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Abstract  

Lead zirconate (PbZrO3 or PZ)-based antiferroelectric (AFE) materials, as a group of important 

electronic materials, have attracted increasing attention for their potential applications in high energy 

storage capacitors, micro-actuators, pyroelectric security sensors, cooling devices, and pulsed power 

generators and so on, because of their novel external electric field-induced phase switching behavior 

between AFE state and ferroelectric (FE) state. The performances of AFE materials are strongly 

dependent on the phase transformation process, which are mainly determined by the constitutions and 

the external field. For AFE thin/thick films, the electrical properties are also strongly dependent on 

their thickness, crystal orientation and the characteristics of electrode materials. Accordingly, various 

strategies have been employed to tailor the phase transformation behavior of AFE materials in order to 

improve their performances. Due to their relatively poor electrical strength (low breakdown fields), 

most PZ-based orthorhombic AFE ceramics are broken down before a critical switching field can be 

applied. As a consequence, the electric-field-induced transition between AFE and FE phase of only 

those AFE bulk ceramics, with compositions within tetragonal region near the AFE/FE morphotropic 

phase boundary (MPB), can be realized experimentally at room temperature. AFE materials with such 

compositions include (Pb,A)ZrO3 (A=Ba, Sr), (Pb1-3/2xLax)(Zr1-yTiy)O3 (PLZT x/(1-y)/y), 

(Pb0.97La0.02)(Zr,Sn,Ti)O3 (PLZST) and Pb0.99(Zr,Sn,Ti)0.98Nb0.02O3 (PNZST). As compared to bulk 

ceramics, AFE thin and thick films always display better electric-field endurance ability. Consequently, 

room temperature electric-field-induced AFE-FE phase transition could be observed in the AFE 

thin/thick films with orthorhombic structures. Moreover, AFE films are more easily integrated with 
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silicon technologies. Therefore, AFE thin/thick films have been a subject of numerous researches. This 

review serves to summarize the recent progress of PZ-based AFE materials, focusing on the external 

field (electric field, hydrostatic pressure and temperature) dependences of the AFE-FE phase transition, 

with a specific attention to the performances of AFE films for various potential applications, such as 

high energy storage, electric field induced strains, pyroelectric effect and electrocaloric effect.  

 

Keywords: Antiferroelectric, ferroelectric, lead zirconate, ceramics, thin films, structure, phase 

transformation, dielectric constant, dielectric loss, polarization, ferroelectric fatigue, energy storage, 

electric field induced strain, pyroelectric effect, electocalaric effect 
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Nomenclature 

AFE antiferroelectric 

FE ferroelectric 

AFEs antiferroelectrics 

FEs ferroelectrics 

PE paraelectric 

MPB morphotropic phase boundary 

DC direct current 

PZ lead zirconate PbZrO3 (=PZO) 

PZT lead zirconate titanate Pb(Zr1-yTiy)O3 

PLZT lead lanthanum zirconate titanate (Pb1-3/2xLax)(Zr1-yTiy)O3 

PLZST lead lanthanum zirconate stannate titanate (Pb,La)(Zr,Sn,Ti)O3 

PNZST lead niobium zirconate stannate titanate Pb(Zr,Sn,Ti)NbO3 

EF the forward phase switching field from antiferroelectric to ferroelectric 

EA the backward switching field from ferroelectric to antiferroelectric 

To Curie-Weiss temperature 

aRh lattice parameter of ferroelectric rhombohedral phase 

aTet lattice parameter of antiferroelectric tetragonal primitive 

MSS molten salt synthesis 

HPS hot pressing sintering 

SPS spark plasma sintering 

CSD chemical solution deposition 

HTO hydrothermal oxidation 

PLD pulsed laser deposition 

IBAD ion beam assisted deposition 

EDS Energy-dispersive spectroscopy 

XRD X-ray diffraction 

SEM scanning electron microscopy 

AFEo Orthorhombic antiferroelectric 

AFET tetragonal antiferroelectric 

ΔG Gibbs free energy 

TA-F the transition temperature from antiferroelectric to ferroelectric phase 

TF-P the transition temperature from ferroelectric to paraelectric phase 

TF-A the transition temperature from ferroelectric to antiferroelectric phase 

TA-P the transition temperature from antiferroelectric to paraelectric phase 

ωT the soft-mode frequency 

FER rhombohedral ferroelectric 

FET tetragonal ferroelectric 

RFE relaxor ferroelectric 

FER(LT) low temperature rhombohedral ferroelectric  

FER(HT) high temperature rhombohedral ferroelectric 

PT lead titanate PbTiO3 (=PTO) 

