspond-
ing carrier density as low as 1.5 × 1016 cm−3.

5.2 Light emitting diodes

Metal halide perovskite has great potential due to its easy preparation, low 
cost and high-performance light emitting diodes. Perovskites in LED applications 
show well a high colour purity, usually 15–25 nm full width half-colour purity 
for electroluminescence spectra. The point is here that the colour adjustment can 
cover the entire visible part of the spectrum by changing the content of different 
halides within the compounds. Therefore, many researchers have achieved high 
performance in perovskite quantum dot LED because of their quantum dots, strong 
luminescence, and high external quantum yields (Figure 13a) [25]. The stability 
problem of organic-inorganic hybrid perovskite can be eliminated by synthesiz-
ing the inorganic perovskites (ie CsPbX3) as quantum dots for LED applications 
(Figure 13b) [89]. The performance of perovskite nanoplatelets in LED applications 
was lower than the quantum dots (Figure 13c). As a result, perovskite has a great 
potential for lighting and display applications as a new generation LED material.

5.3 Alternative applications

FETs, photodetectors, and single photon emitters are the other potential 
optoelectronic application devices. Liu et al. [90] used perovskite nanoplatelets 
to produce a FET on a Si/SiO2. For this device, the current-voltage curve showed 
ohmic contact between the perovskite nanoplatelets and electrodes, and a linear 
dependency was noted. In that study, they revealed a strong light-material interac-
tion and broadband light harvesting capability of perovskite. Many photodetec-
tors were fabricated based on a horizontal CH3NH3PbI3 nanowire array [49]. The 

Figure 12. 
(a) Photoluminescence spectra of CsPb (X = Cl, Br, I)3 nanoplatelets and (b) wavelength adjustment 
of perovskite lasing by controlling the content of halide in CsPbX3 perovskite [6, 7, 57]. There is really an 
extraordinary point about nanowires is that they have very little carrier capture area and the laser quantum 
efficiency reaches to 100% (reproduced with permission of Ref. [6]).

61

Perovskite Nanoparticles
DOI: http://dx.doi.org/10.5772/intechopen.94588

Figure 13. 
In LED applications are generally used a low dimensional perovskite. (a) CH3NH3PbX3 quantum dots are 
applied to fabricate LED, (b) CsPbX3 quantum dots are used to form LED, (c) CH3NH3PbX3 nanoplatelets 
are performed to obtain LED (reproduced with permission of Refs. [25, 89, 91]).

response time compared to the obtained photodetectors bulk perovskite and other 
inorganic nanowire photodetectors is higher in terms of response time of 0.3 ms, 
1.3 A W−1 response and a detectivity of 2.5 × 1012 Jones. Park et al. show a remark-
able perovskite nanomaterials application that Quantum dots were used as a single 
photon emitter at standard conditions. CsPbX3 perovskite was used as the leading 
material to synthesize cubic shapes and quantum dots with an average size of 10 nm. 
Perovskite quantum dots displayed an excellent photon beam of emitted light and 
photoluminescence (PL) intensity fluctuations associated with PL life. It is defined 
that phenomenon as “A-type flashing” that is popular in the quantum dot system.

6. Conclusion

In this chapter, preparation methods and applications of 2D perovskite nanopar-
ticles were reviewed. The most crucial points for synthesis method are uniformity 



Perovskite and Piezoelectric Materials

62

Author details

Burak Gultekin1*, Ali Kemal Havare2, Shirin Siyahjani1, Halil Ibrahim Ciftci3  
and Mustafa Can4

1 Ege University, Solar Energy Institute, Izmir, Turkey

2 Faculty of Engineering, Electric and Electronics Engineering, Photoelectronic 
Lab. (PEL), Toros University, Mersin, Turkey

3 Faculty of Life Sciences, Medicinal and Biological Chemistry Science Farm Joint 
Research Laboratory, Kumamoto University, Kumamoto, Japan

4 Faculty of Engineering and Architecture, Izmir Katip Celebi University, Izmir, 
Turkey

*Address all correspondence to: burakgultekin@gmail.com

and form factor of synthesised nanoparticles. Furthermore, structural, optic, and 
electrochemical properties of 2D perovskites have been introduced in detail. Due to 
the low ionic interaction in the crystal structures, organo-halide perovskites exhibit 
low stability under ambient conditions. However, 2D perovskite nanoparticles 
still offer a great potential due to the structure-dependent optic and electronic 
properties.
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and form factor of synthesised nanoparticles. Furthermore, structural, optic, and 
electrochemical properties of 2D perovskites have been introduced in detail. Due to 
the low ionic interaction in the crystal structures, organo-halide perovskites exhibit 
low stability under ambient conditions. However, 2D perovskite nanoparticles 
still offer a great potential due to the structure-dependent optic and electronic 
properties.
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Chapter 4

Organic Inorganic Perovskites: A 
Low-Cost-Efficient Photovoltaic 
Material
Madeeha Aslam, Tahira Mahmood and Abdul Naeem

Abstract

Organic-inorganic perovskite materials, due to the simultaneous possession of 
various properties like optical, electronic and magnetic beside with their structural 
tunability and good processability, has concerned the attention of researchers from 
the field of science and technology since long back. Recently, the emergence of 
efficient solar cells based on organic-inorganic perovskite absorbers promises to 
alter the fields of thin film, dye-sensitized and organic solar cells. Solution pro-
cessed photovoltaics based on organic-inorganic perovskite absorbers CH3NH3PbI3 
have attained efficiencies of over 25%. The increase in popularity and consider-
able enhancement in the efficiency of perovskites since their discovery in 2009 is 
determined by over 6000 publications in 2018. However, although there are broad 
development prospects for perovskite solar cells (PSCs), but the use of CH3NH3PbI3 
results in lead toxicity and instability which limit their application. Therefore, the 
development of environmental-friendly, stable and efficient perovskite materials 
for future photovoltaic applications has long-term practical significance, which can 
eventually be commercialized.

Keywords: organic-inorganic, Perovskite, photovoltaic material, optical properties, 
solar cells

1. Introduction

Organic-inorganic perovskites materials have emerged as a promising material 
for high-efficiency nanostructured devices such as light-emitting diodes (LEDs), 
detectors, field-effect transistors, and photovoltaic devices etc. [1, 2]. Organic-
inorganic perovskites have attracted extensive attention due to their promising 
optical and electronic properties, excellent crystallinity, adjustable bandgap, long 
charge diffusion length, electroluminescence, and conductivity [3, 4]. As the most 
fascinating new-generation photovoltaic materials, organic–inorganic perovskite 
due to their facile synthesis, low temperature deposition, and capability to make 
flexible devices has been considered as a vigorous component of the efficient, 
low-cost, lightweight and flexible Perovskite solar cells [3, 4]. Perovskite solar cells 
(PSCs) have rapidly become the leading edge of third generation 3G photovoltaic 
technologies [5, 6]. PSCs based on the organic inorganic perovskite materials have 
fascinated great consideration, with their power conversion efficiencies (PCEs) 
reaching 25.2% certified [7, 8]. Over the past several months, it has been observed 
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a surprising revolution and rapid progress in the field of emerging photovoltaic, 
with the understanding of highly efficient solar cells based on organic inorganic 
perovskite materials. This perovskite technology is now well-matched with the 
1G and 2G technologies and is thus probably be embraced by the conventional 
 photovoltaic community and industry [9, 10].

1.1 Organic inorganic perovskite materials in solar cells

The advent of organic inorganic perovskite based solar cells has resulted in 
rapid growth in photovoltaic history. Organic inorganic perovskite materials 
have recently, fascinated greater attention due to its outstanding light-harvesting 
features [7].

Organic-inorganic perovskite absorbers have appeared in the field of DSSCs 
since 2009. The first perovskite-sensitized DSSCs were developed by Kojima et al. 
[11] which obtained PCE of 3.13% using liquid electrolytes. However, continuous 
irradiation produced a photocurrent decay in an open cell when exposed to air. 
Later, the electron transporting layer (Titania) surface and perovskite process-
ing were optimized, and in 2011, Im et al. [12] developed first stable PSC, using 
CH3NH3PbI3-based iodide liquid electrolyte offered a PCE of 6.5%. However, the 
perovskite nanocrystals dissolved in the liquid iodide electrolyte solution, and the 
cell degraded within 10 minutes. To avoid the problem of perovskite dissolution in 
an electrolytic solution, the liquid electrolyte was replaced by a solid in 2012, and 
a PCE of 9% was achieved showing good stability up to 500 h without significant 
losses [13, 14]. Afterward, Al2O3 an insulating network was used to substitute 
conducting nano porous TiO2. By using mixed MAPbI3-XClX as the sensitizer, an 
enhanced open-circuit voltage (VOC) and PCE (10.9%) was achieved [15]. In 2013, 
a successive deposition method for the perovskite layer within the porous metal 
oxide film was developed. The fabrication technique for solid-state mesoscopic solar 
cells greatly improved the reproducibility of cell performance and produced a high 
PCE of 15%. Many PSC devices are now attaining PCE > 20% since 2015 and 25% in 
2019 [4, 16]. National Renewable Energy Laboratory (NREL), on 3rd August 2019 
declared a new world record PCE of 25.2% for PSCs. This PCE value is improved up 
to ∼28% for perovskite-silicon tandem structures [4].

1.2 Device architecture of perovskite solar cells

PSC consists of a perovskite absorbing material sandwiched between electron 
transporting layer (ETL) and hole-transporting layer (HTL) along with the trans-
parent conducting oxide substrate (FTO) and a top electrode such as gold, silver 
[17]. In PSCs, the effective charge separation and the light harvesting efficiency 
are significantly affected by the properties like particle size, porosity, surface area, 
surface morphology, band gap, thickness of semiconductor materials, and the 
nature of organometal halide perovskites [18].

The primary function of an ETL is to extract a photo generated electron from 
perovskite and then transfer to electrodes. The basic criterion for an ideal ETL is 
high optical transmittance, excellent electron mobility, high conductivity, and an 
appropriate work function. ETL also performs as hole-blocking layer (HBL) [19]. 
The configuration and the choice of ETL are essential factors to understand the 
electronic mechanisms in PSCs, which control processes such as carrier separation, 
extraction, transport, and the recombination. Hence, the configuration of device 
structure is critical to alter different materials for ETL, electrode contacts, and the 
barrier layer of insight these processes and mechanisms [18]. TiO2, which has a wide 
band gap, has been extensively studied as an efficient electron transport material 
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(ETM). Moreover, ZnO and other n-type semiconductors such as SnO2, Nb2O5 
and BaSnO3 are frequently used as ETMs and are used in flexible perovskite solar 
cells [20, 21].

The HTL lies in the heart i.e. in between the metal electrode and perovskite of 
device. It plays a central-role in the PSC and extracts holes from the perovskite and 
transfer them to top-electrode. It avoids the direct contact of perovskite and top 
electrode [22]. For efficient hole transport, the highest occupied molecular orbit 
(HOMO) must match the valence band (VB) of perovskite materials. According 
to the chemical composition, HTMs in PSCs can be divided into two types: organic 
and inorganic HTMs. Spiro-OMeTAD is the most used organic HTM, which displays 
good penetration in perovskite and is an appropriate match with the VB energy of 
perovskite, though its hole mobility is not as superior as that of other organic HTMs. 
[21, 23]. Hence, in order to improve the hole mobility, polymers are doped with 
p-type (i.e., cobalt or Lithium salts) or some additives (i.e., bis(trifluoromethane) 
sulfonimide lithium, LiTFSI, and 4-tert-butyl pyridine, TBP) [21, 24]. Other 
organic materials reported as HTMs in PSCs are PTAA, PEDOT:PSS, P3HT etc. 
[25]. Inorganic p-type semiconductor materials, due to their advantages such as 
high hole mobility, wide band gap, and easy solvent treatment process as compared 
with organic HTMs exhibit the possibility to replace organic HTMs. The reported 
inorganic HTMs for PSCs are NiO, CuSCN, CuI, CsSnI3 etc. [21, 25].

A PSC includes an organic-inorganic perovskite material as the light-harvesting 
active layer. Amongst the component’s PSCs, perovskite materials perform a key 
role. Perovskite is comprised of earth abundant and inexpensive materials. It 
is processed at lower temperature rather via the printing techniques [26]. The 
organic−inorganic perovskites can exhibit appropriately good ambipolar charge 
transport and the primary functions of photovoltaic operation comprising light 
absorption, generation of charges, and transport of both electrons and holes. They 
perform both as efficient light absorbers and charge carriers [21]. The commonly 
used perovskites are Methylammonium lead triiodide (CH3NH3PbI3) and formami-
dinium lead triiodide (CH3(NH2)2PbI3) [27]. Moreover, The PSC architecture is 
represented in Figure 1.

The two main device architectures of PSC are

1. mesoscopic

2. planar

Figure 1. 
Representative architecture of PSC.
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Representative architecture of PSC.
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The conventional PSC consists of mesoscopic n-i-p structure and is the novel 
architecture of PSC devices which consists of an FTO, an electron transport layer 
(ETL), a mesoporous oxide layer such as TiO2, or SnO2, perovskite (light absorb-
ing) layer, a hole transport layer (HTL), and an electrode layer. The mesoporous 
TiO2 layer played a significant role in the electron transfer process and as a scaffold 
providing mechanical support of the perovskite crystal. The use of mesoporous 
materials in PSC permit the perovskite material to adhere to the mesoporous metal 
oxide framework to increase the light-receiving area of the photosensitive material 
and results in improving the efficiency of the device. The mesoporous layer was 
usually less than 300 nm. The presently mesoporous structure of PSCs is one of the 
most common structures with a power conversion efficiency (PCE) greater than 
20% [28]. The mesoscopic structure due to the fabrication ease and outstanding 
best efficiencies is the most extensively adopted in research labs. However, high 
temperature (˃450°C) sintering is required for mesoporous layer-based devices, 
which prevents the use of plastic substrates [29–31]. To overcome this problem, the 
planar perovskite solar cell was developed that showed comparable performance for 
mesoporous perovskite solar cell. Planar heterojunction PSCs have been reported by 
several researchers in which only compact layers of ETM and HTM is used without 
a mesoporous layer at a temperature lower than 200°C [19, 21, 32]. Hence the planar 
structure turns out to be very attractive for basic research purposes. The mesoscopic 
and planar structures of PSC are represented in Figure 2.

1.3 Structure of perovskite materials

Perovskites materials are designated by the formula ABX3, where A and B are 
cations of different sizes (A being larger than B) and X is an anion [7]. The crystal 
structure of perovskites is depicted in Figure 3 and it has a cubic crystal structure 
with three-dimensional (3D) framework sharing BX6 octahedron with the A ion 
placed at the octahedral interstices [33, 34]. In organic-inorganic materials, the A is 
organic cations generally methylammonium, ethylammonium and formamidinium 
and B is usually metal ions of group IV such as Pb2+, Sn2+ and Ge2+ whereas the X are 
VII group anions I−, Cl− and Br− [2, 7, 34].

The crystallographic stability and probable structure of perovskite can be 
inferred by studying a “tolerance factor” t and an “octahedral factor” μ. A “toler-
ance factor” is defined as the “ratio of the A-X distance to the B-X distance in an 
idealized solid-sphere model” and is represented by the formula:
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For halide (X = F, Cl, Br, I) perovskites, generally 0.81 < t < 1.11 and 
0.44 < μ < 0.90 [35]. If t value lies in the narrow range 0.89–1.0, the structure 
is cubic, but, if it is lower, symmetric tetragonal or orthorhombic structures is 
expected [2]. Regardless of these limitations, conversions between these structures 
are common on heating, at the high-temperature cubic phase is generally obtained.

For the organic–inorganic perovskites, organic cation A usually methylam-
monium (CH3NH3

+) with RA = 0.18 nm, ethylammonium (CH3CH2NH3
+) 

(RA = 0.23 nm) and formamidinium (NH2CHNH2
+) (RA = 0.19–0.22 nm) are 

used. The cation B is commonly Pb (RB = 0.119 nm); however, Sn (RB = 0.110 nm) 
forms similar compounds with more ideal bandgap but exhibits lower stability 
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(ascribed to the oxidation of Sn to SnI4 in the iodide perovskite). The anion X is a 
halogen, generally iodine (RX = 0.220 nm) is used, however Br and Cl are also used 
(RX = 0.196 nm and 0.181 nm) [35, 36]. The commonly used organic inorganic 
perovskite material is methylammonium lead triiodide (CH3NH3PbI3).

MAPbX3 perovskite show multiple phases as a function of composition and 
temperature. These different phases have markedly different optical and electrical 
properties as well as stability. MAPbI3 displayed α-phase, δ-phase, and γ-phases 
with transition temperatures of 400 K, 333 K, and 180 K, respectively. Generally, 
the δ-phase MAPbI3 is used as absorber in solar cell due to its thermodynamically 
stable nature at room temperature and its increased conductivity and absorption 
coefficient (>26 mm_1) in contrast to the α-phase. Though, a phase transition from 
δ-phase to α-phase may occur under continuous 1 sun illumination [15].

2. Synthesis of inorganic–organic solar cells materials

The deposition technique of organic-inorganic perovskites films is quite an 
important issue for perovskite studies, because the possible use of perovskite materi-
als depends on the availability of simple and perfect thin film deposition method. As 
concerns the preparation methods of organometallic halide perovskite CH3NH3PbX3 
thin films, solution-based procedures have been proposed to manufacture thin films. 

Figure 3. 
Structure of perovskite.

Figure 2. 
Representative scheme of a mesoporous (right) and planar PSC (left).
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The conventional PSC consists of mesoscopic n-i-p structure and is the novel 
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with transition temperatures of 400 K, 333 K, and 180 K, respectively. Generally, 
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stable nature at room temperature and its increased conductivity and absorption 
coefficient (>26 mm_1) in contrast to the α-phase. Though, a phase transition from 
δ-phase to α-phase may occur under continuous 1 sun illumination [15].

2. Synthesis of inorganic–organic solar cells materials

The deposition technique of organic-inorganic perovskites films is quite an 
important issue for perovskite studies, because the possible use of perovskite materi-
als depends on the availability of simple and perfect thin film deposition method. As 
concerns the preparation methods of organometallic halide perovskite CH3NH3PbX3 
thin films, solution-based procedures have been proposed to manufacture thin films. 
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Representative scheme of a mesoporous (right) and planar PSC (left).
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However, deposition of organic-inorganic perovskite materials is often challenging 
due to different physical and chemical properties of the organic and inorganic parts 
of perovskite materials [15]. Despite of this, several significant methods are used 
for thin film deposition of organic-inorganic hybrid perovskites. Various methods 
used for perovskite deposition are solution-processed (one-step and two-step) 
deposition, evaporation method, and vapor assisted solution process (VASP) are the 
typically adopted methods for film deposition [15, 37, 38].

1. one-step precursor solution deposition (Spin-coating technique)

2. two-step sequential deposition (including the vapor-assisted solution process)

3. thermal evaporation technique

2.1 One-step precursor solution deposition (spin-coating technique)

One-step processing (spin-coating) is a suitable technique extensively applied for 
uniform thin film deposition and is based on the co-deposition of both the inorganic 
and organic components either through solution processing or thermal evaporation. 
In solution processing, a mixture of both MX2 (M ¼ Pb, Sn; X ¼ Cl-, Br-, I-) and 
AX (A ¼ methylammonium MA); formamidinium, FA) is dissolved in an organic 
solvent and deposited through the spin coating to form a film (Figure 4), followed 
by annealing to produce the perovskite layer [15]. The post deposition annealing of 
the films at low temperature (T < 250°C) is sometimes used to increase phase purity 
and crystallinity [6]. Spin-coating allows deposition of hybrid perovskites on vari-
ous substrates, containing glass, quartz, plastic, and silicon. Selection of suitable 
parameters such as substrate, spin speed and the substrate temperature are essential 
for this technique and can be selected accordingly. The wetting properties of the 
solution on the chosen substrate can be improved by pre-treating the substrate with 
a suitable adhesion agent. The spin-coating technique does not involve cumbersome 
equipment and it gives high-quality films in quite short time at room temperature. 
It is considered as a distinct case of solution crystal growth, which results in the for-
mation of highly oriented perovskites layer on a substrate. In order to obtain a layer 
with the desired thickness, optimization of various parameters such as concentra-
tion of perovskites solution, and spin-coating parameters (spin speed, acceleration 
and spin duration) can be carried out. Generally, 2D homogeneous perovskites films 
with a thickness ranging 10 nm to 100 nm can be obtained by carefully choosing the 
parameters. The selection of solvent is also important by considering the solubility 
for both the organic ammonium and the inorganic lead halide. The usually used 
solvents for spin coating technique are Dimethylformamide (DMF) or Dimethyl 
sulfoxide (DMSO) [39]. These spin-coated perovskites films are very reproducible, 
and this technique is suitable for all PSC structures (mesoporous vs. planar) [39].

Figure 4. 
Schematic of the spin-coating process [4].
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2.2 Two-step dip-coating

Mitzi [40] first time reported the two-step dipping technique in 1998, and later 
by Burschka et al. [41] in 2013. In a two-step dip-coating deposition process, a 
metal halide PbI2 layer is first deposited by vacuum evaporation or spin-coated on 
a substrate. Then this coated film is altered into the perovskite by dipping into an 
organic MAI solution as it is shown in Figure 4. This method offered PCE of 15% 
and certified 14.14% [39]. Suitable selection of solvent is important for the dipping 
process. The solvent is selected such that can dissolve organic salt but cannot metal 
halide and the final organic-inorganic perovskite, toluene/2-propanol mixture 
is an appropriate solvent for the organic salt. The organic cations in solution 
intercalate into and react with metal halide on the substrate and form a crystalline 
film [6]. The dipping times are quite short: several seconds to minutes, depending 
on the system. This method is a suitable method for a variety of inorganic and 
organics, even if they have an incompatibility in solubility. This process effectively 
reduces the chemical reaction between the perovskite and the underlying ETL. 
The development of successive deposition methods has offered a variety of ETL 
options, though allowing for perovskite films to be prepared successfully at room 
temperature [15]. In addition, Chen et al. [42] developed a vapor assisted solu-
tion processing (VASP) method that used the reaction between MAI vapor and 
pre-deposited PbI2 to form the completed perovskite film. The resulting MAPbI3 
exhibits excellent film quality.

2.3 Thermal evaporation technique

M. Era et al. [43] first used thermal evaporation method. They used the dual 
source vapor deposition by using ammonium iodide RNH3I and lead iodide PbI2, 
organic and inorganic source were co-evaporated and deposited on quartz. The 
pressure of evaporation chamber was about 10−6 Torr. By using this method, it is 
possible to precisely control the smoothness and thickness of the films. However, 
it is often hard to balance the organic and inorganic rates, which is important in 
attaining the correct composition of the resultant perovskite films. Furthermore, 
Mitzi et al. [40] developed another method, by using a single evaporation source 
to deposit perovskites thin films called single source thermal ablation (SSTA) 
technique. This consists of a vacuum chamber, with an electrical feed-through 
to a thin tantalum sheet heater. A suspension of insoluble powders in a drying 
solvent is placed on the heater. Under a suitable vacuum, the temperature goes 
to approximately 1000°C in 1–2 second, the whole starting charge ablates from 
the heater. After ablation, the organic and inorganic parts reassemble on the 
substrates to yield films of the chosen product. Liu et al. [44] in 2013, improved 
this technique as a dual-source vapor deposition method for pinhole-free 
MAPbI1−

xClx perovskite films with a thickness of hundreds of nanometers for 
planar PSCs.

Later on, the chemical vapor deposition (CVD) method was reported by Leyden 
et al. [45], which precisely control the crystallization process. Vapor deposition 
methods are appropriate for multi-layered thin-film and a variety of substrates, 
though needs high vacuum [39]. However, this method has drawbacks of yield and 
therefore is not very effectively employed at industrial scale [46]. Though great 
achievements have been attained, researchers still meet some challenges, involving 
reproducibility and grain boundaries of perovskite films which are considered as 
a defect region initiates carrier recombination and accelerates device degradation. 
Hence, efforts to increasing grain size and reducing grain boundary of films are 
critical for stable and highly efficient PSCs.
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2.2 Two-step dip-coating

Mitzi [40] first time reported the two-step dipping technique in 1998, and later 
by Burschka et al. [41] in 2013. In a two-step dip-coating deposition process, a 
metal halide PbI2 layer is first deposited by vacuum evaporation or spin-coated on 
a substrate. Then this coated film is altered into the perovskite by dipping into an 
organic MAI solution as it is shown in Figure 4. This method offered PCE of 15% 
and certified 14.14% [39]. Suitable selection of solvent is important for the dipping 
process. The solvent is selected such that can dissolve organic salt but cannot metal 
halide and the final organic-inorganic perovskite, toluene/2-propanol mixture 
is an appropriate solvent for the organic salt. The organic cations in solution 
intercalate into and react with metal halide on the substrate and form a crystalline 
film [6]. The dipping times are quite short: several seconds to minutes, depending 
on the system. This method is a suitable method for a variety of inorganic and 
organics, even if they have an incompatibility in solubility. This process effectively 
reduces the chemical reaction between the perovskite and the underlying ETL. 
The development of successive deposition methods has offered a variety of ETL 
options, though allowing for perovskite films to be prepared successfully at room 
temperature [15]. In addition, Chen et al. [42] developed a vapor assisted solu-
tion processing (VASP) method that used the reaction between MAI vapor and 
pre-deposited PbI2 to form the completed perovskite film. The resulting MAPbI3 
exhibits excellent film quality.

2.3 Thermal evaporation technique

M. Era et al. [43] first used thermal evaporation method. They used the dual 
source vapor deposition by using ammonium iodide RNH3I and lead iodide PbI2, 
organic and inorganic source were co-evaporated and deposited on quartz. The 
pressure of evaporation chamber was about 10−6 Torr. By using this method, it is 
possible to precisely control the smoothness and thickness of the films. However, 
it is often hard to balance the organic and inorganic rates, which is important in 
attaining the correct composition of the resultant perovskite films. Furthermore, 
Mitzi et al. [40] developed another method, by using a single evaporation source 
to deposit perovskites thin films called single source thermal ablation (SSTA) 
technique. This consists of a vacuum chamber, with an electrical feed-through 
to a thin tantalum sheet heater. A suspension of insoluble powders in a drying 
solvent is placed on the heater. Under a suitable vacuum, the temperature goes 
to approximately 1000°C in 1–2 second, the whole starting charge ablates from 
the heater. After ablation, the organic and inorganic parts reassemble on the 
substrates to yield films of the chosen product. Liu et al. [44] in 2013, improved 
this technique as a dual-source vapor deposition method for pinhole-free 
MAPbI1−

xClx perovskite films with a thickness of hundreds of nanometers for 
planar PSCs.

Later on, the chemical vapor deposition (CVD) method was reported by Leyden 
et al. [45], which precisely control the crystallization process. Vapor deposition 
methods are appropriate for multi-layered thin-film and a variety of substrates, 
though needs high vacuum [39]. However, this method has drawbacks of yield and 
therefore is not very effectively employed at industrial scale [46]. Though great 
achievements have been attained, researchers still meet some challenges, involving 
reproducibility and grain boundaries of perovskite films which are considered as 
a defect region initiates carrier recombination and accelerates device degradation. 
Hence, efforts to increasing grain size and reducing grain boundary of films are 
critical for stable and highly efficient PSCs.
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3. Advances in perovskite solar cells

The possibility of merging the properties of inorganic with those of organic 
solids has inspired intensive research into the versatile properties. Organic-
inorganic perovskite materials have been widely used in PSCs using different ETLs 
and HTLs. The optimization of materials and structures is one of the solutions to 
improve the PCE. Table 1 shows some representative devices and their architec-
tures and performance.

Methylammonium Lead halide perovskites (MAPbX3) are mostly regarded as 
promising light absorbers owing their many advantages comprising high absorp-
tion coefficients, optimal bandgaps, and long-range exciton diffusion lengths. 
These perovskites have led to solar cells with PCEs upto15% in combination with 
meso-structure metal oxides and deposition methods (such as sequential and vapor 
deposition) [34]. There were few attempts to synthesize new perovskites by chang-
ing halide anions (X) in the MAPbX3 structure, but these materials did not result 
too much improvement in device efficiency. Optical and electronic properties of 
organo lead halide perovskites have been considered by replacing MA cation with 
other organic cations such as ethyl ammonium and formamidinium [55].

Dkhissi et al. [32] fabricated an efficiently CH3NH3PbI3-based planar perovskite 
solar cells on polymer substrates at 150°C or below. The hole blocking layer 
employed is a TiO2 layer. The devices showed an average efficiency of 10.6 ± 1.2%, 
and a maximum efficiency of 12.3% for flexible perovskite solar cells, presenting 
great potential for further enhancement of the low-cost, low-temperature process-
ing solar technology.

In 2014, Choi et al. [55] modified perovskite material with Cesium (Cs) by dop-
ing methyl ammonium lead iodide perovskites by Cesium to improve the perfor-
mance of inverted-type perovskite/fullerene planar heterojunction hybrid solar 
cells. CsxMA1-xPbI3 perovskite devices achieved improvement in device efficiency 
from 5.51–6.8% with an optimized 10% Cs doping concentration. The devices 
exhibited an outstanding increase in efficiency due to increases in short-circuit 
current density and open-circuit voltage.

ETL HTL Perovskite PCE References

Gr/ZnO-QDs Spiro-OMeTAD CH3NH3PbI3 9.73 [18]

TiO2-Al2O3 Spiro-OMeTAD 
-Li-TFSI

— 10 [24]

ZnO-NPs Spiro-OMeTAD CH3NH3PbI3 10.2 [34]

TiO2 Spiro-OMeTAD CH3NH3PbI3-xClx 11.7 [47]

TiO2 Spiro-OMeTAD CH3NH3PbI3 15.4 [48]

TiO2 — CH3NH3Pb Br3−n 8.54 [49]

SnO2 QD Spiro-OMeTAD-
Li-TFSI

Cs0.05(MA0.17FA0.83)0.95Pb 
(I0.83Br0.17)3

20.79 [50]

SnO2 QD Spiro-OMeTAD-
Li-TFSI

CH3NH3PbI3 19.73 [50]

SnO2 Spiro-OMeTAD Cs/MA/FA perovskite 20.7 [51]

SnO2 QD Spiro-OMeTAD CH3NH3PbI3 19.12 [52]

TiO2 Spiro-OMeTAD (FAI)0.81(PbI2)0.85(MAPbBr3)0.15 21.02 [53, 54]

Table 1. 
Comparison of different organic inorganic perovskite materials with different hole and electron TLs in PSCs.
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CH3NH3PbBr3 and CH3NH3PbI3, were used as sensitizers for TiO2 in a liquid 
junction solar cell, with open-circuit voltages of 0.61 and 0.71 V were achieved. 
CH3NH3PbI3 on mesoporous TiO2 showed good charge transport properties, where 
the perovskite is both the absorber and the hole conductor. Further CH3NH3PbX3 
(X = Br, I), mixed perovskite lead halides i.e., CH3NH3PbI2Cl, CH3NH3PbBr3 − xClx, 
and CH3NH3PbI3 − xClx were studied [27].

Giacomo et al. [47] fabricated PSCs using CH3NH3PbI3-xClx with different hole-
transporting materials. The mostly used Spiro-OMeTAD has been compared to the 
P3HT. By changing the energy level of P3HT and optimizing the device fabrication, 
PCE reached to 9.3%. They showed that P3HT can be used a suitable low-cost hole 
transport material for efficient perovskite based solar cells.

NiO has been tried as a substitute for organic molecular or polymeric HTMs 
(spiro-MeOTAD), displaying encouraging results in the TiO2/CH3NH3PbI3 configu-
ration, a PCE of 9.5% was attained with nanocrystalline NiO layer. As the valence 
band edge (5.4 eV) for NiO is near to that of iodide perovskite (5.3 eV), so post-
treatment of NiO film by means of UV light or oxygen plasma is vital to progress 
hole injection efficiency due to an increase in the work function of NiO by such 
post treatments. UV-ozone post-treated NiO usually has a greater photovoltaic 
performance than untreated NiO, due to change in work function and an enhance-
ment in wettability indicating a better chemical interaction between perovskite 
and NiO [36].

The use of perovskites with mixed cations and halides has become significant for 
PV applications which are mainly MAPbX3, FAPbX3 and CsPbX3 (X = Br or I). on 
the introduction of MA into FA brings the crystallization of FA perovskite (because 
MA is slightly smaller than FA) which allows a large fraction of the yellow phase to 
continue. MA/FA compounds show notable PCEs and therefore the development of 
these compounds is an opportunity in the advancement of PSCs. Saliba et al. [56] 
introduces an innovative approach using a triple Cs/MA/FA cation mixture where 
Cs is used to progress MA/FA perovskite compounds. A small amount of Cs is 
enough to efficiently suppress yellow phase impurities allowing the preparation of 
pure, defect-free perovskite films.

Song et al. [57] reported that the combination of FA decreases the release of 
organic species but does not stop the formation of I/HI. Though, the addition of Cs 
successfully overcomes the release of all volatile gases. The best photostability is 
found with FA/Cs mixed perovskites, presenting the complete removal of MA from 
mixed-cation perovskite is favored for more photostable perovskites.

As CH3NH3PbI3 has ambipolar properties and is slightly more p-type than n-type 
and is satisfactory to develop p-n junction-like devices without an HTM, known as 
HTM-free photovoltaic cells. CH3NH3PbI3 could act both as light absorber and hole 
transporter in a CH3NH3PbI3/mesoporous TiO2 heterojunction device with a PCE of 
5.5%. It was observed that HTM-free perovskite solar cells had a poor FF and a low 
Voc as compared to those with an HTM, which is related to the larger shunt current 
along with a lower IPCE for these devices [2].

Different proportions of inorganic (Pb, Sn) cations, organic cations and halide 
anions (I, Br, Cl) can be combined in mixed perovskites, permitting their proper-
ties to be fine-tuned [35]. Tuning of bandgap of MAPbX3 has been attained through 
the substitution of I with Cl/Br ions, which occurs from a dependence of electronic 
energies on the effective exciton mass. The optical absorption can be tuned by 
bandgap engineering to comprise the whole visible spectrum. In the meantime, the 
combination of Cl/Br into iodide-based structure has markedly advanced the charge 
transport and the separation kinetics within the perovskite layer. Hence, by tuning 
the composition of perovskite resulted in improved efficiency and the stability of 
PSCs. It was observed that an increase in the size of perovskite cation materials 
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ETL HTL Perovskite PCE References
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TiO2-Al2O3 Spiro-OMeTAD 
-Li-TFSI

— 10 [24]

ZnO-NPs Spiro-OMeTAD CH3NH3PbI3 10.2 [34]

TiO2 Spiro-OMeTAD CH3NH3PbI3-xClx 11.7 [47]

TiO2 Spiro-OMeTAD CH3NH3PbI3 15.4 [48]

TiO2 — CH3NH3Pb Br3−n 8.54 [49]

SnO2 QD Spiro-OMeTAD-
Li-TFSI

Cs0.05(MA0.17FA0.83)0.95Pb 
(I0.83Br0.17)3

20.79 [50]

SnO2 QD Spiro-OMeTAD-
Li-TFSI

CH3NH3PbI3 19.73 [50]
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Table 1. 
Comparison of different organic inorganic perovskite materials with different hole and electron TLs in PSCs.
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CH3NH3PbBr3 and CH3NH3PbI3, were used as sensitizers for TiO2 in a liquid 
junction solar cell, with open-circuit voltages of 0.61 and 0.71 V were achieved. 
CH3NH3PbI3 on mesoporous TiO2 showed good charge transport properties, where 
the perovskite is both the absorber and the hole conductor. Further CH3NH3PbX3 
(X = Br, I), mixed perovskite lead halides i.e., CH3NH3PbI2Cl, CH3NH3PbBr3 − xClx, 
and CH3NH3PbI3 − xClx were studied [27].

Giacomo et al. [47] fabricated PSCs using CH3NH3PbI3-xClx with different hole-
transporting materials. The mostly used Spiro-OMeTAD has been compared to the 
P3HT. By changing the energy level of P3HT and optimizing the device fabrication, 
PCE reached to 9.3%. They showed that P3HT can be used a suitable low-cost hole 
transport material for efficient perovskite based solar cells.

NiO has been tried as a substitute for organic molecular or polymeric HTMs 
(spiro-MeOTAD), displaying encouraging results in the TiO2/CH3NH3PbI3 configu-
ration, a PCE of 9.5% was attained with nanocrystalline NiO layer. As the valence 
band edge (5.4 eV) for NiO is near to that of iodide perovskite (5.3 eV), so post-
treatment of NiO film by means of UV light or oxygen plasma is vital to progress 
hole injection efficiency due to an increase in the work function of NiO by such 
post treatments. UV-ozone post-treated NiO usually has a greater photovoltaic 
performance than untreated NiO, due to change in work function and an enhance-
ment in wettability indicating a better chemical interaction between perovskite 
and NiO [36].

The use of perovskites with mixed cations and halides has become significant for 
PV applications which are mainly MAPbX3, FAPbX3 and CsPbX3 (X = Br or I). on 
the introduction of MA into FA brings the crystallization of FA perovskite (because 
MA is slightly smaller than FA) which allows a large fraction of the yellow phase to 
continue. MA/FA compounds show notable PCEs and therefore the development of 
these compounds is an opportunity in the advancement of PSCs. Saliba et al. [56] 
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Song et al. [57] reported that the combination of FA decreases the release of 
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As CH3NH3PbI3 has ambipolar properties and is slightly more p-type than n-type 
and is satisfactory to develop p-n junction-like devices without an HTM, known as 
HTM-free photovoltaic cells. CH3NH3PbI3 could act both as light absorber and hole 
transporter in a CH3NH3PbI3/mesoporous TiO2 heterojunction device with a PCE of 
5.5%. It was observed that HTM-free perovskite solar cells had a poor FF and a low 
Voc as compared to those with an HTM, which is related to the larger shunt current 
along with a lower IPCE for these devices [2].

Different proportions of inorganic (Pb, Sn) cations, organic cations and halide 
anions (I, Br, Cl) can be combined in mixed perovskites, permitting their proper-
ties to be fine-tuned [35]. Tuning of bandgap of MAPbX3 has been attained through 
the substitution of I with Cl/Br ions, which occurs from a dependence of electronic 
energies on the effective exciton mass. The optical absorption can be tuned by 
bandgap engineering to comprise the whole visible spectrum. In the meantime, the 
combination of Cl/Br into iodide-based structure has markedly advanced the charge 
transport and the separation kinetics within the perovskite layer. Hence, by tuning 
the composition of perovskite resulted in improved efficiency and the stability of 
PSCs. It was observed that an increase in the size of perovskite cation materials 
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resulted in a reduction in the bandgap. A tunable bandgap can be obtained 
(between 1.48 and 2.23 eV) by replacing the methylammonium with a slightly 
larger formamidinium cation. Significantly, the reduced bandgap led to a PCE of up 
to 14.2% and high short circuit currents (>23 mA cm−2) [31].

CH3NH3SnI3 is demanded to be a low-carrier-density p-type metal. Theoretical 
calculations on perovskite recommended that their electronic properties intensely 
depend on the structure of the inorganic cage and formation of the perovskite 
octahedral network. By changing the inorganic and organic components and 
their stoichiometric ratio, it is probable to control the system dimensionality and 
electronic and optical properties. Furthermore, the presence of weak bonds in the 
perovskite structures ensures malleability and flexibility that could permit the 
deposition of thin films on flexible substrates [26].

4. Toxicity and stability issue

4.1 Lead: the toxicity problem

Regardless of the excellent properties and high efficiencies, the poor stability of 
organic–inorganic perovskite materials are yet a serious challenge, inhibiting PSCs 
from being commercialized. To be marketable for commercial purposes, PSCs need 
to be capable of work constantly for over 20 years under outdoor conditions. Thus, 
large consideration has recently been centered to overcome barriers associated with 
stability and environmental compatibility of perovskite materials [10].

Presently there is a debate on the use of lead (main component) in PSCs, which 
causes toxicity problems during device manufacture, placement, and disposal. 
Hence, the toxicity of lead-based perovskites is an obvious problem due to leaching 
of lead into the environment [9]. Lead toxicity has been pointed out as one of the 
most challenging barriers towards the commercialization of solar cells, as compared 
to stability issues and cost-effective production ways. The environmental impact 
benefits of lead-free (or lead-reduced) solar cells have been analyzed by Life Cycle 
Assessment (LCA) [15].

4.1.1 Lead-free perovskite solar cells

Up to now, several research groups have ambiguously proven their solution to 
this challenge. Thus, it is critical to test alternatives to attain similar optical and pho-
tovoltaic performances for the commercialization of PSCs. Several research groups 
have tried to replace lead with other elements (Sn, Ge) and organic cations with 
inorganic cations to form new appropriate non-toxic and stable perovskite materi-
als, which may be a long journey before the final commercialization of PSCs [9].

It is worth studying alternatives using lead-free PSCs, but Lead-free PSCs 
reached a PCE of only 6% at a time when lead-based PSCs produced efficiency 
of 17%. Moreover, the Sn-based solar cells display poorer stability than Pb-based 
solar cells. [14]. Bivalent Sn is the most favorable choice for replacing Pb as they 
both are in the same group and possess analogous lone-pair s orbitals [10]. Both 
Sn- and Pb-based materials have a tetragonal structure under ambient conditions; 
however, Sn-based perovskite have a higher symmetrized α phase as compared to the 
Pb-based materials lower symmetrized ß phase [47]. Chung et al. [54] first demon-
strated CsSnI3 as a solid electrolyte in DSSCs. Afterward Chen et al. [58] fabricated a 
photovoltaic device, ITO/CsSnI3/Au/Ti, attaining very low PCE of 0.88%. However, 
Sn2+ based perovskite undergoes oxidation from Sn2+ to Sn4+, which is destructive 
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for the charge transport properties, and PCE. Recently, Lv 2019 [59] reported the 
replacement of spiro-OMeTAD by a Zn-derivative porphyrin in a lead-free solar cell 
has resulted in stability up to 60 h for water and 100 h for thermal stability.

There is another approach of mixed Pb/Sn perovskite Solar cell have also been 
reported. Lead and tin were revealed to be arbitrarily spread in the [MX6] octahedra 
in the perovskite and percentage of tin could be altered from 0 to 1 [15]. These devices 
presented the best photocurrent at a 50% mixing ratio. SnO used as ETL has also 
resulted with good PCE of (13%) and stability (>700 h storage) [15, 60]. LCA showed 
the replacement of lead did not decrease the environmental impacts, meanwhile the 
loss of PCE and stability generates an environmental burden. However, those studies 
are also interesting because they draw consideration to other toxicity problems occur-
ring from the solvent use during processing of charge transport layers (ETLs) [15].

For lead-free inorganic perovskites Tetravalent cations have also been thought to 
replace Pb. A new chemical formula of A2BX6 structure is designed by eliminating 
half of the B-site ions in the ABX3 perovskite for adjusting the heterovalent cation 
substitution as shown in Figure 1. Due to the lack of connectivity in the [BX6] octa-
hedral structure, the A2BX6 can be considered as a 0D non-perovskite which results 
in different optical and optoelectronic properties of the A2BX6 from those of the 
ABX3. [3, 9, 10]. Amongst the A2BX6 perovskites, Cs2SnI6, Cs2TiBr6 and Cs2PdBr6 
have been employed in photovoltaic devices [9, 10]. Chung et al. [54] first utilized 
this material as a solid hole transport material in DSSCs.

Furthermore, a special concern for toxicity must be upraised during experimen-
tal work in the laboratory, since hazards arise primarily by the absorption of the 
toxic lead when used in solution, which is significantly higher, particularly through 
the dermal and respiratory routes; some of the lead derivatives are soluble both in 
water and fat, posing a high risk. Solvents such as dimethylformamide (DMF) and 
dimethylsulfoxide (DMSO) are not only toxic, but also raise the risk of bio incor-
poration as they are miscible in all ratios with water. Thus, these solvents have also 
been considered as a major contributor to environmental impact [61].

4.2 Stability

Perovskite solar cells (PSCs) have been established with promising PCEs. 
Regardless of the great potential as PV material in terms PCE, the instability of the 
PSCs is one of the core barriers for larger scale applications [8, 9, 39]. At present, 
PSCs can only perform for several months under active conditions, whereas tra-
ditional silicon cells can operate for more than 25 years. Therefore, stability issues 
must be reasonably dealt with before its actual use and commercialization [62]. 
Poor stability of PSCs is due to several affiliated factors resulting from exposure to 
moisture, oxygen, light, and heat [63, 64].

Nevertheless, the importance of stability has been highlighted and recognized 
as the foremost problem, in the past five years to solve for the perovskite solar cells 
(PSCs) to be able to challenge in the market arena. So, how to increase the stability 
of perovskite solar cells is the most significant issue in this field [15].

In this section, the effect of environmental factors will be discussed on PSCs 
along with approaches developed to improve stability of perovskite solar cells.

4.2.1 Moisture

The first environmental factor observed to degrade perovskites was Moisture/
water. The instability of perovskite at high humidity is the serious issue that needs 
to be focused. Solar cells when exposed to moisture (water), due to the hygroscopic 
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resulted in a reduction in the bandgap. A tunable bandgap can be obtained 
(between 1.48 and 2.23 eV) by replacing the methylammonium with a slightly 
larger formamidinium cation. Significantly, the reduced bandgap led to a PCE of up 
to 14.2% and high short circuit currents (>23 mA cm−2) [31].

CH3NH3SnI3 is demanded to be a low-carrier-density p-type metal. Theoretical 
calculations on perovskite recommended that their electronic properties intensely 
depend on the structure of the inorganic cage and formation of the perovskite 
octahedral network. By changing the inorganic and organic components and 
their stoichiometric ratio, it is probable to control the system dimensionality and 
electronic and optical properties. Furthermore, the presence of weak bonds in the 
perovskite structures ensures malleability and flexibility that could permit the 
deposition of thin films on flexible substrates [26].

4. Toxicity and stability issue

4.1 Lead: the toxicity problem

Regardless of the excellent properties and high efficiencies, the poor stability of 
organic–inorganic perovskite materials are yet a serious challenge, inhibiting PSCs 
from being commercialized. To be marketable for commercial purposes, PSCs need 
to be capable of work constantly for over 20 years under outdoor conditions. Thus, 
large consideration has recently been centered to overcome barriers associated with 
stability and environmental compatibility of perovskite materials [10].

Presently there is a debate on the use of lead (main component) in PSCs, which 
causes toxicity problems during device manufacture, placement, and disposal. 
Hence, the toxicity of lead-based perovskites is an obvious problem due to leaching 
of lead into the environment [9]. Lead toxicity has been pointed out as one of the 
most challenging barriers towards the commercialization of solar cells, as compared 
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It is worth studying alternatives using lead-free PSCs, but Lead-free PSCs 
reached a PCE of only 6% at a time when lead-based PSCs produced efficiency 
of 17%. Moreover, the Sn-based solar cells display poorer stability than Pb-based 
solar cells. [14]. Bivalent Sn is the most favorable choice for replacing Pb as they 
both are in the same group and possess analogous lone-pair s orbitals [10]. Both 
Sn- and Pb-based materials have a tetragonal structure under ambient conditions; 
however, Sn-based perovskite have a higher symmetrized α phase as compared to the 
Pb-based materials lower symmetrized ß phase [47]. Chung et al. [54] first demon-
strated CsSnI3 as a solid electrolyte in DSSCs. Afterward Chen et al. [58] fabricated a 
photovoltaic device, ITO/CsSnI3/Au/Ti, attaining very low PCE of 0.88%. However, 
Sn2+ based perovskite undergoes oxidation from Sn2+ to Sn4+, which is destructive 

81

Organic Inorganic Perovskites: A Low-Cost-Efficient Photovoltaic Material
DOI: http://dx.doi.org/10.5772/intechopen.94104

for the charge transport properties, and PCE. Recently, Lv 2019 [59] reported the 
replacement of spiro-OMeTAD by a Zn-derivative porphyrin in a lead-free solar cell 
has resulted in stability up to 60 h for water and 100 h for thermal stability.

There is another approach of mixed Pb/Sn perovskite Solar cell have also been 
reported. Lead and tin were revealed to be arbitrarily spread in the [MX6] octahedra 
in the perovskite and percentage of tin could be altered from 0 to 1 [15]. These devices 
presented the best photocurrent at a 50% mixing ratio. SnO used as ETL has also 
resulted with good PCE of (13%) and stability (>700 h storage) [15, 60]. LCA showed 
the replacement of lead did not decrease the environmental impacts, meanwhile the 
loss of PCE and stability generates an environmental burden. However, those studies 
are also interesting because they draw consideration to other toxicity problems occur-
ring from the solvent use during processing of charge transport layers (ETLs) [15].

For lead-free inorganic perovskites Tetravalent cations have also been thought to 
replace Pb. A new chemical formula of A2BX6 structure is designed by eliminating 
half of the B-site ions in the ABX3 perovskite for adjusting the heterovalent cation 
substitution as shown in Figure 1. Due to the lack of connectivity in the [BX6] octa-
hedral structure, the A2BX6 can be considered as a 0D non-perovskite which results 
in different optical and optoelectronic properties of the A2BX6 from those of the 
ABX3. [3, 9, 10]. Amongst the A2BX6 perovskites, Cs2SnI6, Cs2TiBr6 and Cs2PdBr6 
have been employed in photovoltaic devices [9, 10]. Chung et al. [54] first utilized 
this material as a solid hole transport material in DSSCs.

Furthermore, a special concern for toxicity must be upraised during experimen-
tal work in the laboratory, since hazards arise primarily by the absorption of the 
toxic lead when used in solution, which is significantly higher, particularly through 
the dermal and respiratory routes; some of the lead derivatives are soluble both in 
water and fat, posing a high risk. Solvents such as dimethylformamide (DMF) and 
dimethylsulfoxide (DMSO) are not only toxic, but also raise the risk of bio incor-
poration as they are miscible in all ratios with water. Thus, these solvents have also 
been considered as a major contributor to environmental impact [61].

4.2 Stability

Perovskite solar cells (PSCs) have been established with promising PCEs. 
Regardless of the great potential as PV material in terms PCE, the instability of the 
PSCs is one of the core barriers for larger scale applications [8, 9, 39]. At present, 
PSCs can only perform for several months under active conditions, whereas tra-
ditional silicon cells can operate for more than 25 years. Therefore, stability issues 
must be reasonably dealt with before its actual use and commercialization [62]. 
Poor stability of PSCs is due to several affiliated factors resulting from exposure to 
moisture, oxygen, light, and heat [63, 64].

Nevertheless, the importance of stability has been highlighted and recognized 
as the foremost problem, in the past five years to solve for the perovskite solar cells 
(PSCs) to be able to challenge in the market arena. So, how to increase the stability 
of perovskite solar cells is the most significant issue in this field [15].

In this section, the effect of environmental factors will be discussed on PSCs 
along with approaches developed to improve stability of perovskite solar cells.

4.2.1 Moisture

The first environmental factor observed to degrade perovskites was Moisture/
water. The instability of perovskite at high humidity is the serious issue that needs 
to be focused. Solar cells when exposed to moisture (water), due to the hygroscopic 
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nature of the organic components of perovskite materials are spontaneously 
affected by moisture access and then degrade [62]. It has basically been supposed 
that moisture-induced degradation is the leading issue, imitating MNH3PbI3 stabil-
ity under ambient conditions.

Prolonged exposure of perovskite material to water vapor activates an irrevers-
ible degradation which eventually leads to transformation of the perovskite back to 
the initial precursors (such as PbI2). In detail, perovskite forms hydrate complexes 
with water such as (CH3NH3)4PbI6·2H2O and leaves out PbI2, which tend to crystal-
lize, forcing the forward reaction. Moreover, MA+ is slightly acidic and reacts with 
water to form volatile methylamine (CH3NH3) and hydroiodic acid (HI), according 
to the following reaction (1): [63].

 ( )3 3 6 2 2 3 3 24
CH NH PbI .2H O bI 4CH NH 4HI 2H OP→ + + +  (2)

Some researchers have reported that the compositions, microstructures (such as 
grain size) also affected the moisture stability of perovskite devices and concluded 
that larger grains resulted in a smaller area density of grain boundaries, which can 
be correlated with the improved stability [65].

In demand to progress the chemical stability of MAPbI3-based PSCs against 
moisture, scientists have proposed replacing the organic cation MA+ with alterna-
tive components at the A position. For example, FAPbI3 has been presented to 
be further thermally stable than MAPbI3 because of its larger tolerance factor. 
Though, FAPbI3 suffers a phase transition from the a-FAPbI3 (black triangular) 
phase to the d-FAPbI3 (yellow hexagonal) phase due to the presence of moisture. 
Furthermore, degradation of FA0.9Cs0.1PbI is prevented by adding a small amount 
of cesium (Cs) into orbital lead-iodine to form FA0.9Cs0.1PbI in high humidity 
environment [33].

Smith et al. [66] discussed that Low-dimensional 2-D perovskites exhibited 
better moisture stability than 3D perovskites due to the hydrophobic nature of 
organic cations. Though, the insulating aspect of the organic cations with poorer 
charge transport resulted in lower PCE as compared to 3D perovskites. Therefore, 
various efforts have been made to form a quasi-2D (or 2D–3D mixture) and 2D 
on top of 3D (2D@3D) to use the benefits of both 2D and 3D perovskites. The 
use of 2D perovskite is mostly to improve the moisture stability, a thin 2D layer 
was deposited on top of 3D MAPbI3 perovskite to cover it fully and shield the 3D 
perovskite from moisture. The highest PCE for 2D@3D perovskite solar cell was 
observed to be of 18.0%, with an enhanced device stability under both inert (90% 
of initial PCE for 32 d) and ambient conditions (72% of initial PCE for 20 d) 
without encapsulation.

Polymers, such as poly(4-vinylpyridine) (PVP), poly (methyl methacrylate) 
(PMMA) covering p-type and n-type semiconductors, or insulators, were also 
reported to improve stability. These long chain polymer acts as defect passivator 
and a moisture blocker by forming a network along perovskite grains and resulted 
in improved device efficiency and stability [58, 60, 64].

4.2.2 Light

Light-induced perovskite solar cell degradation and environmental stability are 
the most frequently cited villains. Early on, stability of PSC was a big issue. But just 
as there were quick improvements in efficiency of PSCs, there has also been similar 
quick progresses in stability. Ultraviolet light (UV) can also cause the degradation 
of MAPbI3 perovskite. For e.g. the commonly used TiO2 electron transport layer 
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(ETL) for these PSCs is responsible for UV-induced degradation. According to the 
international standards for climate chamber tests (IEC 61646), solar cells need to 
tolerate long-term stability at 85°C.

Bryant et al. [67] demonstrated that contact of MeNH3PbI3 films to both light 
and molecular oxygen can initiate quick degradation. Particularly, this reaction 
is started by the deprotonation of the methylammonium cation of the perovskite 
by a photogenerated reactive oxygen species (superoxide, O2

−). The stability of 
MeNH3PbI3 based devices was checked under different operating (e.g. light and 
dark) and environmental conditions and infer that oxygen induced degradation, 
is relatively dominant than moisture induced degradation and limits the working 
stability of MeNH3PbI3 containing devices under ambient conditions. Moreover, 
they pointed out that this fall in device performance can be reduced by the addition 
of electron acceptor layers within device architecture. Such layers are exposed to 
augment electron extraction from the absorber (perovskite material) before they 
react with oxygen, hence decreasing the amount of superoxide O2

− and increasing 
the device stability.

It was noticed that by replacing MA with Cs and FA resulted in improved 
photostability of the PSCs. By systematically monitoring the development of PL 
intensity of perovskites, light-induced formation and annihilation of defects were 
reported to induce photo-instability [68]. Photostability can be improved through 
defect control by passivating which acted as a defect reservoir on the surface and 
grain boundaries. To stabilize surface defects, polyethylene oxide was applied 
and thus improved photostability was achieved. By substituting MA with FA, the 
degradation became slow with small pores forming on the surface after exposure 
to light. Moreover, Addition of Cs into the MAFA (forming CsMAFA) further 
lessen the degradation. XPS, XRD, Fourier transform infrared (FT-IR) spectrom-
etry, and ultraviolet-visible absorption spectrometry were used to investigate 
the variation of MAPbI3 films under illumination. The result showed that light 
induced degradation is the main cause of degradation. Using polymer such as 
PTAA (Poly(triarylamine)) as the HTM, it was observed that pure MAPbI3 devices 
retained nearly 100% of their initial efficiency after 1000 h aging under constant 
illumination at room temperature. PTAA which act as a protection layer, inhibited 
the discharge of gaseous degradation products enhanced stability. However, for 
devices using Spiro as the HTM, their stability under illumination was lesser than 
that using PTAA [69, 70].

4.2.3 Heat

Heat is also another factor that influences stability due to the inherent mat-
ter with low formation energies, and perovskites thus have a great response to a 
small increase in external temperature [71]. Organic-inorganic perovskites tend to 
decompose due to the instability of organic A+ cations under thermal atmosphere. 
Commercial solar cells should be able to work efficiently above 85°C, to have any 
influence in the market.

MAPbI3 is basically unstable upon thermal stress which produces a discharge of 
I2 and the presence of metallic Pb at 40°C in the dark [63]. This is produced by the 
decomposition reactions (2) and (3):

 3 3 3 3 3 2CH NH PbI CH NH I PbI→ +  (3)

 2 2PbI Pb0 I→ +  (4)
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as there were quick improvements in efficiency of PSCs, there has also been similar 
quick progresses in stability. Ultraviolet light (UV) can also cause the degradation 
of MAPbI3 perovskite. For e.g. the commonly used TiO2 electron transport layer 
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(ETL) for these PSCs is responsible for UV-induced degradation. According to the 
international standards for climate chamber tests (IEC 61646), solar cells need to 
tolerate long-term stability at 85°C.

Bryant et al. [67] demonstrated that contact of MeNH3PbI3 films to both light 
and molecular oxygen can initiate quick degradation. Particularly, this reaction 
is started by the deprotonation of the methylammonium cation of the perovskite 
by a photogenerated reactive oxygen species (superoxide, O2

−). The stability of 
MeNH3PbI3 based devices was checked under different operating (e.g. light and 
dark) and environmental conditions and infer that oxygen induced degradation, 
is relatively dominant than moisture induced degradation and limits the working 
stability of MeNH3PbI3 containing devices under ambient conditions. Moreover, 
they pointed out that this fall in device performance can be reduced by the addition 
of electron acceptor layers within device architecture. Such layers are exposed to 
augment electron extraction from the absorber (perovskite material) before they 
react with oxygen, hence decreasing the amount of superoxide O2

− and increasing 
the device stability.

It was noticed that by replacing MA with Cs and FA resulted in improved 
photostability of the PSCs. By systematically monitoring the development of PL 
intensity of perovskites, light-induced formation and annihilation of defects were 
reported to induce photo-instability [68]. Photostability can be improved through 
defect control by passivating which acted as a defect reservoir on the surface and 
grain boundaries. To stabilize surface defects, polyethylene oxide was applied 
and thus improved photostability was achieved. By substituting MA with FA, the 
degradation became slow with small pores forming on the surface after exposure 
to light. Moreover, Addition of Cs into the MAFA (forming CsMAFA) further 
lessen the degradation. XPS, XRD, Fourier transform infrared (FT-IR) spectrom-
etry, and ultraviolet-visible absorption spectrometry were used to investigate 
the variation of MAPbI3 films under illumination. The result showed that light 
induced degradation is the main cause of degradation. Using polymer such as 
PTAA (Poly(triarylamine)) as the HTM, it was observed that pure MAPbI3 devices 
retained nearly 100% of their initial efficiency after 1000 h aging under constant 
illumination at room temperature. PTAA which act as a protection layer, inhibited 
the discharge of gaseous degradation products enhanced stability. However, for 
devices using Spiro as the HTM, their stability under illumination was lesser than 
that using PTAA [69, 70].

4.2.3 Heat

Heat is also another factor that influences stability due to the inherent mat-
ter with low formation energies, and perovskites thus have a great response to a 
small increase in external temperature [71]. Organic-inorganic perovskites tend to 
decompose due to the instability of organic A+ cations under thermal atmosphere. 
Commercial solar cells should be able to work efficiently above 85°C, to have any 
influence in the market.

MAPbI3 is basically unstable upon thermal stress which produces a discharge of 
I2 and the presence of metallic Pb at 40°C in the dark [63]. This is produced by the 
decomposition reactions (2) and (3):

 3 3 3 3 3 2CH NH PbI CH NH I PbI→ +  (3)

 2 2PbI Pb0 I→ +  (4)
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Although reaction (3) is reversible at just 80–85°C, methylammonium iodide 
decomposes into more volatile compounds as represented by reactions (4) and (5):

 3 3 3 3CH NH I CH I NH→ +  (5)

 3 3 3 2CH NH I CH NH HI→ +  (6)

It was found that HI(g) and CH3NH2(g) were dominant products during the 
decomposition of MAPbI3 and only trace amounts of CH3I and NH3 were found. 
Though, the ratio of CH3I and NH3 increased at higher temperature and lesser than 
HI(g) and CH3NH2(g). In short, HI(g) and CH3NH2(g) were the dominant decomposi-
tion products at ambient temperature under vacuum while CH3I and NH3 gases 
were obtained at high temperature. Both processes occurred simultaneously near 
ambient temperature in vacuum and the later was favored at high temperature.

To find out the decomposition temperature of perovskites, Thermogravimetric 
analysis (TGA) was used. From the mass loss of TGA curve for MAPbI3, the decom-
position onset temperature was found to be 234°C [62]. This indicates that as the 
practical application temperature usually is less than 100°C, so this high decomposi-
tion temperature made the stability of MAPbI3 not a big issue. The as prepared film 
did not show any changes in XRD patterns when stayed inside the vacuum for up to 
three days. This might be owing to the purer perovskite films without any exposure 
to the ambient atmosphere. Though, the commonly degradation of the perovskite 
solar cell was apparent even with encapsulation. This could be inadequate to esti-
mate the long-term stability of a photovoltaic material, which is essential to work 
for a long time at temperatures lower than the decomposition temperature [72]. 
The fact that inert condition and encapsulation cannot completely avoid MAPbI3 
perovskite degradation. At low temperature, the degradation of MAPbBr3 was 
found by only releasing HBr and CH3NH2 gases [69]. The encapsulation of devices 
is essential not only to prevent exposure to oxygen and moisture, but also to avoid 
leakage of volatile decomposition products. Photostability can also be increased by 
replacing MA cation with more stable Cs/FA combination.

Substituting organic cations with inorganic Cs+ or Rb+ cations is also valuable 
to stabilize perovskite solar cells [73, 74]. Grancini et al. [74] stated an ultra-stable 
2D/3D (HOOC(CH2)4NH3)2PbI4/CH3NH3PbI3 perovskite, presenting a PCE of 
12.9% with carbon electrodes and 14.6% with the normal mesoporous structure and 
stability of one-year.

By introducing n-butylammonium iodide (BAI) to MAPbI3 perovskite, a mixed 
2D (BA)2PbI4 structure is formed, which probably provide an improved protection 
for the 3D perovskite against heat stress [75]. Octylammonium (OA) cation has also 
been reported to enhance the thermal stability of perovskites and keep 80% of their 
initial efficiency for 760 h aged at 85°C in ambient atmosphere without encapsula-
tion [76]. Other additives, such as π-conjugated polymer, nonvolatile ionic liquids, 
bifunctional hydroxylamine hydrochloride guanidinium isothiocyanate, have also 
been reported to improve the thermal stability of various perovskites [77–79].

5. Conclusion and perspective

The discovery and development of organic inorganic perovskite materials have 
become a hot research topic in the field of photovoltaics. This chapter deals with a 
comprehensive discussion on the properties and applications of organic inorganic 
perovskites materials in PSCs. The extraordinarily outstanding performances of 
organic inorganic perovskites result of their excellent properties. Solar cells based 
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Structural Phase Transitions of 
Hybrid Perovskites CH3NH3PbX3 
(X = Br, Cl) from Synchrotron and 
Neutron Diffraction Data
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Abstract

Methylammonium (MA) lead trihalide perovskites, that is, CH3NH3PbX3 (X = I, 
Br, Cl), have emerged as a new class of light-absorbing materials for photovoltaic 
applications. Indeed, since their implementation in solar-cell heterojunctions, they 
reached efficiencies above 23%. From a crystallographic point of view, there are 
many open questions that should be addressed, including the role of the internal 
motion of methylammonium groups within PbX6 lattice under extreme condi-
tions, such as low/high temperature or high pressure. For instance, in MAPbBr3 
perovskites, the octahedral tilting can be induced upon cooling, lowering the space 
group from the aristotype Pm   ̄  3  m to I4/mcm and Pnma. The band gap engineering 
brought about by the chemical management of MAPb(Br,Cl)3 perovskites has been 
controllably tuned: the gap progressively increases with the concentration of Cl ions 
from 2.1 to 2.9 eV. In this chapter, we review recent structural studies by state-of-
the-art techniques, relevant to the crystallographic characterization of these materi-
als, in close relationship with their light-absorption properties.

Keywords: methyl ammonium (MA) lead trihalide perovskite, phase transition, 
octahedral tilting, MA orientation, Fourier synthesis, H location

1. Introduction

Organic-inorganic hybrid perovskites have risen as promising materials for 
a new generation of solar cells because of their ease of manufacturing and good 
performance, competing with the best photovoltaic devices based on silicon [1–5]. 
The introduction of CH3NH3PbX3 (X = Br and I) as the absorber material in an 
electrolyte-based solar cell structure established the beginning of perovskite-
based photovoltaics [2]. However, the power conversion efficiency (PCE) and cell 
stability were low due to the corrosion of the perovskites by the liquid electrolyte. 
The replacement of the liquid electrolyte with a solid hole-transporting material 
led to a key progress in 2012, resulting in both higher PCE and cell stability [3]. 
Subsequently, great efforts have been devoted to the improvement of these hybrid 
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perovskite-based cells, including the development of a wide range of architectures, 
which allowed the PCEs to increase up to 23% within the past years [6].  
These halide perovskites have been shown to be finer and to exhibit more suitable 
optical and electrical properties, like the adaptability of the band gap by introduc-
ing different halides (i.e., bromide, chloride, iodide) and its relative proportion in 
the perovskite [7–9], the high absorption coefficient [10], and the long lifetime of 
the photogenerated species [11].

CH3NH3PbI3-based perovskite solar cells have been more extensively inves-
tigated, due to their fast charge extraction rates and their near-complete visible 
light absorption, related to a relatively low band gap, around 1.6 eV [11, 12]. 
However, the poor stability of CH3NH3PbI3 and rapid degradation in humidity has 
remained a drawback for its practical application, as a commercialized product 
[13–16]. CH3NH3PbBr3 constitutes a promising alternative, which presents a good 
charge transport in devices due to its long exciton diffusion length [17]. In addi-
tion, its cubic phase and low ionic mobility lead to a better stability under air and 
moist conditions, compared to the pseudo-cubic CH3NH3PbI3 phase, [7, 17–19]. 
Nevertheless, there are some undesirable features to be concerned about in these 
bromide-based perovskites; it is the case of a larger band gap (2.2 eV), which 
decreases the solar light absorption [20, 21], the relatively large exciton binding 
energy and the reduced light absorption beyond its band edge at 550 nm (linked to 
its, previously indicated, larger band gap), associated with more limited efficiencies 
of CH3NH3PbBr3 solar cells [7, 18, 19, 22–24].

In parallel with the evaluation of the influence of a particular chemical composi-
tion of the perovskite, it is mandatory to determine the crystallographic structure 
under conditions in which the sample will be used. As other perovskite structures, 
CH3NH3PbBr3 consists of a framework constituted by corner-sharing PbBr6 octahe-
dra, determining large cages where CH3NH3

+ units are located. In order to correlate 
the crystal structure of the perovskites with their electro-optical properties, it is 
necessary to exhaustively study the structural details, including the orientation of 
the methylammonium (MA) units within the perovskite cage in the course of phase 
transitions. Although synchrotron XRD data are essential, this can only be fully 
accomplished using neutrons as a probe due to the presence of protons. Usually, the 
MA configuration is linked to the rotation or tilting of the PbX6 octahedra; the more 
symmetric the octahedral framework is, the more delocalized appears the organic 
unit inside the inorganic cage. This information is essential to establish relationships 
between these structures and the macroscopic phenomenology (optical and physi-
cal properties when these compounds are used as optoelectronic materials).

MAPbBr3 was previously studied by diffraction techniques in single crystal form 
by X-ray or in deuterated samples by neutron beams [25–27]. On the other hand, 
CH3NH3PbCl3 is also an alternative material that presents a wider band gap (3.1 eV), 
being also sensitive to the UV region. Furthermore, this compound exhibits a fast 
photoresponse and long-term photostability, having a charge carrier concentration, 
mobility, and diffusion length comparable with the best-developed crystal struc-
tures of CH3NH3PbI3 and CH3NH3PbBr3 [28–30]. However, both CH3NH3PbCl3 and 
the mixed anion CH3NH3Pb(Br1−xClx)3 have been less investigated [31].

In this chapter, we review our previous work on the CH3NH3Pb(Br1−xClx)3 system, 
where we have investigated the crystallographic features in powdered, non-deuterated 
samples, using the mentioned state of the art techniques, neutron and synchrotron 
X-ray diffraction [32–34]. The crystal structure of MAPbBr3 has been determined and 
refined at different temperatures, describing the evolution of the orientation of MA 
group in the 120–295 K temperature range. We found a partial delocalization in the 
cubic phase (at room temperature), where C and N atoms present large multiplicity 
positions, becoming progressively localized across the sequence cubic-tetragonal 
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and finally orthorhombic, at 120 K, with MA units fully oriented in the (101) plane 
[32]. Regarding to Cl-containing phases, a systematic study of the structural proper-
ties of hybrid mixed perovskites CH3NH3Pb(Br1−xClx)3 by combining synchrotron 
X-ray diffraction and UV-vis spectroscopic analyses reveals that the band gap can be 
chemically tuned according to the Br/Cl ratio. The orientation of the organic MA units 
may also play an important role in the optoelectronic properties of these materials. By 
neutron powder diffraction, we found at RT three different orientations depending 
on the chlorine content and, therefore, on the unit-cell size. At lower temperatures, 
we unveiled that the halide disorder prevents the cooperative rearrangements needed 
to drive the octahedral PbX6 tiltings in intermediate Br/Cl ratios; only CH3NH3PbCl3 
underwent conspicuous phase transitions (cubic at room temperature, evolving to 
tetragonal and orthorhombic at 120 K) [33]. H-bond interactions with the halide ions 
stabilize these conformations, in accordance to reported theoretical calculations [34].

2. Crystal growth

The crystal growth of CH3NH3Pb(Br1−xClx)3 (x = 0, 0.33, 0.5, 0.67 and 1) 
[32–34] was made from stoichiometric amounts of CH3NH3X and PbX2 (X = Cl, Br). 
Previously, the methyl ammonium bromide and methyl ammonium chloride were 
synthesized from methyl amine (CH3NH2) and the corresponding acid HBr and 
HCl, respectively, according to the following reaction:

   CH  3    NH  2   + HX →  CH  3    NH  3   X  (from X = Br to Cl)   (1)

Then, the obtained methyl ammonium halides were reacted with the lead halide 
in stoichiometric amounts in dimethyl formamide (DMF) according to the follow-
ing reaction:

   CH  3    NH  3   X +  PbX  2   →  CH  3    NH  3    PbX  3    (from X = Br to Cl)   (2)

From this procedure, the mixed halide perovskites were obtained as well crystal-
lized materials, showing crystals of variable sizes and colors, varying from orange 
for CH3NH3PbBr3 to white for CH3NH3PbCl3, adopting progressively paler hues of 
yellow as Cl content increases, as shown in the optical microscope images included 
in Figure 1. The effect of halide composition on the morphology and structure of 

Figure 1. 
SEM images of the mixed perovskites and optical microscope images of as-grown CH3NH3PbX3 (from X = Br 
to Cl) perovskites. The insets show the color variation as Cl is introduced.
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crystals was observed in SEM images as is also shown in Figure 1. In all cases, the 
obtained perovskites show cuboid-type microcrystals. The content of chloride 
induces a decrease in the size of the crystals of the mixed perovskites.

3. Synchrotron X-ray diffraction studies

Synchrotron X-ray diffraction (SXRD) technique provides an extreme angular 
resolution of the patterns, useful to define the symmetry of the different phases and 
to determine its evolution below room temperature (RT). The crystal structures at 
RT are cubic, and they are well defined in the space group Pm   ̄  3  m. In this model, the 
lead and bromine atoms are placed in 1a (0,0,0) and 3d (1/2,0,0) Wyckoff sites, 
respectively; and the organic unit is positioned in 1b (1/2,1/2,1/2). Figure 2a shows 
selected reflections of the Rietveld refinements corresponding to x = 0 in compari-
son with x = 0.33, 0.5, 0.67, and 1 members at RT. Figure 2b and c plot the unit-cell 
parameter variation and the anisotropic atomic displacement parameters (ADPs) 
of X site, respectively. The unit-cell parameters exhibit an expected reduction as 
the amount of Cl increases, but this change is not linear. As shown in the Figure 2c, 
the disks perpendicular to the Pb–X–Pb bonds exhibit an oblate shape, meaning the 
ADPs of X atoms are considerably anisotropic. Since the thermal vibrations in this 
direction are allowed in perovskites, this behavior is not surprising. However, for the 
intermediate mixed halide phases (x = 0.33, 0.5, and 0.67), the ADPs show a non-
monotonic variation compared to both end members (x = 0 and 1), although the dif-
ference does not overcome two times the standard deviations and is less significant.

These anomalies were assigned to the structural disorder introduced by the mixture 
of halides, for x = 0.33, 0.5, and 0.67. The ADPs should account for the structural 

Figure 2. 
(a) SXRD profiles for CH3NH3PbBr3 at RT, after a pattern matching showing the characteristic perovskite 
peaks and the absence of impurities. Red circles are the experimental points, the black full line is the calculated 
profile. The green vertical marks represent the allowed Bragg positions in the Pm   ¯ 3  m space group. The 
Cl-doped patterns are added in this plot to compare with the bromide parent. (b) Unit-cell parameters 
evolution and (c) variation of the anisotropic atomic displacement parameters (ADP) of X site with the Cl 
contents.
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disorder, which can also generate a perturbation in the interactions between the 
inorganic PbX6 skeleton and the methyl-ammonium units. This perturbation is absent 
in MAPbBr3 and MAPbCl3, containing single halide ions. In Figure 3, a statistical prob-
ability distribution of the halide environment of MA groups is plotted, showing this 
behavior for the different samples (CH3NH3Pb(Cl1−xBrx)3, x = 0, 0.33, 0.5, 0.67, and 1). 
It is remarkable that for MAPbBr3 and MAPbCl3 the probability is 100%, because all of 
their MA units are coordinated to 12 Br or Cl atoms; this state contrasts with the mixed 
halide situations (x = 0.33, 0.5, and 0.67). These distributions reveal the high structural 
disorder given in mixed situations, in contrast to both end members. These probably 
induce tensions in the lattice preventing a linear behavior between the pure bromine 
and chlorine compounds. The inserts in Figure 3 include illustrative schemes of the 
extreme situations in comparison with an intermediate case where the MA is coordi-
nated to eight chlorides and four bromides, y = 8.

The thermal variation of the crystallographic structures was followed between 
120 K and RT. Figure 4 shows the temperature evolution of selected diffraction 

Figure 3. 
Statistical probability distribution of the halide environment in CH3NH3Pb(Cl1−xBrx)3 (x = 0, 0.33, 0.5, 0.67, 
and 1).

Figure 4. 
Thermal evolution of selected diffraction lines in which the phase transitions are evidenced, from SXRD data, 
collected at MSPD diffractometer at ALBA synchrotron (Spain) [32–34].
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crystals was observed in SEM images as is also shown in Figure 1. In all cases, the 
obtained perovskites show cuboid-type microcrystals. The content of chloride 
induces a decrease in the size of the crystals of the mixed perovskites.

3. Synchrotron X-ray diffraction studies

Synchrotron X-ray diffraction (SXRD) technique provides an extreme angular 
resolution of the patterns, useful to define the symmetry of the different phases and 
to determine its evolution below room temperature (RT). The crystal structures at 
RT are cubic, and they are well defined in the space group Pm   ̄  3  m. In this model, the 
lead and bromine atoms are placed in 1a (0,0,0) and 3d (1/2,0,0) Wyckoff sites, 
respectively; and the organic unit is positioned in 1b (1/2,1/2,1/2). Figure 2a shows 
selected reflections of the Rietveld refinements corresponding to x = 0 in compari-
son with x = 0.33, 0.5, 0.67, and 1 members at RT. Figure 2b and c plot the unit-cell 
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of X site, respectively. The unit-cell parameters exhibit an expected reduction as 
the amount of Cl increases, but this change is not linear. As shown in the Figure 2c, 
the disks perpendicular to the Pb–X–Pb bonds exhibit an oblate shape, meaning the 
ADPs of X atoms are considerably anisotropic. Since the thermal vibrations in this 
direction are allowed in perovskites, this behavior is not surprising. However, for the 
intermediate mixed halide phases (x = 0.33, 0.5, and 0.67), the ADPs show a non-
monotonic variation compared to both end members (x = 0 and 1), although the dif-
ference does not overcome two times the standard deviations and is less significant.

These anomalies were assigned to the structural disorder introduced by the mixture 
of halides, for x = 0.33, 0.5, and 0.67. The ADPs should account for the structural 

Figure 2. 
(a) SXRD profiles for CH3NH3PbBr3 at RT, after a pattern matching showing the characteristic perovskite 
peaks and the absence of impurities. Red circles are the experimental points, the black full line is the calculated 
profile. The green vertical marks represent the allowed Bragg positions in the Pm   ¯ 3  m space group. The 
Cl-doped patterns are added in this plot to compare with the bromide parent. (b) Unit-cell parameters 
evolution and (c) variation of the anisotropic atomic displacement parameters (ADP) of X site with the Cl 
contents.
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disorder, which can also generate a perturbation in the interactions between the 
inorganic PbX6 skeleton and the methyl-ammonium units. This perturbation is absent 
in MAPbBr3 and MAPbCl3, containing single halide ions. In Figure 3, a statistical prob-
ability distribution of the halide environment of MA groups is plotted, showing this 
behavior for the different samples (CH3NH3Pb(Cl1−xBrx)3, x = 0, 0.33, 0.5, 0.67, and 1). 
It is remarkable that for MAPbBr3 and MAPbCl3 the probability is 100%, because all of 
their MA units are coordinated to 12 Br or Cl atoms; this state contrasts with the mixed 
halide situations (x = 0.33, 0.5, and 0.67). These distributions reveal the high structural 
disorder given in mixed situations, in contrast to both end members. These probably 
induce tensions in the lattice preventing a linear behavior between the pure bromine 
and chlorine compounds. The inserts in Figure 3 include illustrative schemes of the 
extreme situations in comparison with an intermediate case where the MA is coordi-
nated to eight chlorides and four bromides, y = 8.

The thermal variation of the crystallographic structures was followed between 
120 K and RT. Figure 4 shows the temperature evolution of selected diffraction 
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Statistical probability distribution of the halide environment in CH3NH3Pb(Cl1−xBrx)3 (x = 0, 0.33, 0.5, 0.67, 
and 1).
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Thermal evolution of selected diffraction lines in which the phase transitions are evidenced, from SXRD data, 
collected at MSPD diffractometer at ALBA synchrotron (Spain) [32–34].
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lines for all members of the series. In this temperature range, only both end mem-
bers of the series (x = 0 and 1) exhibit phase transitions; in contrast, for the mixed 
halide compositions, no phase transitions have been detected, observing cubic 
structures (Pm   ̄  3  m) either at RT or down to 120 K, as illustrated in Figure 4.

Previous works also report on the polymorphic evolution of Br and Cl 
phases. Swainson et al. report on two phase transitions for MAPbBr3: Pnma 
← (≈150 K) → I4/mcm ← (≈223 K) → Pm   ̄  3  m [25]. These phases were also 
described by other authors from single crystal data [26, 27]. It was reported by 
Poglitsch et al. that the MAPbCl3 perovskite goes through two phase transitions: 
P2221 ← (173 K) → P4/mmm ← (179 K) → Pm   ̄  3  m [35]. Afterward, Chi et al. stated 
that the orthorhombic polymorph corresponds to the Pnma space group, but with a 
unit-cell twice the size of the cubic aristotype (a ≈ b ≈ c ≈ 2ap) [36].

Our work on CH3NH3PbBr3 shows that the SXRD patterns collected at RT, 270 
and 240 K correspond to cubic symmetry, defined in the Pm   ̄  3  m space group; at 
210 and 180 K to tetragonal symmetry in the I4/mcm space group; and at 120 K to 
orthorhombic symmetry, defined in the Pnma space group [32]. On the other hand, 
CH3NH3PbCl3 remains stable as cubic down to 180 K; however, the SXRD patterns 
at 120 and 150 K exhibit a conspicuous splitting of some reflections [33]. According 
to the model proposed by Chi et al. [36]; this splitting (at 120 and 150 K) is possible. 
Nevertheless, some extra lines during the preliminary refinements seem to indicate 
that there is another phase, orthorhombic (Pnma), resembling the one observed in 
MAPbBr3 (a ≈ √2ap; b ≈ 2ap; c ≈ √2ap). If the coexistence of both phases men-
tioned is taken into consideration, a satisfactory refinement at 150 and 120 K can be 
completed, with only slight differences in the peak width; being wider for the case 
of the conventional Pnma phase compared to the doubled Pnma structure. A pos-
sible explanation could be that microstructural features cause this phase mixture.

For MAPbCl3, the mechanism or transient state from cubic to orthorhombic 
symmetry has been until now only partially known. As indicated previously, the 
tetragonal phase (P4/mmm) was observed in a very narrow range of temperature, 
172.9–178.8 K. Up to now, no new reports have appeared on this transient tetragonal 
phase. Several patterns were collected sequentially [33] in this narrow temperature 
range, with intervals of 2.5 K, as illustrated in Figure 5a, where a different phase 
is evidenced between 169 and 164 K. This phase, corresponding to the pattern at 
167.2 K, was initially fitted to the tetragonal model; however, additional diffraction 
lines were observed evidencing an orthorhombic symmetry. Matching the patterns 
observed at 120, 150, and 160 K, Pnma (a ≈ √2ap; b ≈ 2ap; c ≈ √2ap) provided 
a satisfactory fit at 167.2 K. In this last case, at low temperatures the unit-cell 

Figure 5. 
(a) Selected angular region of the SXRD patterns of MAPbCl3 at increasing temperatures (from 150 to 180 K), 
illustrating the evolution and splitting of some characteristic reflections. (b) Thermal evolution of the unit-cell 
parameters of the MAPbCl3 perovskite in the same temperature range [33].
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parameters tend to be considerably less split. In Figure 5b, the unit-cell parameters 
variation as a function of temperature is displayed in this narrow temperature 
range.

From these facts, it is clear that MAPbCl3 goes through a more complex transi-
tion compared to the ones already reported. To summarize, there are three phases: 
cubic, orthorhombic (a ≈ √2ap; b ≈ 2ap; c ≈ √2ap), and a second orthorhombic 
(a ≈ 2ap; b ≈ 2ap; c ≈ 2ap), as indicated in Figure 5b as C, O1, and O2, respectively. 
Moreover, the O1 phase can be separated into two states with different distorted 
degrees: O1HT and O1LT. In the first case, the unit-cell parameters splitting with 
respect to cubic ap is substantially lower than in the second case. Moreover, an 
inversion between b/2 and c/√2 values is observed in Figure 5b. Additionally, a 
high tetragonality is observed in O1HT where the following relationship between the 
unit-cell parameters is observed: a/√2 < b/2 ≈ c/√2. This fact can explain the previ-
ous description in the tetragonal symmetry in this short temperature range.

As reported in [32, 33], MAPbCl3 and MAPbBr3 are stable above 179 and 
237 K respectively; therefore, it is relevant to mention the lack of any other phase 
transition down to 120 K in mixed halide perovskites. The anion disorder in the 
mixed-halide phases could explain this surprising behavior. As it was previ-
ously mentioned, the interactions between the organic and inorganic parts differ 
from one sample to another within the present series (see Figure 3). The phase 
transitions are prevented due to the halide disorder, because it does not allow the 
rearrangements that are required in terms of octahedral tilting. Finally, SXRD 
measurements and their analysis (Rietveld refinements) provide new evidence that 
allows to complete the polymorphic evolution in the MAPb(Br1−xClx)3 family, as 
displayed in Figure 6.

4. Neutron diffraction studies

The neutron powder diffraction (NPD) investigation is essential to obtain a detailed 
description of these hybrid materials. The NPD data were collected at the D2B dif-
fractometer (ILL, France) [32, 34]. In particular, the distribution of MA groups can be 
elucidated taking advantage of the high contrast in the coherent scattering lengths of 
Pb, Br, Cl, C, N, and H, of 9.405, 6.795, 9.577, 6.646, 9.36, and −3.739 fm, respectively.

However, there is an issue in the resolution of the structure that needs to be 
considered. The incoherent background in a powder experiment is considerably 
large due to the presence of hydrogen, which has an important inelastic component 

Figure 6. 
Thermal evolution of the unit-cell parameters of MAPb(Br1−xClx)3 perovskites in the 120–300 K temperature 
range [33].
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lines for all members of the series. In this temperature range, only both end mem-
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structures (Pm   ̄  3  m) either at RT or down to 120 K, as illustrated in Figure 4.
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phases. Swainson et al. report on two phase transitions for MAPbBr3: Pnma 
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that the orthorhombic polymorph corresponds to the Pnma space group, but with a 
unit-cell twice the size of the cubic aristotype (a ≈ b ≈ c ≈ 2ap) [36].

Our work on CH3NH3PbBr3 shows that the SXRD patterns collected at RT, 270 
and 240 K correspond to cubic symmetry, defined in the Pm   ̄  3  m space group; at 
210 and 180 K to tetragonal symmetry in the I4/mcm space group; and at 120 K to 
orthorhombic symmetry, defined in the Pnma space group [32]. On the other hand, 
CH3NH3PbCl3 remains stable as cubic down to 180 K; however, the SXRD patterns 
at 120 and 150 K exhibit a conspicuous splitting of some reflections [33]. According 
to the model proposed by Chi et al. [36]; this splitting (at 120 and 150 K) is possible. 
Nevertheless, some extra lines during the preliminary refinements seem to indicate 
that there is another phase, orthorhombic (Pnma), resembling the one observed in 
MAPbBr3 (a ≈ √2ap; b ≈ 2ap; c ≈ √2ap). If the coexistence of both phases men-
tioned is taken into consideration, a satisfactory refinement at 150 and 120 K can be 
completed, with only slight differences in the peak width; being wider for the case 
of the conventional Pnma phase compared to the doubled Pnma structure. A pos-
sible explanation could be that microstructural features cause this phase mixture.

For MAPbCl3, the mechanism or transient state from cubic to orthorhombic 
symmetry has been until now only partially known. As indicated previously, the 
tetragonal phase (P4/mmm) was observed in a very narrow range of temperature, 
172.9–178.8 K. Up to now, no new reports have appeared on this transient tetragonal 
phase. Several patterns were collected sequentially [33] in this narrow temperature 
range, with intervals of 2.5 K, as illustrated in Figure 5a, where a different phase 
is evidenced between 169 and 164 K. This phase, corresponding to the pattern at 
167.2 K, was initially fitted to the tetragonal model; however, additional diffraction 
lines were observed evidencing an orthorhombic symmetry. Matching the patterns 
observed at 120, 150, and 160 K, Pnma (a ≈ √2ap; b ≈ 2ap; c ≈ √2ap) provided 
a satisfactory fit at 167.2 K. In this last case, at low temperatures the unit-cell 

Figure 5. 
(a) Selected angular region of the SXRD patterns of MAPbCl3 at increasing temperatures (from 150 to 180 K), 
illustrating the evolution and splitting of some characteristic reflections. (b) Thermal evolution of the unit-cell 
parameters of the MAPbCl3 perovskite in the same temperature range [33].
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parameters tend to be considerably less split. In Figure 5b, the unit-cell parameters 
variation as a function of temperature is displayed in this narrow temperature 
range.

From these facts, it is clear that MAPbCl3 goes through a more complex transi-
tion compared to the ones already reported. To summarize, there are three phases: 
cubic, orthorhombic (a ≈ √2ap; b ≈ 2ap; c ≈ √2ap), and a second orthorhombic 
(a ≈ 2ap; b ≈ 2ap; c ≈ 2ap), as indicated in Figure 5b as C, O1, and O2, respectively. 
Moreover, the O1 phase can be separated into two states with different distorted 
degrees: O1HT and O1LT. In the first case, the unit-cell parameters splitting with 
respect to cubic ap is substantially lower than in the second case. Moreover, an 
inversion between b/2 and c/√2 values is observed in Figure 5b. Additionally, a 
high tetragonality is observed in O1HT where the following relationship between the 
unit-cell parameters is observed: a/√2 < b/2 ≈ c/√2. This fact can explain the previ-
ous description in the tetragonal symmetry in this short temperature range.

As reported in [32, 33], MAPbCl3 and MAPbBr3 are stable above 179 and 
237 K respectively; therefore, it is relevant to mention the lack of any other phase 
transition down to 120 K in mixed halide perovskites. The anion disorder in the 
mixed-halide phases could explain this surprising behavior. As it was previ-
ously mentioned, the interactions between the organic and inorganic parts differ 
from one sample to another within the present series (see Figure 3). The phase 
transitions are prevented due to the halide disorder, because it does not allow the 
rearrangements that are required in terms of octahedral tilting. Finally, SXRD 
measurements and their analysis (Rietveld refinements) provide new evidence that 
allows to complete the polymorphic evolution in the MAPb(Br1−xClx)3 family, as 
displayed in Figure 6.