LDs linear dielectrics 

EC electrocaloric effect 
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1. Introduction 

1.1. Antiferroelectrics 

To understand the definition of antiferroelectrics (AFEs), it is necessary to mention 

ferroelectrics (FEs), because they have a close relationship in terms of depolarization process. In FE 

materials, the adjacent diploes in one domain share the same polarization orientation, and orientation 

of the diploes can be aligned by an external DC electric field [1]. Therefore, materials that can be 

defined as FEs must have two characteristics: (i) the presence of spontaneous polarization and (ii) the 

reversibility of the polarization by external electric field. For illustration, Fig. 1 shows a diagram of 

polarization process of FEs. Based on these facts, it can be concluded that polarization in 

polycrystalline FE materials can be increased by the application of external DC electric-fields, which 

thus behave in a similar way to single crystal FEs at saturated polarization state. As a result, the 

electric-field dependence of polarization (P-E) of FEs is a single hysteresis loop, as shown in Fig. 2.  

Differently, in AFE materials, the adjacent diploes are aligned in opposite orientation. In this 

case, a sufficiently high DC electric-field is required to align the polarization orientation of diploes so 

as to realize an FE state. This is called electric-field-induced phase switching. The phase switching 

behavior indicates that the difference in free energy between AFE and FE phase is small. Therefore, 

AFEs materials are those that have spontaneous polarizations with adjacent diploes being opposite, 

which can be aligned by a sufficiently high DC electric-field [2]. Thus, similar to FEs, AFEs also 

possess two distinct features. On the one hand, the net macroscopic remanent polarization is zero; on 

the other hand, P-E curves at a sufficiently high electric field display double hysteresis loops. Fig. 3 

and Fig. 4 show the polarization characteristics and a P-E loop of AFEs, respectively. The forward 

phase switching field (EF) and the backward switching field (EA) can be estimated by extrapolating the 

two steepest sections of the hysteresis loop and obtaining their intersections with the horizontal axis. 

The field-induced FE phase is not stable usually, which could be back to AFE state due to the change 

of electric field, temperature and/or pressure.  

AFEs have several subcategories, such as perovskite group [3], pyrochlore group [3, 4], liquid 

crystal [5], and so on. Among these AFEs, the perovskite group is the most important one. Perovskite 

is usually expressed as ABO3. A typical ABO3 united-cell structure is shown in Fig. 5. It consists of a 

corner-linked network of oxygen octahedra, creating an octahedral cage (B-site) and interstices 

(A-site).  
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Up to now, it has been recognized that PbZrO3, PbHfO3 and NaNbO3 are AFEs with perovskite 

structure at room temperature [6, 7]. Among them, PbZrO3 has been the most extensively studied 

because of its better phase transition-induced properties. In PbZrO3, Pb
2+

 ions occupy the A-site while 

Zr
4+

 ions occupy the B-site. It belongs to orthorhombic structure at room temperature, with lattice 

constants of a=5.78 Å, b=11.74 Å, and c=8.20 Å. Each orthorhombic unit cell contains eight primitive 

cells, which have a tetragonal structure with lattice constants of a0=b0=4.15 Å and c0=4.10 Å [8]. 