4. Neutron diffraction studies

The neutron powder diffraction (NPD) investigation is essential to obtain a detailed 
description of these hybrid materials. The NPD data were collected at the D2B dif-
fractometer (ILL, France) [32, 34]. In particular, the distribution of MA groups can be 
elucidated taking advantage of the high contrast in the coherent scattering lengths of 
Pb, Br, Cl, C, N, and H, of 9.405, 6.795, 9.577, 6.646, 9.36, and −3.739 fm, respectively.

However, there is an issue in the resolution of the structure that needs to be 
considered. The incoherent background in a powder experiment is considerably 
large due to the presence of hydrogen, which has an important inelastic component 

Figure 6. 
Thermal evolution of the unit-cell parameters of MAPb(Br1−xClx)3 perovskites in the 120–300 K temperature 
range [33].
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(25,274 barns) that gives rise to a significant incoherent background. This is not 
an obstacle for the crystallographic Rietveld refinement if sufficient statistic is 
achieved during the measurement.

On the other hand, due to the negative contribution of hydrogen to the scatter-
ing, some strategies are necessary to find the adequate distribution of MA in the 
inorganic PbX6 framework. First, the instrumental and the unit-cell parameters 
were refined using the Le Bail method. The structure of the octahedral PbX6 frame-
work was eventually considered in the model, placing the lead atoms at 1a (0,0,0) 
sites and bromine/chlorine atoms at 3d (1/2,0,0) positions in the Pm   ̄  3  m space group. 
Later on, Difference Fourier Maps (DFM) were acquired from the observed and 
calculated patterns, unveiling the missing negative and positive nuclear density (in 
scattering length) around A site of the perovskite structure (1b (1/2,1/2,1/2)).

This analysis in MAPbBr3 [32] yields the positive (represented in yellow) and 
negative (represented in blue) isosurfaces shown in Figure 7a, which correspond 
to the C/N and H positions, respectively. The negative scattering regions are due 
to the negative scattering of protons while the positive zone corresponds to C/N 
atoms. These nuclear densities support that the MA units are delocalized in the A 
site of the perovskite. Considering the positive density, the C/N atoms are located at 
24i (1/2,y,y) positions. Then, the H positions can be elucidated from the geometric 
shape of methylammonium group. The observed geometry can be satisfied with 
two hydrogen atoms located at 24 l (1/2,y,z) and 24 m (x,x,z) Wyckoff sites. This 
analysis in MAPbBr3 reveals that the MA group is delocalized at room temperature 
along the [110] direction, involving six possible orientations.

In contrast, the DFM for MAPbBr2Cl show that the positive and negative densi-
ties match exactly with those expected for the MA cations oriented along [111] direc-
tions. It is possible to deduce that the C/N and H atoms are placed at 8 g (x, x, x) and 
24 m (x, x, z) Wyckoff positions, respectively (Figure 7b). MAPbBr1.5Cl1.5 exhibits 
a peculiar negative distribution (see Figure 7c), where there are four negative zones 
along the [001] directions, suggesting that the MA units are along this direction. 
However, along [111] directions, there also appears a non-negligible density, which 
is unrealistic. This dichotomy is resolved by analyzing the C/N density from the 
positive surface; it unveils that the C/N atoms are indeed delocalized along the [100] 

Figure 7. 
DFM isosurfaces of MAPb(Br1−xClx)3 series for x = 0 (a), 0.33 (b), 0.5 (c), 0.67 (d), and 1 (e), from NPD data 
[32, 34].
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directions. The same procedure in MAPbBrCl2 and MAPbCl3, see Figure 7d and e, 
shows that the MA groups are oriented along [100] directions, in the same way as 
MAPbBr1.5Cl1.5. From this result, which only can be obtained from NPD data, a clear 
restriction in the MA delocalization is unveiled, evolving from [110] to [111] and 
finally to [100] directions, while X is progressively enriched in Cl− anions.

From the Fourier synthesis maps, a crystallographic model can be built with the 
MA configurations, to start the structural Rietveld refinements from the NPD data. 
Additionally, the MA displacement toward –NH3 group also can be considered, as it 
was proposed from theoretical calculations [37, 38]. This last approach corresponds 
to the plausible chemical interactions between the organic cation and inorganic 
framework; the greater electronegativity of nitrogen produces H-bond interactions 
shorter than C–H⋯X. Considering this last fact and the DFM results, the Rietveld 
refinement of NPD data was made. Minor amounts of MACl were identified and 
included in the refinements as second phase in the chlorine phase. The Rietveld 
fits for MAPbBr3 and MAPbCl3 are illustrated in Figure 8. The crystal structure 
data after these refinements are listed in Table 1 for all the compositions. This 
table shows the three different combinations of C/N and H positions considering 
three possibilities for the MA delocalization in the PbX6 framework observed in the 
MAPb(Br1−xClx)3 series. The variation of the unit-cell parameter with the Cl-doping 
is illustrated in Figure 9; here, a change of slope is observed in the perovskite with 
an equimolar amount of Br and Cl atoms, according to the anomaly obtained from 
synchrotron data.

For x = 0.5, 0.67, and 1, the unit cell experiences a contraction, keeping a 
constant slope as Cl is introduced, with the MA oriented in the same direction. On 
the other hand, for x = 0 and 0.33, the unit cell parameters do not follow this trend, 
the MA orientation is different.

A feature to highlight is the difference in negative density (arising from H posi-
tions) observed between [111] and [100] orientations. While along the [111] direction, 
the three terminal H atoms of the H3C-NH3

+ units are fixed, as it is shown in Figure 7b. 
From the negative density displayed in Figure 7c–e, it is noticeable that four H atoms 
are comprised in the (100) plane, suggesting that the MA units occupy equiva-
lent positions, so that each H points to each of the four halides in the edges of the 
perovskite unit cell, thus manifesting the importance of H⋯X hydrogen bonds. This 
bonded H is located in H11 site and the other two H of the amine group are located in 
the H12 site. Similarly, the methyl group is formed by C2, H21, and H22 atoms.

Figure 8. 
Rietveld plots of a) MAPbBr3 and b) PbPbCl3 from NPD data, at RT.
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scattering length) around A site of the perovskite structure (1b (1/2,1/2,1/2)).

This analysis in MAPbBr3 [32] yields the positive (represented in yellow) and 
negative (represented in blue) isosurfaces shown in Figure 7a, which correspond 
to the C/N and H positions, respectively. The negative scattering regions are due 
to the negative scattering of protons while the positive zone corresponds to C/N 
atoms. These nuclear densities support that the MA units are delocalized in the A 
site of the perovskite. Considering the positive density, the C/N atoms are located at 
24i (1/2,y,y) positions. Then, the H positions can be elucidated from the geometric 
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two hydrogen atoms located at 24 l (1/2,y,z) and 24 m (x,x,z) Wyckoff sites. This 
analysis in MAPbBr3 reveals that the MA group is delocalized at room temperature 
along the [110] direction, involving six possible orientations.

In contrast, the DFM for MAPbBr2Cl show that the positive and negative densi-
ties match exactly with those expected for the MA cations oriented along [111] direc-
tions. It is possible to deduce that the C/N and H atoms are placed at 8 g (x, x, x) and 
24 m (x, x, z) Wyckoff positions, respectively (Figure 7b). MAPbBr1.5Cl1.5 exhibits 
a peculiar negative distribution (see Figure 7c), where there are four negative zones 
along the [001] directions, suggesting that the MA units are along this direction. 
However, along [111] directions, there also appears a non-negligible density, which 
is unrealistic. This dichotomy is resolved by analyzing the C/N density from the 
positive surface; it unveils that the C/N atoms are indeed delocalized along the [100] 
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directions. The same procedure in MAPbBrCl2 and MAPbCl3, see Figure 7d and e, 
shows that the MA groups are oriented along [100] directions, in the same way as 
MAPbBr1.5Cl1.5. From this result, which only can be obtained from NPD data, a clear 
restriction in the MA delocalization is unveiled, evolving from [110] to [111] and 
finally to [100] directions, while X is progressively enriched in Cl− anions.

From the Fourier synthesis maps, a crystallographic model can be built with the 
MA configurations, to start the structural Rietveld refinements from the NPD data. 
Additionally, the MA displacement toward –NH3 group also can be considered, as it 
was proposed from theoretical calculations [37, 38]. This last approach corresponds 
to the plausible chemical interactions between the organic cation and inorganic 
framework; the greater electronegativity of nitrogen produces H-bond interactions 
shorter than C–H⋯X. Considering this last fact and the DFM results, the Rietveld 
refinement of NPD data was made. Minor amounts of MACl were identified and 
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Figure 8. 
Rietveld plots of a) MAPbBr3 and b) PbPbCl3 from NPD data, at RT.
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Looking back at the unit-cell variation, the contraction of the PbX6 octahedron 
as Cl is introduced leads to a localization of the MA units, limiting their orienta-
tion. This decrease has been deeply studied below room temperature, as the crystal 
goes through the phase transitions: cubic-tetragonal-orthorhombic [37, 39, 40]; 
however, in this case, CH3NH3Pb(Br1−xClx)3, the behavior is observed in the same 
crystal system at RT [34]. This finding shows that the MA freedom degree reduc-
tion can occur either by a decrease in the symmetry or by size reduction (keeping 
the symmetry) in the PbX6 network. These discoveries renew the question whether 
the inorganic framework deformation occurs and then the MA units accommodate 
in the preferred directions, or the reduction in the MA freedom degree enables the 

MAPb(Br1−xClx)3 x = 0 [32] x = 0.33 
[34]

x = 0.5 [34] x = 0.67 [34] x = 1 [34]

a (Å) 5.9259(4) 5.8454(8) 5.80459(6) 5.76955(7) 5.6813(5)

Pb (1a)
(0,0,0)

U11 = U22 = U33 0.025(2) 0.048(3) 0.0313(3) 0.031(2) 0.0239(4)

Br1−xClx (3d)
(0.5,0,0)

x 0 0.38(3) 0.55(5) 0.67(8) 1

U11 0.018(5) 0.028(5) 0.0147(5) 0.026(4) 0.0471(8)

U22 = U33 0.138(5) 0.130(5) 0.1318(6) 0.104(4) 0.1151(7)

N/C C/N 
(0.5,y,y)
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N1(x,x,x)
0.5809(5)

N1(0.5,0.5,z)
0.6290(4)

N1(0.5,0.5,z)
0.6294(5)

N1(0.5,0.5,z)
0.6594(5)

C2(x,x,x)
0.4378(5)

C2(0.5,0.5,z)
0.3777(6)

C2(0.5,0.5,z)
0.3782(6)

C2(0.5,0.5,z)
0.4113(5)

Uiso*/Ueq 0.039(7) 0.061(1)* 0.051* 0.051* 0.039(1)*

H H1(0.5,y,x)
0.414(9)
0.247(9)

H11(x,y,x)
0.5839(6)
0.7363(9)

H11(0.5,y,z)
0.664(1)
0.702(3)

H11(0.5,y,z)
0.665(1)
0.702(3)

H11(0.5,y,z)
0.670(1)
0.720(2)

H2(x,x,z)
0.326(3)
0.448(4)

H12(x,y,x)
0.4416(7)
0.2841(8)

H12(x,y,z)
0.640(1)
0.419(1)
0.702(3)

H12(x,y,z)
0.641(1)
0.418(1)
0.702(3)

H12(x,y,z)
0.6445(9)
0.4166(9)
0.720(2)

H21(0.5,y,z)
0.331(1)
0.305(3)

H21(0.5,y,z)
0.331(1)
0.306(1)

H21(0.5,y,z)
0.326(1)
0.351(2)

H22(x,y,z)
0.357(1)
0.583(1)
0.305(3)

H22(x,y,z)
0.356(1)
0.583(1)
0.306(3)

H22(x,y,z)
0.354(1)
0.585(1)
0.351(2)

Uiso*/Ueq 0.06(1) 0.063* 0.063* 0.063* 0.059(2)*

Rp(%) 1.3 1.3 1.0 1.2 0.8

Rwp(%) 1.6 1.7 1.3 1.5 0.9

χ2 1.1 1.1 1.3 1.1 1.2

RBragg(%) 3.9 10.8 6.5 6.5 6.4

Table 1. 
Crystallographic data for MAPb(Br1−xClx)3 with x = 0, 0.33, 0.5, 0.67, and 1 at room temperature from NPD.
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inorganic framework to adopt a low symmetry. This dichotomy is as the chicken and 
egg paradox, which has previously been analyzed from DFT calculations, concluding 
that phase transitions occur as a synergic effect between both organic and inorganic 
components [38]. In the present case, the MA restrictions occur without symmetry 
reduction in the inorganic framework, but as a consequence of a contraction in the 
unit-cell size, so it is possible to think that the PbX6 lattice drives the MA freedom 
degree. However, it is only an appreciation and it is not enough to resolve this 
dichotomy.

On the other hand, the role of H⋯X interactions in the MA conformations is 
not unknown [41, 42] but shows some controversy among the different results. 
Theoretical studies from DFT indicate that the energy difference between the low 
index [100], [110], and [111] orientations of the MA units is similar, but with a 
subtle preference for the [100] orientation in the tetragonal MAPbI3 [40]. However, 
the ab initio simulations performed by Shimamura et al. [43] unveiled that [110] 
was the preferred orientation due to the H⋯X interactions in MAPbI3. Differently, 
Li et al. identify [111] and [100] for the MAPbI3 and MAPbCl3 perovskites as the 
favorable orientations [38]. Afterward, Varadwaj et al. reinforced this last idea 
by also stating that these orientations were the most energetically favorable [37]. 
Although there is significant theoretical work regarding the MA units orientation 
in cubic symmetry, experimental evidence is lacking [25, 27, 36]. It is the case of 
the Baikie et al. [27] report that focuses on the three structures for X = I, Br, and 
Cl from X-ray and neutron diffraction data. In all the cases, the MA components 
were refined in the [110] direction. In this context of theoretical results, the con-
siderations made in the CH3NH3Pb(Br1−xClx)3 refinements offer new possibilities to 
achieve a detailed analysis of the crystal studies in comparison with these theoreti-
cal works. Once the atomic positions are refined, a “deconvolution” of the MA units 
orientation can be done for the directions [111] and [100]. The H⋯X interactions 
obtained can be compared with those predicted theoretically.

The MA units within the cubic unit cell are presented in Figure 10, the three 
alignment possibilities ([110], [111], and [100]) are shown. The MA in MAPbBr3 is 
aligned along [110] and, as can be seen in Figure 10a and d, in this orientation the 
N–H bonds point toward face centers or cube corners forming smalls angles  
N–H⋯Br; hence, this configuration is not suitable for hydrogen bonding. On the 
other hand, for x = 0.33 (along [111] direction), the H–C and H–N interact with a 

Figure 9. 
Unit-cell parameters variation for MAPb(Br1−xClx)3 from NPD data, at RT.
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components [38]. In the present case, the MA restrictions occur without symmetry 
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unit-cell size, so it is possible to think that the PbX6 lattice drives the MA freedom 
degree. However, it is only an appreciation and it is not enough to resolve this 
dichotomy.

On the other hand, the role of H⋯X interactions in the MA conformations is 
not unknown [41, 42] but shows some controversy among the different results. 
Theoretical studies from DFT indicate that the energy difference between the low 
index [100], [110], and [111] orientations of the MA units is similar, but with a 
subtle preference for the [100] orientation in the tetragonal MAPbI3 [40]. However, 
the ab initio simulations performed by Shimamura et al. [43] unveiled that [110] 
was the preferred orientation due to the H⋯X interactions in MAPbI3. Differently, 
Li et al. identify [111] and [100] for the MAPbI3 and MAPbCl3 perovskites as the 
favorable orientations [38]. Afterward, Varadwaj et al. reinforced this last idea 
by also stating that these orientations were the most energetically favorable [37]. 
Although there is significant theoretical work regarding the MA units orientation 
in cubic symmetry, experimental evidence is lacking [25, 27, 36]. It is the case of 
the Baikie et al. [27] report that focuses on the three structures for X = I, Br, and 
Cl from X-ray and neutron diffraction data. In all the cases, the MA components 
were refined in the [110] direction. In this context of theoretical results, the con-
siderations made in the CH3NH3Pb(Br1−xClx)3 refinements offer new possibilities to 
achieve a detailed analysis of the crystal studies in comparison with these theoreti-
cal works. Once the atomic positions are refined, a “deconvolution” of the MA units 
orientation can be done for the directions [111] and [100]. The H⋯X interactions 
obtained can be compared with those predicted theoretically.

The MA units within the cubic unit cell are presented in Figure 10, the three 
alignment possibilities ([110], [111], and [100]) are shown. The MA in MAPbBr3 is 
aligned along [110] and, as can be seen in Figure 10a and d, in this orientation the 
N–H bonds point toward face centers or cube corners forming smalls angles  
N–H⋯Br; hence, this configuration is not suitable for hydrogen bonding. On the 
other hand, for x = 0.33 (along [111] direction), the H–C and H–N interact with a 

Figure 9. 
Unit-cell parameters variation for MAPb(Br1−xClx)3 from NPD data, at RT.
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unique halide (X = Cl0.33Br0.67) with a distance of 2.921(5) and 3.088(5) Å, respec-
tively (Figure 10b and e). As mentioned, the MA conformation is slightly dis-
placed, the (C)H⋯X distances are larger than (N)H⋯X, which could be explained 
by the bigger electronegativity of N compared to C.

Varadwaj et al. reported on DFT calculations for the MAPbBr3 perovskite [37]; 
the distances were determined, being ≈2.44 and ≈3.47 Å for (N)H⋯X and (C)
H⋯X, respectively, in agreement with the NPD experimental results. Carrying out 
the same procedure for x = 0.5, 0.67 and 1, we can determine the orientation of the 
MA units, which resulted to be [100]. The MA units can be rotated in four positions 
along the three [100] directions giving 12 possible conformations. With the help of 
DFT calculations, the orientation of the MA unit for bromine and chlorine phases 
can be estimated, with the additional fact that the (N)H⋯X distances are shorter 
that the (C)H⋯X ones [37, 38]. Figure 10c and f illustrate a MA unit from the 
obtained C, N, and H atomic positions for MAPbCl3; two different types of H-bonds 
can be distinguished: normal (N1–H11⋯X) and bifurcated (N1–H12⋯X). Similarly, 
the methyl group shows the same interactions through H21 and H22 atoms. The 
obtained distances for x= 1 phase are 2.459(8) and 2.615(8) Å for N1–H11∙∙∙X and 
N1–H12∙∙∙X, respectively [38].

The structural refinement from NPD data provide, for the first time, experimental 
evidence of the MA alignments, confirming the theoretical results reported up to now.

5. Optoelectronic properties

The optoelectronic properties are characterized using different techniques such 
as diffuse reflectance UV-vis spectra and building a photodetector device where 
the current-voltage (IV) curves are measured under illuminations. This device 
was fabricated by drop-casting the perovskite solution onto Au/Cr pre-patterned 
electrodes.

Figure 10. 
Methyl-ammonium conformations in the MAPbBr3 (a) and (d), MAPbBr2Cl (b) and (e) and MAPbCl3 
(c) and (f) perovskites, from NPD data at RT. The lowest figures (d), (e) and (f) are shown along the MA 
direction.
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The UV-vis spectra, illustrated in Figure 11, are used to calculate the optical 
absorption coefficient (α) according to the Kubelka-Munk equation:

  F (R)  = α =  (1 − R) 2 /  (2R)   (3)

where R is the reflectance (%). The optical band gap is determined from the 
extrapolation of the linear part of the transformed Kubelka-Munk spectrum with 
the hν axis. Absorbance vs. wavelength of the incident radiation for MAPb(Br1−

xClx)3 series is illustrated in Figure 11. In this plot, the included color chart allows 
accounting for the sample color shown in Figure 1.

The absorption edge presents a gradual evolution, which is consistent with the 
continuous structural changes, mainly with the unit-cell parameter evolution. The 
energy of the gap experiences an increment as Br is progressively replaced with Cl. 
This is, in principle, expected as a consequence of the smaller covalency of the lead-
halide bonds within the PbX6 (X = Cl, Br) octahedra [31]. Recent studies by density 
functional theory (DFT) show that the edges of the valence band and conduction 
band of CH3NH3X3 perovskites are principally made up of pX and pPb states, respec-
tively [44]. It is shown that near the gap, the predominant contribution is brought 
about by Pb-Pb transitions, involving s-type orbitals. The characteristic absorption 
band above 3 eV is fundamentally driven by sPb-pPb interactions, tuned by the unit-cell 

Figure 11. 
UV-vis absorption spectra for MAPb(Br1 − xClx)3. The colored line corresponds to the band gap energy.

Figure 12. 
Comparison between the band gap energy and unit-cell parameter in MAPb(Br1−xClx)3, as a function of the 
Cl content, x. The color in the circles corresponds to the band gap energy.
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size, with a lower contribution by pPb-pX and sX-pX transitions. These latter contribu-
tions decrease from iodine to bromine and then to chlorine, that is, when increasing 
the electronegativity of the halide, which accounts for the variation of the gap with 
the chemical nature of X, as shown in Figures 11 and 12. Endres et al. [45] found a 
remarkably low DOS at the valence band of MAPbX3, from either ultraviolet and 
inverse photoemission spectroscopies or from theoretical densities of states (DOS), 
calculated via density functional theory. They found a strong band dispersion at the 
valence band due to the coupling between halide p and Pb s antibonding orbitals, 
observing the absence of significant densities of states tailing into the perovskite gaps.

As already mentioned, an interesting feature is that the compositional evolu-
tion of the band gap energy (Eg) does not possesses a linear behavior; it seems 
that the deviation from linearity is reminiscent of that unveiled for the variation 
of the unit-cell parameters at RT (see Figure 12). By additionally contrasting the 
Eg value with the Pb–X bond lengths, a non-linear behavior is apparent, suggest-
ing that the evolution of Eg is not only related to the inorganic features. From 
this point of view, it is interesting to consider that, although all these studies 
are based on the nominally simple cubic perovskite structure, these compounds 
are in fact very complex. For example, in (CH3NH3)PbI3, the dynamics associ-
ated with the (CH3NH3)+ ions are still not fully understood, although ab initio 
calculations show [46] that at room and higher temperature, the rotation of 
CH3NH3 molecules can be viewed as effectively giving local structures that are 
cubic- and tetragonal-like from the point of view of the PbI3 framework, though 

Figure 13. 
(a) View of the photodetector device, including a crystal of MAPbBr3 grown between two pre-patterned 
electrodes, separated apart by 10 μm. (b) Current-voltage (I-V) curves obtained with 505-nm illumination, 
by changing the incident optical power densities. (c) Spectrum displaying the responsivity for different 
wavelengths. (d) Generated photocurrent vs. time, when a modulated illumination is applied with a fixed 
voltage [32].
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in fact having lower symmetry. These arrangements are locally polar, with sizable 
polarization, ~10 μC/cm2 due to the dipoles on the organic part [46]. The struc-
tural transitions are thus analogous to the transitions between two ferroelectric 
structures, where there is strong screening of charged defects that can lead to 
enhanced mobility and charge collection.

This observation seems to confirm that the increase in the Eg with the amount 
of Cl− is closely correlated with the effect of the MA and its freedom degree in the 
inorganic framework. The change in the MA delocalization upon the incorporation 
of smaller Cl− anions is an additional parameter to be considered in the tuning of 
the optical properties of these hybrid materials.

Furthermore, the potential of these materials in optoelectronic applications can 
be exemplified for MAPbBr3 measuring the current-voltage (I-V) in a photodetector 
device that is illustrated in Figure 13a [32]. The effect of the optical power densities 
under illumination at 505 nm in the I-V curves is plotted in Figure 13b. This device 
shows a photoresponse among the best ones reported for other perovskite-based 
photodetectors, even considering different geometries: 2D-MAPbI3 [47, 48], thin 
films [49, 50], nanowires [51, 52], and networks [53]. Starting from I-V measure-
ments using different wavelengths from alternative light sources, always keeping 
the same illumination power of 1 mW/cm2, it is possible to calculate the wavelength 
responsivity spectrum of the photodetector, by using the next formula:

  R =  I  ph   / P   (4)

with R being the responsivity, Iph the generated photocurrent, and P the illu-
mination power on the device. These data are illustrated in Figure 13c, they show 
a maximum in the responsivity (0.26 A/W) for light with wavelength of 505 nm, 
which is near the wavelength with maximum solar irradiance. Figure 13d plots the 
current through the device as a function of time with a fixed voltage under pulsed 
illumination. This illumination mode allows to characterize the response time of the 
photodetector, in this device <100 ms (limited by the experimental setup), which is 
comparable with values previously reported [47, 48, 54, 55].

6. Conclusions

This chapter reviews recent structural results on the CH3NH3(Br1−xClx)3 series. 
The combination of SXRD and NPD has permitted to address issues related to phase 
transitions below RT, and the conformation of the CH3NH3

+ units within the inor-
ganic cages, formed by corner-sharing PBX6 octahedra. Interestingly, it was observed 
that the progressive localization of the organic units is not only achieved through a 
reduction in symmetry (from cubic to tetragonal, and finally to orthorhombic), but 
also simply as a consequence of the contraction of the cubic unit cells as the Cl con-
tents increase. This can be interpreted as an evolution of the X—H hydrogen bonds, 
as previously observed from DFT calculations. In summary, we have contributed 
with novel experimental evidence that facilitates a more reasonable design of hybrid 
halide perovskites with tunable properties for solar cell technologies.
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size, with a lower contribution by pPb-pX and sX-pX transitions. These latter contribu-
tions decrease from iodine to bromine and then to chlorine, that is, when increasing 
the electronegativity of the halide, which accounts for the variation of the gap with 
the chemical nature of X, as shown in Figures 11 and 12. Endres et al. [45] found a 
remarkably low DOS at the valence band of MAPbX3, from either ultraviolet and 
inverse photoemission spectroscopies or from theoretical densities of states (DOS), 
calculated via density functional theory. They found a strong band dispersion at the 
valence band due to the coupling between halide p and Pb s antibonding orbitals, 
observing the absence of significant densities of states tailing into the perovskite gaps.

As already mentioned, an interesting feature is that the compositional evolu-
tion of the band gap energy (Eg) does not possesses a linear behavior; it seems 
that the deviation from linearity is reminiscent of that unveiled for the variation 
of the unit-cell parameters at RT (see Figure 12). By additionally contrasting the 
Eg value with the Pb–X bond lengths, a non-linear behavior is apparent, suggest-
ing that the evolution of Eg is not only related to the inorganic features. From 
this point of view, it is interesting to consider that, although all these studies 
are based on the nominally simple cubic perovskite structure, these compounds 
are in fact very complex. For example, in (CH3NH3)PbI3, the dynamics associ-
ated with the (CH3NH3)+ ions are still not fully understood, although ab initio 
calculations show [46] that at room and higher temperature, the rotation of 
CH3NH3 molecules can be viewed as effectively giving local structures that are 
cubic- and tetragonal-like from the point of view of the PbI3 framework, though 

Figure 13. 
(a) View of the photodetector device, including a crystal of MAPbBr3 grown between two pre-patterned 
electrodes, separated apart by 10 μm. (b) Current-voltage (I-V) curves obtained with 505-nm illumination, 
by changing the incident optical power densities. (c) Spectrum displaying the responsivity for different 
wavelengths. (d) Generated photocurrent vs. time, when a modulated illumination is applied with a fixed 
voltage [32].
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in fact having lower symmetry. These arrangements are locally polar, with sizable 
polarization, ~10 μC/cm2 due to the dipoles on the organic part [46]. The struc-
tural transitions are thus analogous to the transitions between two ferroelectric 
structures, where there is strong screening of charged defects that can lead to 
enhanced mobility and charge collection.

This observation seems to confirm that the increase in the Eg with the amount 
of Cl− is closely correlated with the effect of the MA and its freedom degree in the 
inorganic framework. The change in the MA delocalization upon the incorporation 
of smaller Cl− anions is an additional parameter to be considered in the tuning of 
the optical properties of these hybrid materials.

Furthermore, the potential of these materials in optoelectronic applications can 
be exemplified for MAPbBr3 measuring the current-voltage (I-V) in a photodetector 
device that is illustrated in Figure 13a [32]. The effect of the optical power densities 
under illumination at 505 nm in the I-V curves is plotted in Figure 13b. This device 
shows a photoresponse among the best ones reported for other perovskite-based 
photodetectors, even considering different geometries: 2D-MAPbI3 [47, 48], thin 
films [49, 50], nanowires [51, 52], and networks [53]. Starting from I-V measure-
ments using different wavelengths from alternative light sources, always keeping 
the same illumination power of 1 mW/cm2, it is possible to calculate the wavelength 
responsivity spectrum of the photodetector, by using the next formula:

  R =  I  ph   / P   (4)

with R being the responsivity, Iph the generated photocurrent, and P the illu-
mination power on the device. These data are illustrated in Figure 13c, they show 
a maximum in the responsivity (0.26 A/W) for light with wavelength of 505 nm, 
which is near the wavelength with maximum solar irradiance. Figure 13d plots the 
current through the device as a function of time with a fixed voltage under pulsed 
illumination. This illumination mode allows to characterize the response time of the 
photodetector, in this device <100 ms (limited by the experimental setup), which is 
comparable with values previously reported [47, 48, 54, 55].

6. Conclusions

This chapter reviews recent structural results on the CH3NH3(Br1−xClx)3 series. 
The combination of SXRD and NPD has permitted to address issues related to phase 
transitions below RT, and the conformation of the CH3NH3

+ units within the inor-
ganic cages, formed by corner-sharing PBX6 octahedra. Interestingly, it was observed 
that the progressive localization of the organic units is not only achieved through a 
reduction in symmetry (from cubic to tetragonal, and finally to orthorhombic), but 
also simply as a consequence of the contraction of the cubic unit cells as the Cl con-
tents increase. This can be interpreted as an evolution of the X—H hydrogen bonds, 
as previously observed from DFT calculations. In summary, we have contributed 
with novel experimental evidence that facilitates a more reasonable design of hybrid 
halide perovskites with tunable properties for solar cell technologies.
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Chapter 6

Thermodynamics of Perovskite:
Solid, Liquid, and Gas Phases
Sergey Shornikov

Abstract

The present work is devoted to the review of experimental data on
thermodynamic properties of perovskite in the condensed state, as well as the
gas phase components over perovskite and its melts at high temperatures.

Keywords: perovskite, thermodynamics

1. Introduction

Calcium titanate (CaTiO3) or perovskite was found by Rose [1] in the Ural
Mountains in 1839 and named after the Russian Statesman Count Lev Perovski.
Perovskite is a relatively rare mineral, which is a promising material for use as
matrices for safe long-term storage of actinides and their rare earth analogs that are
present in radioactive waste [2]. It is of particular interest for petrology and cos-
mochemical research as a mineral which is a part of refractory Ca-Al inclusions
often found in carbonaceous chondrites, which are the earliest objects of the solar
system with unusual isotopic characteristics [3–5].

In addition to perovskite, two more calcium titanates, Ca3Ti2O7 [6] and
Ca4Ti3O10 [7], melting incongruently, were found in the CaO-TiO2 system. The
other calcium titanates, Ca4TiO6 [8], Ca3TiO5 [9], Ca8Ti3O14 [8, 10], Ca2TiO4 [9],
Ca5Ti4O13 [11], Ca2Ti3O8 [6], CaTi2O5 [12, 13], CaTi3O7 [14], Ca2Ti5O12 [15], and
CaTi4O9 [16], are mentioned in the literature. They also seem to be unstable, which
does not exclude their possible existence [17]. Compiled in this paper on the basis of
data [7, 18], as well as the results of recent studies by Gong et al. [19], the phase
diagram of the CaO-TiO2 system in the high-temperature region is shown in
Figure 1.

2. The thermodynamic properties of perovskite solid phase

Thermochemical data on perovskite [20–24] are based on calorimetric measure-
ments of entropy of perovskite formation ΔS298(CaTiO3), obtained by Shomate
[25], and high-temperature heat capacity of perovskite Cp(CaTiO3) in the temper-
ature ranges of 15–398 K [26], 293–773 K [27], 376–1184 K [28], 383–1794 K [29],
and 413–1825 K [30]. The differences between the data do not exceed 5 J/(mol K) up
to a temperature of 1200 K, but they are quite contradictory at higher temperatures
(Figure 2).
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Naylor and Cook [29] determined the enthalpy of perovskite phase transition:
2.30 � 0.07 kJ/mol at 1530 � 1 K. The overlapping phase transitions in perovskite
observed by Guyot et al. [30] (Figure 2) were explained as consequences of a
structural change, i.e., a transition from orthorhombic (Pbnm) to orthorhombic
(Cmcm) structure at 1384 � 10 K and the overlapping of transitions from ortho-
rhombic to tetragonal (I4/mcm) and tetragonal to cubic phase (Pm3m) at
1520 � 10 K with heat effects of 1.0 � 0.5 and 5.5 � 0.5 kJ/mol, respectively. The
considerable anomaly of perovskite heat capacity above 1520 K could be caused by
strong disordering of the cubic phase up to the temperature of perovskite melting.
However, based on diffraction data about perovskite structure obtained in the

Figure 1.
The phase diagram of the CaO-TiO2 system [7, 18, 19]: (1) CaO + liquid; (2) CaO + Ca3Ti2O7;
(3) Ca3Ti2O7 + liquid; (4) Ca4Ti3O10 + liquid; (5) Ca3Ti2O7 + Ca4Ti3O10; (6) Ca4Ti3O10 + CaTiO3;
(7, 8) CaTiO3 + liquid; (9) CaTiO3 + TiO2; (10) TiO2 + liquid; (11) liquid.

Figure 2.
Heat capacity of perovskite: (1–5) determined via high-temperature calorimetry [26–30], respectively, and
(6) taken from [22].

116

Perovskite and Piezoelectric Materials

temperature range of 296–1720 K, Yashima and Ali [31] concluded that the Cmcm
phase does not exist and claimed that the first transition is the (Pbnm) ! (I4/mcm)
at 1512 � 13 K, followed by the (I4/mcm) ! (Pm3m) transition at 1635 � 2 K.

Panfilov and Fedos’ev [32] determined the enthalpy of the reaction with a
calorimetric bomb by burning stoichiometric mixtures of rutile TiO2 and calcium
carbonate CaCO3 (here and below, the square brackets denote the condensed phase;
the parentheses denote the gas phase):

CaCO3½ � þ TiO2½ � ¼ CaTiO3½ � þ CO2ð Þ: (1)

They then calculated the enthalpy of perovskite formation ΔH298(CaTiO3):
�41.84 � 1.88 kJ/mol (Table 1). Although the obtained value was determined with
poor accuracy, due to the difficulty of determining the amounts of substances in the
reaction products (1), it corresponded satisfactorily to the more accurate results of
Kelley et al. [33], who determined this value according to the reaction:

CaO½ � þ TiO2½ � ¼ CaTiO3½ � (2)

Experimental approach T, K ΔHT, kJ/mol ΔST, J/(mol K) Refs.

HF/HCl solution calorimetry 298 1.05 � 0.21 [25]

HF/HCl solution calorimetry 298 �40.48 � 0.42 1.86 � 0.71 [33]

Bomb calorimetry 298 �41.84 � 1.88 [32]

Adiabatic calorimetry 298 �40.48 � 1.65 2.40 � 0.35 [26]

Adiabatic calorimetry 298 �47.11 � 1.41 2.72 � 0.23 [28]

Na6Mo4O15 solution calorimetry 298 �42.98 � 1.96 [34]

EMF 888–972 �37.05 � 3.28 4.62 � 3.54 [35]

EMF 900–1250 �40.07 � 0.05 3.15 � 0.05 [36]

Pb2B2O5 solution calorimetry 973 �38.73 � 1.34 [37]

Na6Mo4O15 solution calorimetry 975 �42.25 � 1.05 [38]

Na6Mo4O15 solution calorimetry 975 �41.88 � 1.36 [39]

Na6Mo4O15 solution calorimetry 976 �42.86 � 1.71 [40]

Pb2B2O5 solution calorimetry 1046 �42.38 � 1.82 [37]

(Li,Na)BO2 solution calorimetry 1068 � 2 �40.45 � 1.15 [41]

Pb2B2O5 solution calorimetry 1073 �40.43 � 1.87 4.37 � 1.23 [42]

Pb2B2O5 solution calorimetry 1074 �43.78 � 1.73 [43]

Pb2B2O5 solution calorimetry 1078 �42.83 � 3.12 [44]

EMF 1180–1290 �26.88 � 8.05 11.07 � 6.44 [45]

Raman spectroscopy 1300 2.82 � 1.29 [46]

Thermochemical calculations 1600–1800 �37.19 � 0.14 5.85 � 0.09 [22]

Thermochemical calculations 1600–2100 �38.23 � 0.04 5.00 � 0.02 [23]

Thermochemical calculations 1600–2100 �37.47 � 0.03 5.60 � 0.02 [24]

DTA 1740 � 20 �37.55 � 3.76 [47]

Knudsen mass spectrometry 1791–2241 �39.98 � 0.54 3.15 � 0.28 [48]

Knudsen mass spectrometry 2241–2398 7.73 � 1.76 24.39 � 0.76 [48]

Table 1.
Enthalpy and entropy of perovskite formation from simple oxides (calculated per 1 mol of compound).
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by solution calorimetry in a mixture of hydrofluoric and hydrochloric acids.
The reactions of dissolution were more complete than combustion reaction (1).

Navrotsky et al. [19, 26, 34, 37–43] performed a number of studies by various
calorimetric methods, using adiabatic calorimetry [26] and solution calorimetry in
the (Li, Na)BO2 [41], Pb2B2O5 [37, 42, 43], and Na6Mo4O15 [19, 34, 38–40] salts
in the temperature range 973–1074 K. They determined the value of ΔHT(CaTiO3),
which lies in the range of �44 to �39 kJ/mol; the accuracy of measurements was
2 kJ/mol (Table 1). The differences could be due to the properties of the solvents
that were used. Perovskite and its oxides are poorly soluble in oxide solvent
Pb2B2O5; Na6Mo4O15 liquid alloy is quite volatile and cannot be used at tempera-
tures above 1000 K; (Li,Na)BO2 solution is hygroscopic, which creates difficulties
in synthesizing [49]. The ΔH1078(CaTiO3) value determined by Koito et al. [44] by
similar method (solution calorimetry in Pb2B2O5 salt) is less accurate but close to
the results obtained by Navrotsky et al. [19, 34, 37–43].

The data obtained by Sato et al. [28] using adiabatic calorimetry deviate negligibly
(by as much as 7 kJ/mol) in the enthalpy values of (HT–H298) in the temperature
range above 1000 K. Approximately the same systematic deviation is observed in
determination of enthalpy of perovskite formation from oxides (per 1 mole of the
compound) due to its use in calculations of the rough semiempirical approximation
proposed in [50]. At the same time, the entropy of perovskite formation determined
by Sato et al. [28] is in satisfactory agreement with the results obtained by Kelley
and Mah [20],Woodfield et al. [26], and Prasanna and Navrotsky [42] and calculated
by Gillet et al. [46] based on information obtained on Raman spectra (Table 1).

Golubenko and Rezukhina [45] studied the heterogeneous reaction using a solid
electrolyte galvanic cell (EMF method) in the temperature range of 1180–1290 K:

CaO½ � þ½ Ti2O½ � þ¾ O2ð Þ ¼ CaTiO3½ �: (3)

A mixture of FeO and Fe (or NbO and Nb) was used as the reference electrode,
and a mixture of La2O3-ThO2 crystals was used as the solid electrolyte. The Gibbs
energy of perovskite ΔGT(CaTiO3) was calculated based on a compilation of fairly
approximate literature data and their own estimates of the thermodynamic proper-
ties of the [Ti2O] compound. This produced a considerable error in determining this
value (Figure 3). Rezukhina et al. [35] later made more precise measurements of
ΔGT(CaTiO3) in the temperature range of 888–972 K, inside a galvanic cell with
CaF2 as the electrolyte (Figure 3). However, the non-systematic errors in deter-
mining ΔHT(CaTiO3) and ΔST(CaTiO3) values were considerable (Table 1).

Taylor and Schmalzried [51] (at 873 K) and Jacob and Abraham [36] (at 900–
1250 K) also determined the perovskite Gibbs energy via EMF using the same solid
electrolyte. The obtained ΔGT(CaTiO3) values were close to the results of
Rezukhina et al. [35].

Klimm et al. [47] used differential thermal analysis (DTA) to determine the
enthalpy of reaction (2) at 1740 � 20 K. The obtained value is consistent with the
results of thermochemical calculations, although it has a significant error.

Suito et al. [54, 55] has studied the equilibrium at 1873 K:

Ti½ � þ 2 Oð Þ ¼ TiO2½ � (4)

in CaO-TiOx (or CaO-TiOx-Al2O3) slags with liquid nickel, relative to oxygen
and nitrogen, depending on the content of Ti (or Al) in the metal. Crucibles made of
CaO or Al2O3 were used. The activity (ai) of titanium oxide was estimated indi-
rectly, depending on the content of Al, Ti, and O in the slag, and using data on the
Gibbs energies of oxide formation (Figure 4).
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Banon et al. [52] (at 2150 K) and Shornikov et al. [48, 53, 56] (at 1791–2398 K)
determined the values of CaO and TiO2 activities (Figure 4) and ΔGT(CaTiO3) via
Knudsen effusion mass spectrometric method. The resulting values correlated with
one another within the experimental error (up to 2.5 kJ/mol); however, the
ΔGT(CaTiO3) was obtained at a temperature �1000 K higher than in the earlier
results (Figure 3).

Figure 4.
Activities of CaO (1–3) and TiO2 (4–8) in perovskite, determined (1–3, 6–8) via Knudsen effusion mass
spectrometry [48, 52, 53] and (4, 5) in studying the heterogeneous equilibria of multicomponent melts
[54, 55], respectively.

Figure 3.
The Gibbs energy of the formation of perovskite, determined via (1, 2) calorimetry [28, 42], respectively; (3–6)
EMF [35, 36, 45, 51], respectively; (7–9) Knudsen effusion mass spectrometric method in [48, 52, 53],
respectively; (10, 11) calculated from thermochemical data in [24, 26], respectively.
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As it is seen in Figure 4, the values of oxide activities in perovskite determined
via Knudsen effusion mass spectrometric method agree with one another in the
investigated temperature range. As the temperature grows, there is a slight trend
toward the higher activities of calcium and titanium oxides in the crystalline perov-
skite phase. This trend is less noticeable in the area of the liquid phase. The activities
of titanium oxide calculated based on studying of equilibria in slags [54, 55] are
fairly approximate but not inconsistent with the results in [48, 52, 53].

The values of Gibbs energy of perovskite formation determined at 800–1200 K
via EMF [35, 36, 51] and solution calorimetry [42] correlate satisfactorily with the
obtained via Knudsen effusion mass spectrometric method [48, 52, 53, 56]. Figure 3
shows a good agreement between these data and the results from thermochemical
calculations performed by Woodfield et al. [26]. The difference between our find-
ings and the thermochemical data calculated by Bale et al. [24] is large in the
perovskite melting area, but is still less than 3 kJ/mol.

The ΔHT(CaTiO3) and ΔST(CaTiO3) values determined in [48] correlate with
the results from studies performed via solution calorimetry [37, 41, 42, 44] and
EMF [35, 36] at lower temperatures and by Raman spectroscopy [46] and DTA [47]
at similar temperatures (Table 1).

3. Melting of perovskite

The data characterizing the melting of simple oxides [23, 24, 57–60] are quite
rough (Table 2). According to different thermochemical data, perovskite’s melting
temperature lies in the range of 2188 to 2243 K.

Klimm et al. [47] estimated the perovskite melting enthalpy as 56.65� 11.33 kJ/mol
at 2220 � 20 K (Table 2) which is close to earlier thermochemical estimates [24, 59].

Shornikov [48] based on his own data (Table 1) has obtained more accurate
values, characterizing the perovskite melting (Table 2). They coincide satisfactorily
with the experimental data obtained by Klimm et al. [47] and the thermochemical

Compound T, K ΔHmelt, kJ/mol ΔSmelt, J/(mol K) References

CaO 2843 52.00 18.29 [59]

2845 79.50 27.94 [24]

3200 � 50 79.50 24.84 [58]

3210 � 10 55.20 17.20 [60]

CaTiO3 2188 41.84 19.12 [61]

2220 � 20 56.65 � 11.33 25.52 � 5.10 [47]

2233 53.32 23.88 [24]

2241 � 10 47.61 � 1.84 21.24 � 0.81 [48]

2243 63.65 28.38 [59]

TiO2 2103 66.90 31.81 [59]

2130 � 20 66.94 � 16.70 31.43 � 7.84 [23, 58]

2130 46.02 21.61 [24]

2185 � 10 68.00 � 8.00 31.12 � 3.66 [57]

Table 2.
Temperatures, enthalpies, and entropies of the melting of compounds in the CaO-TiO2 system (calculated for 1
mol of compound)
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estimates made by Bale et al. [24]. The enthalpy of perovskite melting estimated
using Walden’s empirical rule [62] is also close to the result obtained by Shornikov
[48]: ΔHmelt = 8.8 [J/(g-at K)] Tmelt = 49.39 kJ/mol.

4. The thermodynamic properties of perovskite melts

Thermodynamic information about the CaO-TiO2 melts is quite scarce and
limited by the results of only a few experimental studies. Consider the available
experimental data, obtained by the Knudsen effusion mass spectrometry.

Banon et al. [52] investigated the evaporation of 24 compositions of the CaTiO3-
Ti2O3-TiO2 system from molybdenum containers at 1900–2200 K. The synthesized
compositions contained up to 90.2 mol% Ti2O3 and up to 42 mol% TiO2 as well as
CaTiO3 compound. Based on the partial vapor pressures (Ca), (TiO), and (TiO2)
over melts at 2150 K, the authors calculated the Ti, TiO, Ti2O3, TiO2, and CaTiO3

activities, as well as mixing energies in the melts. In the case of the CaTiO3-TiO2

melts, the TiO2 and CaTiO3 activities were calculated by extrapolation from the data
relating to the CaTiO3-Ti2O3-TiO2 system and thus had, according to the authors
themselves, low accuracy, which apparently was caused by inconsistency with
different versions of the CaO-TiO2 phase diagram [7, 9, 11, 18]. Nevertheless Banon
et al. [52], interpreting the obtained high values of TiO2 activities in the region close
to titanium dioxide (Figure 5), assumed the presence of immiscibility of the CaO-
TiO2 melts in this region.

Stolyarova et al. [63] investigated the properties of the gas phase over 14 com-
positions of the CaO-TiO2-SiO2 system and also determined the values of oxide
activity and melt mixing energy by high-temperature mass spectrometry during the
evaporation of melts from tungsten effusion containers at 1800–2200 K. The syn-
thesized compositions contained up to 70 mol% CaO, up to 69 mol% SiO2, and up to
40 mol% TiO2. As it is shown in Figure 5, one of the two studied compositions of
the CaO-TiO2 system at 2057 K was in the “CaO + liquid” region, and thus its value

Figure 5.
The activities of CaO (1, 2),TiO2 (3, 4), and CaTiO3 (5, 6) in the CaO-TiO2 melts, determined at 2057 K
(1) in [63], at 2150 K (3, 5) in [52], and at 2250 K (2, 4, 6) in [64].
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As it is seen in Figure 4, the values of oxide activities in perovskite determined
via Knudsen effusion mass spectrometric method agree with one another in the
investigated temperature range. As the temperature grows, there is a slight trend
toward the higher activities of calcium and titanium oxides in the crystalline perov-
skite phase. This trend is less noticeable in the area of the liquid phase. The activities
of titanium oxide calculated based on studying of equilibria in slags [54, 55] are
fairly approximate but not inconsistent with the results in [48, 52, 53].

The values of Gibbs energy of perovskite formation determined at 800–1200 K
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shows a good agreement between these data and the results from thermochemical
calculations performed by Woodfield et al. [26]. The difference between our find-
ings and the thermochemical data calculated by Bale et al. [24] is large in the
perovskite melting area, but is still less than 3 kJ/mol.

The ΔHT(CaTiO3) and ΔST(CaTiO3) values determined in [48] correlate with
the results from studies performed via solution calorimetry [37, 41, 42, 44] and
EMF [35, 36] at lower temperatures and by Raman spectroscopy [46] and DTA [47]
at similar temperatures (Table 1).

3. Melting of perovskite

The data characterizing the melting of simple oxides [23, 24, 57–60] are quite
rough (Table 2). According to different thermochemical data, perovskite’s melting
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at 2220 � 20 K (Table 2) which is close to earlier thermochemical estimates [24, 59].
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using Walden’s empirical rule [62] is also close to the result obtained by Shornikov
[48]: ΔHmelt = 8.8 [J/(g-at K)] Tmelt = 49.39 kJ/mol.
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Thermodynamic information about the CaO-TiO2 melts is quite scarce and
limited by the results of only a few experimental studies. Consider the available
experimental data, obtained by the Knudsen effusion mass spectrometry.
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Ti2O3-TiO2 system from molybdenum containers at 1900–2200 K. The synthesized
compositions contained up to 90.2 mol% Ti2O3 and up to 42 mol% TiO2 as well as
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over melts at 2150 K, the authors calculated the Ti, TiO, Ti2O3, TiO2, and CaTiO3

activities, as well as mixing energies in the melts. In the case of the CaTiO3-TiO2

melts, the TiO2 and CaTiO3 activities were calculated by extrapolation from the data
relating to the CaTiO3-Ti2O3-TiO2 system and thus had, according to the authors
themselves, low accuracy, which apparently was caused by inconsistency with
different versions of the CaO-TiO2 phase diagram [7, 9, 11, 18]. Nevertheless Banon
et al. [52], interpreting the obtained high values of TiO2 activities in the region close
to titanium dioxide (Figure 5), assumed the presence of immiscibility of the CaO-
TiO2 melts in this region.

Stolyarova et al. [63] investigated the properties of the gas phase over 14 com-
positions of the CaO-TiO2-SiO2 system and also determined the values of oxide
activity and melt mixing energy by high-temperature mass spectrometry during the
evaporation of melts from tungsten effusion containers at 1800–2200 K. The syn-
thesized compositions contained up to 70 mol% CaO, up to 69 mol% SiO2, and up to
40 mol% TiO2. As it is shown in Figure 5, one of the two studied compositions of
the CaO-TiO2 system at 2057 K was in the “CaO + liquid” region, and thus its value
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should be close to 1. The second composition was in the region of “Ca4Ti3O10 +
liquid,” according to the information presented in [7, 18], or in the region of
“Ca3Ti2O7 + liquid,” as follows from the data presented by Tulgar [11]. However,
the calculated values are quite close (Figure 5), which contradicts the CaO-TiO2

phase diagram (Figure 1). A possible reason for the discrepancies seems to be a
significant error in the measurements of CaO activities in the melt, which may be,
in our opinion, more than 50%.

Shornikov [64] investigated the evaporation from molybdenum containers of
more than 200 compositions of the CaO-TiO2 system containing from 34 to 98 mol
% TiO2 at 2241–2441 K. The studied compositions were the CaO-TiO2-SiO2 residual
melts containing up to 1 mol% SiO2 that was lost during high-temperature evapo-
ration. The determined composition of the gas phase over the CaO-TiO2 melts
allowed to conclude that evaporation reactions are typical for individual oxides
predominate.

The oxide activities in the CaO-TiO2 melts were calculated according to Lewis
equations [65]:

ai ¼ pi=p
∘
i, (5)

where p∘i and pi are the partial pressures of vapor species over individual oxide
and melt, respectively. However, it is preferable to calculate the values of oxide
activities using the Belton-Fruehan approach [66] via the following equation:

ln ai ¼ �
ð
xjd ln aj=ai

� �
, (6)

in which the ratio of the oxide activities in the melt could be easily converted to
the ratio of the partial pressures, proportional to the ion currents (Ii):

ln aTiO2 ¼ �
ð
xCaOd ln pCaO=pTiO2

� �
¼ �

ð
xCaOd ln pCapO=pTiOpO

� �

¼ �
ð
xCaOd ln ICa=ITiOð Þ, (7)

and thus to evade the needs in additional thermochemical data, used in Eq. (5).
The consistency of the values of TiO2 activities calculated by relation (7) was

verified using the Gibbs-Duhem equation [67]:

ln aCaO ¼ �
ð
xTiO2

xCaO
d ln aTiO2 , (8)

Values of chemical potentials (Δμi), partial enthalpy (ΔHi), and entropy (ΔSi) of
oxides in the CaO-TiO2 melts were calculated by known equations [67]:

Δμi ¼ RT ln ai (9)

Δμi ¼ ΔHi � TΔSi (10)

ΔHi ¼ d Δμi=Tð Þ
d 1=Tð Þ ¼ R

d ln ai
d 1=Tð Þ (11)

ΔSi ¼ �dΔμi=dT, (12)

which are related to the corresponding integral thermodynamic mixing
functions:
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ΔGm
T ¼

X
i

xiΔμi (13)

ΔHT ¼
X
i

xiΔHi (14)

ΔST ¼
X
i

xiΔSi (15)

ΔGm
T ¼ ΔHT � TΔST (16)

and are represented in Figure 6.
The results presented by Banon et al. [52] correlate with the data found in [64].

Some difference in values, as mentioned above, is probably due to the procedures
for extrapolating information obtained by Banon et al. [52] for compositions of the
CaTiO3-Ti2O3-TiO2 triple system, which could reduce their accuracy. The observed
behavior of TiO2 activity in melts in the concentration region close to rutile may
indicate some immiscibility of the melt, which follows from the observed inflection
of the concentration dependence (Figure 5, line 3). However, in our opinion, the
behavior of TiO2 and CaTiO3 activities (Figure 5, lines 4 and 6) are close to the
ideal. The maximum value corresponds to the area of compositions close to

Figure 6.
The thermodynamic properties of the CaO-TiO2 melts at 2278 K [64] (the chemical potentials of oxides and
the mixing energy (a), the partial enthalpies of oxides and the enthalpy of formation (b), and the partial
entropies of oxides and the entropy of formation (c)); symbols: (1) CaO, (2) TiO2, (3) integral
thermodynamic characteristics (mixing energy, enthalpy, and entropy of formation of the melts, respectively; the
vertical dashed line marks the boundary of the “CaO + liquid” region and the melt) and the comparison of
mixing energies (d) in the CaO-TiO2 (4), CaO-SiO2 (5), and CaO-Al2O3 (6) melts determined by the
Knudsen effusion mass spectrometric method in [64, 68, 69], respectively (the dashed lines correspond to
heterogeneous areas).
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perovskite (Figure 5, lines 5 and 6). Differences with values obtained by Stolyarova
et al. [63] (Figure 5, points 1), are caused, apparently, by the low accuracy of the
latter.

The partial and integral thermodynamic regularities presented in Figure 6 char-
acterizing the CaO-TiO2 melts are symbate. The enthalpy and entropy of melt
formation are positive. The extreme values of the integral thermodynamic proper-
ties of the melts are in the concentration ranges close to perovskite, which confirms
its stability in the melt. Some displacement of the extremum of integral thermody-
namic functions can be caused by the presence of oxide compounds with a large
amount of CaO in comparison with perovskite CaTiO3 in the melt. A comparison of
mixing energies in the CaO-TiO2 melts at 2300 K with those for the CaO-SiO2 [68]
and CaO-Al2O3 [69] melts (Figure 6d) indicates a stronger chemical interaction in
the CaO-TiO2 melts than the CaO-Al2O3 melts, but smaller than in the CaO-SiO2

melts. It manifests in more positive values of the mixing energy of the melts.

5. The gas phase over perovskite

The evaporation processes and the thermodynamic properties of simple oxides
CaO and TiO2 were considered in detail in reference books [23, 24, 57, 70, 71].

The gas phase over calcium oxide consists of the molecular components (O),
(O2), (O3), (O4), (Ca), (Ca2), and (CaO) possibly formed by the following
reactions:

CaO½ � ¼ CaOð Þ (17)

CaOð Þ ¼ Cað Þ þ Oð Þ (18)

2 Cað Þ ¼ Ca2ð Þ (19)

2 Oð Þ ¼ O2ð Þ (20)

3 Oð Þ ¼ O3ð Þ (21)

4 Oð Þ ¼ O4ð Þ: (22)

The gas phase over titanium oxide contains similar vapor molecular forms
(O), (O2), (O3), (O4), (Ti), (Ti2), (Ti3), (TiO), and (TiO2) formed by similar
reactions:

TiO2½ � ¼ TiO2ð Þ (23)

TiO2ð Þ ¼ TiOð Þ þ Oð Þ (24)

TiOð Þ ¼ Tið Þ þ Oð Þ (25)

2 Tið Þ ¼ Ti2ð Þ (26)

3 Tið Þ ¼ Ti3ð Þ: (27)

Balducci et al. [72] detected (Ti2O3) and (Ti2O4) molecules in the gas phase over
cobalt titanate CoTiO3 at 2210–2393 K by the Knudsen effusion mass spectrometric
method, which can be involved in the following equilibria:

2 TiO2ð Þ ¼ Ti2O4ð Þ, (28)

Ti2O4ð Þ ¼ Ti2O3ð Þ þ Oð Þ: (29)

124

Perovskite and Piezoelectric Materials

Note that the predominant components of the gas phase over these oxides are
(Ca), (CaO), (TiO), (TiO2), (O), and (O2); the content of other vapor species does
not exceed 1% of the total concentration at 1700–2200 K.

The properties of the gas phase over perovskite were studied in less detail. The
experimental conditions and results of high-temperature studies of perovskite
evaporation we will consider below.

Zakharov and Protas [73] studied ion emission from the perovskite surface
under the action of laser radiation and identified the ion of a complex molecule
(CaTiO3) in addition to the ions of simple oxides (O+, Ca+, CaO+, Ti+, TiO+) in the
mass spectra of the vapor. They explained the presence of this ion by the similarity
of high-temperature evaporation of alkaline-earth oxide titanates, which is con-
firmed by the composition of the observed condensates (BaTiO3, SrTiO3, and
CaTiO3) formed under similar conditions [74, 75]. The intensity ratio of ion cur-
rents in the mass spectra of vapor over perovskite obtained at laser pulse duration of
800–1000 μs at a wavelength of 6943 Å and energy of 3–5 J was as follows: IO:ICa:
ICaO:ITi:ITiO:ICaTiO3 = 0.41:100:0.17:4.32:0.54:0.05. Note that the TiO2

+ ion was not
observed in the mass spectrum of vapor over both perovskite CaTiO3 and rutile
TiO2. This is explained by the peculiarity of the mass spectrometric experiment
using a laser, in which the easily ionizable molecular species dominate the mass
spectra of vapor and the not readily ionizable molecules are discriminated. This
selectivity of detected ions in the mass spectra of vapor significantly limits the
accuracy and applicability of this method [76]. According to the data of [57], the
estimated temperature of heating of perovskite under the action of laser radiation
based on the possible equilibrium in the gas phase.

Сað Þ þ TiOð Þ ¼ CaOð Þ þ Tið Þ (30)

is 4890 � 70 K, which is approximate, but does not contradict the conditions of
similar laser-impact mass spectrometry experiments in the range 4000–6000 K.

Banon et al. [52] studied the evaporation of the CaTiO3-Ti2O3-TiO2 melts from
molybdenum Knudsen effusion cells at 1900–2200 K by differential mass spec-
trometry. The mass spectra were recorded at a low ionizing voltage of 13 eV in order
to avoid possible fragmentation of the TiO2

+ molecular ion into Ti+ and TiO+

fragmentation ions, which were also molecular ions.
Atomic calcium was the dominant component of the gas phase over the

composites. The complex gaseous oxide (CaTiO3) was not detected. The partial
pressures of the (Ca), (TiO), (TiO2), and (O) vapor over perovskite at 2150 K were
calculated using the thermochemical data of [57] and are shown in Figure 7 as a
function of the inverse temperature (for easily understanding, the temperature
scale was scaled appropriately).

Gaseous perovskite was also not detected in the mass spectrometric studies of
high-temperature evaporation of various compositions of the CaO-TiO2-SiO2 sys-
tem from molybdenum and tungsten Knudsen effusion cells at 1700–2500 K
[53, 63, 82, 83] presumably because the sensitivity of the equipment used in [63, 83]
was insufficient for determining the CaTiO3

+ ion or because this was not the
purpose of the study [53, 82].

Lopatin and Semenov [84] studied the evaporation of a mixture of calcium
carbonate and titanium dioxide from tungsten cells by the Knudsen effusion mass
spectrometry method in the temperature range 2100–2500 K. The following ions
were detected in the mass spectra of vapor over the mixture: Ca+, CaO+, Ti+, TiO+,
TiO2

+, and CaTiO3
+. The energies of ion appearance in the mass spectra allowed the

authors to determine the molecular origin of the Ca+, CaO+, TiO+, TiO2
+, and

CaTiO3
+ ions. The TiO+ ion also contained a fragment component of the TiO2

+ ion,
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ties of the melts are in the concentration ranges close to perovskite, which confirms
its stability in the melt. Some displacement of the extremum of integral thermody-
namic functions can be caused by the presence of oxide compounds with a large
amount of CaO in comparison with perovskite CaTiO3 in the melt. A comparison of
mixing energies in the CaO-TiO2 melts at 2300 K with those for the CaO-SiO2 [68]
and CaO-Al2O3 [69] melts (Figure 6d) indicates a stronger chemical interaction in
the CaO-TiO2 melts than the CaO-Al2O3 melts, but smaller than in the CaO-SiO2
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The evaporation processes and the thermodynamic properties of simple oxides
CaO and TiO2 were considered in detail in reference books [23, 24, 57, 70, 71].
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(O2), (O3), (O4), (Ca), (Ca2), and (CaO) possibly formed by the following
reactions:

CaO½ � ¼ CaOð Þ (17)

CaOð Þ ¼ Cað Þ þ Oð Þ (18)

2 Cað Þ ¼ Ca2ð Þ (19)

2 Oð Þ ¼ O2ð Þ (20)

3 Oð Þ ¼ O3ð Þ (21)

4 Oð Þ ¼ O4ð Þ: (22)

The gas phase over titanium oxide contains similar vapor molecular forms
(O), (O2), (O3), (O4), (Ti), (Ti2), (Ti3), (TiO), and (TiO2) formed by similar
reactions:
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TiOð Þ ¼ Tið Þ þ Oð Þ (25)

2 Tið Þ ¼ Ti2ð Þ (26)

3 Tið Þ ¼ Ti3ð Þ: (27)

Balducci et al. [72] detected (Ti2O3) and (Ti2O4) molecules in the gas phase over
cobalt titanate CoTiO3 at 2210–2393 K by the Knudsen effusion mass spectrometric
method, which can be involved in the following equilibria:

2 TiO2ð Þ ¼ Ti2O4ð Þ, (28)

Ti2O4ð Þ ¼ Ti2O3ð Þ þ Oð Þ: (29)
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Note that the predominant components of the gas phase over these oxides are
(Ca), (CaO), (TiO), (TiO2), (O), and (O2); the content of other vapor species does
not exceed 1% of the total concentration at 1700–2200 K.

The properties of the gas phase over perovskite were studied in less detail. The
experimental conditions and results of high-temperature studies of perovskite
evaporation we will consider below.

Zakharov and Protas [73] studied ion emission from the perovskite surface
under the action of laser radiation and identified the ion of a complex molecule
(CaTiO3) in addition to the ions of simple oxides (O+, Ca+, CaO+, Ti+, TiO+) in the
mass spectra of the vapor. They explained the presence of this ion by the similarity
of high-temperature evaporation of alkaline-earth oxide titanates, which is con-
firmed by the composition of the observed condensates (BaTiO3, SrTiO3, and
CaTiO3) formed under similar conditions [74, 75]. The intensity ratio of ion cur-
rents in the mass spectra of vapor over perovskite obtained at laser pulse duration of
800–1000 μs at a wavelength of 6943 Å and energy of 3–5 J was as follows: IO:ICa:
ICaO:ITi:ITiO:ICaTiO3 = 0.41:100:0.17:4.32:0.54:0.05. Note that the TiO2

+ ion was not
observed in the mass spectrum of vapor over both perovskite CaTiO3 and rutile
TiO2. This is explained by the peculiarity of the mass spectrometric experiment
using a laser, in which the easily ionizable molecular species dominate the mass
spectra of vapor and the not readily ionizable molecules are discriminated. This
selectivity of detected ions in the mass spectra of vapor significantly limits the
accuracy and applicability of this method [76]. According to the data of [57], the
estimated temperature of heating of perovskite under the action of laser radiation
based on the possible equilibrium in the gas phase.

Сað Þ þ TiOð Þ ¼ CaOð Þ þ Tið Þ (30)

is 4890 � 70 K, which is approximate, but does not contradict the conditions of
similar laser-impact mass spectrometry experiments in the range 4000–6000 K.

Banon et al. [52] studied the evaporation of the CaTiO3-Ti2O3-TiO2 melts from
molybdenum Knudsen effusion cells at 1900–2200 K by differential mass spec-
trometry. The mass spectra were recorded at a low ionizing voltage of 13 eV in order
to avoid possible fragmentation of the TiO2

+ molecular ion into Ti+ and TiO+

fragmentation ions, which were also molecular ions.
Atomic calcium was the dominant component of the gas phase over the

composites. The complex gaseous oxide (CaTiO3) was not detected. The partial
pressures of the (Ca), (TiO), (TiO2), and (O) vapor over perovskite at 2150 K were
calculated using the thermochemical data of [57] and are shown in Figure 7 as a
function of the inverse temperature (for easily understanding, the temperature
scale was scaled appropriately).

Gaseous perovskite was also not detected in the mass spectrometric studies of
high-temperature evaporation of various compositions of the CaO-TiO2-SiO2 sys-
tem from molybdenum and tungsten Knudsen effusion cells at 1700–2500 K
[53, 63, 82, 83] presumably because the sensitivity of the equipment used in [63, 83]
was insufficient for determining the CaTiO3

+ ion or because this was not the
purpose of the study [53, 82].

Lopatin and Semenov [84] studied the evaporation of a mixture of calcium
carbonate and titanium dioxide from tungsten cells by the Knudsen effusion mass
spectrometry method in the temperature range 2100–2500 K. The following ions
were detected in the mass spectra of vapor over the mixture: Ca+, CaO+, Ti+, TiO+,
TiO2

+, and CaTiO3
+. The energies of ion appearance in the mass spectra allowed the

authors to determine the molecular origin of the Ca+, CaO+, TiO+, TiO2
+, and

CaTiO3
+ ions. The TiO+ ion also contained a fragment component of the TiO2
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and the Ti+ ion was completely fragmentary. The energy of appearance of the
CaTiO3

+ molecular ion was determined to be 9 � 1 eV (the energy of appearance of
the gold ion was used as a standard). The partial pressures of vapor species (pi)
were calculated by comparison with the accepted partial vapor pressures of gold
taken as standard pressures (ps) by the equation:

pi ¼
IiTi

IsTs
ps �

σsγsηs
σiγiηi

, (31)

where Ii (Is) is the intensity of the ion current of the ith component of vapor
(standard substance) recorded at a temperature Ti (Ts). The calculation should also
include the ratios of the effective ionization cross sections of the ith molecular form
and the standard substance (σi/σs), isotope distributions (ηi/ηs), and individual ion
efficiencies (γi/γs), which depend on various parameters of ion current recording
devices. The pressures pCaO , pTiO2

, and pCaTiO3
calculated by (31) were used to

determine the temperature dependence of the equilibrium constant in the gas
phase:

CaTiO3ð Þ ¼ CaOð Þ þ TiO2ð Þ (32)

Figure 7.
The partial pressure of Ca (a),TiO (b),TiO2 (c), and O (d) over perovskite (1–3) and oxides of calcium (4,
5, 9) and titanium (6–8, 10) vs. the inverse temperature, determined via Knudsen mass spectrometry: (1) in
[77], (2) in [52], (4) in [78], (5) in [79], (6) in [80], (7) in [81], and (8) in [71]; using the vacuum
furnace (according to Langmuir), (3) in [4]; and calculated, (9) and (10), according to the thermochemical
data [57]; the vertical dashed lines (11) and (12) indicate melting points of titanium oxide and perovskite,
respectively.
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and subsequently calculate the enthalpies of formation (ΔfH298) and atomization
(ΔatH298) of the CaTiO3 molecule (Table 3).

Zhang et al. [4] studied the isotope fractionation of calcium and titanium during
the evaporation of a perovskite melt suspended on an iridium wire in a vacuum
furnace at a temperature of 2278 K (according to Langmuir method). The change in
the composition of the residual perovskite melt during evaporation suggested that
the component that evaporated predominantly from the melt was its calcium com-
ponent. The total vapor pressure over perovskite could be evaluated from the data
obtained (Figure 7).

Shornikov [64, 77] investigated the evaporation of perovskite at 1791–2182 K
and its melts at 2241–2441 K from molybdenum Knudsen effusion cells by high-
temperature mass spectrometric method.

The TiO2
+, Ca+, TiO+, and O+ ions prevailed in the mass spectra of vapor over

perovskite and its melts at the ionizing electron energy of 20 eV, as well as other
ions characteristic of the mass spectra over individual oxides [57, 58, 71]. A small
amount of CaTiO3

+ ion was observed, which was fragmented into CaTi+, CaTiO+,
and CaTiO2

+ ions (ICaTi:ICaTiO:ICaTiO2:ICaTiO3 = 6:10:13:100). The ratio of the ion
current intensities in the mass spectra of vapor over perovskite at 2182 K was the
following: ICa:ICaO:ITi:ITiO:ITiO2:ICaTiO3:IO:IO2 = 80:0.04:0.1:75:100:0.02:40:0.3. It
corresponded to that observed by Samoilova and Kazenas [78] in the same temper-
ature range at evaporation of CaO from alundum cell and by Semenov [86] at
evaporation of TiO2 from a tungsten cell.

The ratio of the ion current intensities in the mass spectra of vapor over perov-
skite melt containing 57.81 � 0.15 mol% TiO2 at 2278 K was the following: ICa:ICaO:
ITi:ITiO:ITiO2:ICaTiO3:IO:IO2 = 25:0.02:0.1:56:100:0.13:0.44:0.012, which is different
from that for the case of perovskite [77].

The presence of MoOi
+ (i = 0–3) ions in the mass spectra of vapor over perov-

skite was due to the evaporation of molybdenum cell at high temperature:

Mo½ � ¼ Moð Þ, (33)

as well as the interaction of perovskite with the cell material (ITiO2:IMo:IMoO:IMoO2:
IMoO3 = 100:0.8:2.6:7.3:0.6) that was detected according to the following equilibria:

Reaction T, K ΔrH298,
kJ/mol

ΔrHT,
kJ/mol

ΔrST,
J/(mol K)

Refs.

(CaTiO3) = (CaO) + (TiO2) 2287–2466 545 � 8 284 � 44 28 � 19 [84]

2000 — 298 � 30 — [85]

1956–2182 — 287 � 12 18 � 6 [77]

[Ca] + [Ti] + 3/2
(O2) = (CaTiO3)

2287–2466 �826 � 26 — — [84]

1956–2182 — �760 � 10 �242 � 5 [77]

(CaTiO3) = (Ca) + (Ti) + 3(O) 2287–2466 2225 � 26 — — [84]

2000 — 1983 � 81 — [85]

1956–2182 — 1993 � 15 396 � 7 [77]

[CaTiO3] = (CaTiO3) 2000 — 1030 � 22 — [85]

1956–2182 — 1027 � 10 297 � 5 [77]

Table 3.
Enthalpies and entropies of the reactions involving the CaTiO3 molecule.
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and the Ti+ ion was completely fragmentary. The energy of appearance of the
CaTiO3

+ molecular ion was determined to be 9 � 1 eV (the energy of appearance of
the gold ion was used as a standard). The partial pressures of vapor species (pi)
were calculated by comparison with the accepted partial vapor pressures of gold
taken as standard pressures (ps) by the equation:
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efficiencies (γi/γs), which depend on various parameters of ion current recording
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calculated by (31) were used to

determine the temperature dependence of the equilibrium constant in the gas
phase:

CaTiO3ð Þ ¼ CaOð Þ þ TiO2ð Þ (32)
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The partial pressure of Ca (a),TiO (b),TiO2 (c), and O (d) over perovskite (1–3) and oxides of calcium (4,
5, 9) and titanium (6–8, 10) vs. the inverse temperature, determined via Knudsen mass spectrometry: (1) in
[77], (2) in [52], (4) in [78], (5) in [79], (6) in [80], (7) in [81], and (8) in [71]; using the vacuum
furnace (according to Langmuir), (3) in [4]; and calculated, (9) and (10), according to the thermochemical
data [57]; the vertical dashed lines (11) and (12) indicate melting points of titanium oxide and perovskite,
respectively.
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and subsequently calculate the enthalpies of formation (ΔfH298) and atomization
(ΔatH298) of the CaTiO3 molecule (Table 3).

Zhang et al. [4] studied the isotope fractionation of calcium and titanium during
the evaporation of a perovskite melt suspended on an iridium wire in a vacuum
furnace at a temperature of 2278 K (according to Langmuir method). The change in
the composition of the residual perovskite melt during evaporation suggested that
the component that evaporated predominantly from the melt was its calcium com-
ponent. The total vapor pressure over perovskite could be evaluated from the data
obtained (Figure 7).

Shornikov [64, 77] investigated the evaporation of perovskite at 1791–2182 K
and its melts at 2241–2441 K from molybdenum Knudsen effusion cells by high-
temperature mass spectrometric method.

The TiO2
+, Ca+, TiO+, and O+ ions prevailed in the mass spectra of vapor over

perovskite and its melts at the ionizing electron energy of 20 eV, as well as other
ions characteristic of the mass spectra over individual oxides [57, 58, 71]. A small
amount of CaTiO3

+ ion was observed, which was fragmented into CaTi+, CaTiO+,
and CaTiO2

+ ions (ICaTi:ICaTiO:ICaTiO2:ICaTiO3 = 6:10:13:100). The ratio of the ion
current intensities in the mass spectra of vapor over perovskite at 2182 K was the
following: ICa:ICaO:ITi:ITiO:ITiO2:ICaTiO3:IO:IO2 = 80:0.04:0.1:75:100:0.02:40:0.3. It
corresponded to that observed by Samoilova and Kazenas [78] in the same temper-
ature range at evaporation of CaO from alundum cell and by Semenov [86] at
evaporation of TiO2 from a tungsten cell.

The ratio of the ion current intensities in the mass spectra of vapor over perov-
skite melt containing 57.81 � 0.15 mol% TiO2 at 2278 K was the following: ICa:ICaO:
ITi:ITiO:ITiO2:ICaTiO3:IO:IO2 = 25:0.02:0.1:56:100:0.13:0.44:0.012, which is different
from that for the case of perovskite [77].

The presence of MoOi
+ (i = 0–3) ions in the mass spectra of vapor over perov-

skite was due to the evaporation of molybdenum cell at high temperature:

Mo½ � ¼ Moð Þ, (33)

as well as the interaction of perovskite with the cell material (ITiO2:IMo:IMoO:IMoO2:
IMoO3 = 100:0.8:2.6:7.3:0.6) that was detected according to the following equilibria:
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Moð Þ þ Oð Þ ¼ MoOð Þ (34)

MoOð Þ þ Oð Þ ¼ MoO2ð Þ (35)

MoO2ð Þ þ Oð Þ ¼ MoO3ð Þ: (36)

Note that Berkowitz et al. [81] found that during evaporation of titanium
oxide from a molybdenum liner inserted into a tantalum crucible at 1881 K, pMoO2
was initially 10–102 times higher than pTiO2 . The pMoO2 value gradually decreased
and became comparable with the pTiO2 value, which is significantly different
from the other results [52, 53, 56, 64, 77, 82]. The high pMoO2 observed in [81]
probably was due to poor quality of the molybdenum liner material (or its alloy).
Possibly it was made using powder technology from MoO3 reduced to metal
molybdenum at �1300 K. It could lead to such an excess of partial pressure
of (MoO3) and its decrease as it evaporates from the surface layers of the liner
material.

The appearance energies of ions in the mass spectra of vapor over perovskite
were determined by the Warren method [87] and corresponded to the accepted
values of the ionization energies of atoms and molecules [88]. The appearance
energy of CaTiO3

+ ion in the mass spectra of vapor over perovskite was equal to
8.5 � 0.6 eV (the appearance energy of silver ion was used as a standard) and
corresponded to obtained by Lopatin and Semenov [84].

The established molecular composition of the gas phase over perovskite allowed
us to draw a conclusion on the predominant evaporation of perovskite according
to the reactions (17), (18), (20), (23), (24), and (25), typical for evaporation of
simple oxides [57, 71, 78, 86]. The presence of a small amount of (CaTiO3)
molecules in the gas phase over perovskite is probably due to the reaction:

CaTiO3½ � ¼ CaTiO3ð Þ: (37)

The partial pressure values of vapor species in the gas phase over perovskite
were determined by the Hertz-Knudsen equation, written in the following
form [89]:

pi ¼ Kα
qi

sorCort

ffiffiffiffiffiffiffiffiffiffiffi
2πRT
Mi

r
, (38)

where qi is the amount of ith substance component evaporated from the
effusion cell, Mi is the molecular weight, t is time of evaporation,T is temperature,
Cor is the Clausing coefficient characterized the effusion hole, and sor is the hole
area.

The Kα constant value was calculated taking into account the evaporation coef-
ficient (αi) of substance component associated with the molecule changing during
its transition to the gas phase from the surface with an Sv area, using the Komlev
equation [90]:

Kα ¼ 1
Cor

þ sor
1� Ccαi
SvαiCc

, (39)

where Cc is the Clausing coefficient characterized effusion cell.
The Clausing coefficient is associated with the collision of vapor species inside

the effusion orifice channel of effusion cell and their reverse reflection from the
channel walls. Its value does not exceed 1 and depends on the ratio of the diameter
of the effusion hole to its thickness.
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Taking into account predominance of typical for CaO and TiO2 vapor species in
the gas phase over perovskite and small amounts of CaTiO3, the αi values were used
from [91].

The partial pressures of vapor species over perovskite at 1791–2182 K and its
melts at 2278 K calculated using the relationships (38) and (39) with an error not
exceeding 8% are shown in Figure 8.

The partial pressure of atomic oxygen determined using the relationships (38)
and (39) agrees satisfactorily with those calculated using the thermochemical data
[57] on Kr(T) equilibrium constants of possible reactions (18), (20), (24), (25), and
(36) in the gas phase over perovskite in the following relations:

pO ¼ pCaO
pCa

K18 Tð Þ (40)

pO ¼ pTiO2

pTiO
K24 Tð Þ (41)

pO ¼ pTiO
pTi

K25 Tð Þ (42)

pO ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2O2

K20 Tð Þ

s
(43)

pO ¼ pMoO3

pMoO2

K36 Tð Þ: (44)

It should be noted that the pO values calculated according to the independent
reactions in the gas phase over perovskite (40)–(45) were the same. It confirmed
the assumption about the molecular origin of the identified ions in the mass spec-
trum of vapor over perovskite.

As it follows from Figure 8a, the defined partial pressures of vapor species over
perovskite can be represented as linear logarithmic dependence vs. the inverse
temperature:

lgpi ¼ ai=T þ bi: (45)

Note that the relationship (45) is the same as the expression for the reaction
constant [57]:

R lnKr Tð Þ ¼ �ΔrGT

T
¼ �ΔrHT

T
þ ΔrST, (46)

which allows to determine the enthalpy (ΔrHT) and entropy (ΔrST) of a
reaction.

The partial pressures of the predominant vapor species of the gas phase over
perovskite (Ca, TiO, TiO2 and O) are compared in Figure 7 with the results on
evaporation of simple oxides (CaO and TiO2) under similar redox conditions caused
by the interaction of oxygen with molybdenum [79, 81], tungsten [71], and tanta-
lum [80] effusion cells or in chemically neutral conditions (in the absence of this
interaction) for alundum cell [78].

We used the TiO and TiO2 activities as well as the Gibbs energy of perovskite
obtained by Banon et al. [52] and thermochemical data [52] on equilibriums (17),
(18), (23), and (24) to estimate the partial pressure of vapor species over the
perovskite at 2150 K. Therefore, the obtained values characterized by the evapora-
tion of perovskite were not under reducing conditions (from molybdenum cell),
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Moð Þ þ Oð Þ ¼ MoOð Þ (34)

MoOð Þ þ Oð Þ ¼ MoO2ð Þ (35)

MoO2ð Þ þ Oð Þ ¼ MoO3ð Þ: (36)
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pi ¼ Kα
qi

sorCort

ffiffiffiffiffiffiffiffiffiffiffi
2πRT
Mi

r
, (38)

where qi is the amount of ith substance component evaporated from the
effusion cell, Mi is the molecular weight, t is time of evaporation,T is temperature,
Cor is the Clausing coefficient characterized the effusion hole, and sor is the hole
area.

The Kα constant value was calculated taking into account the evaporation coef-
ficient (αi) of substance component associated with the molecule changing during
its transition to the gas phase from the surface with an Sv area, using the Komlev
equation [90]:

Kα ¼ 1
Cor

þ sor
1� Ccαi
SvαiCc

, (39)

where Cc is the Clausing coefficient characterized effusion cell.
The Clausing coefficient is associated with the collision of vapor species inside

the effusion orifice channel of effusion cell and their reverse reflection from the
channel walls. Its value does not exceed 1 and depends on the ratio of the diameter
of the effusion hole to its thickness.
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Taking into account predominance of typical for CaO and TiO2 vapor species in
the gas phase over perovskite and small amounts of CaTiO3, the αi values were used
from [91].
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melts at 2278 K calculated using the relationships (38) and (39) with an error not
exceeding 8% are shown in Figure 8.
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K25 Tð Þ (42)

pO ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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K20 Tð Þ

s
(43)
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K36 Tð Þ: (44)

It should be noted that the pO values calculated according to the independent
reactions in the gas phase over perovskite (40)–(45) were the same. It confirmed
the assumption about the molecular origin of the identified ions in the mass spec-
trum of vapor over perovskite.

As it follows from Figure 8a, the defined partial pressures of vapor species over
perovskite can be represented as linear logarithmic dependence vs. the inverse
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perovskite (Ca, TiO, TiO2 and O) are compared in Figure 7 with the results on
evaporation of simple oxides (CaO and TiO2) under similar redox conditions caused
by the interaction of oxygen with molybdenum [79, 81], tungsten [71], and tanta-
lum [80] effusion cells or in chemically neutral conditions (in the absence of this
interaction) for alundum cell [78].

We used the TiO and TiO2 activities as well as the Gibbs energy of perovskite
obtained by Banon et al. [52] and thermochemical data [52] on equilibriums (17),
(18), (23), and (24) to estimate the partial pressure of vapor species over the
perovskite at 2150 K. Therefore, the obtained values characterized by the evapora-
tion of perovskite were not under reducing conditions (from molybdenum cell),
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but, in contrary, under chemically neutral conditions (in the absence of interaction
of perovskite with the cell material).

Figure 7 also shows the partial pressures of vapor species over calcium and
titanium oxides calculated using thermochemical data [57]. By comparison of the
experimental data obtained in [71, 77–81] and the calculated results, we can see the
effect of reducing properties of cell materials on gas phase composition: tantalum
[80], molybdenum [79, 81], tungsten [71], and alundum [78]. As we noted earlier
[85], the greatest effect of cell materials on the vapor composition are observed with
the oxygen-“deficient” species such as atomic calcium (Figure 7a), titanium mon-
oxide (Figure 7b), and atomic oxygen itself (Figure 7d). There are no differences in
the partial pressure of gaseous titanium dioxide (Figure 7c) determined in evapo-
ration experiments using molybdenum [81] and tungsten [71] cells.

Figure 8.
The partial pressure values of vapor species over perovskite (a) [77] and over the CaO-TiO2 melts at 2278 K
(b) [64]: (1) Ca, (2) CaO, (3) Ti, (4) TiO, (5) TiO2, (6) O, (7) O2, and (8) CaTiO3.
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The total vapor pressure over the perovskite melt at 2278 K obtained by Zhang
et al. [4] is consistent with the extrapolated values of partial pressures of the
predominant vapor species of the gas phase—atomic calcium and titanium dioxide
(Figure 7a and c) found in [77].

Similar slopes of lg pCa and lg pO vs. the inverse temperature for calcium oxide
and perovskite in Figure 7a and d (lines 1, 5 and 9, respectively) indicate a pre-
dominant effect of calcium component on evaporation of calcium from perovskite.
This also can explain the difference in the slope of lg pTiO in Figure 7b in the case of
perovskite (line 1) and rutile (line 10) according to the equilibriums (18) and (24).

The enthalpy and entropy of reactions involving CaTiO3 gaseous complex oxide
calculated by the relationship (46) are given in Table 3. They are in a good agree-
ment with those found by Lopatin and Semenov [84] and our earlier estimates [85].

The concentration dependences of partial pressures of vapor species over
perovskite melts show a sharp decrease in pCa and pCaO (Figure 8b, lines 1 and 2)
with increasing of TiO2 content in the melt. The vapor species containing titanium
—(Ti), (TiO), and (TiO2)—are increased with increasing TiO2 concentration up
to 65–70 mol% TiO2, and further they are almost constant in the region of 75–
100 mol% TiO2 (Figure 8b, lines 3–5), which may indicate the immiscibility of
the melt observed by Banon et al. [52]. The partial pressures of (O) and (O2)
slightly vary throughout the concentration range under consideration, showing a
minimum in the perovskite concentration (Figure 8b, lines 6 and 7). The (CaTiO3)
partial pressures have maximum values in the melt region with a high calcium
content compared to the perovskite concentration (Figure 8b, line 8), as it was
noted earlier.

6. Conclusions

The thermodynamic properties of perovskite determined by different calori-
metric approaches and EMF method agree with the results obtained via Knudsen
effusion mass spectrometry at high temperatures. The resulting values of oxide
activities in perovskite, as well as the Gibbs energy, the entropy and enthalpy of the
formation of perovskite from simple oxides, and the melting enthalpy of perovskite
are consistent with each other. The enthalpy of perovskite formation is constant
throughout the temperature range, and the entropy of perovskite formation tends
to increase slightly.

The oxide activities in perovskite melts were determined by mass spectrometric
Knudsen effusion method. The thermodynamic properties of melts (chemical
potentials of oxides and mixing energies, as well as partial and integral enthalpies
and entropies of melt’s formation) were calculated based on the experimental data.
The obtained experimental information testifies to the symbate behavior of ther-
modynamic functions characterizing the melts. The extreme values of the integral
thermodynamic properties of melts are in the concentration region close to perov-
skite, which confirms its stability in the melt. The displacement of the extremum
of the integral thermodynamic functions in the CaO-TiO2 melts can be caused by
the presence in the melt of oxide compounds with a large amount of CaO compared
to perovskite. A comparison of mixing energies in the CaO-TiO2 melts with those
for the CaO-SiO2 and CaO-Al2O3 melts indicates a stronger chemical interaction
in the CaO-TiO2 melts than the similar CaO-Al2O3 melts, but smaller than in the
CaO-SiO2 melts.

The evaporation of perovskite and its melts from a molybdenum cell at high
temperature was studied by the Knudsen effusion mass spectrometric method. The
molecular components typical of simple oxides and the (CaTiO3) gaseous complex
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(Figure 7a and c) found in [77].
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and perovskite in Figure 7a and d (lines 1, 5 and 9, respectively) indicate a pre-
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This also can explain the difference in the slope of lg pTiO in Figure 7b in the case of
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The enthalpy and entropy of reactions involving CaTiO3 gaseous complex oxide
calculated by the relationship (46) are given in Table 3. They are in a good agree-
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100 mol% TiO2 (Figure 8b, lines 3–5), which may indicate the immiscibility of
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slightly vary throughout the concentration range under consideration, showing a
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partial pressures have maximum values in the melt region with a high calcium
content compared to the perovskite concentration (Figure 8b, line 8), as it was
noted earlier.

6. Conclusions

The thermodynamic properties of perovskite determined by different calori-
metric approaches and EMF method agree with the results obtained via Knudsen
effusion mass spectrometry at high temperatures. The resulting values of oxide
activities in perovskite, as well as the Gibbs energy, the entropy and enthalpy of the
formation of perovskite from simple oxides, and the melting enthalpy of perovskite
are consistent with each other. The enthalpy of perovskite formation is constant
throughout the temperature range, and the entropy of perovskite formation tends
to increase slightly.