It has been demonstrated that the AFE effect of PbZrO3 is originated from the antiparallel 

displacement of Pb
2+

 ions in the plane perpendicular to the c axis in orthorhombic unit cell, as shown 

in Fig. 6 [8]. The rectangle area in the diagram represents the a-b plane of the unit cell. The 

displacement was calculated to be about 0.2 Å. Thus, the anti-polar direction of lead-based 

orthorhombic AFEs is along the pseudocubic <110> plane, while the polar direction of parallel dipoles 

is along <111> of rhombohedral structure in FEs state. In this respect, the final properties of AFE 

materials could be tailored through proper control of the growth orientation. For example, AFE 

materials along <111> direction are expected to have larger field-induced strains and smaller critical 

phase switching fields.  

Recently, an extremely weak FE effect was observed in PbZrO3 by Dai et al [9] and Ayyub et al 

[10]. It was confirmed by Jona and co-authors that, besides Pb
2+

 ions along the <110> direction are 

antiparallel shift, O
2-

 ions along the <001> direction are also antiparallel shift [11]. However, the 

antiparallel shift of O
2-

 ions was unbalanced in contrast to Pb
2+

 ions. Basing on this fact, it could be 

obtained in theory that AFE state in PZ only existed in the a-b plane and that FE properties should also 

be detectable along the <001> direction. This conclusion has been proved by the experimental results 

[12]. Mixtured AFE and FE phases have also been observed in PZ films [13, 14]. 

1.2. The history of discovery of antiferroelectrics  

As compared to that of FEs, the history of AFEs is very short. Generally, it is believed that the 

discovery of Rochelle salt (sodium potassium tartrate tetrahydrate, NaKC4H4O6·4H2O) in 1665 was 

marked as the starting point of study on FEs [15]. However, the formal definition of AFEs was only 

proposed by Kittel in 1951 [16]. It was predicted that AFE state would not be piezoelectrics, as it has a 

center of symmetry. It is well known that a large piezoelectric effect is usually found in the FE state 

without a center of symmetry. In the same year, the first AFEs, PbZrO3, was reported by Sawaguchi [8, 

17]. In that study, electric-field-induced phase transition between AFE and FE of PbZrO3 bulk 
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ceramics was only observed at higher temperatures (above 210
o
C), but not at room temperature. It is 

because the critical field for the phase transition from AFE to FE was higher than its breakdown field. 

In order to decrease the critical phase transition fields of PbZrO3 ceramics, Shirane used Ba
2+

 and Sr
2+

 

to partically substitute Pb
2+

 [18]. It was found that Ba
2+

 doping decreased the stability of AFE phase, 

whereas Sr
2+

 showed a reverse effect. Thereafter, in 1960s, in order to further investigate 

PbZrO3-based AFE ceramics and obtain stable double P-E loops at room temperature, a lot of efforts 

had been made to reduce the critical field by chemical substitution. The most widely used doping irons 

are La
3+

, Ba
2+

, Ca
2+

 and Sr
2+

 at A site and Sn
4+

, Ti
4+

 and Nb
5+

 at B site [18-22].  

Among various examples, (Pb,La)(Zr,Sn,Ti)O3 (PLZST) and Pb(Zr,Sn,Ti)NbO3 (PNZST) 

appeared to be the most promising AFEs. Phase diagrams of (Pb0.97La0.02)(Zr,Sn,Ti)O3 and 

Pb0.99(Zr,Sn,Ti)0.98Nb0.02O3 were firstly constructed by Jaffe and Berlincourt [23]. It was found that 

AFEs with orthorhombic and tetragonal structures could be obtained through compositional 

optimization. It was reported that Ti addition enhanced FE properties, while Sn doping increased AFE 

properties. As a result, electric-field induced phase switching between AFE and FE was realized at 

room temperature when the PbZrO3-based AFEs had tetragonal structure. Subsequently, field-induced 

strains and energy storage performances of AFEs were studied. However, due to the same reason, 

phase transition process of PbZrO3-based AFE ceramics with orthorhombic structure was still not 

realized at room temperature.  