The oxide activities in perovskite melts were determined by mass spectrometric
Knudsen effusion method. The thermodynamic properties of melts (chemical
potentials of oxides and mixing energies, as well as partial and integral enthalpies
and entropies of melt’s formation) were calculated based on the experimental data.
The obtained experimental information testifies to the symbate behavior of ther-
modynamic functions characterizing the melts. The extreme values of the integral
thermodynamic properties of melts are in the concentration region close to perov-
skite, which confirms its stability in the melt. The displacement of the extremum
of the integral thermodynamic functions in the CaO-TiO2 melts can be caused by
the presence in the melt of oxide compounds with a large amount of CaO compared
to perovskite. A comparison of mixing energies in the CaO-TiO2 melts with those
for the CaO-SiO2 and CaO-Al2O3 melts indicates a stronger chemical interaction
in the CaO-TiO2 melts than the similar CaO-Al2O3 melts, but smaller than in the
CaO-SiO2 melts.
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molecular components typical of simple oxides and the (CaTiO3) gaseous complex
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oxide were identified in the gas phase over perovskite. The partial vapor pressures
of the molecular components of the gas phase over perovskite were determined.
A comparison of these values with the available experimental data and with the
values corresponding to simple oxides showed that the character of perovskite
evaporation is mainly affected by the calcium component of perovskite. The
observed concentration dependences of the partial pressures of vapor species over
the perovskite melts correspond to those characterizing the condensed phase.
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oxide were identified in the gas phase over perovskite. The partial vapor pressures
of the molecular components of the gas phase over perovskite were determined.
A comparison of these values with the available experimental data and with the
values corresponding to simple oxides showed that the character of perovskite
evaporation is mainly affected by the calcium component of perovskite. The
observed concentration dependences of the partial pressures of vapor species over
the perovskite melts correspond to those characterizing the condensed phase.
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Chapter 7

Synthesis and Investigation of the 
Physical Properties of Lead-Free 
BCZT Ceramics
Dang Anh Tuan, Vo Thanh Tung, Le Tran Uyen Tu  
and Truong Van Chuong

Abstract

This work presents the structure, microstructure, and physical properties of low 
sintering temperature lead-free ceramics 0.52(Ba0.7Ca0.3)TiO3-0.48Ba(Zr0.2Ti0.8)
O3 doped with nano-sized ZnO particles (noted as BCZT/x, x is the content of ZnO 
nanoparticles in wt.%, x = 0.00, 0.05, 0.10, 0.15, 0.20, and 0.25). The obtained 
results of Raman scattering and dielectric measurements have confirmed that Zn2+ 
has occupied B-site, to cause a deformation in the ABO3-type lattice of the BCZT/x 
specimens. The 0.15 wt.% ZnO-modified ceramic sintered at 1350°C exhibited 
excellent piezoelectric parameters: d33 = 420 pC/N, d31 = −174 pC/N, kp = 0.483, 
kt = 0.423, and k33 = 0.571. The obtained results indicate that the high-quality lead-
free BCZT ceramic could be successfully synthesized at a low sintering temperature 
of 1350°C with an addition of appropriated amount of ZnO nanoparticles. This 
work also reports the influence of the sintering temperature on structure, micro-
structure, and piezoelectric properties of BCZT/0.15 compound. By rising sintering 
temperature, the piezoelectric behaviors were improved and rose up to the best 
parameters at a sintering temperature of 1450°C (d33 = 576 pC/N and kp = 0.55). 
The corresponding properties of undoped BCZT ceramics were investigated as a 
comparison. It also presented that the sintering behavior and piezo-parameters of 
doped BCZT samples are better than the undoped BCZT samples at each sintering 
temperature.

Keywords: lead-free, BZT-BCT, ceramics, nanoparticle, ZnO

1. Introduction

Perovskite ABO3-type compounds with high flexibility in symmetry play an 
important role in materials science. Typical materials such as lead zirconate titanate 
(PZT) based on family BaTiO3 have received a lot of attention due to their outstand-
ing dielectric, ferroelectric, and piezoelectric performance.

Nevertheless, PZT systems are globally restricted due to evaporating toxic lead 
oxide to the environment during preparation. With the recent growing demand of 
global environmental and human health protection, many non-lead materials have 
been systematically studied to replace the lead-based ceramics [1, 2].

In 2009, based on alternating with A- and/or B-sites in perovskite BaTiO3, Liu and 
Ren established a new lead-free ferroelectric system Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)
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global environmental and human health protection, many non-lead materials have 
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Ren established a new lead-free ferroelectric system Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)
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TiO3 (abbreviated as BZT-BCT) that has excellent piezoelectricity (d33 = 620 pC/N 
at x = 50, i.e., morphotropic phase boundary or MPB composition) [3]. After that 
the BZT-BCT materials have been widely studied [4–6]. It is noted that based BaTiO3 
ceramics have been usually sintered at a very high temperature to obtain the desired 
properties [7–9] which causes many difficulties in the preparation and application 
of these materials. It is well-known that sintering behavior can be improved by using 
nanostructured raw materials and/or sintering aids [10, 11]. Among commonly used 
dopants, ZnO (in nano- or microscale) is known as an effective sintering aid for 
enhancing density and electric properties of piezoceramics [12–14].

In this work, the effects of ZnO nanoparticles as well as sintering temperature 
on structure, microstructure, and some electric properties of 0.48Ba(Zr0.2Ti0.8)
O3-0.52(Ba0.7Ca0.3)TiO3 or BCZT composition were detailedly presented.

2. Experimental produces

2.1 Preparing ZnO nanoparticles

ZnO nanoparticles were synthesized using zinc acetate and ammonia solutions 
as initial materials. Accordingly, zinc acetate was dissolved in distilled water to form 
solution. Then NH4OH solution was gradually dropped into zinc acetate solution 
and stirred until a white precipitate was received. The amount of NH4OH was 
enough so that the overall reaction to form ZnO is as follows [15]:

 (CH3COO)2Zn + 2NH4OH → ZnO + 2(CH3COO)NH4 + H2O. 

The obtained white precipitate was filtered and washed several times with the 
aid of vacuum filter machine and then annealed at a temperature of 250°C for 1 h to 
remove unwanted products.

Figure 1 shows XRD and microstructure image (measured by D8 Advance, 
Bruker AXS, and Nova NanoSEM 450-FEI, respectively) of the obtained ZnO 
powder after annealing at 250°C for 1 h.

Detailed structural characterization demonstrated that the synthesized product pos-
sesses pure hexagonal symmetry [16]. The obtained ZnO particles are spherical in shape 
with their average diameter of 59 nm (according to Scherrer equation). The nanostruc-
tured ZnO powder was used as a sintering aid in fabrication of BCZT ceramics.

Figure 1. 
(a) X-ray diffraction (XRD) and (b) micrograph of as-prepared ZnO powder.
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2.2  Fabrication of ZnO nanoparticles doped BCZT ceramics at low sintering 
temperature

A conventional ceramic fabrication technique was used to prepare lead-free 
ceramics 0.52(Ba0.7Ca0.3)TiO3-0.48Ba(Zr0.2Ti0.8)O3 doped with ZnO nanoparticles 
(abbreviated as BCZT/x, x is the content of ZnO in wt.%, x = 0.00, 0.05, 0.10, 
0.15, 0.20, 0.25). The raw materials with high purity (>99%) of BaCO3, CaCO3, 
ZrO2, and TiO2 (Merck) were weighed and mixed in a planetary milling machine 
(PM400/2-MA-Type) using ethanol as a medium for 20 h. The obtained powders 
were calcined at 1250°C for 3 h. The calcined powder was milled again in ethanol 
for 20 h; after that the x wt.% of ZnO nanoparticles were added, finely mixed, and 
then pressed into desired-shape specimens by uniaxial pressing with a pressure 
of 100 MPa. Sintering was carried out at various temperatures for 4 h. The X-ray 
diffraction patterns were recorded at room temperature by a D8 Advance, Bruker 
AXS. The tetragonal and rhombohedral volume fractions,   τ  T    and   τ  R   , were, respec-
tively, evaluated using the equations below [17]:

   τ  T   =    I  200  T   +  I  002  T   ___________  
 I  200  T   +  I  200  R   +  I  002  T  

  ,  (1)

   τ  R   =    I  200  R   ___________  
 I  200  T   +  I  200  R   +  I  002  T  

  ,  (2)

where   I  200/002   T/R    are the corresponding tetragonal (T) and rhombohedral (R) peak 
intensities.

The crystalline structure and lattice parameters of all samples were estimated 
from fitting results of the XRD data by using the Powder Cell software [18]. The 
surface of the sintered samples was processed and cleaned by an ultrasonic cleaner 
and then observed by scanning electron microscopy (SEM, Nova NanoSEM 450-
FEI). Particle size is the mean linear intercept length that was determined using an 
intercept method with the assistance of Lince software [19]. The silver pastes were 
fired at 450°C for 30 minutes on both sides of these sintered bulks as electrodes for 
electrical measurements. Dielectric properties of the materials were determined 
together using an impedance analyzer (Agilent 4396B, Agilent Technologies, 
America, HIOKI3532) by measuring the capacitance of the specimens from room 
temperature to 120°C. Raman scattering spectra was measured using LabRAM-1B 
(Horiba Jobin Yvon). Ferroelectricity was studied by using the Sawyer-Tower 
circuit method. In order to study piezoelectric properties, the samples were polled 
in silicon oil bath by applying the DC electric field of 2 kV/mm for 60 minutes at 
room temperature. The main piezoelectric parameters were calculated when using a 
resonance method (Agilent 4396B, HP4193A) and all formulas in the IEEE standard 
for piezoelectric ceramic characterization [20].

3. Results and discussion

3.1  Structure, microstructure, and electric properties of BCZT/x ceramics 
sintered at temperature of 1350°C

Figure 2(a) shows X-ray diffraction patterns of the BCZT/x ceramics at various 
contents of ZnO nanoparticles measured at room temperature. All the compositions 
have demonstrated pure perovskite phases, and no trace of secondary phase was 
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The crystalline structure and lattice parameters of all samples were estimated 
from fitting results of the XRD data by using the Powder Cell software [18]. The 
surface of the sintered samples was processed and cleaned by an ultrasonic cleaner 
and then observed by scanning electron microscopy (SEM, Nova NanoSEM 450-
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fired at 450°C for 30 minutes on both sides of these sintered bulks as electrodes for 
electrical measurements. Dielectric properties of the materials were determined 
together using an impedance analyzer (Agilent 4396B, Agilent Technologies, 
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in silicon oil bath by applying the DC electric field of 2 kV/mm for 60 minutes at 
room temperature. The main piezoelectric parameters were calculated when using a 
resonance method (Agilent 4396B, HP4193A) and all formulas in the IEEE standard 
for piezoelectric ceramic characterization [20].

3. Results and discussion

3.1  Structure, microstructure, and electric properties of BCZT/x ceramics 
sintered at temperature of 1350°C

Figure 2(a) shows X-ray diffraction patterns of the BCZT/x ceramics at various 
contents of ZnO nanoparticles measured at room temperature. All the compositions 
have demonstrated pure perovskite phases, and no trace of secondary phase was 
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detected in the investigated region. Figure 2(b) plots the enlarged XRD patterns 
in the range of (44–46)° of BCZT/x ceramics. As shown, all BCZT/x ceramics have 
tetragonal symmetry (space group P4mm) characterized by splitting (002)/(200) 
peaks at around 2θ of 45° with the intensity changing between samples. Moreover, 
the position of these diffraction peaks shifted to lower angles as increasing x.

Figure 3 illustrates the variation in the lattice parameters, (a, c), and tetragonal-
ity, c/a, as a function of the addition of ZnO nanoparticles, x, for BCZT/x ceramics 
sintered at 1350°C. As increasing x, constant (a) increases significantly, whereas 
constant (c) and tetragonality (c/a) reach their maximum values at x = 0.15 wt.%. 
It likely indicated that Zn2+ ions were incorporated into the BCZT lattices, and a 
stable solid solution was formed in the ceramics. However, Zn2+ ions did not change 
crystal symmetry of the materials that only varied the size of unit cells. Considering 
the radii of Ba2+, Ca2+, Ti4+, Zr4+, O2−, and Zn2+ of 1.44, 1.34, 0.605, 0.79, 1.4, 
and 0.74 Å, respectively, Zn2+ is possibly substituted for the B-site at (Ti4+, Zr4+) 
positions within ABO3 perovskite structure that induced a lattice distortion in the 
BCZT/x ceramics. This result would cause the diffuse transition behavior in the 
materials and will be detailedly discussed in following section.

Surface morphologies of the BCZT/x ceramics sintered at 1350°C are shown 
in Figure 4.

It is evident that addition of nanostructured ZnO has strongly influenced 
the microstructure. Clean surfaces were observed for BCZT/x samples with 

Figure 3. 
Lattice parameters and tetragonality for the BCZT/x ceramics.

Figure 2. 
XRD patterns (a) and expanded XRD patterns in the 2θ range of (44–46)° and (b) of the BCZT/x ceramics 
sintered at temperature of 1350°C.
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x = 0.00–0.15, and the grain size raised and reached the maximum value of 21.6 μm 
at x = 0.15 compound. The liquid phase, however, appeared on the grain surface 
and boundary as x > 0.15. It may be an excess amount of nano-sized ZnO particles 
during sintering, accumulating at the surface and grain boundary to restrict grain 
size evolution. Therefore, the experimental results indicate that solubility limit of 
ZnO nanoparticles in BCZT substrate is below 0.15 wt.% at a sintered temperature 
of 1350°C. Dependence of grain size and density on the ZnO nanoparticle content is 
in the same manner (Figure 5). Thus, the BCZT/0.15 composition was expected to 
possess excellent electric properties.

Figure 6 illustrates temperature dependences of permittivity, ε(T), of the 
BCZT/x ceramics measured with frequency of 1 kHz at room temperature. It is clear 
to see that the samples with ZnO addition exhibit a typical temperature dependence 
of permittivity. A wide cubic-tetragonal phase transition at the temperature around 
70°C was observed for all samples. Furthermore, another phase transition was 
found around 40°C for BCZT/0.00 composition (without ZnO nanoparticles) that 
is in the MPB region of BCZT and seems to be related to a tetragonal-rhombohedral 

Figure 4. 
SEM images of the BCZT/x ceramics sintered at 1350°C.

Figure 5. 
Dependence of grain size, G, and density, ρ, on the ZnO nanoparticle content.
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phase transition as reported in the literatures [3, 21]. It is supposed that a part of the 
material has changed into rhombohedral phase with small amount so that this phase 
was not identified in X-ray patterns but can be observed in ε(T) curve. The men-
tioned phase transition was disappeared as raising content of ZnO nanoparticles. 
It may be shifted to lower temperature. It can be seen that ZnO nanoparticles have 
strongly affected dielectric properties. First, the shape of permittivity-temperature 
curves of the ZnO-added samples is broadened and shifted toward the lower- 
temperature region. This is due to the lattice distortion and indicates the ferroelec-
tric diffuse transitions as reported in the literature [22]. The highest permittivity of 

Figure 7. 
 ln  (1 / ε − 1 /  ε  m  )   versus  ln  (T −  T  m  )   for BCZT/x systems.
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the samples, εm, nonlinearly depends on ZnO content. It increases with increasing 
ZnO content, reaches a maximal value of 14,361 for the BCZT/0.15 composition, 
and decreases monotonously after that. The temperature Tm corresponding to the 
maximum permittivity, εm, reduces with the increase of ZnO concentration due 
to the lattice distortion, as shown in XRD patterns. Figure 7 presents the plots of 
ln(1/ε − 1/εm) versus ln(T − Tm) measured at 1 kHz for the BCZT/x ceramic that 
was fitted with modified Curie-Weiss law to obtain diffuseness degree parameter, 
γ. It can be observed that γ was changed as a function of x and reached the highest 
value of 1.796 at x = 0.15 composition.

As mentioned above, the diffuse characterization of BCZT/x ceramics may 
be a result of replacing Zn2+ for B-site ion (Ti4+, Zr4+). To put it more clearly, 
the room temperature Raman spectrum of the BCZT/x ceramics was recorded 
and analyzed (Figure 8). As shown, Raman modes of BaTiO3-based systems are 
named as A1(TO1), A1(TO2), E(TO2), A1(TO3), and A1(LO3)/E(LO3) in the 
range of 150–1000 cm−1 [6]. The position and half-width of these modes were 
determined by fitting Raman data with Lorentzian function. E(TO2) vibration 
mode that has been associated with the tetragonal-cubic phase transition shifted 
to a lower wavenumber (Figure 9(a)). It means that substitution for B-site by 
Zn2+ results in reducing average B-O bonding energies. Thus, tetragonal-cubic 

Figure 8. 
Raman spectrum of BCZT/x systems recorded at room temperature.

Figure 9. 
(a) Raman shift, ν, of E(TO2) and (b) half-width, FWHM, of A1(TO2) as a function of ZnO nanoparticles, x.
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phase transition as reported in the literatures [3, 21]. It is supposed that a part of the 
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It may be shifted to lower temperature. It can be seen that ZnO nanoparticles have 
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phase transition temperature was diminished (see inset in Figure 6). The A1(TO2) 
vibration mode was considered as the most sensitive to the lattice distortion that 
can be evaluated by FWHM of A1(TO2) as presented in Figure 9(b). It has been 
shown that FWHM depends on ZnO content and reached a maximum value at 
x = 0.15. It means the material sample added with 0.15 wt.% of ZnO has shown 
the highest disorder [23]. In other words, FWHM of the Raman mode A1(TO2) 
also reflects the diffuseness of the ferroelectric-paraelectric phase transition as 
diffuseness degree. This obtained result is well appropriated with the result given 
from the temperature dependence of permittivity as presented in Figure 6 where 
we can see that the diffuseness degree, γ, reached a maximum value for the same 
ZnO content x = 0.15 (see Figure 7).

Figure 10 presents P-E relationships for BCZT/x ceramics measured at room 
temperature. Received hysteresis loops were well saturated and fairly slim for all 
samples that assert again diffuse ferroelectric nature in BCZT/x ceramics. The 
characterized values of remanent polarization, Pr, and coercive field, Ec, depended 
on ZnO nanoparticles concentration as illustrated in Figure 11. As shown, when 
x content varied in the region of 0.00–0.25, Pr increased and reached a maximum 
value of 6.19 μC/cm2 at x = 0.15 and then decreased monotonously. This result could 
be explained based on an amelioration in microstructure [24]. According to that, 
poor ferroelectricity was received at grain boundary. Thus, polarization of grain 
boundary may be very small or zero. Alternatively, space charges eliminate polariza-
tion charge from grain surface that depletion layer can be established. That caused 
polarization interruption on particle surface to form depolarization field which 
lowers polarization. The reduced number of grain boundary is due to increasing 
grain size that could be the reason for raising remanent polarization and vice versa. 
In this study, the grain size, G, of these ceramics was controlled by varying doping 
concentration of nano-sized ZnO particles as shown in Figure 5. The dependence 
of coercive field on ZnO nanoparticles content shows that the parameter continu-
ously intensified in the range of (1.36–2.72) kV/cm as raising x. In other words, ZnO 
nanoparticles made the ceramics harder. The enhancement of Ec value could be due 
to the increase of charged oxygen vacancies as doping that pinned to the movement 

Figure 10. 
Ferroelectric (P-E) hysteresis loops of BCZT/x systems.
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of ferroelectric domain walls. The obtained values of Ec demonstrated that the 
BCZT/x materials are typically soft compared to electric properties.

Figure 12 displays the electromechanical coupling factor (k), piezoelectric con-
stant (d33, d31, g33, g31), and mechanical quality factor (Qm) with various amounts of 
ZnO nanoparticles.

It can be observed that k, g33, g31, d33, and d31 curves possess maximum values for 
the BCZT/0.15 compound as presented in Table 1.

As mentioned above, the comprehensive analysis of X-ray diffraction, SEM 
images, and dielectric properties have proven the ZnO addition induced lattice 
distortion. The degree of this local lattice distortion increased up to the maximal 
value as ZnO concentration raised up to 0.15 wt.%. It is supposed the spontaneous 
polarization in each nano-domain has contributed to overall spontaneous polariza-
tion that enhanced piezoelectric characteristics of the material samples. Beyond 
the value of 0.15, the piezoelectric parameters decrease due to residual amount of 
ZnO nanoparticles agglomerating at the surface and grain boundary restricting 

Figure 11. 
Values of Ec and Pr as a function of x.

Figure 12. 
Nano-sized ZnO content dependence of some piezo-parameters for BCZT/x ceramics.
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grain size growth. According to Ying-Chieh Lee et al., Zn2+ is substituted into the 
B-site to generate a doubly oxygen vacancy for compensation [12]. The presence 
of charged oxygen vacancies would be pinned by the movement of ferroelectric 
domain walls and consequently to enhance the Qm value. The result is similar to 
that reported by Jiagang Wu et al., who used micro-size ZnO as an acceptor for the 
Ba0.85Ca0.15Ti0.90Zr0.10O3 ceramic sintered at 1450°C [25].

3.2  Influence of sintering temperature on structure, microstructure,  
and piezoelectric properties of doped BCZT ceramics

In this section, effects of sintering temperature on the structure, microstructure, 
and piezoelectric properties of 0.15 wt.% modified BCZT or BCZT/0.15 compound 
are presented.

Figure 13 shows XRD patterns of BCZT/0.15 ceramic sintered at various tem-
peratures of 1300, 1350, 1400, and 1450°C. All samples exhibited a pure perovskite 
phase, and no second-phase trace was detected in the investigated region. To study 
the effect of the sintering temperatures on the structure of BCZT/0.15 material, 
enlarged XRD patterns in the range of (44–46)° corresponded to each sintering 
temperature were analyzed by fitting XRD data with Gaussian function (inset 
in Figure 13). As shown, there were splitting (200)/(002) diffraction peaks at 
around 2θ of 45° for specimens sintered at 1300, 1350, and 1400°C, which means 
these samples have tetragonal symmetry. However, coexistence of rhombohedral 
and tetragonal phases was observed for the sample sintered at 1450°C in which 
tetragonal volume fraction, calculated by using Eq. (1), was 67.3%. In other words, 
BCZT/0.15 sample sintered at 1450°C could be MPB composition. Mixture of 
tetragonal-rhombohedral phases was also observed for BCZT/0.00 specimen (with-
out ZnO nanoparticles) sintered at 1450°C (Figure 14) in which tetragonal volume 

Figure 13. 
XRD patterns of BCZT/0.15 sintered at different temperatures.

kp kt k31 k33 d33 
(pC/N)

d31 
(pC/N)

g33 (10−3 V m/N) g31 (10−3 V m/N)

0.483 0.423 0.278 0.571 420 −174 10.68 −5.55

Table 1. 
Values of coupling factors (kp, kt, k31, k33) and piezoelectric constants (d31, d33, g31, g33) of BCZT/0.15 sample 
sintered at 1350°C.
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fraction was 71.7% [26]. It could be concluded that ZnO nanoparticle content of 
0.15 wt.% did not change crystalline symmetry but only varied the fraction of 
phases in the samples. This could affect the piezoelectric properties of BCZT/0.00 
and BCZT/0.15 samples sintered at 1450°C.

Figure 15 illustrates surface morphologies of BCZT/0.00 and BCZT/0.15 materi-
als sintered at various temperatures. Grain size and density were calculated and 
listed in Table 2.

Porous microstructure with small grains was received for BCZT/0.00 ceramic 
sintered at 1300°C (Figure 15). However, when 0.15 wt.% of ZnO nanoparticle 
content was added, a denser microstructure with larger particles is viewed at the 
same sintering temperature. Moreover, both grain size and density of BCZT/0.00 
and BCZT/0.15 samples were raised as sintering temperature increased (Figure 16). 
Especially, grain size and density of BCZT/0.15 ceramics are larger than that of 
BCZT/0.00 ceramics for each sintering temperature. It could be concluded that a 
small amount of ZnO nanoparticles can be improved sintering behavior.

Figure 17 presents the comparison of the piezoelectric parameters for 
BCZT/0.00 and BCZT/0.15 materials. As the sintering temperature rises, the 

Figure 14. 
Expanded XRD in the region of (44–46)° for BCZT/0.00 composition [26].

Figure 15. 
SEM images of BCZT/0.15 (yellow border) and BCZT/0.00 (red border) ceramics sintered at various 
temperatures.
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piezoelectric parameters of both samples increase. Moreover, the piezoelectric 
parameters of BCZT/0.15 samples are higher than the ones of BCZT materi-
als. These results may be due to the improvement in microstructure of the 
materials.

For the materials sintered at 1450°C, d33 = 576 pC/N and kp = 0.55 were obtained 
for BCZT/0.15 system, whereas these parameters for BCZT/0.00 system were 
542 pC/N and 0.52, respectively [9]. As known, in the MPB region, there are 14 pos-
sible polar directions with the low potential energy barrier that includes 6 in tetrago-
nal phase and 8 in rhombohedral phase [27]. These polar directions are the optimum 
orientation during polarization process leading to the excellent piezoelectric proper-
ties. It could be supposed that there are only tetragonal and rhombohedral phases in 
two mentioning compositions and then their volume fractions are quantified as in 
Table 3. It can be seen that the nanostructured ZnO addition has heightened concen-
tration of rhombohedral phase leading to enhance directional ability for polarization 
vectors. It is believed that it was the reason for the higher piezoelectric properties of 
BCZT/0.15 material than the BCZT/0.00 one. In other words, a competition between 

Figure 16. 
Grain size and density of BCZT/0.00 and BCZT/0.15 materials as a function sintering temperature.

Figure 17. 
Electromechanical factor, kp, and piezoelectric coefficient, d33, of BCZT/0.00 and BCZT/0.15 materials as a 
function sintering temperature.
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two mentioning compositions and then their volume fractions are quantified as in 
Table 3. It can be seen that the nanostructured ZnO addition has heightened concen-
tration of rhombohedral phase leading to enhance directional ability for polarization 
vectors. It is believed that it was the reason for the higher piezoelectric properties of 
BCZT/0.15 material than the BCZT/0.00 one. In other words, a competition between 

Figure 16. 
Grain size and density of BCZT/0.00 and BCZT/0.15 materials as a function sintering temperature.

Figure 17. 
Electromechanical factor, kp, and piezoelectric coefficient, d33, of BCZT/0.00 and BCZT/0.15 materials as a 
function sintering temperature.
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structure phases with addition of ZnO nanoparticles could induce the difference in 
piezoelectric response for BCZT/0.00 and BCZT/0.15 samples.

4. Conclusion

The addition of ZnO nanoparticles with grain size of 59 nm has aided to success-
fully synthesize the BCZT/x ceramics at a relatively low sintering temperature of 
1350°C. The added ZnO particles in nanoscale influenced the relaxor ferroelectric 
phase change of the materials. As a result, BCZT/0.15 composition possessed 
the highest diffuseness characteristic. Remanent polarization was improved and 
reached to a maximum value of 6.19 μC/cm2 at x = 0.15, whereas the coercive field 
went up continuously under increasing doping concentration. The ZnO addition 
has also improved the quality of the piezoelectric material, and best quality was 
observed for BCZT/0.15 composition, given that the values of d33, d31, kp, kt, and k33 
are 420, −174, 0.483, 0.423, and 0.571 pC/N, respectively. The obtained results sug-
gested that the lead-free BCZT/x material could be an expected lead-free piezoelec-
tric ceramic for applications.

Besides, the influence of sintering temperature on structure, microstructure, 
and some piezoelectric parameters of BCZT/0.15 sample was examined. As the 
sintering temperature increased, improved sintering behavior and very high piezo-
electric properties of d33 = 576 pC/N and kp = 0.55 were obtained for the sample 
sintered at 1450°C. As a comparison, corresponded properties of BCZT without 
ZnO nanoparticles or BCZT/0.00 specimen were investigated. The received results 
show that sintering behavior and some piezo-parameters of BCZT/0.15 samples are 
better than that of BCZT/0.00 samples at each sintering temperature. Especially, 
the difference in properties for samples sintered at 1450°C is attributed to competi-
tion between structure phases occurred in materials.

Acknowledgements

This work was carried out in the framework of the National Project in Physics 
Program until 2020 under no. ĐTĐLCN.10/18.

Material Tetragonal volume fraction Rhombohedral volume fraction

BCZT/0.15 63.7% 36.3%

BCZT/0.00 71.7% 29.3%

Table 3. 
Volume fraction of tetragonal and rhombohedral phases for BCZT and BCZT/0.15 materials sintered at 1450°C 
calculated by Eqs. (1) and (2).

153

Synthesis and Investigation of the Physical Properties of Lead-Free BCZT Ceramics
DOI: http://dx.doi.org/10.5772/intechopen.87935

Author details

Dang Anh Tuan1, Vo Thanh Tung2*, Le Tran Uyen Tu2 and Truong Van Chuong2

1 Ha Nam Provincial Department of Science and Technology, Vietnam

2 University of Sciences, Hue University, Vietnam

*Address all correspondence to: vttung@hueuni.edu.vn

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



Perovskite and Piezoelectric Materials

152

structure phases with addition of ZnO nanoparticles could induce the difference in 
piezoelectric response for BCZT/0.00 and BCZT/0.15 samples.

4. Conclusion

The addition of ZnO nanoparticles with grain size of 59 nm has aided to success-
fully synthesize the BCZT/x ceramics at a relatively low sintering temperature of 
1350°C. The added ZnO particles in nanoscale influenced the relaxor ferroelectric 
phase change of the materials. As a result, BCZT/0.15 composition possessed 
the highest diffuseness characteristic. Remanent polarization was improved and 
reached to a maximum value of 6.19 μC/cm2 at x = 0.15, whereas the coercive field 
went up continuously under increasing doping concentration. The ZnO addition 
has also improved the quality of the piezoelectric material, and best quality was 
observed for BCZT/0.15 composition, given that the values of d33, d31, kp, kt, and k33 
are 420, −174, 0.483, 0.423, and 0.571 pC/N, respectively. The obtained results sug-
gested that the lead-free BCZT/x material could be an expected lead-free piezoelec-
tric ceramic for applications.

Besides, the influence of sintering temperature on structure, microstructure, 
and some piezoelectric parameters of BCZT/0.15 sample was examined. As the 
sintering temperature increased, improved sintering behavior and very high piezo-
electric properties of d33 = 576 pC/N and kp = 0.55 were obtained for the sample 
sintered at 1450°C. As a comparison, corresponded properties of BCZT without 
ZnO nanoparticles or BCZT/0.00 specimen were investigated. The received results 
show that sintering behavior and some piezo-parameters of BCZT/0.15 samples are 
better than that of BCZT/0.00 samples at each sintering temperature. Especially, 
the difference in properties for samples sintered at 1450°C is attributed to competi-
tion between structure phases occurred in materials.

Acknowledgements

This work was carried out in the framework of the National Project in Physics 
Program until 2020 under no. ĐTĐLCN.10/18.

Material Tetragonal volume fraction Rhombohedral volume fraction

BCZT/0.15 63.7% 36.3%

BCZT/0.00 71.7% 29.3%

Table 3. 
Volume fraction of tetragonal and rhombohedral phases for BCZT and BCZT/0.15 materials sintered at 1450°C 
calculated by Eqs. (1) and (2).

153

Synthesis and Investigation of the Physical Properties of Lead-Free BCZT Ceramics
DOI: http://dx.doi.org/10.5772/intechopen.87935

Author details

Dang Anh Tuan1, Vo Thanh Tung2*, Le Tran Uyen Tu2 and Truong Van Chuong2

1 Ha Nam Provincial Department of Science and Technology, Vietnam

2 University of Sciences, Hue University, Vietnam

*Address all correspondence to: vttung@hueuni.edu.vn

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



154

Perovskite and Piezoelectric Materials

[1] Panda PK. Review: Environmental 
friendly lead-free piezoelectric 
materials. Journal of Materials Science. 
2009;44:5049-5062. DOI: 10.1007/
s10853-009-3643-0

[2] Rodel J, Wook J, Seifert KTP, Eva-
Maria A, Granzow T, Damjanovic D.  
Perspective on the development of 
lead free piezoceramics. Journal 
of the American Ceramic Society. 
2009;92(6):1153-1177. DOI: 
10.1111/j.1551-2916.2009.03061.x

[3] Wenfeng L, Xiaobing R. Large 
piezoelectric effect in Pb-free 
ceramics. Physical Review Letters. 
2009;103:257602-257605. DOI: 10.1103/
PhysRevLett.103.257602

[4] Xue D, Zhou Y, Bao H, Zhou C, 
Gao J, et al. Elastic, piezoelectric, 
and dielectric proper ties of 
Ba(Zr0.2Ti0.8)O3-50(Ba0.7Ca0.3)TiO3 
Pb-free ceramic at the morphotropic 
phase boundary. Journal of Applied 
Physics. 2011;109:054110. DOI: 
10.1063/1.3549173

[5] Damjanovic D, Biancoli A,  
Batooli L, Vahabzadeh A, 
Trodahl J. Elastic, dielectric, and 
piezoelectric anomalies and Raman 
spectroscopy of 0.5Ba(Ti0.8Zr0.2)
O3-0.5(Ba0.7Ca0.3)TiO3. Applied 
Physics Letters. 2012;100:192907. DOI: 
10.1063/1.4714703

[6] Wu J, Xiao D, Wu W, Chen Q , 
Zhu J, Yang Z, et al. Composition and 
poling condition-induced electrical 
behavior of (Ba0.85Ca0.15)(Ti1−xZrx)
O3 lead-free piezoelectric ceramics. 
Journal of the European Ceramic 
Society. 2012;32:891-898. DOI: 10.1016/j.
jeurceramsoc.2011.11.003

[7] Wang P, Li Y, Lu Y. Enhanced 
piezoelectric properties of (Ba0.85Ca0.15)
(Ti0.9Zr0.1)O3 lead-free ceramics 
by optimizing calcinations and 

sintering temperature. Journal of 
the European Ceramic Society. 
2011;31:2005-2012. DOI: 10.1016/j.
jeurceramsoc.2011.04.023

[8] Su S, Zuo R, Lu S, Xu Z, Wang X,  
Li L. Poling dependence and stability of 
piezoelectric properties of Ba(Zr0.2Ti0.8)
O3-(Ba0.7Ca0.3)TiO3 ceramics with huge 
piezoelectric coefficients. Current 
Applied Physics. 2011;11:S120-S123. 
DOI: 10.1016/j.cap.2011.01.034

[9] Tuan DA, Tinh NT, Tung VT, 
Chuong TV. Ferroelectric and 
piezoelectric properties of lead-free 
BCT- xBZT solid solutions. Materials 
Transactions. 2015;56(9):1370-1373. 
DOI: 10.2320/matertrans.MA201511

[10] Dung QTL, Chuong VT, Anh PD.  
The effect of TiO2 nanotubes on the 
sintering behavior and properties 
of PZT ceramics. Advances in 
Natural Sciences: Nanoscience and 
Nanotechnology. 2011;2:025013. DOI: 
10.1088/2043-6262/2/2/025013

[11] Hayati R, Barzegar A.  
Microstructure and electrical properties 
of lead free potassium sodium niobate 
piezoceramics with nano additive. 
Materials Science and Engineering 
B. 2010;172:121-126. DOI: 10.1016/j.
mseb.2010.04.033

[12] Ying-Chieh L, Tai-Kuang L, 
Jhen-Hau J. Piezoelectric properties 
and microstructures of ZnO-doped 
Bi0.5Na0.5TiO3 ceramics. Journal 
of the European Ceramic Society. 
2011;31:3145-3152. DOI: 10.1016/j.
jeurceramsoc.2011.05.010

[13] Ramajo LA, Taub J, Castro MS.  
Effect of ZnO addition on the 
structure, microstructure and 
dielectric and piezoelectric properties 
of K0.5Na0.5NbO3 ceramics. Materials 
Research. 2014;17(3):728-733. DOI: 
10.1590/S1516-14392014005000048

References

155

Synthesis and Investigation of the Physical Properties of Lead-Free BCZT Ceramics
DOI: http://dx.doi.org/10.5772/intechopen.87935

[14] Saeri MR, Barzegar A,  
Moghadama HA. Investigation of 
nano particle additives on lithium 
doped KNN lead free piezoelectric 
ceramics. Ceramics International. 
2011;37(8):3083-3087. DOI: 10.1016/j.
ceramint.2011.05.044

[15] Bari AR et al. Effect of solvent 
on the particle morphology of 
nanostructured ZnO. Indian Journal 
of Pure and Applied Physics. 
2009;47:24-27

[16] Yingying L, Leshu Y, Heyong H, 
Yuying F, Dongzhen C, Xin X.  
Application of the soluble salt-
assisted route to scalable synthesis 
of ZnO nanopowder with repeated 
photocatalytic activity. Nanotechnology. 
2012;23(6):065402-065409. DOI: 
10.1088/0957-4484/23/6/065402

[17] Quintana-Nedelcos A, Fundora A,  
Amorín H, Siqueiros JM. Effects of 
Mg addition on phase transition and 
dielectric properties of Ba(Zr0.05Ti0.95)
O3 system. The Open Condensed Matter 
Physics Journal. 2009;2:1-8. DOI: 
10.2174/1874186X00902010001

[18] Kraus W, Nolze G. POWDER 
CELL - a program for the representation 
and manipulation of crystal structures 
and calculation of the resulting X-ray 
powder patterns. Journal of Applied 
Crystallography. 1996;29:301-303. DOI: 
10.1107/S0021889895014920

[19] Tuan DA, Tung VT, Phuong LV.  
Analyzing 2D structure images 
of piezoelectric ceramics using 
ImageJ. International Journal of 
Materials and Chemistry. 2014;4(4): 
88-91. DOI: 10.5923/j.ijmc.20140404.02

[20] The Institute of Electrical and 
Electronics Engineers, Inc. IEEE 
Standard on Piezoelectricity, ANSI/
IEEE Std 176-1987

[21] Gao J, Xue D, Wang Y, Wang D, 
Zhang L, Wu H, et al. Microstructure 

basis for strong piezoelectricity in 
Pb-free Ba(Zr0.2Ti0.8)O3-(Ba0.7Ca0.3)
TiO3 ceramics. Applied Physics 
Letters. 2011;99:092901. DOI: 
10.1063/1.3629784

[22] Hao J, Bai W, Li W, Zhai J.  
Correlation between the microstructure 
and electrical properties in high-
performance (Ba0.85Ca0.15)(Zr0.1Ti0.9)
O3 lead-free piezoelectric ceramics. 
Journal of the American Ceramic 
Society. 2012;95(6):1998. DOI: 
10.1111/j.1551-2916.2012.05146.x

[23] Dobal PS, Dixit A, Katiyar RS.  
Effect of lanthanum substitution on the 
Raman spectra of barium titanate thin 
films. Journal of Raman Spectroscopy. 
2007;38:142-146. DOI: 10.1002/jrs.1600

[24] Mudinepalli VR, Feng L,  
Wen-Chin L, Murty BS. Effect of grain 
size on dielectric and ferroelectric 
properties of nanostructured 
Ba0.8Sr0.2TiO3 ceramics. Journal of 
Advanced Ceramics. 2015;4(1):46-53. 
DOI: 10.1007/s40145-015-0130-8

[25] Wu J, Xiao D, Wu W, Chen Q , Zhu J, 
Yang Z, et al. Role of room-temperature 
phase transition in the electrical 
properties of (Ba, Ca) 
(Ti, Zr)O3 ceramics. Scripta Materialia. 
2011;65:771-774. DOI: 10.1016/j.
scriptamat.2011.07.028

[26] Tuan AD, Tung TV, Chuong VT, 
Tinh TN, Huong TMN. Structure, 
microstructure and dielectric properties 
of lead-free BCT-xBZT ceramics near 
the morphotropic phase boundary. 
Indian Journal of Pure and Applied 
Physics. 2015;53:409-415

[27] Shrout TR, Zhang SJ. Lead-free 
piezoelectric ceramics: Alternatives 
for PZT? Journal of Electroceramics. 
2007;19:111-124. DOI: 10.1007/
s10832-007-9047-0



154

Perovskite and Piezoelectric Materials

[1] Panda PK. Review: Environmental 
friendly lead-free piezoelectric 
materials. Journal of Materials Science. 
2009;44:5049-5062. DOI: 10.1007/
s10853-009-3643-0

[2] Rodel J, Wook J, Seifert KTP, Eva-
Maria A, Granzow T, Damjanovic D.  
Perspective on the development of 
lead free piezoceramics. Journal 
of the American Ceramic Society. 
2009;92(6):1153-1177. DOI: 
10.1111/j.1551-2916.2009.03061.x

[3] Wenfeng L, Xiaobing R. Large 
piezoelectric effect in Pb-free 
ceramics. Physical Review Letters. 
2009;103:257602-257605. DOI: 10.1103/
PhysRevLett.103.257602

[4] Xue D, Zhou Y, Bao H, Zhou C, 
Gao J, et al. Elastic, piezoelectric, 
and dielectric proper ties of 
Ba(Zr0.2Ti0.8)O3-50(Ba0.7Ca0.3)TiO3 
Pb-free ceramic at the morphotropic 
phase boundary. Journal of Applied 
Physics. 2011;109:054110. DOI: 
10.1063/1.3549173

[5] Damjanovic D, Biancoli A,  
Batooli L, Vahabzadeh A, 
Trodahl J. Elastic, dielectric, and 
piezoelectric anomalies and Raman 
spectroscopy of 0.5Ba(Ti0.8Zr0.2)
O3-0.5(Ba0.7Ca0.3)TiO3. Applied 
Physics Letters. 2012;100:192907. DOI: 
10.1063/1.4714703

[6] Wu J, Xiao D, Wu W, Chen Q , 
Zhu J, Yang Z, et al. Composition and 
poling condition-induced electrical 
behavior of (Ba0.85Ca0.15)(Ti1−xZrx)
O3 lead-free piezoelectric ceramics. 
Journal of the European Ceramic 
Society. 2012;32:891-898. DOI: 10.1016/j.
jeurceramsoc.2011.11.003

[7] Wang P, Li Y, Lu Y. Enhanced 
piezoelectric properties of (Ba0.85Ca0.15)
(Ti0.9Zr0.1)O3 lead-free ceramics 
by optimizing calcinations and 

sintering temperature. Journal of 
the European Ceramic Society. 
2011;31:2005-2012. DOI: 10.1016/j.
jeurceramsoc.2011.04.023

[8] Su S, Zuo R, Lu S, Xu Z, Wang X,  
Li L. Poling dependence and stability of 
piezoelectric properties of Ba(Zr0.2Ti0.8)
O3-(Ba0.7Ca0.3)TiO3 ceramics with huge 
piezoelectric coefficients. Current 
Applied Physics. 2011;11:S120-S123. 
DOI: 10.1016/j.cap.2011.01.034

[9] Tuan DA, Tinh NT, Tung VT, 
Chuong TV. Ferroelectric and 
piezoelectric properties of lead-free 
BCT- xBZT solid solutions. Materials 
Transactions. 2015;56(9):1370-1373. 
DOI: 10.2320/matertrans.MA201511

[10] Dung QTL, Chuong VT, Anh PD.  
The effect of TiO2 nanotubes on the 
sintering behavior and properties 
of PZT ceramics. Advances in 
Natural Sciences: Nanoscience and 
Nanotechnology. 2011;2:025013. DOI: 
10.1088/2043-6262/2/2/025013

[11] Hayati R, Barzegar A.  
Microstructure and electrical properties 
of lead free potassium sodium niobate 
piezoceramics with nano additive. 
Materials Science and Engineering 
B. 2010;172:121-126. DOI: 10.1016/j.
mseb.2010.04.033

[12] Ying-Chieh L, Tai-Kuang L, 
Jhen-Hau J. Piezoelectric properties 
and microstructures of ZnO-doped 
Bi0.5Na0.5TiO3 ceramics. Journal 
of the European Ceramic Society. 
2011;31:3145-3152. DOI: 10.1016/j.
jeurceramsoc.2011.05.010

[13] Ramajo LA, Taub J, Castro MS.  
Effect of ZnO addition on the 
structure, microstructure and 
dielectric and piezoelectric properties 
of K0.5Na0.5NbO3 ceramics. Materials 
Research. 2014;17(3):728-733. DOI: 
10.1590/S1516-14392014005000048

References

155

Synthesis and Investigation of the Physical Properties of Lead-Free BCZT Ceramics
DOI: http://dx.doi.org/10.5772/intechopen.87935

[14] Saeri MR, Barzegar A,  
Moghadama HA. Investigation of 
nano particle additives on lithium 
doped KNN lead free piezoelectric 
ceramics. Ceramics International. 
2011;37(8):3083-3087. DOI: 10.1016/j.
ceramint.2011.05.044

[15] Bari AR et al. Effect of solvent 
on the particle morphology of 
nanostructured ZnO. Indian Journal 
of Pure and Applied Physics. 
2009;47:24-27

[16] Yingying L, Leshu Y, Heyong H, 
Yuying F, Dongzhen C, Xin X.  
Application of the soluble salt-
assisted route to scalable synthesis 
of ZnO nanopowder with repeated 
photocatalytic activity. Nanotechnology. 
2012;23(6):065402-065409. DOI: 
10.1088/0957-4484/23/6/065402

[17] Quintana-Nedelcos A, Fundora A,  
Amorín H, Siqueiros JM. Effects of 
Mg addition on phase transition and 
dielectric properties of Ba(Zr0.05Ti0.95)
O3 system. The Open Condensed Matter 
Physics Journal. 2009;2:1-8. DOI: 
10.2174/1874186X00902010001

[18] Kraus W, Nolze G. POWDER 
CELL - a program for the representation 
and manipulation of crystal structures 
and calculation of the resulting X-ray 
powder patterns. Journal of Applied 
Crystallography. 1996;29:301-303. DOI: 
10.1107/S0021889895014920

[19] Tuan DA, Tung VT, Phuong LV.  
Analyzing 2D structure images 
of piezoelectric ceramics using 
ImageJ. International Journal of 
Materials and Chemistry. 2014;4(4): 
88-91. DOI: 10.5923/j.ijmc.20140404.02

[20] The Institute of Electrical and 
Electronics Engineers, Inc. IEEE 
Standard on Piezoelectricity, ANSI/
IEEE Std 176-1987

[21] Gao J, Xue D, Wang Y, Wang D, 
Zhang L, Wu H, et al. Microstructure 

basis for strong piezoelectricity in 
Pb-free Ba(Zr0.2Ti0.8)O3-(Ba0.7Ca0.3)
TiO3 ceramics. Applied Physics 
Letters. 2011;99:092901. DOI: 
10.1063/1.3629784

[22] Hao J, Bai W, Li W, Zhai J.  
Correlation between the microstructure 
and electrical properties in high-
performance (Ba0.85Ca0.15)(Zr0.1Ti0.9)
O3 lead-free piezoelectric ceramics. 
Journal of the American Ceramic 
Society. 2012;95(6):1998. DOI: 
10.1111/j.1551-2916.2012.05146.x

[23] Dobal PS, Dixit A, Katiyar RS.  
Effect of lanthanum substitution on the 
Raman spectra of barium titanate thin 
films. Journal of Raman Spectroscopy. 
2007;38:142-146. DOI: 10.1002/jrs.1600

[24] Mudinepalli VR, Feng L,  
Wen-Chin L, Murty BS. Effect of grain 
size on dielectric and ferroelectric 
properties of nanostructured 
Ba0.8Sr0.2TiO3 ceramics. Journal of 
Advanced Ceramics. 2015;4(1):46-53. 
DOI: 10.1007/s40145-015-0130-8

[25] Wu J, Xiao D, Wu W, Chen Q , Zhu J, 
Yang Z, et al. Role of room-temperature 
phase transition in the electrical 
properties of (Ba, Ca) 
(Ti, Zr)O3 ceramics. Scripta Materialia. 
2011;65:771-774. DOI: 10.1016/j.
scriptamat.2011.07.028

[26] Tuan AD, Tung TV, Chuong VT, 
Tinh TN, Huong TMN. Structure, 
microstructure and dielectric properties 
of lead-free BCT-xBZT ceramics near 
the morphotropic phase boundary. 
Indian Journal of Pure and Applied 
Physics. 2015;53:409-415

[27] Shrout TR, Zhang SJ. Lead-free 
piezoelectric ceramics: Alternatives 
for PZT? Journal of Electroceramics. 
2007;19:111-124. DOI: 10.1007/
s10832-007-9047-0



157

Chapter 8

Optimal Temperature Sensor 
Based on a Sensitive Material
Asma Bakkali, José Pelegri-Sebastia, Youssef Laghmich  
and Abdelouahid Lyhyaoui

Abstract

The context of this chapter is the development of passive sensors for temperature 
sensing applications. The purpose is to successfully reduce the energy consump-
tion in wireless sensor networks. The sensor is based on the electromagnetic 
transduction principle, and its originality is based on the integration of a high 
temperature-sensitive material into passive structure. Variation in temperature 
makes the dielectric constant of this material changing, and such modification 
induces variation in the resonant frequencies of high-Q whispering-gallery modes 
in the millimeter-wave frequency range. In this way, the proposed device shows a 
linear response to the increasing temperature, and these variations can be remotely 
detected from a radar interrogation of an antenna loaded by the whispering-gallery 
mode resonator. Proposed device is a powerful tool for many interesting applica-
tions since it offers very low power consumption and provides environmentally 
friendly temperature measurement. The sensor is simulated in order to outline its 
performance and to show the benefit of the batteryless sensing device.

Keywords: energy consumption, wireless sensor networks, lifetime,  
energy conservation, whispering gallery mode, PLZT material, temperature, 
dielectric resonator

1. Introduction

From sensing motion to identifying a gas and measuring temperature, sen-
sors are a key element in our daily lives for analytical, monitoring, and diagnostic 
applications [1–3]. Following the progress of technology and current concerns for 
the protection of the environment and people, the development of these devices is 
expanding significantly, to transform chemical, mechanical, and thermal phenom-
ena into a measurable quantity: electrical signal. Nowadays, we are facing an explo-
sion in the sensor market, and the number of applications is expanding in parallel 
with advances in electronics and wireless communication technologies.

Temperature detection is currently one of the most expected needs, as it is gener-
ally not well controlled at a low cost. Temperature sensors have been one of the first 
fields of application of micro-systems, and they now represent a very important part 
of this market due to the increasing demand in the consumer and domestic applica-
tion sectors but also in production, aeronautics, and health. The main characteristics 
currently required of these components are most often to be miniature, efficient, 
and economical and can be integrated into complex electronic systems.
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Several research projects focus on optimizing the energy consumption of sensors 
by using innovative conservation techniques to improve the network’s performance, 
including maximizing its lifespan. The sensor proposed in this chapter presents 
an interesting technological solution for temperature detection, thus allowing an 
extremely low consumption compared to conventional techniques. This new, highly 
integrated device requires no onboard power supply and uses electromagnetic 
transduction for temperature measurement.

2. Passive and wireless temperature sensor design

For decades, dielectric resonators (RDs) have been very important in the 
microwave field for many applications, such as oscillators and filtering devices [4]. 
The significant progress in the development of dielectric materials, both in terms 
of reliability and in improving the loss tangent at microwave frequencies, makes it 
possible to use them from microwave frequencies to millimetric frequencies. As the 
dimensions of these resonators can nowadays be small, they can be integrated into 
many telecommunication systems, in particular filtering systems where dielectric 
resonators have made it possible to maintain very good characteristics while reduc-
ing their size. These fields have led to a mature technology that allows the realization 
of reliable devices.

We have included the device proposed by Guillon et al. [5], composed of a 
silicon platform with coplanar lines on membrane. The second part is a dielectric 
resonator mounted on a support between the two coplanar lines. The entire device 
was coupled to an Monolithic Microwave Integrated Circuit (MMIC) amplifier, 
which subsequently made it possible to design a millimetric oscillator [6]. We can 
see that the device designed by Guillon was intended for the realization of an oscil-
lator, which is not the case for us. The objective was to explore the interest that this 
device can provide in measuring small fluctuations in the dielectric permittivity 
of a material sensitive to temperature change. Therefore, the proposed structure is 
designed with more powerful simulation tools than those that existed in the 1990s, 
since they allow us to simulate the entire structure: coplanar lines, sensitive mate-
rial, and dielectric resonator. In addition, we have resized the device to have the best 
possible transmission signal.

The temperature sensor shown in Figure 1 consists of two parts: the micro-
machined coplanar lines and the dielectric resonator covered with the sensitive 
material maintained by a support between and above these two lines. In the rest of 
this chapter, we will detail the design of this device before presenting the simulation 
results of the optimized structure.

2.1 Presentation of the gallery modes

Dielectric resonators operating in conventional electric (TE) or magnetic (TM) 
transverse modes radiate a significant portion of energy at millimeter wavelength 
frequencies [7]. In order to avoid dimensional problems and radiation losses at mil-
limeter frequencies, we have chosen to use an excited dielectric resonator on gallery 
modes (whispering gallery modes).

From an electromagnetic point of view, one of the essential characteristics of 
WGMs is the distribution of energy in the resonator. The energy of the gallery 
modes has the particularity of being confined in a region close to the air—dielectric 
interface. Moreover, one of the main advantages offered by this type of mode is 
the possibility of exciting a dielectric resonator with an oversized geometry while 
remaining at the millimetric frequencies [1, 2]. The dimensions of a resonator 
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excited in a gallery mode are much larger than those of the resonators used in 
conventional TE or TM modes. This makes it easier to use them at high frequencies 
since, given the dimensions of the resonator, it can be handled more easily.

The gallery modes of dielectric resonators are classified into two families: 
WGHn,m,l (magnetic field gallery modes) and WGEn,m,l (electric field gallery 
modes). This nomenclature makes it possible to identify each mode by taking into 
account the state of polarization and the importance of the transverse components 
of the electromagnetic field [3]. Thus, we are able to distinguish, on the one hand, 
WGE modes where the axial component of the field is essentially magnetic, while 
the transverse components are mainly electric. On the other hand, we distinguish 
the WGH modes, which correspond to the dual modes of the WGE. The three 
integers n, m, and l indicate the spatial configuration of the electromagnetic field 
inside the resonator (number of variations of the field in the three directions of the 
cylindrical reference mark):

• n: number of variations along the azimuthal direction

• m: number of variations according to radial direction

• l: number of variations according to the axial direction

It is important to mention that the azimuth number has an influence on the 
caustic radius. Indeed, a high azimuth number results in a higher caustic radius and 
therefore in a confinement of electromagnetic energy closer to the lateral surface of 
the resonator.

2.2 Advantages of gallery modes for temperature detection

Among the main advantages of gallery modes, we will note here the most impor-
tant for our study. First of all, the dimensions of the resonator excited on a gallery 
mode are much larger than in the case of conventional TE or TM modes. This oversiz-
ing makes it possible to consider the use of this resonator at millimeter frequencies 
by facilitating temperature detection. On the other hand, thanks to the high-energy 
confinement in the dielectric, the vacuum quality factors are practically limited only 
to the loss tangent of the material used [3]. The latter will thus be very sensitive to the 
presence of a variation in the dielectric properties of the sensitive material, which will 
improve its detection thanks to an offset in the resonance frequency of a gallery mode.

Figure 1. 
Design of the temperature sensor: cross-section view.
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In addition, it is important to note that the gallery modes have the particularity 
of not having any energy at the center of the resonator. As mentioned earlier, the 
larger the azimuth number, the larger the area. The central part can therefore be 
used to fix the resonator; we can add a shim to the circuit in order to maintain it 
or adjust its position in relation to the coupling circuit (lines) without disturbing 
its operation. Finally, these modes are no longer stationary but progressive when 
the resonator is excited by a progressive wave source, whose propagation constant 
is close to that of the gallery mode. The mode then propagates in the azimuthal 
direction. This type of excitation for gallery modes results in a directional coupling 
with the line. Therefore, this coupling will make it possible to consider the design of 
a directional filter with a narrow bandwidth, which in turn will allow temperature 
measurement thanks to the shift in its resonance frequency.

3. Sensor based on millimeter band resonant gallery modes

In order to define an innovative temperature sensor with high RF performance, 
we will take advantage of the dielectric properties of the sensitive material, the 
machining of coplanar membrane lines, and the characteristics of gallery modes. 
This new detection device is based on the modification of the resonance frequency 
of the dielectric resonator at the presence of a temperature variation. This is done 
by means of a perovskite material deposited above this resonator whose dielectric 
constant varies with a change in temperature.

The general concept chosen is to modify the electromagnetic coupling that exists 
in the device by temperature (see Figure 2). This concept allows for a very high 
sensitivity. Indeed, variable coupling can be achieved by modifying (globally or 
locally) the environment around the electromagnetic field lines by directly modify-
ing the electromagnetic properties of the sensitive material.

In other words, a change in temperature leads to a change in the permittivity 
of the sensitive material and therefore a change in the electromagnetic field. This 
change affects the electrical parameters of the resonator, namely, the resonance 
frequency and the quality factor. Thus, a resonator designed to operate at a 
center frequency f0 for a particular gallery mode sees this shift as a function of 
the variation in the dielectric constant of the sensitive material. The electromag-
netic field is therefore used to measure the temperature variation. The detection 
principle is then based on the shift in the resonance frequency of the gallery 
modes in the dielectric resonator. The latter and the sensitive material are used 
here to measure the influence of the permittivity of this material and to deduce 
the temperature variation.

In addition, this type of detection technique based on electromagnetic transduc-
tion has shown interesting results for the realization of an oscillator in the first place 
and subsequently for specific gas and pressure detection applications. These passive 
microwave sensors have been designed using the relaxation phenomenon present 
in sensitive materials. In particular, the installation of a functional TiO2-based 

Figure 2. 
Principle of electromagnetic transduction.
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microwave sensor in the Ka-band has been proposed for gas concentration detec-
tion. This detector is based on the direct variation of the dielectric properties of the 
resonator at the presence of a gas.

4. Study of the geometric parameters of the sensor

There are parameters that can modify the dielectric characteristics of a material 
such as temperature, for example. In our case, the aim is for this modification to gen-
erate a frequency variation in the microwave domain. The basic element is the sensing 
material whose dielectric constant varies with temperature. The choice of the sensi-
tive material is not obvious because of the requirements imposed, which complicate 
the integration of dielectric materials into microelectronic circuits or their use in the 
manufacture of the sensor. To achieve this, we have carried out an in-depth biblio-
graphical study in order to find the appropriate material that meets our specifications. 
Among the materials proposed in the literature, we chose lead-lanthanum-zirconate-
titanate (Abbreviated in PLZT). As a result, and as part of our collaboration with the 
Faculty of Computer Science and Materials Sciences, Silesian University of Poland 
(see Figure 3) [8, 9], we have several samples taken in his laboratory.

Also referred to as lanthanum-doped lead zirconate titanate, this material meets 
our needs in terms of temperature range and operating frequency. In particular, it 
has a dielectric property that depends on the change in temperature (see Figure 4) 
[10, 11]. Indeed, the variation in temperature has an impact on the properties of this 
material since it causes a relatively large change in its dielectric permittivity [12]. 
This PLZT will then detect the temperature change through its integration into the 
microwave circuit described in Figure 1, with a radius of RPLZT = 3.25 mm and a 
thickness of HPLZT = 10 μm.

The system is based relatively on the use of a dielectric resonator and two 
coplanar membrane lines. These lines serve as an excitation support for the RD 
gallery modes. The study of the mechanism of operation of these two compo-
nents was widely discussed in the literature [13–15]. Thus, the RD has a radius of 
RRD = 3.25 mm, a thickness of HRD 360 μm, and a relative dielectric permittivity of 
80. This dielectric resonator is held on the line plane by an Alumina (Al2O3) wedge 
with RSupport = 0.8 mm radius and HSupport = 230 μm height.

The RD’s gallery mode excitation mechanism and sensitive material were selected, 
and a radar interrogation was carried out to transmit temperature information.

Figure 3. 
Samples of PLZT material taken by Wawrzała and Korzekwa at the Silesian University of Poland.
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This PLZT will then detect the temperature change through its integration into the 
microwave circuit described in Figure 1, with a radius of RPLZT = 3.25 mm and a 
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5. Sensor interrogation method

The transduction mode, size, and frequency of operation of this sensor are 
important characteristics that represent a technological break with the existing 
systems of passive wireless temperature sensors RFID and SAW.

To be remotely accessible, the sensor requires a reader that is compatible with its 
operating characteristics. Technical criteria for the use of a reader must be defined 
to satisfy the detection but also to ensure that the interrogation range is as long as 
possible. The existing readers for passive sensor interrogation, present in RFID and 
SAW technologies, do not meet the problems imposed on our study in terms of high 
frequencies of use and a range greater than 10 m.

As a result, the characteristics of our sensor (wide range of detection, analysis, 
and processing of high frequency signals) guide us to consider a radar technology 
reader. Its operating principle, as with any radar, is to send a flow of electromag-
netic waves to the sensor, which will return an echo whose power amplitude and 
will depend on the measured temperature. Indeed, radar is used in many applica-
tions such as level measurement, obstacle detection for automobiles, meteorol-
ogy, or the military [16]. Its use for passive sensor network interrogation with RF 
transduction presents an innovative solution.

The proposed temperature sensor uses a millimeter radiofrequency transduc-
tion. The resonant frequencies of the sensor are included in the Ka band and shift 
from a bandwidth of a few hundred MHz to a few GHz. An antenna to communicate 
remotely with the reader will connect the sensor. To interrogate this sensor, we 
turned to a radar technology reader developed during Chebila’s thesis [17], accord-
ing to precise technical criteria in terms of operating frequency satisfying wireless 
communication over a range greater than 20 m. This distance remains a key point 
because many applications in the aeronautics, construction, and nuclear sectors 
refer to it for the installation of sensor networks. The modulation technique of 
this radar and its architecture based around a voltage-controlled oscillator (VCO) 
facilitated its realization and adjustment (see Figure 5).

The radar developed in 2011 is a frequency-modulated continuous radar 
(FMCW), used in the Ka band around 30 GHz (see Figure 6) [17]. This HF radar 
will be used to remotely detect the temperature sensor measurements. The sig-
nals received by the reader must therefore inform us about the distance between 
the radar and the sensor but also about the temperature value coming from the 

Figure 4. 
Dielectric constant of PLZT as a function of temperature.
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questioned measuring cell. In conclusion, the radar in question satisfies three 
important parameters for remote reading: its range is greater than 20 m, works at a 
frequency compatible with the proposed sensor, and contains a system for identify-
ing cells within a network.

The potential advantages of this type of transducer are:

• A significant reduction in signal losses thanks to the direct modulation of the 
microwave signal by the quantity to be measured

• A high sensitivity of the electromagnetic propagation to the environment used 
to perform the sensor function

• High spatial and temporal resolution due to the high operating frequency

• A more flexible choice of operating frequency that can be adapted to the differ-
ent operating constraints of the sensor

• Easy integration into a measurement chain (radar and antennas)

The following section is devoted to the results of microwave measurements 
made using a high-performance simulator, allowing the frequency offset to be 

Figure 5. 
Synoptic diagram of the 30 GHz radar.

Figure 6. 
Picture of the radar.
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monitored and a direct relationship to be established between the temperature 
variation and the observed frequency offset. In this way, a temperature measure-
ment is carried out via an electromagnetic transduction.

6. Simulation results of the complete sensor

Series of free oscillation simulations (eigenmode) using the HFSSTM software, 
applied to the dielectric resonators, determine the diameter, thickness, permit-
tivity of the dielectric resonator, as well as the distribution of the electromagnetic 
field necessary to define the caustic and the optimal coupling with the coplanar 
lines (see Figure 7). The determination of caustic makes it possible to establish the 
distribution of the electromagnetic field in the RD and leads to the definition of 
the position of the coplanar lines. In addition, the diameter of the resonator and 
the confinement of the electromagnetic field in it impose the distance between 
these two micro-machined lines.

In this study, we studied a dielectric resonator with a relative permittivity 
of 80 and no losses. The thickness and diameter of the dielectric resonator are 
used to determine the resonance modes and frequencies associated with them. 
Subsequently, we are interested in the modification of the physical properties of the 
PLZT material in the presence of a change in temperature, more precisely the varia-
tion of its dielectric permittivity. As shown in Figure 8, we observe the distribu-
tion of the electric field of the WGE8.0.0 mode in the dielectric resonator; it is thus 
isolated around 30 GHz.

We should also mention that the overall circuit of our detection system repre-
sents a directional filter consisting of two parts:

• Coplanar lines (CPWs) used for RD excitation and field propagation 
electromagnetic

• Dielectric resonator used for coupling and excited in WGM as well as the 
 material PLZT as an element of recognition

Figure 7. 
The sensitive material and the resonator in the cavity with a holder.
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From the coupling coefficient S12 between access 1 and 2 (simulated) given as a 
function of frequency, the gallery modes WGE and WGH were identified over a fre-
quency range of 25–40 GHz. Figure 9 shows the look of the transmission parameter 
between access 1 and 2 in the Ka-band.

Figure 10(a) and (b) shows examples of simulation results corresponding to 
amplitudes of the magnetic field of the gallery modes at their resonant frequencies.

Based on the results obtained as well as those in the literature, PLZT appears to 
be the right candidate for frequency temperature transduction. Indeed, it has been 
previously demonstrated that the dielectric permittivity of this material can be 
modified in the presence of a temperature variation. We therefore aim to analyze 
the impact of such a modification on the resonance frequency of a gallery mode. 
For this purpose, the dielectric constant εr was varied between 700 and 900 with a 

Figure 8. 
The field distribution of the WGE8.0.0 to 30 GHz mode for eigenmode calculation (HFSS™).

Figure 9. 
Coupling coefficient S12 as a function of frequency for ɛPLZT = 760.
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From the coupling coefficient S12 between access 1 and 2 (simulated) given as a 
function of frequency, the gallery modes WGE and WGH were identified over a fre-
quency range of 25–40 GHz. Figure 9 shows the look of the transmission parameter 
between access 1 and 2 in the Ka-band.

Figure 10(a) and (b) shows examples of simulation results corresponding to 
amplitudes of the magnetic field of the gallery modes at their resonant frequencies.

Based on the results obtained as well as those in the literature, PLZT appears to 
be the right candidate for frequency temperature transduction. Indeed, it has been 
previously demonstrated that the dielectric permittivity of this material can be 
modified in the presence of a temperature variation. We therefore aim to analyze 
the impact of such a modification on the resonance frequency of a gallery mode. 
For this purpose, the dielectric constant εr was varied between 700 and 900 with a 

Figure 8. 
The field distribution of the WGE8.0.0 to 30 GHz mode for eigenmode calculation (HFSS™).

Figure 9. 
Coupling coefficient S12 as a function of frequency for ɛPLZT = 760.
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14% variation. As shown in Figure 11, the variation in PLZT permittivity produces 
measurable changes in resonance frequency, reflected in a shift to low frequencies 
of about 1 GHz, for example, in the case of WGE4.0.0 mode.

These modifications on the resonance frequency for variations in the permittiv-
ity of the PLZT material highlight the high sensitivity of this type of device. This 
sensitivity represents that of the electromagnetic transducer, which transforms a 
variation in permittivity into a variation in the resonance frequency of a WGM. In 
order to evaluate this sensitivity, we have shown in Figure 12(a) and (b) the reso-
nance frequencies of the WGH7.0.0 and WGE9.0.0 modes, respectively, as a function 
of the permittivity of the PLZT when there is a temperature variation. The results 
obtained with a cylindrical dielectric resonator have shown that the resonance 
frequencies of the gallery modes are very sensitive to the change in the permittiv-
ity of the sensitive material. The relationship between permittivity and resonance 
frequencies is approximately linear.

The sensor sensitivity is the combination of the transducer sensitivity with the 
variation in PLZT permittivity as a function of temperature.

Figure 10. 
Amplitude of the magnetic field of the gallery modes: (a) WGH6,0,0 and (b) WGE5,0,0.
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The gallery modes in the dielectric resonator and the PLZT material are evi-
dently used here to measure the permittivity change and deduce the temperature 
change. From rigorous electromagnetic numerical simulations (HFSS™), we show 
here that a small change in the permittivity of the sensitive material induces a large 
variation in the resonance frequency of the dielectric resonator gallery modes.

Based on the characteristics of the sensitive material used and the previous results, 
it is therefore possible to deduce the relationship between the resonance frequency 
of the detected gallery modes and the temperature. As a result, a linear dependence 
between frequency and temperature is clearly observed for all modes detected.

In other words, the relatively linear dependence between temperature and 
dielectric constant of the sensitive material leads to a change in the coupling coef-
ficient between the two coplanar waveguides, and this is subsequently reflected in 
a shift in the resonance frequency of the system. As a result, a temperature varia-
tion usually results in a shift in the resonance frequency of the excited mode in the 
dielectric resonator.

Figure 11. 
Transmission coefficient (S12) as a function of frequency for variations in PLZT permittivity (εr = 700, 800, 
and 900).

Figure 12. 
Resonance frequencies as a function of PLZT permittivity: (a) WGH7.0.0 mode and (b) WGE9.0.0 modes.
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7. Application of the sensor for marine fire detection

In terms of application areas, sensor networks have a potential that is revolv-
ing around many sectors of our economy and our daily lives; from environmental 
monitoring and preservation to industrial manufacturing, automation in the 
transport and health sectors, and the modernization of medicine, agriculture, 
telematics, and logistics. This new technology promises to revolutionize the way 
we live, work, and interact with the physical environment around us. Wirelessly 
communicating sensors with computing capabilities facilitate a series of applica-
tions that were impossible or too expensive a few years ago. Today, these tiny 
and inexpensive devices can be literally scattered over roads, structures, walls, 
or machines, capable of detecting a variety of physical phenomena. Many fields 
of application are then considered, such as disaster detection and monitoring, 
environmental monitoring and biodiversity mapping, intelligent buildings, preci-
sion agriculture, machine monitoring and preventive maintenance, medicine and 
health, logistics, and intelligent transport.

Today, the use of these sensors is increasingly required for supervision and 
safety. Industrial companies then propose wireless sensors that can inform the user 
about the evolution of different physical quantities, so they constitute a very fertile 
research axis. In addition, the development of temperature sensors has several 
advantages, the most important of which is safety. The current trend, given the 
new applications that are emerging, is to oversize sensors and make them compat-
ible with signal processing systems in order to obtain fully integrated systems. 
Environmental objectives and firefighting are the most targeted applications today. 
The lists of applications (safety, control, analysis, comfort, etc.) and fields of 
application (environment, safety, medical, automotive, home automation, etc.) are 
very long, reflecting the great interest in the development of temperature sensors.

The development of these systems generally includes a miniature, low-cost, and 
high-performance sensor. This is what drives our current research. Indeed, min-
iaturization is important to be able to easily embed autonomous systems that are 
increasingly distributed in networks. The cost price is of course an important factor 
and will be decisive for the marketing development of these sensors. The quest for 
performance is to make the information obtained by these sensors more reliable and 
affordable. This is practically interesting for the intended application: improving 
firefighting in marine applications.

Obviously, of all the disasters that can happen to a ship, fire is certainly the most 
horrible. Ashore, occupants of burning buildings can rely on fire pumps and ladders 
that can be on site within minutes of the first alarm signal. A ship at sea, on the 
other hand, must rely solely on itself in fighting the fire as in everything else, and 
from the first fire signal to retirement or hard-won victory, there may be no chance 
of a canoe rescue in bad weather.

The consequences of a fire on board a ship are always costly and sometimes 
tragic. It is therefore essential to have effective firefighting systems, but it is 
now known that conventional temperature sensors, which were widely used in 
the past, have significant disadvantages. The present system aims to solve this 
problem by using simple, autonomous, and inexpensive means. As a result, this 
design greatly reduces the overall energy consumption of the temperature sensor 
network on board ships.

To effectively control ship temperature, the use of this passive temperature 
sensor makes it possible to keep an eye on the temperature at all times, for long 
periods of time, and to alert staff in the event of a problem. If the temperature in a 
monitoring zone suddenly exceeds the threshold value, the sensor detects it in real 
time and transmits the information to the supervisor for intervention. This avoids 
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the risk that the fire will remain ignored for a long time and therefore take on such a 
magnitude that any action to fight it will be too late and therefore futile.

This marine fire protection system therefore makes it possible to detect any fire 
risk in time, before or quickly after it is triggered, and to manage alarms in real time 
throughout the journey. Clearly, the deployment of such a network can provide an 
alarm system to detect intrusions, and it has a great advantage for long-term use on 
board ships without the need to charge or change the battery.

8. Conclusion

The results presented in this chapter are very encouraging: the simulation of a 
passive temperature sensor based on an electromagnetic transduction gave very 
good performances. These simulation results obtained, using previous work, allow 
us to consider the realization of a new high-performance temperature sensor. The 
optimization of this type of device was done using global electromagnetic simula-
tions on HFSSTM including all system elements. The combination of PLZT material, 
dielectric resonator, and coplanar lines makes it possible to produce a narrowband 
filter that we excite with an electromagnetic wave at microwaves in gallery modes.

The key point of our application is based on the performance of the perovskite 
material and the properties of the RD gallery modes. Indeed, the dielectric resona-
tor, covered with the sensitive material, is excited in a gallery mode that allows 
its oversizing with millimeter waves and its association with transmission lines in 
order to have a band-pass directional filter. Thus, we designed the entire 3D device 
on HFSS™. This software has the advantage of being rigorous and allows, a priori, 
taking into account all the physical and geometric characteristics of the device.

In the second part of this chapter, we have presented some of the results 
obtained. Several gallery modes have been observed over a wide frequency band; 
the Ka-band. We have therefore shown through these simulations that the mea-
surement of the resonance frequency of a gallery mode in the dielectric resonator 
translates, in principle, a temperature variation with a remarkable sensitivity.

The implementation of such a device, which offers passive temperature detection, 
makes it possible to consider the design of a temperature sensor with high sensitivity 
electromagnetic transduction. The characterization of such a sensor makes it possible 
to evaluate the frequency in terms of geometric dispersions such as the influence of 
material thicknesses, and diameters will be presented in the next chapter.

Finally, our contribution provides innovative technology to meet the need to 
improve fire protection in maritime transport. Temperature control and traceability 
still require manual procedures dependent on onboard energy. The proposed system 
simplifies and automates relatively all these manual interventions and particularly 
does not require any onboard power supply. Thereafter, this firefighting device has 
a sensitivity of about 10 MHz/°C and allows the temperature to be controlled at any 
time and to react quickly in the event of a problem.
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the risk that the fire will remain ignored for a long time and therefore take on such a 
magnitude that any action to fight it will be too late and therefore futile.

This marine fire protection system therefore makes it possible to detect any fire 
risk in time, before or quickly after it is triggered, and to manage alarms in real time 
throughout the journey. Clearly, the deployment of such a network can provide an 
alarm system to detect intrusions, and it has a great advantage for long-term use on 
board ships without the need to charge or change the battery.

8. Conclusion

The results presented in this chapter are very encouraging: the simulation of a 
passive temperature sensor based on an electromagnetic transduction gave very 
good performances. These simulation results obtained, using previous work, allow 
us to consider the realization of a new high-performance temperature sensor. The 
optimization of this type of device was done using global electromagnetic simula-
tions on HFSSTM including all system elements. The combination of PLZT material, 
dielectric resonator, and coplanar lines makes it possible to produce a narrowband 
filter that we excite with an electromagnetic wave at microwaves in gallery modes.

The key point of our application is based on the performance of the perovskite 
material and the properties of the RD gallery modes. Indeed, the dielectric resona-
tor, covered with the sensitive material, is excited in a gallery mode that allows 
its oversizing with millimeter waves and its association with transmission lines in 
order to have a band-pass directional filter. Thus, we designed the entire 3D device 
on HFSS™. This software has the advantage of being rigorous and allows, a priori, 
taking into account all the physical and geometric characteristics of the device.

In the second part of this chapter, we have presented some of the results 
obtained. Several gallery modes have been observed over a wide frequency band; 
the Ka-band. We have therefore shown through these simulations that the mea-
surement of the resonance frequency of a gallery mode in the dielectric resonator 
translates, in principle, a temperature variation with a remarkable sensitivity.

The implementation of such a device, which offers passive temperature detection, 
makes it possible to consider the design of a temperature sensor with high sensitivity 
electromagnetic transduction. The characterization of such a sensor makes it possible 
to evaluate the frequency in terms of geometric dispersions such as the influence of 
material thicknesses, and diameters will be presented in the next chapter.

Finally, our contribution provides innovative technology to meet the need to 
improve fire protection in maritime transport. Temperature control and traceability 
still require manual procedures dependent on onboard energy. The proposed system 
simplifies and automates relatively all these manual interventions and particularly 
does not require any onboard power supply. Thereafter, this firefighting device has 
a sensitivity of about 10 MHz/°C and allows the temperature to be controlled at any 
time and to react quickly in the event of a problem.
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Chapter 9

Effect of Piezoelectric Filed on the
Optical Properties of (311) A and
(311) B Oriented InAlAs/InP
Heterostructures
Badreddine Smiri, Faouzi Saidi and Hassen Maaref

Abstract

InAlAs alloy was grown by MOCVD on an InP (311) substrate with different
polarities. Measurements of photoluminescence (PL) and photoreflectance (PR)
were performed to study the impact of the V/III flux ratio. It is discovered that the
PL line was shifted to a greater energy side with the increasing excitation power
density, and no saturation was observed of its related PL intensity. It is a fingerprint
of type II transition emission. However, the recombination of the type II interface
showed a powerful dependence on AsH3 overpressure and substrate polarity.
In fact, we have noted an opposite behavior of type II energy transition shift from
A to B polarity substrate in respect to V/III ratio variation. PR signals corresponding
to Franz-Keldysh Oscillation (FKO) were observed. The analysis of their period has
allowed one to assess the value of the PZ field in the samples. PL-luminescence
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addition, InAlAs semiconductor layers grown on (311) A/B-oriented InP substrates
give several unique characteristics compared to those grown on InP (100). Indeed,
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improved compared to those on (100) plane [1–3]. The primary reasons for this are:
(i) the presence of a built-in electric field, produced through the piezoelectric effect
in the layer [1, 4, 5] and (ii) the difference in arsenic segregation at the inverse
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electronic devices [6, 7] due to its large direct band-gap energy, high electron
mobility and the type II nature of the interface [8]. These advancement efforts were
appointed by the fabrication and commercialization of a variety of devices such as
Quantum cascade lasers (QCLs) [9, 10], Avalanche Photodiodes (APDs) [11] and
high-electron-mobility transistor (HEMT) [12–14]. The heterostructures of
InxAl1�xAs/InP have a type II transition [1, 15] which becomes a promising con-
tender for the optical telecommunication light source. Different techniques such as
Molecular Beam Epitaxy (MBE) and Metal-Organic Chemical Deposition
(MOCVD) have developed this type of structure. However, the InAlAs material
itself suffered from a large density of hetero-epitaxy-inherent defects [1, 6]: I Al
content, (ii) phase separation, and (iii) InAlAs growth spinodal decomposition.
Despite all this, the full potential of devices based on InAlAs/InP has still been
obtained.

These issues are expected to be highly dependent on growth conditions (sub-
strate polarity, V/III ratio, etc.) due to the large difference in bond energy between
Al-As and In-As [15]. To date, most study work on the optical and electrical prop-
erties of InAlAs was performed on the conventional (100) planes, but little is
known for the non-conventional (n11) planes. Different substrate orientations show
various surface states, which are expected to influence the growth mode and even
the optical and electrical properties of epilayers.

The existence of aluminum in the InAlAs layer, therefore, prompts the existence
of the In- and Al-rich clusters, which is the consequence of the non-uniformity in
the alloy composition. As a result, it contributes to the undulation of the InAlAs
bandgap from which the localized energy level is present. In addition, the substrate
polarity [A or B] in our nanostructures alters the containment of electrons-holes by
changing the strain and the existence of piezoelectric (PZ) field within the struc-
ture. Similar heterostructures such as In0.21Ga0.79As/GaAs (311) A MQWs [16]
and heterostructures AlGaAs/GaAs grown on (100), (311) A and (311) B-oriented
substrates [17] have seen the carrier localization phenomenon. The previous inves-
tigation will be constrained to those samples implanted at high index (11N). We
have shown in our latest study [18] that the presence of localized carriers has been
attributed to the energy potential modulation related to the existence of Indium
clusters and PZ-field.

The aim of our chapter is to study the effect of PZ-field on the optical properties
of InAlAs/InP (311) with different substrate polarity, elaborated by MOCVD. The
research of their optical characteristics by PR and PL spectroscopy is a significant
step to demonstrate the possibility of incorporating our structure into optoelec-
tronic applications such as 1.55 μm devices.

2. Experimental details

The studies are conducted on InP/InAlAs/InP (311) double heterostructures,
marked as S1, S10, S1″, S2, S20 and S2″, which are cultivated at different V/III ratios
by low-pressure metal-organic chemical vapor deposition (MOCVD). More infor-
mation about development is summarized in Table 1. The source materials for the
growth process are trimethylindium (TMIn), trimethylaluminum (TMAl) and
(AsH3). At a substrate temperature of 600°C, an InP layer of 100 nm thickness was
developed. The growth rate of InP is approximately 0.17 nm/s. A 270 nm thick layer
of InxAl1–xAs was subsequently deposed. Each sample was finally capped with an
InP layer of 10 nm.

The source of excitation is the 514.5 nm line of the continuous-wave Ar+ laser
with an excitation density of 80 W/cm2 in PL measurements. Spectral analysis of
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the luminescence measurements was performed out using JOBIN YVON HRD1
monochromatic and identified by a cooled Ge diode detector with a built-in ampli-
fier. PR measurements were performed using a standard setup with the 514.5 nm
line of Ar+ laser as the pump light, which was mechanically chopped at 970 Hz. The
probe light was acquired from a 250 W tungsten halogen lamp dispersed with a 275
mm focal length monochromatic. The reflectance signal is detected by an InGaAs
and silicon photodiodes.

3. Results and discussions

3.1 Photoluminescence study

3.1.1 Effect of substrate polarity: PZ-field

PL spectra were registered at low temperature to confirm the effect of PZ-field
on the optical properties of InAlAs/InP (311) A/B:

Figure 1 illustrates the 10K-PL spectra of InAlAs/InP samples grown on (311) B
and (311) A, respectively denoted S1 and S2. A higher energy side, both emissions at
around 1.13 and 1.23 eV, for the samples S1 and S2, can be related to the interfacial
defects between the InAlAs and InP layers [1, 19]. Both PL bands occur at about 0.8
and 1.03 eV for S1 and S2, respectively, on the lower energy side. A gradual
InAsxP1�x layer formation at the interface between InP and InAlAs (see Figure 2)
was explained by Hallara et al. [6]. For sample S1, an emission situated at around
1.27 eV may be related to acceptor-band recombination [1].

To analyze the origin of the inverted interface (InP/InAlAs), we suggested a
model based on arsenic segregation (some atomic monolayers) and linked the
theoretical calculations with the experimental results.

We can conclude that the radiative recombination around the inverse interface
with emission 1.03 eV for the polarity A is due to the appearance of a gradual layer
for 3ML of InAsxP1�x. In this case, the arsenic content of xAs is about 40%, but in
the inverted transition for polarity B, it is in the order of 70%. It is possible to
estimate the band offset between InP and In0.513Al0.487As layers based on this
reference [20]. In fact, the interface between InP and InAsxP1�x layers is type I,
although it is type II for In0.513Al0.487As and InAsxP1�x, where the xAs content
ranged from 0 to 0.78.

There are two Gaussian peaks in the PL spectrum (see Figure 1). For the type II
transition, an asymmetric band tail appeared in both S1 and S2 samples, resulting
from unintentional thin strained InAs layers created at the InAlAs-InP interface
[1, 18]. To explain more, this layer's smaller band gap can conduct a quantum well

Samples Substrate orientation V/III ratio molar

S1 (311) B 25

S10 (311) B 50

S1″ (311) B 125

S2 (311) A 25

S20 (311) A 50

S2″ (311) B 125

Table 1.
Growth conditions of the samples S1, S10, S1″, S2, S20 and S2″.
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Molecular Beam Epitaxy (MBE) and Metal-Organic Chemical Deposition
(MOCVD) have developed this type of structure. However, the InAlAs material
itself suffered from a large density of hetero-epitaxy-inherent defects [1, 6]: I Al
content, (ii) phase separation, and (iii) InAlAs growth spinodal decomposition.
Despite all this, the full potential of devices based on InAlAs/InP has still been
obtained.

These issues are expected to be highly dependent on growth conditions (sub-
strate polarity, V/III ratio, etc.) due to the large difference in bond energy between
Al-As and In-As [15]. To date, most study work on the optical and electrical prop-
erties of InAlAs was performed on the conventional (100) planes, but little is
known for the non-conventional (n11) planes. Different substrate orientations show
various surface states, which are expected to influence the growth mode and even
the optical and electrical properties of epilayers.

The existence of aluminum in the InAlAs layer, therefore, prompts the existence
of the In- and Al-rich clusters, which is the consequence of the non-uniformity in
the alloy composition. As a result, it contributes to the undulation of the InAlAs
bandgap from which the localized energy level is present. In addition, the substrate
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changing the strain and the existence of piezoelectric (PZ) field within the struc-
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substrates [17] have seen the carrier localization phenomenon. The previous inves-
tigation will be constrained to those samples implanted at high index (11N). We
have shown in our latest study [18] that the presence of localized carriers has been
attributed to the energy potential modulation related to the existence of Indium
clusters and PZ-field.

The aim of our chapter is to study the effect of PZ-field on the optical properties
of InAlAs/InP (311) with different substrate polarity, elaborated by MOCVD. The
research of their optical characteristics by PR and PL spectroscopy is a significant
step to demonstrate the possibility of incorporating our structure into optoelec-
tronic applications such as 1.55 μm devices.

2. Experimental details

The studies are conducted on InP/InAlAs/InP (311) double heterostructures,
marked as S1, S10, S1″, S2, S20 and S2″, which are cultivated at different V/III ratios
by low-pressure metal-organic chemical vapor deposition (MOCVD). More infor-
mation about development is summarized in Table 1. The source materials for the
growth process are trimethylindium (TMIn), trimethylaluminum (TMAl) and
(AsH3). At a substrate temperature of 600°C, an InP layer of 100 nm thickness was
developed. The growth rate of InP is approximately 0.17 nm/s. A 270 nm thick layer
of InxAl1–xAs was subsequently deposed. Each sample was finally capped with an
InP layer of 10 nm.

The source of excitation is the 514.5 nm line of the continuous-wave Ar+ laser
with an excitation density of 80 W/cm2 in PL measurements. Spectral analysis of
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the luminescence measurements was performed out using JOBIN YVON HRD1
monochromatic and identified by a cooled Ge diode detector with a built-in ampli-
fier. PR measurements were performed using a standard setup with the 514.5 nm
line of Ar+ laser as the pump light, which was mechanically chopped at 970 Hz. The
probe light was acquired from a 250 W tungsten halogen lamp dispersed with a 275
mm focal length monochromatic. The reflectance signal is detected by an InGaAs
and silicon photodiodes.

3. Results and discussions

3.1 Photoluminescence study

3.1.1 Effect of substrate polarity: PZ-field

PL spectra were registered at low temperature to confirm the effect of PZ-field
on the optical properties of InAlAs/InP (311) A/B:

Figure 1 illustrates the 10K-PL spectra of InAlAs/InP samples grown on (311) B
and (311) A, respectively denoted S1 and S2. A higher energy side, both emissions at
around 1.13 and 1.23 eV, for the samples S1 and S2, can be related to the interfacial
defects between the InAlAs and InP layers [1, 19]. Both PL bands occur at about 0.8
and 1.03 eV for S1 and S2, respectively, on the lower energy side. A gradual
InAsxP1�x layer formation at the interface between InP and InAlAs (see Figure 2)
was explained by Hallara et al. [6]. For sample S1, an emission situated at around
1.27 eV may be related to acceptor-band recombination [1].

To analyze the origin of the inverted interface (InP/InAlAs), we suggested a
model based on arsenic segregation (some atomic monolayers) and linked the
theoretical calculations with the experimental results.

We can conclude that the radiative recombination around the inverse interface
with emission 1.03 eV for the polarity A is due to the appearance of a gradual layer
for 3ML of InAsxP1�x. In this case, the arsenic content of xAs is about 40%, but in
the inverted transition for polarity B, it is in the order of 70%. It is possible to
estimate the band offset between InP and In0.513Al0.487As layers based on this
reference [20]. In fact, the interface between InP and InAsxP1�x layers is type I,
although it is type II for In0.513Al0.487As and InAsxP1�x, where the xAs content
ranged from 0 to 0.78.

There are two Gaussian peaks in the PL spectrum (see Figure 1). For the type II
transition, an asymmetric band tail appeared in both S1 and S2 samples, resulting
from unintentional thin strained InAs layers created at the InAlAs-InP interface
[1, 18]. To explain more, this layer's smaller band gap can conduct a quantum well
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at the interface, resulting in a mixed type I–II transition [21]. We notice that the
difference in energy between the two transitions type II corresponds to the differ-
ence in arsenic atoms surface segregation. Thus, depending on the growth axis, this
energy shift can be attributed to the piezoelectric field [1, 5]. In addition, the
existence of defect states may function as non-radiative centers resulting in a
decrease in PL intensity. We should note that as mentioned at the beginning of this
chapter, these defects originated from the development process as well as doping.
Added to this, the sample cultivated on the (311) B surface has a greater residual
impurity concentration than the samples cultivated on the (311) A surface [17]. For
the (311) A sample, therefore, the interface quality is considered better than that for
the (311) B sample.

3.1.2 Effect of V/III flux ratio

To verify the impact of V/III ratio on the optical properties of InAlAs/InP (311)
A/B, PL spectra were recorded at low temperature.

Figure 1.
(a) and (b) Low temperature PL spectra of InAlAs on InP (311) A and on InP (311) B, respectively. The
green solid line is the Gaussian-fitting curve.