In 1990s, with the development of new processing techniques, thin and thick films could be 

fabricated easily. As compared to those of bulk ceramics, electric-field endurances of AFE films were 

significantly improved due to their higher density and more uniform microstructure. At the same time, 

the operating voltages were reduced remarkably. Subsequently, it became possible to observe 

electric-field-induced phase transition of PbZrO3-based AFEs with orthorhombic structure by using 

films. For example, AFE-FE phase transition was successfully observed in PbZrO3 and 

(Pb0.95Sr0.05)ZrO3 thin films [24-27]. The broader phase region of the AFE films has practical 

significance because orthorhombic phase has lager induced strains and higher energy storage density 

than tetragonal phase. Hence, the research on PbZrO3-based AFEs has been focused on thin and thick 

films.  

1.3. Basic properties of antiferroelectrics 

1.3.1. Field and temperature dependences of dielectric properties 
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AFEs have high dielectric constant of 50-5000, which is lower than that of FEs. Dielectric loss 

tangents of AFEs are usually ranging from 0.5% to 10%. Under circular function of external DC 

electric-field, dielectric constant of AFEs (C-V curves) displays a double buffer-fly shape, as shown in 

Fig. 7. As the electric-field increasing from 0 to maximum values, dielectric constant of AFEs 

increases firstly, and reaches the first peak value at A (A’) and then decreases gradually. The phase 

switching from AFE to FE state at A (A’) point is finished and the corresponding electric-field is called 

critical forward phase field EF. Similarly, as electric-field is decreased from maximum values to 0, 

dielectric constant also increases firstly and then declines. A second peak value at B (B’) point is 

obtained in this course, which denotes the phase transformation from FE to AFE state. It is called 

critical backward phase field EA.  

According to Park et al [28], the phase switching process of AFEs could be divided into six 

stages, as clearly demonstrated in Fig. 8. At stage 1 (from a to b), random arranged AFE domains are 

re-aligned at a lower electric-field; while at stage 2 (from b to c), re-aligned AFE domains are 

transformed into FE state at the critical forward phase switching field. With further increasing electric 

field, it comes to stage 3 (from c to d), at which the polarization orientation of the induced FE domains 

was rearranged. At stage 4 (from d to e), piezoelectric effect in the induced FE state appears at the 

even higher electric-field. At stage 5 (from e to f), the induced FE is back to re-aligned FE state after 

the release of electric-field; At stage 6 (from f to a), the re-aligned AFE returns to the initial random 

arranged AFE state after annealed above its Curie temperature.  

AFEs also possess similar distinct temperature-dependent characters as FEs in three aspects [16, 

17]. Firstly, AFE could only be present in certain temperature range, namely, AFE properties are 

disappeared when temperatures are above a critical value, which also is defined as Curie temperature 

(TC). Secondly, with increasing temperature, dielectric constant firstly increases and then declines, and 

at TC dielectric constant reaches the maximum value. Thirdly, above TC, the relationship of dielectric 

constant and temperature obeys the Curie-Weiss law:  

o

rr
TT

C


 )()0(  ,            (1) 

where,  0r  and  r  are the low frequency dielectric constant and optical dielectric 

constant, respectively; C is Curie-Weiss constant and To is Curie-Weiss temperature.  
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1.3.2. AFE-FE phase switching-induced crystal structure change 

One of the distinct characteristics of AFE materials is their crystal structure change due to the 

phase transition from AFE to FE state. At sufficiently high electric-fields, orthorhombic or tetragonal 

AFE phases are changed into rhombohedral FE phase. Taking tetragonal AFEs as example, Fig. 9 

shows the structures of a primitive cell in AFE and FE states [29]. Clearly, the lattice parameter (aRh) 

of FE rhombohedral phase is slightly smaller than that (aTet) of AFE tetragonal primitive cell, while cRh 

is obviously larger than cTet. As a result, the overall volume of a randomly orientated polycrystalline 

ceramics is expanded as the phase is switched from AFE to FE state, which is accompanied by a 

considerable field-induced strain. It has been reported that PLZST AFE ceramics can provide a strain 

of as high as 0.87% [30], which is much larger than the highest value of about 0.1% obtained in FE 

ceramics. Generally, field-induced strains with levels of 0.3-0.5% can be easily achieved reproducibly 

in AFE ceramics and films [29, 31, 32].  