Figure 2.
(a) Schematic band diagrams for sample of InAlAs on InP (100), (b) on InP (311) A,
and (c) on InP (311) B.
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Figure 3 shows PL spectra at 10 K of the studied samples on different oriented
InP substrate and at various V/III molar ratio. PL spectra are normalized and decon-
voluted into various Gaussian curves for the convenience of comparison and to

Figure 3.
Low-temperature (10 K) PL for samples S1, S10, S1″, S2, S20 and S2″. In order to identify the different
emission peaks, the spectra are normalized and deconvoluted by a multiple Gaussian curve fitting. Inset shows
the schematic band diagram showing the radiative transitions from the type II transition (P1).
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Figure 3 shows PL spectra at 10 K of the studied samples on different oriented
InP substrate and at various V/III molar ratio. PL spectra are normalized and decon-
voluted into various Gaussian curves for the convenience of comparison and to

Figure 3.
Low-temperature (10 K) PL for samples S1, S10, S1″, S2, S20 and S2″. In order to identify the different
emission peaks, the spectra are normalized and deconvoluted by a multiple Gaussian curve fitting. Inset shows
the schematic band diagram showing the radiative transitions from the type II transition (P1).
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identify the different emission peaks. The spectra show four significant emission
peaks marked as P1, P2, P3 and P4 for the (311) B sample. The P1 position is attributed
to the type II emission across the interface between the two-dimensional electron
states in thin InAsxP1�x graded layer at the inverted interface and holes located on top
of the InAlAs valence band [1]. The intermediate layer of InAsP consists of the higher
coefficient of incorporation of As compared to P [1, 5, 18]. Numerous investigations
have shown that the type II emissions in InAlAs-InP heterostructures observed in the
0.8–1.25 eV range [1, 20, 22]. This very broad variety conceals some general patterns
that appear to be related to conditions of growth. Whereas, the peak P2 emission is
associated with a mixed type I–II transition and else P3 peak can be related to the
interfacial defects in InAlAs/InP emission [1]. Finally, the P4 peak situated in the PL
spectrum at a greater energy side for (311) B samples can be ascribed to acceptor-band
recombination [5]. See our first part above for more information.

On the other hand, for (311) A plane, the peak P4 of all samples is not observed
in PL spectra, which may be attributed to the existence of composition modulation
in the epitaxial layer of InAlAs with varying molar ratio and substrate polarity.
Sayari et al. [23] performed a Raman research study of the impact of the V/III flux
ratio in heterostructures of InP/InAlAs/InP. The research demonstrates that the
quantity of clustering is envisaged to depend on conditions of development such as
substrate polarity, V/III ratio, etc.

Figure 4 exhibits the variation in the type II transition energy as a function of the
V/III molar ratio for samples cultivated on (311) A and (311) B. For the (311)
orientation, the peak position depends upon whether the substrate is In terminated
(A-face) or P terminated (B-face). The variation of type II transition energy (P1)
was acting differently with the V/III ratio, according to the substrate polarity. For
the B-face (samples S1, S10 and S1), the P1 emission peak energy tends to increase as
the V/III ratio decreases [5]. Whereas for the A-face (samples S2, S20 and S20), we
noted a decrease in the P1 emission peak as the V/III ratio increases (i.e. a blue shift
is observed for (311) B samples [5], while red shift is noted for (311) A samples).
These findings could possibly be clarified by the meaning of a piezoelectric field in
InAlAs/InP heterostructures resulting from the difference between the atomic ter-
minated surface [A or B] in InP substrate differences in interface reconstructions
[1]. The PL shift can simply be attributed to the type of atoms present on the surface,

Figure 4.
Variation of the type-II transition energy as a function of V/III ratio for the (311) A and (311) B substrate
orientation.
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resulting in different levels of confinement. There are two types of sites on the
surface (311): one is the double bond site found in the direction [100] and the other
is a single bond site found in the direction [111], their densities being precisely the
same [5]. On a (311) A surface, the double dangling bond sites are In sites and the
single dangling bond sites are P sites, but on a (311) B surface the double dangling
bond sites are P sites and the single dangling bond sites are In sites (see Figure 5)
[19, 24, 25]. These completely distinct configurations of plane bonding are eventu-
ally responsible for the meaning of the PZ field on the different planes. Furthermore,
the study of the impacts of InP substrate polarity shows that As incorporation
(arsenic diffusion) may be improved on (311) A samples but may be decreased on
(311) B samples with an increased V/III ratio. It can be shown from Ref. [20] that the
increase in arsenic composition (InAsP) will reduce the transition energy of type II.

3.1.3 Power-dependent photoluminescence (PDPL)

We studied the evolution of the PL peak energy as PDPL, as shown in Figure 6,
to verify these assignments. The energy blue changes with increased excitation

Figure 5.
Illustration of (311) A and (311) B planes of InP.

Figure 6.
The PL emission energy for the type II transition of all samples as a function of excitation power densities.
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resulting in different levels of confinement. There are two types of sites on the
surface (311): one is the double bond site found in the direction [100] and the other
is a single bond site found in the direction [111], their densities being precisely the
same [5]. On a (311) A surface, the double dangling bond sites are In sites and the
single dangling bond sites are P sites, but on a (311) B surface the double dangling
bond sites are P sites and the single dangling bond sites are In sites (see Figure 5)
[19, 24, 25]. These completely distinct configurations of plane bonding are eventu-
ally responsible for the meaning of the PZ field on the different planes. Furthermore,
the study of the impacts of InP substrate polarity shows that As incorporation
(arsenic diffusion) may be improved on (311) A samples but may be decreased on
(311) B samples with an increased V/III ratio. It can be shown from Ref. [20] that the
increase in arsenic composition (InAsP) will reduce the transition energy of type II.

3.1.3 Power-dependent photoluminescence (PDPL)

We studied the evolution of the PL peak energy as PDPL, as shown in Figure 6,
to verify these assignments. The energy blue changes with increased excitation

Figure 5.
Illustration of (311) A and (311) B planes of InP.

Figure 6.
The PL emission energy for the type II transition of all samples as a function of excitation power densities.
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power intensity for type transition. This conduct is associated with recombination
of type II via an interface with other material structures such as GaAsSb/InP [26, 27]
and GaSb/InGaAs [28].

The following Eq. (1) was used to estimate the nature of the recombination
around the InP/InAlAs inverse interface [1]:

IPL ¼ ðPexcÞn (1)

where Pexc is the power excitation, IPL is the integrated PL intensity and n is an
exponent.

We found that the exponent n close to the unity. At higher power of excitation,
there is no saturation. This shows that this PL transition is not attributable to
impurity or defects, but is intrinsic recombination (band-to-band) [1]. Figure 6
indicates a logarithmic linear dependence of the PL peak energy of the inverse
interface with the density of excitation power. Hallara et al. [6] noted this behavior.
Additionally, Figure 6 display that the blue-shifted with the increase of the excita-
tion power density. The offset is approximately 7 meV. This shows that the change
of emission energy with increasing excitation power is also proof to verify our
hypothesis (carrier localization) and PZ-filed presence in our structures [18].

A final analysis based on the PL temperature was created to further verify our
hypothesis. In both samples, we can gain greater insight into the carrier localization
and the mechanism of luminescence.

3.1.4 Temperature-dependent photoluminescence (TDPL)

Scientific study shows that two factors are noted for conventional orientation
(100), at low temperature 10 K and with aspect ratio V/III equivalent to 50, two
factors are observed: (i) clusters formation and (ii) composition modulation leading
to natural superlattice [6]. Some scientists discovered that the latter factor disap-
pears and if the ratio V/III changes [5, 6, 22], the clustering impact remains only.

It related to the phenomenon of exciton location. Carefully research as a func-
tion of PL temperature is conducted to demonstrate our hypothesis.

In both samples (S1 and S2) mentioned above, the PL peak energy-temperature
reliance obtained from PL spectra is shown in Figure 7(a) and (b). The PL spec-
trum (inset Figure 7) is revealed between 10 and 300 K. The so-called S-shaped
temperature dependence of emission energy is obviously shown as a successive
reform to low-high-low energy. It displays anomalous behavior as a temperature
function. This behavior is characteristic of localization effects, and has been already
observed in InAlAs alloys on InP [29, 30], GaAsSb/InP layers [31], BGaAs/GaAs
layers [32, 33] and In0.21Ga0.79As MQWs on GaAs (311) A [16].

The S-shaped shape in PL peak energy can be separated into three primary
intervals of temperature and is interpreted as follows: at the low-temperature range,
the excitons should be situated in the levels whose distribution goes into the
material's prohibited band. This is called band tails, associated with cluster appear-
ance in the InAlAs [18]. With growing temperature, the excitons get enough ther-
mal energy to reach deeper localized states and recombine primarily from low
energy levels, resulting in a dramatic red shift (part I). Indeed, when the tempera-
ture increases, the thermal energy becomes adequate for the excitons in the tails to
attain the corners of the stripes, where they are delocalized to high levels of energy.
A blue shift is noted as a consequence (part II). All carriers are delocalized to the
continuum at the high-temperature region, where band-band transitions are
favored (part III) [18].
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Another main parameter of the presence of the localization phenomenon is the
Full width at Half Maximum (FWHM) behavior. Indeed, compared to the classic
IIIV semiconductor alloys, it demonstrates atypical behavior. It shows an inverted
“N-shape” (decrease-increase-decrease) (see Figure 8). The excitons are localized
in the potential minima at cryogenic temperature. The carriers gain more thermal
energy at intermediate temperatures to overcome the tiny energy barriers and
attain greater energy states. As the temperature increases further, the FWHM
broadening is described as the interaction of the electron-phonon. Finally, up to
room temperature, the line width decreases continuously. It demonstrates the
inverse trend of expanding optical phonons [1, 18]. This behavior can be clarified by
the thermo-activation of the carriers and their transfer between nearby fluctuation
potentials induced by the inhomogeneous distribution. Indeed, the carriers that are
being thermally activated into a small potential can be further retrapped by the
large one [18].

As a function of temperature, the S-shape in PL peak energy is not clear in
polarity B as polarity A. The reason for this distinction can be clarified by

Figure 7.
(a) and (b) experiment data for the temperature dependence of Transition type II emission in
In0.513Al0.487As grown on InP (311) B and on InP (311) A substrates, respectively.
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considering the polarity of the surface [In-rich (A) or P-rich (B)] from which the
distinction of the PZ field within both structures [1, 18]. In the growth of the high
index plane (311), the PZ field and an internal field are along the same direction
(polarity A) [18, 19]. In fact, carriers can be easily delocalized due to the strong
phonon coupling carrier, which is an important channel for carrier transfer in-plane
hopping effect [24]. In comparison, field direction is opposite in polarity B (see
Figure 3) [25, 34]. Due to the PZ field effect, the impact of localization is affected
by interface undulation in this phase. Furthermore, the amount of alloy fluctuations
in the composition of the material and the exchange of P-As.

3.2 Photoreflectance study

PR measurements were performed at room temperature to explore the evolution
of the optical properties of the InAlAs/InP heterostructures during the development
phase. The received PR spectra are described in Figure 9, with a distinct V/III ratio
and substrate polarity. The PR spectra show a transition varying between 1.18 and
1.21 eV for samples S1, S10, S2 and S20. We suggest that this peak is related to the

Figure 8.
(a) and (b) Evolution of the FWHM dependence of transition type II emission in In0.513Al0.487As grown on
InP (311) B and on InP (311) A substrates, respectively.
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emission (1e–1h) between electron sub band and light-hole sub-band of quantum
well (QW) InAsP [5]. While the spin split-off band of the InAsP layers lies at about
1.32 eV. On the other side, for the samples (S10, S20), these two peaks totally disap-
pear with a V/III ratio of 50 [5]. This result can be related during the growth to the
uniformity of the inverse interface between InAlAs and InP. Furthermore, we noted
that PR spectra of all samples show an additional above-band-gap (E0 InP) charac-
teristics that are Franz-Keldysh oscillations (FKO), reflecting the presence of a built-
in electric field in the InP substrates [5, 35]. Finally, it is possible to attribute the peak
exposed between 1.5 and 1.56 eV to the InAlAs band gap transition [19]. The origin of
this very wide range is associated with the existence of the clustering phenomenon in
the layer InxAl1�xAs caused by the fluctuation of the indium composition [19].

Figure 9.
Room-temperature PR spectra for InAlAs layers grown on (311) B (samples S1, S10 and S1″) and (311) A
(samples S2, S20 and S2″) InP substrates with different V/III ratio molar.
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that PR spectra of all samples show an additional above-band-gap (E0 InP) charac-
teristics that are Franz-Keldysh oscillations (FKO), reflecting the presence of a built-
in electric field in the InP substrates [5, 35]. Finally, it is possible to attribute the peak
exposed between 1.5 and 1.56 eV to the InAlAs band gap transition [19]. The origin of
this very wide range is associated with the existence of the clustering phenomenon in
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(samples S2, S20 and S2″) InP substrates with different V/III ratio molar.
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In order to assess the electrical field quality of each InP substrate, the FKO
period is evaluated using an asymptotic expression for the PR spectrum provided in
[36, 37]. In this strategy, InP FKO is indicated by:
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where E0 is the transition energy, ɸ is an arbitrary phase factor, Γ is the
linewidth broadening.

According to the asymptotic Franz-Keldysh model [37], the energy of oscillation
extrema is given by:

Em ¼ ℏΩð ÞHm þ E0 (3)

where Hm ¼ 3Π
2

� �
m� 1=2ð Þ� �2=3and m (m ≥ 1) denotes the mth FKO extremum.

E0 is the band-gap energy (InP) and ℏΩ is the electro-optic energy expressed as
takes after:

ℏΩ ¼ q2ђ2Fint2
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Noting that q is the electron charge, μ is the reduced inter-band effective mass in
the electric field direction, ħ is the reduced Planck constant, and Fint is the internal
electric field.

Thus, by plotting Em as a function of Hm, from linear fitting, we can decide ℏΩ
and E0 from the slope and the intersection with the ordinate at the origin,
respectively. Recalling Eq. (4), Fint can be calculated by:
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8μ ђΩð Þ3
q2ђ2

s
(5)

Plotted in Figure 10 is the intercept E0 of the best linear adjustments of the
variation of En as a function of Hn for all samples [5]. Then, E0 was the intercept
defined from the best linear adjustment of En (Hn) plot, whereas ℏΩ is simply the
slope of the linear fit. Table 2 shows the acquired values of transitions E0 (InP)
discovered by this fitting procedure and the FKOs analysis method.

From Eq. (3), a plot of Em vs Hm is a straight line, and the electric field strength
Fint can be acquired from the plot slope. Figure 10 shows the graphs of Em vs Hm for
all samples with their corresponding linear fits. The residual strain in (311) A/B-
oriented samples will generate a PZ field contributing to the Fint electrical field
built-in InP. We assumed Fint was the sum of the PZ and built-in electrical fields. So,
with regard to built-in electrical fields, the PZ field component predominates. The
integrated electric field Fint is therefore equal to the PZ areas [5].

The values acquired from the above-explained FKO evaluation of the built-in
electrical field strength are provided in Table 2. We discovered that when the
orientation of the substrate changes, the Fint is modified, which suggests PZ impacts
in the samples. The estimated PZ field is of about 36.27, 20.53, 8.11, 25.44, and 32.86
KV/cm for samples S1, S10, S1″, S2, and S20, respectively. Our findings will show that
the PZ field is very susceptible to growth conditions in the InAlAs/InP samples [5].

Figure 11 shows the dependency of the PZ field in the studied samples on the
polarity of the InP substrate and the V/III ratio. It is obviously noted that the PZ
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field drops with increasing the V/III ratio molar for the orientation (311) B [5]. The
S1 sample indicates a comparatively powerful PZ field. As the V/III ratio increases,
the PZ field decreases rapidly to reach 20.53 KV/cm for sample S10 (V/III = 50) and
8.11 KV/cm for sample S1″ (V/III = 125). In comparison, for (311) A-surface, we

Figure 10.
FKO analysis for samples S1, S10, S1″, S2, S20, and S2″. Symbols are the energies of the FKO Extrema En as a

function of Hn ¼ 3Π
2

� �
n� 1=2ð Þ� �2=3

. Solid lines are the linear fit using Eq. (2).
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noted an increase in the PZ field as the V/III ratio increases. It increases from 25.44
to 32.86 KV/cm when the V/III ratio increases almost twice [5].

From the surface kinetics aspect, it is possible to understand this difference in the
variation of the PZ field with the V/III ratio for (311) A and (311) B orientation. The
sign of the PZ charge is based on the atomic composition of the interfaces [38–40].
Therefore, it is necessary to distinguish between the substrates In planes, alluded to as
(N11) A plane, and the planes P, alluded to as (N11) B-planes. The single-bond sites
on a (311) surface are P sites and the double-bond sites are In locations. On the
contrary, the surface (311) B has an inverse bonding arrangement as shown in
Figure 5 [5, 19]. Therefore, for (311) A-face, less As atoms appear to close the
cultivated surface at a small V/III ratio. Because of the stronger bond strength of Al-
As than In-As, additional As atoms bond to Al statistically, bringing about more AlAs.
Therefore, when V/III decreases, the coefficient of incorporation decreases [5]. By
contrast, if the V/III ratio increases, though the tendency of As to combining with Al
is still high, because of this oversupply, In atoms have more opportunity to bond with
As atoms. In this way, the In incorporation coefficient increases with V/III ratio [5],
which creates an increase in the PZ field with V/III ratio for the (311) A-oriented
samples (S2 and S20). Furthermore, we noted the opposite phenomenon of what is
occurring for (311) B-face. The PZ field in our samples cultivated on (311) A substrate
has the opposite direction than for (311) B [5].

We plotted the type II transition energy with the field for both the A and B
polarity substrates in order to estimate the role of the PZ field (see Figure 11). The

Samples Substrate orientation E0 (InP) (eV) Fint (KV/cm)

S1 (311) B 1.352 36.27

S10 (311) B 1.396 20.53

S1″ (311) B 1.361 8.11

S2 (311) A 1.351 25.44

S20 (311) A 1.349 32.86

S2″ (311) A 1.340 38.49

Table 2.
Summary of energy gap (Eg) and the piezoelectric field (Fpz) values obtained from photoreflectance PR with
different V/III ratio molar.

Figure 11.
Piezoelectric field dependence on the V/III ratio molar for (311) A (closed circles blue) and (311) B (closed
circles red) substrate orientation.
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shift in energy owing to the PZ field has a distinct impact on the termination of the
substrates A and B [1, 5]. This is because the PZ field may increase or decrease the
space separation of the electron/hole that already exists because of the strain [41].
Consequently, the band structures of the InP/InAlAs/InP samples are plotted sche-
matically of the inset of Figure 2. Based on the orientation of the substrate, the band
diagrams are shifted to the left side while for (311) A and shifted to the right side for
(311) B due to the presence of the PZ field [1, 5]. Finally, based on the discourse in
previous parts, it can be concluded that the red shift in the type II recombination for
the (311) A and the blue shift for the (311) B orientation with an increasing V/III
ratio is related to the meaning of the PZ field. Another possible raison for the shift of
type-II transition is the difference of exchange As/P at the InAlAs/InP interface
resulting from a different polarity of InP [1, 5].

4. Conclusion

In summary, InAlAs/InP type-II heterostructures with a varying V/III ratio
grown successfully on (311) A or B Fe-doped InP substrates by MOCVD were
investigated and the optical properties of the grown structures were examined. The
different optical properties of the samples grown on (311) A or B substrates are
caused from the difference of their plane-bonding configurations. In particular, the
optical properties of InAlAs-InP interface display a significant reliance on AsH3
overpressure and substrate polarity. PL and PR measurements indicated that sub-
strate orientation and V/III ratio molar have an important impact on the quality of
inverted interface. The measurements of excitation power density PL confirm the
intrinsic transition of type II. A red shift of the type-II transition was noted at low
temperature with an increased V/III ratio of the polarity A samples and a blue shift
for polarity B samples. These findings could be clarified by the opposite field of PZ
at the heterostructures of InAlAs/InP resulting from distinct polarity of the InP
substrate. We acquired the InP field built-in PZ in the heterostructures from an
assessment by the FKO. We have made an explanation of the transition shift from
these values. Additionally, the temperature variety shows an anomalous S-shaped
dependence that is typical of carrier localization in the material. The optical prop-
erties are significantly influenced by the PZ field in our samples. Therefore, the
impact of the PZ field on the design and manufacture of greater quality instruments
should be taken into consideration.
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cultivated surface at a small V/III ratio. Because of the stronger bond strength of Al-
As than In-As, additional As atoms bond to Al statistically, bringing about more AlAs.
Therefore, when V/III decreases, the coefficient of incorporation decreases [5]. By
contrast, if the V/III ratio increases, though the tendency of As to combining with Al
is still high, because of this oversupply, In atoms have more opportunity to bond with
As atoms. In this way, the In incorporation coefficient increases with V/III ratio [5],
which creates an increase in the PZ field with V/III ratio for the (311) A-oriented
samples (S2 and S20). Furthermore, we noted the opposite phenomenon of what is
occurring for (311) B-face. The PZ field in our samples cultivated on (311) A substrate
has the opposite direction than for (311) B [5].

We plotted the type II transition energy with the field for both the A and B
polarity substrates in order to estimate the role of the PZ field (see Figure 11). The

Samples Substrate orientation E0 (InP) (eV) Fint (KV/cm)

S1 (311) B 1.352 36.27

S10 (311) B 1.396 20.53

S1″ (311) B 1.361 8.11

S2 (311) A 1.351 25.44

S20 (311) A 1.349 32.86

S2″ (311) A 1.340 38.49

Table 2.
Summary of energy gap (Eg) and the piezoelectric field (Fpz) values obtained from photoreflectance PR with
different V/III ratio molar.

Figure 11.
Piezoelectric field dependence on the V/III ratio molar for (311) A (closed circles blue) and (311) B (closed
circles red) substrate orientation.
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shift in energy owing to the PZ field has a distinct impact on the termination of the
substrates A and B [1, 5]. This is because the PZ field may increase or decrease the
space separation of the electron/hole that already exists because of the strain [41].
Consequently, the band structures of the InP/InAlAs/InP samples are plotted sche-
matically of the inset of Figure 2. Based on the orientation of the substrate, the band
diagrams are shifted to the left side while for (311) A and shifted to the right side for
(311) B due to the presence of the PZ field [1, 5]. Finally, based on the discourse in
previous parts, it can be concluded that the red shift in the type II recombination for
the (311) A and the blue shift for the (311) B orientation with an increasing V/III
ratio is related to the meaning of the PZ field. Another possible raison for the shift of
type-II transition is the difference of exchange As/P at the InAlAs/InP interface
resulting from a different polarity of InP [1, 5].

4. Conclusion

In summary, InAlAs/InP type-II heterostructures with a varying V/III ratio
grown successfully on (311) A or B Fe-doped InP substrates by MOCVD were
investigated and the optical properties of the grown structures were examined. The
different optical properties of the samples grown on (311) A or B substrates are
caused from the difference of their plane-bonding configurations. In particular, the
optical properties of InAlAs-InP interface display a significant reliance on AsH3
overpressure and substrate polarity. PL and PR measurements indicated that sub-
strate orientation and V/III ratio molar have an important impact on the quality of
inverted interface. The measurements of excitation power density PL confirm the
intrinsic transition of type II. A red shift of the type-II transition was noted at low
temperature with an increased V/III ratio of the polarity A samples and a blue shift
for polarity B samples. These findings could be clarified by the opposite field of PZ
at the heterostructures of InAlAs/InP resulting from distinct polarity of the InP
substrate. We acquired the InP field built-in PZ in the heterostructures from an
assessment by the FKO. We have made an explanation of the transition shift from
these values. Additionally, the temperature variety shows an anomalous S-shaped
dependence that is typical of carrier localization in the material. The optical prop-
erties are significantly influenced by the PZ field in our samples. Therefore, the
impact of the PZ field on the design and manufacture of greater quality instruments
should be taken into consideration.
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Chapter 10

Static and Dynamic Analysis of
Piezoelectric Laminated
Composite Beams and Plates
Chung Nguyen Thai,Thinh Tran Ich and Thuy Le Xuan

Abstract

In this chapter, the mechanical behavior analysis of piezoelectric laminated
composite beams and plates is influenced subjected to static, dynamic, and aerody-
namic loads. Algorithm for dynamic, stability problem analysis and vibration con-
trol of laminated composite beams and plates with piezoelectric layers is presented.
In addition, numerical calculations, considering the effect of factors on static,
dynamic, and stability response of piezoelectric laminated composite beams and
plates are also clearly presented. The content of this chapter can equip readers with
the knowledge used to calculate the static, dynamic, and vibration control of com-
posite beams, panels made of piezoelectric layers applied in the field different
techniques.

Keywords: beams, plates, static, dynamic, piezoelectric, composite, stiffened

1. Introduction

The content of this chapter is the inheritance and development of the research
results of the authors and other authors by published scientific works on composite
materials, piezoelectric and structural calculation by piezoelectric composite
materials.

2. Electromechanical interaction of piezoelectric materials

2.1 Mechanical-electrical behavior relations

Let us consider a block of elastic material in an environment with an electric
field of zero, the relationship between stress and strain is followed Hooke’s law, and
written as follows [1, 2]:

σf g ¼ c½ � εf g, (1)

where {σ} is the mechanical stress vector, {ε} is the mechanical strain vector, and
[c] is the material stiffness matrix of beam.

Mechanical-electrical relations in piezoelectric materials have an interactive
relationship, strain {ε} will produce eε - polarization, where e is the voltage stress
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composite beams and plates is influenced subjected to static, dynamic, and aerody-
namic loads. Algorithm for dynamic, stability problem analysis and vibration con-
trol of laminated composite beams and plates with piezoelectric layers is presented.
In addition, numerical calculations, considering the effect of factors on static,
dynamic, and stability response of piezoelectric laminated composite beams and
plates are also clearly presented. The content of this chapter can equip readers with
the knowledge used to calculate the static, dynamic, and vibration control of com-
posite beams, panels made of piezoelectric layers applied in the field different
techniques.

Keywords: beams, plates, static, dynamic, piezoelectric, composite, stiffened

1. Introduction

The content of this chapter is the inheritance and development of the research
results of the authors and other authors by published scientific works on composite
materials, piezoelectric and structural calculation by piezoelectric composite
materials.

2. Electromechanical interaction of piezoelectric materials

2.1 Mechanical-electrical behavior relations

Let us consider a block of elastic material in an environment with an electric
field of zero, the relationship between stress and strain is followed Hooke’s law, and
written as follows [1, 2]:

σf g ¼ c½ � εf g, (1)

where {σ} is the mechanical stress vector, {ε} is the mechanical strain vector, and
[c] is the material stiffness matrix of beam.

Mechanical-electrical relations in piezoelectric materials have an interactive
relationship, strain {ε} will produce eε - polarization, where e is the voltage stress
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factor when there is no mechanical strain. The imposed electric field E produces the
-eE stress in the piezoelectric material according to the reverse voltage effect.
Therefore, we have a mathematical model that describes the mechanical-electrical
interaction relationship in piezoelectric materials as follows [3–6]:

σf g ¼ c½ � εf g � e½ � Ef g, (2)

Df g ¼ e½ �T εf g þ p½ � Ef g, (3)

or Df g ¼ d½ �T σf g þ p½ � Ef g, (4)

where [e] is the piezoelectric stress coefficient matrix, [p] is the dielectric
constant matrix, {E} is the vector of applied electric field (V/m), and {D} is the
vector of electric displacement (C/m2).

For the linear problem and small strain, strain vector in the piezoelectric struc-
tures can be defined as follows:

εf g ¼ s½ � σf g þ d½ � Ef g, (5)

in which [s] is the matrix of compliance coefficients (m2/N), [d] is the matrix of
piezoelectric strain constants (m/V).

In the field of engineering, piezoelectric materials are used by two types.
The first type, the piezoelectric layers or the piezoelectric patches act as
actuators, called the piezoelectric actuators. In this case, the piezoelectric layers
are strained when imposing an electric field on it. The second type, the
piezoelectric layers or piezoelectric patches act as sensors, called piezoelectric
sensors. In this case, the voltage is generated in piezoelectric layers when there is
mechanical strain.

2.2 Piezoelectric actuators and sensors

2.2.1 Piezoelectric actuators

Eq. (5) can be written in the matrix form as follows [4, 6]:

εf g ¼

ε11

ε22

ε33

γ23
γ13
γ12

8>>>>>>>>>>><
>>>>>>>>>>>:

9>>>>>>>>>>>=
>>>>>>>>>>>;

¼

s11 s12 s13 s14 s15 s16

s21 s22 s23 s24 s25 s26

s31 s32 s33 s34 s35 s36

s41 s42 s43 s44 s45 s46

s51 s52 s53 s54 s55 s56

s61 s62 s63 s64 s65 s66

2
666666666664

3
777777777775

σ11

σ22

σ33

τ23

τ13

τ12

8>>>>>>>>>>><
>>>>>>>>>>>:

9>>>>>>>>>>>=
>>>>>>>>>>>;

þ

d11 d21 d31

d12 d22 d32

d13 d23 d33

d14 d24 d34

d15 d25 d35

d16 d26 d36

2
666666666664

3
777777777775

E1

E2

E3

8>><
>>:

9>>=
>>;
,

(6)

Assuming that the device is pulled along the axis 3, and viewing the piezoelectric
material as a transversely isotropic material, which is true for piezoelectric
ceramics, many of the parameters in the above matrices will be either zero, or can
be expressed through each other. In particular, the non-zero compliance coeffi-
cients are s11, s12, s13, s21, s22, s23, s31, s32, s33, s44, s55, s66, in which s12 = s21, s13 = s31,
s23 = s32, s44 = s55, s66 = 2(s11 � s12).
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Finally, Eq. (6) becomes:

εf g ¼

ε11

ε22

ε33

γ23

γ13

γ12

8>>>>>>>>>>>><
>>>>>>>>>>>>:

9>>>>>>>>>>>>=
>>>>>>>>>>>>;

¼

s11 s12 s13 0 0 0

s12 s22 s23 0 0 0

s13 s23 s33 0 0 0

0 0 0 s44 0 0

0 0 0 0 s55 0

0 0 0 0 0 s66

2
6666666666664

3
7777777777775

σ11

σ22

σ33

τ23

τ13

τ12

8>>>>>>>>>>>><
>>>>>>>>>>>>:

9>>>>>>>>>>>>=
>>>>>>>>>>>>;

þ

0 0 d31

0 0 d32

0 0 d33

0 d24 0

d15 0 0

0 0 0

2
6666666666664

3
7777777777775

E1

E2

E3

8>><
>>:

9>>=
>>;
,

(7)

where E1, E2, and E3 are electric fields in the 1, 2, and 3 directions, respectively.

2.2.2 Piezoelectric sensors

The induction charge equation of piezoelectric sensor layers is derived from
Eq. (4) can be written in the matrix form as [4, 6, 7]:

Df g ¼
D1

D2

D3

8>><
>>:

9>>=
>>;

¼
d11 d12 d13 d14 d15 d16

d21 d22 d23 d24 d25 d26

d31 d32 d33 d34 d35 d36

2
664

3
775

σ11

σ22

σ33

τ23

τ13

τ12

8>>>>>>>>>>>><
>>>>>>>>>>>>:

9>>>>>>>>>>>>=
>>>>>>>>>>>>;

þ
p11 p12 p13

p21 p22 p23

p31 p32 p33

2
664

3
775

E1

E2

E3

8>><
>>:

9>>=
>>;
,

(8)

The non-zero piezoelectric strain constants are d31, d32, d15, d24, and d33, in
which d31 = d32, d15 = d24. And the non-zero dielectric coefficients are p11, p22, and
p33, where p11 = p22. Eq. (8) becomes:

Df g ¼
D1

D2

D3

8>><
>>:

9>>=
>>;

¼
0 0 0 0 d15 0

0 0 0 d24 0 0

d31 d32 d33 0 0 0

2
664

3
775

σ11

σ22

σ33

τ23

τ13

τ12

8>>>>>>>>>>>><
>>>>>>>>>>>>:

9>>>>>>>>>>>>=
>>>>>>>>>>>>;

þ
p11 0 0

0 p22 0

0 0 p33

2
664

3
775

E1

E2

E3

8>><
>>:

9>>=
>>;
,

(9)

where D1, D2, D3, p11, p22, and p33 are the displacement charge, dielectric
constant in the 1, 2, and 3 directions, respectively.

Normally, the voltage is transmitted through the thickness of the
actuator layers.
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factor when there is no mechanical strain. The imposed electric field E produces the
-eE stress in the piezoelectric material according to the reverse voltage effect.
Therefore, we have a mathematical model that describes the mechanical-electrical
interaction relationship in piezoelectric materials as follows [3–6]:

σf g ¼ c½ � εf g � e½ � Ef g, (2)

Df g ¼ e½ �T εf g þ p½ � Ef g, (3)

or Df g ¼ d½ �T σf g þ p½ � Ef g, (4)

where [e] is the piezoelectric stress coefficient matrix, [p] is the dielectric
constant matrix, {E} is the vector of applied electric field (V/m), and {D} is the
vector of electric displacement (C/m2).

For the linear problem and small strain, strain vector in the piezoelectric struc-
tures can be defined as follows:

εf g ¼ s½ � σf g þ d½ � Ef g, (5)

in which [s] is the matrix of compliance coefficients (m2/N), [d] is the matrix of
piezoelectric strain constants (m/V).

In the field of engineering, piezoelectric materials are used by two types.
The first type, the piezoelectric layers or the piezoelectric patches act as
actuators, called the piezoelectric actuators. In this case, the piezoelectric layers
are strained when imposing an electric field on it. The second type, the
piezoelectric layers or piezoelectric patches act as sensors, called piezoelectric
sensors. In this case, the voltage is generated in piezoelectric layers when there is
mechanical strain.

2.2 Piezoelectric actuators and sensors

2.2.1 Piezoelectric actuators

Eq. (5) can be written in the matrix form as follows [4, 6]:

εf g ¼

ε11

ε22

ε33

γ23
γ13
γ12

8>>>>>>>>>>><
>>>>>>>>>>>:

9>>>>>>>>>>>=
>>>>>>>>>>>;

¼

s11 s12 s13 s14 s15 s16

s21 s22 s23 s24 s25 s26

s31 s32 s33 s34 s35 s36

s41 s42 s43 s44 s45 s46

s51 s52 s53 s54 s55 s56

s61 s62 s63 s64 s65 s66

2
666666666664

3
777777777775

σ11

σ22

σ33

τ23

τ13

τ12

8>>>>>>>>>>><
>>>>>>>>>>>:

9>>>>>>>>>>>=
>>>>>>>>>>>;

þ

d11 d21 d31

d12 d22 d32

d13 d23 d33

d14 d24 d34

d15 d25 d35

d16 d26 d36

2
666666666664

3
777777777775

E1

E2

E3

8>><
>>:

9>>=
>>;
,

(6)

Assuming that the device is pulled along the axis 3, and viewing the piezoelectric
material as a transversely isotropic material, which is true for piezoelectric
ceramics, many of the parameters in the above matrices will be either zero, or can
be expressed through each other. In particular, the non-zero compliance coeffi-
cients are s11, s12, s13, s21, s22, s23, s31, s32, s33, s44, s55, s66, in which s12 = s21, s13 = s31,
s23 = s32, s44 = s55, s66 = 2(s11 � s12).
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Finally, Eq. (6) becomes:
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(7)

where E1, E2, and E3 are electric fields in the 1, 2, and 3 directions, respectively.

2.2.2 Piezoelectric sensors

The induction charge equation of piezoelectric sensor layers is derived from
Eq. (4) can be written in the matrix form as [4, 6, 7]:

Df g ¼
D1

D2
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8>><
>>:

9>>=
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d21 d22 d23 d24 d25 d26

d31 d32 d33 d34 d35 d36
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3
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>>>>>>>>>>>>;

þ
p11 p12 p13

p21 p22 p23

p31 p32 p33

2
664

3
775

E1

E2

E3

8>><
>>:

9>>=
>>;
,

(8)

The non-zero piezoelectric strain constants are d31, d32, d15, d24, and d33, in
which d31 = d32, d15 = d24. And the non-zero dielectric coefficients are p11, p22, and
p33, where p11 = p22. Eq. (8) becomes:

Df g ¼
D1

D2

D3

8>><
>>:

9>>=
>>;

¼
0 0 0 0 d15 0

0 0 0 d24 0 0

d31 d32 d33 0 0 0

2
664

3
775

σ11

σ22

σ33

τ23

τ13

τ12

8>>>>>>>>>>>><
>>>>>>>>>>>>:
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>>>>>>>>>>>>;

þ
p11 0 0

0 p22 0

0 0 p33
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664

3
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E1

E2

E3

8>><
>>:

9>>=
>>;
,

(9)

where D1, D2, D3, p11, p22, and p33 are the displacement charge, dielectric
constant in the 1, 2, and 3 directions, respectively.

Normally, the voltage is transmitted through the thickness of the
actuator layers.
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3. Static and dynamic analysis of laminated composite beams with
piezoelectric layers

3.1 Displacement and strain

Based on the first-order shear deformation theory (FSDT), the displacement
field at any point of the beam is defined as [1, 2]:

u x, zð Þ ¼ u0 xð Þ þ zθy xð Þ,
w x, zð Þ ¼ w0 xð Þ, (10)

where u, w denotes the displacements of a point (x, z) in the beam; u0, w0 are
the displacements of a point at the beam neutral axis, and θy is the rotation of the
transverse normal about the y axis. The bending and shear strains associated with
the displacement field in Eq. (10) are defined as:

εf g ¼ εx
γxz

� �
¼

du
dx

du
dz

þ dw
dx

8>><
>>:

9>>=
>>;

¼
du0

dx
þ z

dθz
dx

θy þ dw0

dx

8>><
>>:

9>>=
>>;

¼
d
dx

0 z
d
dx

0
d
dx

1

2
664

3
775

u0

w0

θz

8><
>:

9>=
>;
,

(11)

in which εx, γxz are the normal strain, and shear strain, respectively.
Using finite element method, we consider 2-node bending elements with 3

degrees of freedom per node (Figure 1).
The displacements of the beam neutral axis are expressed in local coordinate

system in the form:

d0f g ¼
u0

v0
θz

8><
>:

9>=
>;

¼
Nu½ � quf g
Nv½ � qvf g
Nθz
� �

qθz
� �

8><
>:

9>=
>;

¼ NM� �
qb

� �
e, (12)

where {qb}e is the vector of vector of nodal displacements of element, [NM] is the
matrix mechanical shape functions:

qb
� �

e ¼ q1 q2 q3 q4 q5 q6
� �T, (13)

NM� �
|fflffl{zfflffl}
3�6

¼
Nu½ � 0 0

0 Nv½ � 0

0 0 Nθz
� �

2
64

3
75, (14)

in which [Nu], [Nv], [Nθz] are, in this order, the row vectors of longitudinal,
transverse along y, and rotation about z shape functions.

Figure 1.
Two noded beam element.
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Substituting Eq. (12) into Eq. (11), we obtain:

εf g|{z}
2�1

¼ Bb½ �|{z}
2�6

qb
� �

e|fflffl{zfflffl}
6�1

, (15)

where Bb½ � ¼
d
dx

0 z
d
dx

0
d
dx

1

2
664

3
775 NM� �

: (16)

The electric potential is constant over the element surface:

ϕk ¼
Xn
i¼1

Niϕi, (17)

where n is the element node number.
A voltage ϕ is applied across an actuator of layer thickness tp generates an

electric field vector {E}, such that [4, 8–10]:

Ekf g ¼ �∇ϕk ¼ 0 0 Ez
kf g, (18)

in which

Ez
k ¼ � ϕk

tpk
¼ Bϕ

� �
ϕf g ¼

0 0
1
tp1

0 0 0

0 0 0 0 0
1
tp2

2
6664

3
7775

T

ϕ1

ϕ2

� �
, (19)

where tpk is the thickness of the k
th piezoelectric layer.

Substituting Eq. (19) into Eq. (18), the electric field vector {E} can also be
defined in terms of nodal variables as:

Ef g ¼ � Bϕ
� �

ϕf ge, (20)

Using Eqs. (15), and (20), the linear piezoelectric constitutive equations coupling
the elastic and electric fields will be completely determined by Eqs. (2) and (3).

3.2 Finite element equations

Using Hamilton’s principle, we have [11–13]:

ðt2

t1

T e �U e �Weð Þdt ¼ 0, (21)

where Te, Ue are the kinetic and potential energy, respectively and We is the
work done by external forces. They are determined by:

T e ¼ 1
2

ð

Ve

ρ _qf gTe qf gedV, (22)
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Substituting Eq. (12) into Eq. (11), we obtain:

εf g|{z}
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¼ Bb½ �|{z}
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qb
� �

e|fflffl{zfflffl}
6�1

, (15)

where Bb½ � ¼
d
dx

0 z
d
dx

0
d
dx

1

2
664

3
775 NM� �
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The electric potential is constant over the element surface:

ϕk ¼
Xn
i¼1

Niϕi, (17)

where n is the element node number.
A voltage ϕ is applied across an actuator of layer thickness tp generates an

electric field vector {E}, such that [4, 8–10]:

Ekf g ¼ �∇ϕk ¼ 0 0 Ez
kf g, (18)

in which
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k ¼ � ϕk

tpk
¼ Bϕ
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ϕf g ¼

0 0
1
tp1

0 0 0

0 0 0 0 0
1
tp2

2
6664

3
7775

T
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� �
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where tpk is the thickness of the k
th piezoelectric layer.

Substituting Eq. (19) into Eq. (18), the electric field vector {E} can also be
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ϕf ge, (20)

Using Eqs. (15), and (20), the linear piezoelectric constitutive equations coupling
the elastic and electric fields will be completely determined by Eqs. (2) and (3).

3.2 Finite element equations

Using Hamilton’s principle, we have [11–13]:

ðt2

t1

T e �U e �Weð Þdt ¼ 0, (21)

where Te, Ue are the kinetic and potential energy, respectively and We is the
work done by external forces. They are determined by:

T e ¼ 1
2

ð

Ve

ρ _qf gTe qf gedV, (22)
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U e ¼ 1
2

ð

Ve

εf gTe σf gedV, (23)

We ¼
ð

Ve

qf gTe f b
� �

edV þ
ð

Se

qf gTe f s
� �

edSþ qf gTe f c
� �

e, (24)

in which f b
� �

e, f s
� �

e, f c
� �

e are the body, surface, and concentrated forces
acting on the element, respectively. Ve and Se are elemental volume and area.

Substituting Eqs. (15), (2), (20), (22), (23), and (24) into Eq. (21), one obtains:

Me
bb

� �
€qf ge þ Ke

bb

� �
qf ge þ Ke

bϕ

h i
ϕf ge ¼ ff ge, (25)

Ke
ϕb

h i
qf ge � Ke

ϕϕ

h i
ϕf ge ¼ Qf ge, (26)

where

Element mass matrix: Me
bb

� � ¼
ð

Ve

ρ NM� �T
NM� �

dV, (27)

Element mechanical stiffness matrix: Ke
bb

� � ¼
ð

Se

Bb½ �T H½ � Bb½ �dS, (28)

Element mechanical-electrical coupling stiffness matrix:

Ke
bϕ

h i
¼

ð

Se

Bb½ �T e½ � Bϕ

� �
dS, (29)

Element electrical-mechanical coupling stiffness matrix:

Ke
ϕb

h i
¼ Ke

bϕ

h iT
, (30)

Element piezoelectric permittivity matrix:

Ke
ϕϕ

h i
¼ �

ð

Se

Bϕ

� �T p½ � Bϕ

� �
dS, (31)

where H½ � ¼ c11 0

0 c22

� �
, e½ � ¼ e11 e12

e21 e22

� �
, p½ � ¼ tp1p11 0

0 tp2p22

� �
, (32)

{ f}e, {Q }e are the applied external load and charge, respectively.

3.2.1 Static analysis

In the case of beams subjected to static loads, zero acceleration, from Eqs. (25)
and (26), we obtain the static equations of the beam as follows:

Ke
bb

� �
qf ge þ Ke

bϕ

h i
ϕf ge ¼ ff ge, (33)
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Ke
ϕb

h i
qf ge � Ke

ϕϕ

h i
ϕf ge ¼ Qf ge, (34)

Assembling the element equations yields general static equation:

Kbb½ � qf g þ Kbϕ
� �

ϕf g ¼ ff g, (35)

Kϕb
� �

qf g � Kϕϕ

� �
ϕf g ¼ Qf g: (36)

where [Kbb], [Kϕϕ] are the overall mechanical stiffness and piezoelectric
permittivity matrices respectively; [Kbϕ] and [Kϕb] are the overall mechanical -
electrical and electrical - mechanical coupling stiffness matrices, respectively, and
{q}, {ϕ} are respectively the overall mechanical displacement, and electric potential
vector.

Substituting Eq. (36) into Eq. (35) yields:

Kbb½ � þ Kbϕ
� �

Kϕϕ

� ��1 Kϕb
� �� �

qf g ¼ ff g þ Kbϕ
� �

Kϕϕ

� ��1 Qf g, (37)

Substituting {q} from Eq. (37) into Eq. (36), we obtain the vector {ϕ}.

3.2.2 Dynamic analysis

From Eqs. (25) and (26), assembling the element equations yields general
dynamic equation of motion:

Mbb½ � €qf g þ Kbb½ � qf g þ Kbϕ
� �

ϕf g ¼ ff g, (38)

Kϕb
� �

qf g � Kϕϕ

� �
ϕf g ¼ Qf g, (39)

Substituting Eq. (39) into Eq. (38), we obtain:

Mbb½ � €qf g þ Kbb½ � þ Kbϕ
� �

Kϕϕ

� ��1 Kϕb
� �� �

qf g ¼ ff g þ Kbϕ
� �

Kϕϕ

� ��1 Qf g, (40)

3.2.3 Free vibration analysis

For free vibrations, from Eq. (40), the governing equation is:

Mbb½ � €qf g þ Kbb½ � þ Kbϕ
� �

Kϕϕ

� ��1 Kϕb
� �� �

qf g ¼ 0f g: (41)

The beam vibrations induce charges and electric potentials in sensor layers.
Therefore, the control system allows current to flow and feeds back to the actuators.
In this case, if we apply no external charge Q to a sensor, from Eq. (39), we will
have:

Kϕϕ

� ��1
s Kϕb
� �

s qf gs ¼ ϕf gs: (42)

and Qf gs ¼ Kϕb
� �

s qf gs is the induced charge due to strain.
The operation of the amplified control loop implies, the actuating voltage is

determined by the following relationship [1, 10, 14]:

ϕf ga ¼ Gd ϕf gs þGv _ϕ
� �

s, (43)
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U e ¼ 1
2

ð

Ve

εf gTe σf gedV, (23)

We ¼
ð

Ve

qf gTe f b
� �

edV þ
ð

Se

qf gTe f s
� �

edSþ qf gTe f c
� �

e, (24)

in which f b
� �

e, f s
� �

e, f c
� �

e are the body, surface, and concentrated forces
acting on the element, respectively. Ve and Se are elemental volume and area.

Substituting Eqs. (15), (2), (20), (22), (23), and (24) into Eq. (21), one obtains:

Me
bb

� �
€qf ge þ Ke

bb

� �
qf ge þ Ke

bϕ

h i
ϕf ge ¼ ff ge, (25)

Ke
ϕb

h i
qf ge � Ke

ϕϕ

h i
ϕf ge ¼ Qf ge, (26)

where

Element mass matrix: Me
bb

� � ¼
ð

Ve

ρ NM� �T
NM� �

dV, (27)

Element mechanical stiffness matrix: Ke
bb

� � ¼
ð

Se

Bb½ �T H½ � Bb½ �dS, (28)

Element mechanical-electrical coupling stiffness matrix:

Ke
bϕ

h i
¼

ð

Se

Bb½ �T e½ � Bϕ

� �
dS, (29)

Element electrical-mechanical coupling stiffness matrix:

Ke
ϕb

h i
¼ Ke

bϕ

h iT
, (30)

Element piezoelectric permittivity matrix:

Ke
ϕϕ

h i
¼ �

ð

Se

Bϕ

� �T p½ � Bϕ

� �
dS, (31)

where H½ � ¼ c11 0

0 c22

� �
, e½ � ¼ e11 e12

e21 e22

� �
, p½ � ¼ tp1p11 0

0 tp2p22

� �
, (32)

{ f}e, {Q }e are the applied external load and charge, respectively.

3.2.1 Static analysis

In the case of beams subjected to static loads, zero acceleration, from Eqs. (25)
and (26), we obtain the static equations of the beam as follows:

Ke
bb

� �
qf ge þ Ke

bϕ

h i
ϕf ge ¼ ff ge, (33)
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Ke
ϕb

h i
qf ge � Ke

ϕϕ

h i
ϕf ge ¼ Qf ge, (34)

Assembling the element equations yields general static equation:

Kbb½ � qf g þ Kbϕ
� �

ϕf g ¼ ff g, (35)

Kϕb
� �

qf g � Kϕϕ

� �
ϕf g ¼ Qf g: (36)

where [Kbb], [Kϕϕ] are the overall mechanical stiffness and piezoelectric
permittivity matrices respectively; [Kbϕ] and [Kϕb] are the overall mechanical -
electrical and electrical - mechanical coupling stiffness matrices, respectively, and
{q}, {ϕ} are respectively the overall mechanical displacement, and electric potential
vector.
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Kbb½ � þ Kbϕ
� �

Kϕϕ

� ��1 Kϕb
� �� �

qf g ¼ ff g þ Kbϕ
� �

Kϕϕ

� ��1 Qf g, (37)
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Mbb½ � €qf g þ Kbb½ � qf g þ Kbϕ
� �

ϕf g ¼ ff g, (38)

Kϕb
� �

qf g � Kϕϕ

� �
ϕf g ¼ Qf g, (39)

Substituting Eq. (39) into Eq. (38), we obtain:

Mbb½ � €qf g þ Kbb½ � þ Kbϕ
� �

Kϕϕ

� ��1 Kϕb
� �� �

qf g ¼ ff g þ Kbϕ
� �

Kϕϕ

� ��1 Qf g, (40)

3.2.3 Free vibration analysis

For free vibrations, from Eq. (40), the governing equation is:

Mbb½ � €qf g þ Kbb½ � þ Kbϕ
� �

Kϕϕ

� ��1 Kϕb
� �� �

qf g ¼ 0f g: (41)

The beam vibrations induce charges and electric potentials in sensor layers.
Therefore, the control system allows current to flow and feeds back to the actuators.
In this case, if we apply no external charge Q to a sensor, from Eq. (39), we will
have:

Kϕϕ

� ��1
s Kϕb
� �

s qf gs ¼ ϕf gs: (42)

and Qf gs ¼ Kϕb
� �

s qf gs is the induced charge due to strain.
The operation of the amplified control loop implies, the actuating voltage is

determined by the following relationship [1, 10, 14]:

ϕf ga ¼ Gd ϕf gs þGv _ϕ
� �

s, (43)
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where Gd and Gv are the feedback control gains for displacement and velocity.
Substituting Eq. (43) into Eq. (39), the charge in the actuator due to actuator

strain in response to the beam vibration modified by control system feedback is:

Kϕb
� �

a qf ga � Kϕϕ

� �
a Gd ϕf gs þ Gv _ϕ

� �
s

� �
¼ Qf ga: (44)

Substituting (42) into (44) leads to:

Qf ga ¼ Kϕb
� �

a qf ga � Gd Kϕϕ

� �
a Kϕϕ

� ��1
s Kϕb
� �

s qf gs � Gv Kϕϕ

� �
a Kϕϕ

� ��1
s Kϕb
� �

s _qf gs:
(45)

Substituting Eq. (45) into (40), we obtain:

Mbb½ � €qf g þ Kbb½ � þ Kbϕ
� �

Kϕϕ

� ��1 Kϕb
� �� �

qf g ¼ ff gþ

þ Kbϕ
� �

Kϕϕ

� ��1 Kϕb
� �

a qf ga � Gv Kϕϕ

� �
a Kϕϕ

� ��1
s Kϕb
� �

s _qf gs�
�Gd Kϕϕ

� �
a Kϕϕ

� ��1
s Kϕb
� �

s qf gs

0
@

1
A,

(46)

in which {q}s � {q}a � {q} is the beam displacement vector, [Kϕϕ]a =
[Kϕϕ]s = [Kϕϕ] is the piezoelectric permittivity matrix, and [Kϕb]a = [Kϕb]s = [Kϕb] is
the mechanical-electrical coupling stiffness matrix.

Therefore, Eq. (46) becomes:

Mbb½ � €qf g þ Kbb½ � qf g þ Gv Kbϕ
� �

Kϕϕ

� ��1 Kϕϕ

� �
Kϕϕ

� ��1 Kϕb
� �

_qf gþ
þGd Kbϕ

� �
Kϕϕ

� ��1 Kϕϕ

� �
Kϕϕ

� ��1 Kϕb
� �

qf g ¼ ff g:
(47)

In the case of considering the structural damping, the equation of motion of the
beam is:

Mbb½ � €qf g þ CA½ � þ CR½ �ð Þ _qf g þ K ∗ qf g ¼ ff g, (48)

where CA½ � ¼ Gv Kbϕ
� �

Kϕϕ

� ��1 Kϕϕ

� �
Kϕϕ

� ��1 Kϕb
� �

is the active damping matrix,

K ∗½ � ¼ Kbb½ � þGd Kbϕ
� �

Kϕϕ

� ��1 Kϕϕ

� �
Kϕϕ

� ��1 Kϕb
� �� �

is the total of mechanical

stiffness matrix and piezoelectric, CR½ � ¼ αR Mbb½ � þ βR Kbb½ � is the overall structural
damping matrix, αR, and βR are respectively the Rayleigh damping coefficients,
which are generally determined by the first and second natural frequencies (ω1, ω2)
and ratio of damping ξ, {f} is the overall mechanical force vector.

Eq. (48) can be solved by the direct integration Newmark’s method.

3.3 Numerical analysis

An example for free vibration of laminated beam affected by piezoelectric layers
is presented here. The beam is made of four layers symmetrically (0°/90°/90°/0°)
of epoxy-T300/976 graphite material with 2.5 mm thickness per layer, and with
one layer piezo ceramic materials bonded to the top and bottom surfaces, 2.0 mm
thickness per layer as shown in Figure 2 is considered (a = 0.254 m, b = 0.0254 m).
The material properties of the piezo ceramic layers and graphite-epoxy are shown
in Table 1.

The direct integration Newmark’s method is used with parameters αR = 0.5,
βR = 0.25; integral time step Δt = 0.005 s with total time calculated t = 15 s.
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Figures 3 and 4 illustrate the vertical displacement w at the free end of the beam
for two cases:

Case 1:With structural damping, and without piezoelectric damping (Gv = 0,
Gd = 0).

Figure 2.
Piezoelectric composite cantilever beam.

Properties PZT G1195 N T300/976

E11 [N/cm2] 0.63 � 106 1.50 � 106

E22 = E33 [N/cm2] 0.63 � 106 0.09 � 106

ν12 = ν13 = ν23 0.3 0.3

G12 = G13 [N/cm2] 0.242 � 106 0.071 � 106

G23 [N/cm2] 0.242 � 106 0.025 � 106

ρ [kg/m3] 7600 1600

d31 = d32 (m/V) 254 � 10�12 —

p11 = p22 (F/m) 15.3 � 10�9 —

p33 (F/m) 15.0 � 10�9 —

Table 1.
Relevant mechanical properties of respective materials.

Figure 3.
Vertical displacement response (Gv = 0, Gd = 0 � Case 1).
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where Gd and Gv are the feedback control gains for displacement and velocity.
Substituting Eq. (43) into Eq. (39), the charge in the actuator due to actuator

strain in response to the beam vibration modified by control system feedback is:

Kϕb
� �

a qf ga � Kϕϕ

� �
a Gd ϕf gs þ Gv _ϕ

� �
s

� �
¼ Qf ga: (44)

Substituting (42) into (44) leads to:

Qf ga ¼ Kϕb
� �

a qf ga � Gd Kϕϕ

� �
a Kϕϕ

� ��1
s Kϕb
� �

s qf gs � Gv Kϕϕ

� �
a Kϕϕ

� ��1
s Kϕb
� �

s _qf gs:
(45)

Substituting Eq. (45) into (40), we obtain:

Mbb½ � €qf g þ Kbb½ � þ Kbϕ
� �

Kϕϕ

� ��1 Kϕb
� �� �

qf g ¼ ff gþ

þ Kbϕ
� �

Kϕϕ

� ��1 Kϕb
� �

a qf ga � Gv Kϕϕ

� �
a Kϕϕ

� ��1
s Kϕb
� �

s _qf gs�
�Gd Kϕϕ

� �
a Kϕϕ

� ��1
s Kϕb
� �

s qf gs

0
@

1
A,

(46)

in which {q}s � {q}a � {q} is the beam displacement vector, [Kϕϕ]a =
[Kϕϕ]s = [Kϕϕ] is the piezoelectric permittivity matrix, and [Kϕb]a = [Kϕb]s = [Kϕb] is
the mechanical-electrical coupling stiffness matrix.

Therefore, Eq. (46) becomes:

Mbb½ � €qf g þ Kbb½ � qf g þ Gv Kbϕ
� �

Kϕϕ

� ��1 Kϕϕ

� �
Kϕϕ

� ��1 Kϕb
� �

_qf gþ
þGd Kbϕ

� �
Kϕϕ

� ��1 Kϕϕ

� �
Kϕϕ

� ��1 Kϕb
� �

qf g ¼ ff g:
(47)

In the case of considering the structural damping, the equation of motion of the
beam is:

Mbb½ � €qf g þ CA½ � þ CR½ �ð Þ _qf g þ K ∗ qf g ¼ ff g, (48)

where CA½ � ¼ Gv Kbϕ
� �

Kϕϕ

� ��1 Kϕϕ

� �
Kϕϕ

� ��1 Kϕb
� �

is the active damping matrix,

K ∗½ � ¼ Kbb½ � þGd Kbϕ
� �

Kϕϕ

� ��1 Kϕϕ

� �
Kϕϕ

� ��1 Kϕb
� �� �

is the total of mechanical

stiffness matrix and piezoelectric, CR½ � ¼ αR Mbb½ � þ βR Kbb½ � is the overall structural
damping matrix, αR, and βR are respectively the Rayleigh damping coefficients,
which are generally determined by the first and second natural frequencies (ω1, ω2)
and ratio of damping ξ, {f} is the overall mechanical force vector.

Eq. (48) can be solved by the direct integration Newmark’s method.

3.3 Numerical analysis

An example for free vibration of laminated beam affected by piezoelectric layers
is presented here. The beam is made of four layers symmetrically (0°/90°/90°/0°)
of epoxy-T300/976 graphite material with 2.5 mm thickness per layer, and with
one layer piezo ceramic materials bonded to the top and bottom surfaces, 2.0 mm
thickness per layer as shown in Figure 2 is considered (a = 0.254 m, b = 0.0254 m).
The material properties of the piezo ceramic layers and graphite-epoxy are shown
in Table 1.

The direct integration Newmark’s method is used with parameters αR = 0.5,
βR = 0.25; integral time step Δt = 0.005 s with total time calculated t = 15 s.
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Figures 3 and 4 illustrate the vertical displacement w at the free end of the beam
for two cases:

Case 1:With structural damping, and without piezoelectric damping (Gv = 0,
Gd = 0).

Figure 2.
Piezoelectric composite cantilever beam.
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Case 2:With structural damping, with piezoelectric damping (Gv = 0.5,
Gd = 30).

4. Dynamic analysis of laminated piezoelectric composite plates

4.1 The electromechanical behavioral relations in the plate

Consider laminated composite plates with general coordinate system (x, y, z),
in which the x, y plane coincides with the neutral plane of the plate. The top and
bottom surfaces of the plate are bonded to the piezoelectric patches or piezoelectric
layers (actuator and sensor). The plate under the load acting on its neutral plane
has any temporal variation rule (Figure 5).

Hypothesis: The piezoelectric composite plate corresponds with Reissner-
Mindlin theory. The material layers are arranged symmetrically through the neutral
plane of the plate, ideally adhesive with each other.

4.1.1 Strain - displacement relations

Based on the first-order shear deformation theory, the displacement fields at any
point in the plate are [7, 8]:

u x, y, z, tð Þ ¼ u0 x, y, tð Þ þ zθy x, y, tð Þ,
v x, y, z, tð Þ ¼ v0 x, y, tð Þ � zθx x, y, tð Þ,
w x, y, z, tð Þ ¼ w0 x, y, tð Þ,

(49)

where u, v and w are the displacements of a general point (x, y, z) in the
laminate along x, y and z directions, respectively. u0, v0, w0, θx and θy are the
displacements and rotations of a midplane transverse normal about the y-and x-
axes respectively.

Figure 4.
Vertical displacement response (Gv = 0.5, Gd = 30 � Case 2).
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The components of the strain vector corresponding to the displacement field
(49) are defined as:

For the linear strain:

εx ¼ ∂u
∂x

¼ ∂u0
∂x

þ z
∂θy
∂x

, εy ¼ ∂v
∂y

¼ ∂v0
∂y

� z
∂θx
∂y

,

γxy ¼
∂u
∂y

þ ∂v
∂x

� �
þ ∂w

∂x
� ∂w
∂y

¼ ∂u0
∂y

þ ∂v0
∂x

� �
þ z

∂θy
∂x

� ∂θx
∂y

� �
,

γxz ¼
∂u
∂z

þ ∂w
∂x

¼ ∂w0

∂x
þ θy, γyz ¼

∂v
∂z

þ ∂w
∂y

¼ ∂w0

∂y
� θx,

(50)

or in the vector form:

εx

εy

γxy

8>><
>>:

9>>=
>>;

¼
εox

εoy

γoxy

8>><
>>:

9>>=
>>;

þ z

κx

κy

κxy

8>><
>>:

9>>=
>>;

¼

∂

∂x
0

0
∂

∂y

∂

∂y
∂

∂x

2
66666664

3
77777775

u0

v0

( )
þ z

� ∂

∂y
0

0 � ∂

∂x

� ∂

∂y
∂

∂x

2
66666664

3
77777775

θx

θy

( )
¼

¼ Dε½ �
u0

v0

( )
þ Dκ½ �

θx

θy

( )
¼ ε0f g þ z κf g ¼ εLb

� �
,

(51)

γxz
γyz

( )
¼

∂

∂x
0 1

∂

∂y
�1 0

2
664

3
775

wo

θx

θy

8><
>:

9>=
>;

¼ wD
� � � Is½ �� � w0

θx

θy

8><
>:

9>=
>;

¼ εsf g: (52)

and for the nonlinear strain:

εx

εy

γxy

8><
>:

9>=
>;

¼ εLb
� �þ εN

� � ¼ εNb
� �

, (53)

γxz
γyz

( )
¼ εsf g, (54)

Figure 5.
Piezoelectric composite plate and coordinate system of the plate (a), and lamina details (b).
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Case 2:With structural damping, with piezoelectric damping (Gv = 0.5,
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bottom surfaces of the plate are bonded to the piezoelectric patches or piezoelectric
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axes respectively.
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The components of the strain vector corresponding to the displacement field
(49) are defined as:

For the linear strain:

εx ¼ ∂u
∂x

¼ ∂u0
∂x

þ z
∂θy
∂x

, εy ¼ ∂v
∂y

¼ ∂v0
∂y

� z
∂θx
∂y

,

γxy ¼
∂u
∂y
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∂x

� �
þ ∂w

∂x
� ∂w
∂y

¼ ∂u0
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þ ∂v0
∂x

� �
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∂θy
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� ∂θx
∂y
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,

γxz ¼
∂u
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þ ∂w
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¼ ∂w0
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þ θy, γyz ¼

∂v
∂z

þ ∂w
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¼ ∂w0

∂y
� θx,

(50)
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where εN
� � ¼ 1

2

∂w0

∂x
0

0
∂w0

∂y
∂w0

∂y
∂w0

∂x

2
6666664

3
7777775

∂

∂x
∂

∂y

8>><
>>:

9>>=
>>;
w0 is the non-linear strain vector, εLb

� �
is

the linear strain vector, {εs} is the shear strain vector.

4.1.2 Stress-strain relations

The equation system describing the stress-strain relations and mechanical-
electrical quantities is respectively written as [8, 14]:

σbf g ¼ Q½ � εNb
� �� e½ � Ef g,

τbf g ¼ Qs½ � εsf g, (55)

Df g ¼ e½ � εNb
� �þ p½ � Ef g, (56)

where σbf g ¼ σx σy τxy
� �T is the plane stress vector, τbf g ¼ τyz τxz

� �T is
the shear stress vector, [Q] is the ply in-plane stiffness coefficient matrix in the
structural coordinate system, [Qs] is the ply out-of-plane shear stiffness coefficient
matrix in the structural coordinate system. Notice that {τb} is free from piezoelec-
tric effects.

The in-plane force vector at the state pre-buckling:

N0� � ¼ N0
x N0

y N0
xy

n oT
¼
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k¼1

ðhk

hk�1

σ0x
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k

dz: (57)

4.1.3 Total potential energy

The total potential energy of the system is given by:

Π ¼ 1
2

ð

Vp

εNb
� �T

σbf gdV þ 1
2

ð

Vp

εsf gT τbf gdV � 1
2

ð

Vp

Ef gT Df gdV �W, (58)

where W is the energy of external forces, Vp is the entire domain including
composite and piezoelectric materials.

Introducing [A], [B], [D], [As], and vectors {Np}, {Mp} as [8]:

A½ �, B½ �, D½ �ð Þ ¼
ðh=2

�h=2

1, z, z2
� �

Q½ �dz,

As½ � ¼
ðh=2

�h=2

Qs½ �dz, Np
� �

, Mp
� �� � ¼

ðh=2

�h=2

1, zð Þ e½ � Ef gdz,

(59)

where h is the total laminated thickness and combining with (5), (6) the total
potential energy equation (8) can be written
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Π ¼ 1
2

ð

Ω

ε0f gT A½ � ε0f gdΩþ 1
2
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Ω
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2
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Ω
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þ
ð

Ω

εN
� �T

A½ � ε0f g � Np
� �� �

dΩ�
ð

Ω

ε0f gT Np
� �

dΩ�
ð

Ω

κf gT Mp
� �

dΩ�W,
(60)

where Ω is the plane xy domain of the plate.

4.2 Dynamic stability analysis of laminated composite plate with piezoelectric
layers

4.2.1 Finite element models

Nine-node Lagrangian finite elements are used with the displacement and strain
fields represented by Eqs. (49), (53), and (54). In the developed models, there is
one electric potential degree of freedom for each piezoelectric layer to represent the
piezoelectric behavior and thus the vector of electrical degrees of freedom is [6, 14]:

ϕef g ¼ : : ϕe
j : :

� �T, j ¼ 1, … ,NPLe, (61)

in which NPLe is the number of piezoelectric layers in a given element.
The vector of degrees of freedom for the element {qe} is:

qef g ¼ qe1
� �

qe2
� �

… qe9
� �

ϕe� �T, (62)

where qei
� � ¼ ui vi wi θxi θyi

� �
is the mechanical displacement vector for

node i.

4.2.2 Dynamic equations

The dynamic equations of piezoelectric composite plate can be derived by using
Hamilton’s principle, accordingly, the vibration equation of the membrane (without
damping) with in-plane loads is:

Mss½ � €qss
� �þ Kss½ � qss

� � ¼ F tð Þf g: (63)

The equation of bending vibrations with out-of-plane loads is:

Mbb½ � 0½ �
0½ � 0½ �

� �
€qbb

� �
€ϕ

� �
( )

þ CR½ � 0½ �
0½ � 0½ �

� �
_qbb

� �
_ϕ

� �
( )

þ Kbb½ � þ KG½ � Kbϕ
� �

Kϕb
� � � Kϕϕ

� �
" #

qbb
� �

ϕf g

� �

¼ Rf g
Qelf g

� �
, (64)

where [Mss], [Kss] are the overall mass, membrane elastic stiffness matrix
respectively, and qss

� �
, _qss
� �

, €qss
� �

are respectively the membrane displacement,
velocity, acceleration vector. [Mbb], [Kbb] and qbb

� �
, _qbb
� �

, €qbb
� �

are the overall
mass, bending elastic stiffness matrix and the bending displacement, velocity,
acceleration vector; [KG] is the overall geometric stiffness matrix; ([KG] is
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w0 is the non-linear strain vector, εLb

� �
is

the linear strain vector, {εs} is the shear strain vector.

4.1.2 Stress-strain relations
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matrix in the structural coordinate system. Notice that {τb} is free from piezoelec-
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4.1.3 Total potential energy

The total potential energy of the system is given by:
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where W is the energy of external forces, Vp is the entire domain including
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Introducing [A], [B], [D], [As], and vectors {Np}, {Mp} as [8]:
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where h is the total laminated thickness and combining with (5), (6) the total
potential energy equation (8) can be written
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where Ω is the plane xy domain of the plate.

4.2 Dynamic stability analysis of laminated composite plate with piezoelectric
layers

4.2.1 Finite element models

Nine-node Lagrangian finite elements are used with the displacement and strain
fields represented by Eqs. (49), (53), and (54). In the developed models, there is
one electric potential degree of freedom for each piezoelectric layer to represent the
piezoelectric behavior and thus the vector of electrical degrees of freedom is [6, 14]:

ϕef g ¼ : : ϕe
j : :

� �T, j ¼ 1, … ,NPLe, (61)

in which NPLe is the number of piezoelectric layers in a given element.
The vector of degrees of freedom for the element {qe} is:
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… qe9
� �

ϕe� �T, (62)

where qei
� � ¼ ui vi wi θxi θyi
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is the mechanical displacement vector for

node i.

4.2.2 Dynamic equations

The dynamic equations of piezoelectric composite plate can be derived by using
Hamilton’s principle, accordingly, the vibration equation of the membrane (without
damping) with in-plane loads is:

Mss½ � €qss
� �þ Kss½ � qss

� � ¼ F tð Þf g: (63)

The equation of bending vibrations with out-of-plane loads is:
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where [Mss], [Kss] are the overall mass, membrane elastic stiffness matrix
respectively, and qss
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, _qss
� �

, €qss
� �

are respectively the membrane displacement,
velocity, acceleration vector. [Mbb], [Kbb] and qbb

� �
, _qbb
� �

, €qbb
� �

are the overall
mass, bending elastic stiffness matrix and the bending displacement, velocity,
acceleration vector; [KG] is the overall geometric stiffness matrix; ([KG] is

205

Static and Dynamic Analysis of Piezoelectric Laminated Composite Beams and Plates
DOI: http://dx.doi.org/10.5772/intechopen.89303



a function of external in-plane loads); {F(t)} is the in-plane load vector, {R} is
the normal load vector, {Qel} is the vector containing the nodal charges and
in-balance charges.

The element coefficient matrices are:

Ke
G

� � ¼ Ke
Gx

� �þ Ke
Gy

h i
þ Ke

Gxy

h i
, (65)

where

Ke
Gx

� � ¼
ð

Ae

N0
x N0

x

� �
N0

x

� �TdAe,

Ke
Gy

h i
¼

ð

Ae

N0
y N0

y

h i
N0

y

h iT
dAe,

Ke
Gxy

h i
¼

ð

Ae

N0
xy N0

x

� �
N0

y

h iT
dAe,

(66)

in which N0
x

� � ¼ ∂

∂x
N x, yð Þ½ �, N0

y

h i
¼ ∂

∂y
N x, yð Þ½ �, (67)

∂w
∂x

¼ ∂N
∂x

� �
qebb

� � ¼ N0
x

� �
qebb

� �
,
∂w
∂y

¼ ∂N
∂y

� �
qebb

� � ¼ N0
y

h i
qebb

� �
(68)

KG½ � ¼
X
ne

Ke
G

� �
(69)

4.2.3 Dynamic stability analysis

When the plate is subjected to in-plane loads only ({R} = {0}), the in-plane
stresses can lead to buckling, from Eqs. (63) and (64) the governing differential
equations of motion of the damped system may be written as:

Mss½ � €qss
� �þ Kss½ � qss

� � ¼ F tð Þf g,
Mbb½ � €qbb

� �þ CR½ � _qbb
� �þ Kbb½ � þ KG½ �ð Þ qbb

� �þ Kbϕ
� �

ϕf g ¼ 0f g,
Kϕb
� �

qbb
� �� Kϕϕ

� �
ϕf g ¼ Qelf g:

(70)

Eq. (70) is rewritten as:

Mss½ � €qss
� �þ Kss½ � qss

� � ¼ F tð Þf g,
Mbb½ � €qbb

� �þ CA½ � þ CR½ �ð Þ _qbb
� �þ K ∗½ � þ KG½ �ð Þ qbb

� � ¼ 0f g: (71)

The overall geometric stiffness matrix [KG] is defined as follows:

• In the case of only tensile or compression plates (w = 0): Solving Eq. (71) helps
us to present unknown displacement vector {qss}, and then stress vector:

σssf g ¼ As½ � Bs½ � qss
� �

, (72)

where [As] and [Bs] are the stiffness coefficient matrix and strain-displacement
matrix of the plane problem.

• In the case of bending plate (w 6¼ 0), the stress vector is:

σsbf g ¼ σssf g þ σbbf g,
σbbf g ¼ Ab½ � Bb½ � qbb

� �
,

(73)
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where [Ab] and [Bs] are the stiffness coefficient matrix and strain-displacement
matrix of the plane bending problem.

Stability criteria [14]:

• In the case of plate subjected to periodic in-plane loads and without damping,
the elastic stability problems become simple only by solving the linear
equations to determine the eigenvalues.

• In case of the plate under any in-plane dynamic load and with damping,
the elastic stability problems become very complex. This iterative
method can be proved effectively and the following dynamic stability criteria
are used:

◦ Plate is considered to be stable if the maximum bending deflection is three times
smaller than the plate’s thickness: Eq. (71) has the solution (wi)max satisfying
the condition 0≤ wij jmax < 3h, where wi is the deflection of the plate at node
number i.

◦ Plate is called to be in critical status if the maximum bending deflection of the
plate is three times equal to the plate’s thickness. Eq. (71) has the solution
(wi)max satisfying the condition wij jmax ¼ 3h.

◦ Plate is called to be at buckling if the maximum deflection of the plate is three
times larger than the plate’s thickness: Eq. (71) has the solution (wi)max

satisfying the condition wij jmax>3h.

The identification of critical forces is carried out by the iterative method.

4.2.4 Iterative algorithm

Step 1. Defining the matrices, the external load vector and errors of load
iterations.

Step 2. Solving Eq. (71) to present unknown displacement vector, {qss} and the
stress vector is defined by (72), updating the geometric stiffness matrix [KG].

Step 3. Solving Eq. (71) to present unknown bending displacement vector {qbb},
and then testing stability conditions.

� If for all wij j ¼ 0: increase load, recalculate from step 2;
� If at least one value wij j 6¼ 0:
+ In case: 0< wij jmax < 3h: Define stress vector by Eq. (73), update the geometric

stiffness matrix [KG]. Increase load, recalculate from step 2;

+ In case: 0≤ wij jmax�3hj j
wij jmax

≤ εD: Critical load p = pcr. End.

4.2.5 Numerical analysis

Stability analysis of piezoelectric composite plate with dimensions a � b � h,
where a = 0.25 m, b = 0.30 m, h = 0.002 m. Piezoelectric composite plate is
composed of three layers, in which two layers of piezoelectric PZT-5A at its top and
bottom are considered, each layer thickness hp = 0.00075 m; the middle layer
material is Graphite/Epoxy material, with thickness h1 = 0.0005 m. The material
properties for graphite/epoxy and PZT-5A are shown in Section 5.1 above. One
short edge of the plate is clamped, the other three edges are free. The in-plane half-

207

Static and Dynamic Analysis of Piezoelectric Laminated Composite Beams and Plates
DOI: http://dx.doi.org/10.5772/intechopen.89303



a function of external in-plane loads); {F(t)} is the in-plane load vector, {R} is
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4.2.3 Dynamic stability analysis

When the plate is subjected to in-plane loads only ({R} = {0}), the in-plane
stresses can lead to buckling, from Eqs. (63) and (64) the governing differential
equations of motion of the damped system may be written as:
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The overall geometric stiffness matrix [KG] is defined as follows:

• In the case of only tensile or compression plates (w = 0): Solving Eq. (71) helps
us to present unknown displacement vector {qss}, and then stress vector:

σssf g ¼ As½ � Bs½ � qss
� �

, (72)

where [As] and [Bs] are the stiffness coefficient matrix and strain-displacement
matrix of the plane problem.

• In the case of bending plate (w 6¼ 0), the stress vector is:

σsbf g ¼ σssf g þ σbbf g,
σbbf g ¼ Ab½ � Bb½ � qbb
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,

(73)
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where [Ab] and [Bs] are the stiffness coefficient matrix and strain-displacement
matrix of the plane bending problem.

Stability criteria [14]:

• In the case of plate subjected to periodic in-plane loads and without damping,
the elastic stability problems become simple only by solving the linear
equations to determine the eigenvalues.

• In case of the plate under any in-plane dynamic load and with damping,
the elastic stability problems become very complex. This iterative
method can be proved effectively and the following dynamic stability criteria
are used:

◦ Plate is considered to be stable if the maximum bending deflection is three times
smaller than the plate’s thickness: Eq. (71) has the solution (wi)max satisfying
the condition 0≤ wij jmax < 3h, where wi is the deflection of the plate at node
number i.

◦ Plate is called to be in critical status if the maximum bending deflection of the
plate is three times equal to the plate’s thickness. Eq. (71) has the solution
(wi)max satisfying the condition wij jmax ¼ 3h.

◦ Plate is called to be at buckling if the maximum deflection of the plate is three
times larger than the plate’s thickness: Eq. (71) has the solution (wi)max

satisfying the condition wij jmax>3h.

The identification of critical forces is carried out by the iterative method.

4.2.4 Iterative algorithm

Step 1. Defining the matrices, the external load vector and errors of load
iterations.

Step 2. Solving Eq. (71) to present unknown displacement vector, {qss} and the
stress vector is defined by (72), updating the geometric stiffness matrix [KG].

Step 3. Solving Eq. (71) to present unknown bending displacement vector {qbb},
and then testing stability conditions.

� If for all wij j ¼ 0: increase load, recalculate from step 2;
� If at least one value wij j 6¼ 0:
+ In case: 0< wij jmax < 3h: Define stress vector by Eq. (73), update the geometric

stiffness matrix [KG]. Increase load, recalculate from step 2;

+ In case: 0≤ wij jmax�3hj j
wij jmax

≤ εD: Critical load p = pcr. End.

4.2.5 Numerical analysis

Stability analysis of piezoelectric composite plate with dimensions a � b � h,
where a = 0.25 m, b = 0.30 m, h = 0.002 m. Piezoelectric composite plate is
composed of three layers, in which two layers of piezoelectric PZT-5A at its top and
bottom are considered, each layer thickness hp = 0.00075 m; the middle layer
material is Graphite/Epoxy material, with thickness h1 = 0.0005 m. The material
properties for graphite/epoxy and PZT-5A are shown in Section 5.1 above. One
short edge of the plate is clamped, the other three edges are free. The in-plane half-
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sine load is evenly distributed on the short edge of the plate: p(t) = p0sin(2πft),
where p0 is the amplitude of load, f = 1/T = 1/0.01 = 100 Hz (0 ≤ t ≤ T/2 = 0.005 s)
is the excitation frequency, voltage applied V = 50 V. The iterative error of the load
εD = 0.02% is chosen.

Consider two cases: with damping (ξ = 0.05, Gv = 0.5, Gd = 15) and without
damping (ξ = 0.0, Gv = 0.0, Gd = 15). The response of vertical displacement at the
plate centroid over the plate thickness for the two cases is shown in Figure 6.

The results show that the critical load of the plate with damping is larger than
that without damping. In the two cases above, the critical load rises by 6.8%.

Analyze the stability of the plate with damping when a voltage of �200, �150,
�100, �50, 0, 50, 100, 150 and 200 V is applied to the actuator layer of the
piezoelectric composite plate.

Figure 6.
Vertical displacement response at the plate centroid over the plate thickness.

Figure 7.
Vertical displacement response at the plate centroid over the plate thickness.
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Figure 7 shows the time history of the vertical displacement at the plate centroid
over the plate thickness when a voltage of 0, 50, 100, 150 and 200 V is applied. The
relation between critical load and voltages is shown in Figure 8.

The results show that the voltage applied to the piezoelectric layers affects the
stability of the plate. As the voltage increases, the critical load of the plate also
increases.

When the amplitude of the load changes from 0.25pcr to 1.5pcr (where pcr is the
amplitude of the critical load), a voltage of 50 V is applied to the actuator layer of
the plate.

The results show the time history response of the vertical displacement at the
plate centroid over the plate thickness as seen in Figure 9.

Figure 8.
Critical load-voltage relation.

Figure 9.
Time history of the vertical displacement at the plate centroid over the plate thickness when p0 = 0.25pcr, 0.5pcr,
0.75pcr, 1.0pcr, 1.25pcr, and 1.5pcr.
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Figure 7 shows the time history of the vertical displacement at the plate centroid
over the plate thickness when a voltage of 0, 50, 100, 150 and 200 V is applied. The
relation between critical load and voltages is shown in Figure 8.

The results show that the voltage applied to the piezoelectric layers affects the
stability of the plate. As the voltage increases, the critical load of the plate also
increases.

When the amplitude of the load changes from 0.25pcr to 1.5pcr (where pcr is the
amplitude of the critical load), a voltage of 50 V is applied to the actuator layer of
the plate.

The results show the time history response of the vertical displacement at the
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Figure 9.
Time history of the vertical displacement at the plate centroid over the plate thickness when p0 = 0.25pcr, 0.5pcr,
0.75pcr, 1.0pcr, 1.25pcr, and 1.5pcr.
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4.3 Dynamic analysis of piezoelectric stiffened composite plates subjected to
airflow

Consider isoparametric piezoelectric laminated stiffened plate with the general
coordinate system (x, y, z), in which the x, y plane coincides with the neutral plane
of the plate. The top surface and lower surface of the plate are bonded to the
piezoelectric patches (actuator and sensor). The plate subjected to the airflow load
acting (Figure 10).

The dynamic equations of a finite smart composite plate are written as follows:
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4.3.1 Formulation of Stiffener:

4.3.1.1 Formulation of x-Stiffener

Uxs x, zð Þ ¼ u0 xð Þ þ zθxs xð Þ,
Wxs x, zð Þ ¼ wxs xð Þ: (75)

where x-axis is taken along the stiffener centerline and the z-axis is its upward
normal. The plate and stiffener element shown in Figure 11.

If we consider that the x-stiffener is attached to the lower side of the plate,
conditions of displacement compatibility along their line of connection can be
written as:

up
��
z¼�tp=2

¼ uxsjz¼txs=2, θxp
��
z¼�tp=2

¼ θxsjz¼txs=2,wp
��
z¼�tp=2

¼ wxsjz¼txs=2, (76)

where tp is the plate thickness and txs is the x-stiffener depth.
The element stiffness and mass matrices are defined as follows [2, 15]:

Kxs½ �e ¼
ð

le

Bxs½ �T Dxs½ � Bxs½ �dx, (77)

Figure 10.
Smart stiffened plate subjected to airflow. (a) Smart stiffened plate and coordinate system and (b) Lamina details.
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Mxs½ �e ¼
ð

Ae

P Nu0½ �T Nu0½ � þ Nw½ �T Nw½ �
� �

þ Iy Nθx½ �T Nθx½ �
� �h i

dA, (78)

with [Bxs] is the strain-displacement relations matrix, [Dxs] is the stress-strain
relations matrix and le is the element length, Nu0½ �, Nw½ � and Nθx½ � are the shape
function matrices relating the primary variables u0, w, x, in terms of nodal

unknowns, Iy is the areamoment of inertia related to the y-axis and P ¼ Pn
k¼1

Ðhk
hk�1

ρkdz,

with ρk is density of kth layer.

4.3.1.2 Formulation of y-Stiffener

The same as for x-stiffener, the element stiffness and mass matrices of the y-
stiffener are defined as follows:

Kys
� �

e ¼
ð

le
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� �
Bys
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dy, (79)

Mys
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þ Ix Nθy

h iT
Nθy

h i� �� �
dA, (80)

4.3.2 Modeling the effect of aerodynamic pressure and motion equations of the smart
composite plate-stiffeners element

Based on the first order theory, the aerodynamic pressure lh and momentmθ, can
be described as [15–17]:

lw ¼ 1
2
ρa U cos αð Þ2B kH ∗

1
_w

U cos α
þ kH ∗

2
B _θ

U cos α
þ k2H ∗

3 θ

� �
þ 1
2
Cpρa U sin αð Þ2,

mθ ¼ 1
2
ρa U cos αð Þ2B2 kA ∗

1
_w

U cos α
þ kA ∗

2
B _θ

U cos α
þ k2A ∗

3 θ

� �
,

(81)

where k ¼ bω=U is defined as the reduced frequency, ω is the circular frequency
of oscillation of the airfoil, U is the wind velocity, B is the half-chord length of the
airfoil or half-width of the plate, ρa is the air density and α is the angle of attack.

Figure 11.
Modeling of plate and stiffener element.
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The functions A ∗
i Kð Þ,H ∗

i Kð Þare defined as follows:
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� �
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1 Kð Þ ¼ π

4k
F kð Þ,
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2 Kð Þ ¼ � π

16k
1� F kð Þ � 2G kð Þ

k

� �
,A ∗

3 Kð Þ ¼ π

8k2
k2

8
þ F kð Þ � kG kð Þ

2

" #
,

(82)

where F(k) and G(k) are defined as:

F kð Þ ¼ 0:500502k3 þ 0:512607k2 þ 0:2104kþ 0:021573

k3 þ 1:035378k2 þ 0:251293kþ 0:021508
,

G kð Þ ¼ �0:000146k3 þ 0:122397k2 þ 0:327214kþ 0:001995

k3 þ 2:481481k2 þ 0:93453kþ 0:089318
:

(83)

Using finite element method, aerodynamic force vector can be described as:

ff gaire ¼ � Kair� �
e uf ge � Cair� �

e _uf ge þ ff gne , (84)

with Kair� �
e, Cair� �

e and ff gne are the aerodynamic stiffness, damping matrices
and lift force vector, respectively

Kair
e

� � ¼ ρa U cos αð Þ2Bk2
ð

Ae

H ∗
3 kð Þ Nw½ �T Nθx½ � þ BA ∗

3 kð Þ ∂Nθy

∂x

� �T
Nθx½ �

" #
dA, (85)

Cair
e

� � ¼ ρa Ucosαð ÞBk

Ð
Ae

H ∗
1 kð Þ Nw½ �T Nw½ � þ BH ∗

2 kð Þ Nw½ �T Nθx½ �dA
� �

þ Ð
Ae

BA ∗
1 kð Þ ∂Nθy

∂x

h iT
Nw½ � þ B2A ∗

2 kð Þ ∂Nθy

∂x

h iT
Nθx½ �dA

� �

2
6664

3
7775,

(86)

ff gne ¼ Cpρa U sin αð Þ2
ð

Ae

Nw½ �TdA, (87)

where Ae is the element area, [Nw], [Nθ] are the shape functions.
From Eqs. (74) and (84), the governing equations of motion of the smart

composite plate-stiffeners element subjected to an aerodynamic force without
damping can be derived as:

M ∗½ �e €uf ge þ CA½ �e _uf ge þ K ∗½ �e þ KA½ �e þ Kair� �
e

� �
uf ge ¼ f ∗f gme , (88)

where M ∗½ �e ¼ M½ �e þ Mxs½ �e þ Mys
� �

e, K ∗½ �e ¼ Kln
bb

� �
e þ Knl

bb

� �
e þ Kxs½ �e þ Kys

� �
e,

f ∗f gme ¼ ff gme þ ff gne .

4.3.3 Governing differential equations for total system

Finally, the elemental equations of motion are assembled to obtain the open-loop
global equation of motion of the overall stiffened composite plate with the PZT
patches as follows:
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M ∗½ � €uf g þ CR½ � þ CA½ �ð Þ _uf g þ K ∗½ � þ KA½ � þ Kair� �� �
uf g ¼ f ∗f gm, (89)

where CR½ � ¼ αR Mbb½ � þ βR Kln
bb

� �þ Knl
bb

� �� �
.

The solution of nonlinear Eq. (89) is carried out by using Newmark direct and
Newton-Raphson iteration method.

4.3.4 Numerical applications

A rectangle cantilever laminated composite plate is assumed to be [0°/90°]s with
total thickness 4 mm, length of 600 mm and width of 400 mm with three stiffeners
along each direction x and y. The geometrical dimension of the stiffener is 5 mm
of high and 10 mm of width. The plate and stiffeners are made of graphite/epoxy
with mechanical properties: E11 = 181 GPa, E22 = E33 = 10.3 GPa, E12 = 7.17 GPa,
ν12 = 0.35, ν23 = ν32 = 0.38, ρ = 1600 kg�m�3. Material properties for piezoelectric
layer made of PZT-5A are: d31 = d32 = �171 � 10�12 m/V, d33 = 374 � 10�12 m/V,
d15 = d24 = �584 � 10�12 m/V, G12 = 7.17 GPa, G23 = 2.87 GPa, G32 = 7.17 GPa,
νPZT = 0.3, ρPZT = 7600 kg�m�3 and thickness tPZT = 0.15876 mm, ξ = 0.05, Gv = 0.5,
Gd = 15. The effects of the excitation frequency and location of the actuators are
presented through a parametric study to examine the vibration shape of the com-
posite plate activated by the surface bonded piezoelectric actuators. The iterative

Figure 12.
History of the plate at a critical airflow velocity Ucr = 30.5 m/s. (a) Displacement response and
(b) Piezoelectric voltage response.
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History of the plate at a critical airflow velocity Ucr = 30.5 m/s. (a) Displacement response and
(b) Piezoelectric voltage response.
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error of the load εD = 0.02% is chosen. The piezoelectric stiffened composite plate
is subjected to the airflow in the positive x direction as shown in Figure 10a.

Dynamic response of the piezoelectric stiffened composite plate is shown
in Figure 12.
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