1.3.3. Phase switching induced currents  

Phase switching induced current is another important characteristic of AFE materials. Fig. 10 

illustrates a representative current-field (I-E) curve of AFE films [33]. Clearly, there is a sharp 

increase in current during the phase transition between AFE and FE state. Four obvious peaks are 

observed. The abnormal increase in current is caused by the turning of the diploes. For the AFE-FE 

transition, all anti-parallel planed diploes in a short time are induced to re-orient along the external 

field direction when the applied field just reaches the threshold values, thus leading to an 

instantaneous huge current. Similarly, for the FE-AFE transition, the induced re-oriented diploes are 

back to original anti-parallel planed state immediately at an applied field just below the critical field. It 

is noted that the field-induced phase switching process (such as critical field) could be changed due to 

the variation of temperature, thus that the corresponding I-E curves could also be tailored.  

1.3.4. Temperature and pressure induced FE-AFE phase switching  

Generally, lead based AFE materials can be divided into two subcategories, according their 

stability of the induced FE state. If the induced FE state can be back to original AFE phase after the 

remove of applied field, it is named “hard” AFE. If the induced FE state is remained when the applied 

field is removed, it is called “soft” AFE. However, the induced “soft” FE state is not stable, which can 

return to AFE state at high temperatures and/or pressures. For instance, the AFE state can be recovered 

as the materials with induced FE are heated above their Curie temperatures. More interestingly, 
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induced FE in a material could also be back to AFE state by applying a sufficiently high pressure [34]. 

In this case, huge induced current and voltage are produced during the FE-AFE phase switching. Fig. 

11 illustrates a charge release curve of PLZST ceramics caused by a pressure induced FE-AFE phase 

transition [35]. The high electrical power released in a very short duration of time makes AFE 

materials promising candidates for applications as explosive electrical transducers. 

1.4. Scope of this review  

In recent years, AFE materials have been extensively investigated and quite a number of papers 

have been published in the open literature. However, the state-of-the-art of AFE materials is still not 

available up to now [36]. As compared to bulk ceramics, AFE thin and thick films are more suitable 

for practical applications because of their lower operating voltages and easy integration with silicon 

technologies. Therefore, in this paper we will review the recent progress of AFE materials, with more 

attention paid to AFE films. Besides, potential applications of AFE materials will be discussed to show 

the significance of the materials.  

2. Fabrications of PZ-based AFE ceramics and films  

2.1. Fabrications of PZ-based AFE ceramics  

It is well known that the final electrical properties of ceramics with given chemical compositions 

are mainly affected by their microstructure, such as density, uniformity and grain size, and so on. 

Meanwhile, the electrical performances for lead-contained materials are also strongly influenced by 

loss of lead during the preparation procedures. Therefore, selecting a proper fabrication method is an 

efficient way to optimize the properties of lead-containing ceramics. A summary of the recent 

development on the fabrication of PZ-based AFE ceramics is presented as follows.  

2.1.1. Solid-state reaction method  

Solid-state reaction route is the conventional way to prepare bulk ceramics and quite a few of 

papers on AFE ceramics have been reported [17, 18, 37-41]. In this method, binary oxides, such as 

PbO and ZrO2, with high purity are used as raw materials. Sometimes, carbonate and nitrate are also 

selected as the precursors. The first step is to mix the starting materials by employing bill-milling. In 

order to compensate the lead loss during heat treatment, excessive lead source (usually 1%) is added. 

Then the milled powders were calcinated at 800-900
o
C to form the desired perovskite phase. After that, 

the calcinations are re-bill-milled to obtain highly reactive powders. Thirdly, the powders are pressed 

with the help of organic reagents (such as PVB and PVA). Finally, the green samples are sintered at 
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higher temperature (1250-1350
o
C) in a lead environment. In this way, the density of the obtained AFE 

ceramics is usually about 95%-98% and the grain size is about several micrometers. 

Just as mentioned above, lead volatilization during annealing process has a serious effect on the 

properties of lead-based materials. Addition of proper excess of lead is a useful way to improve their 

final electric properties. The effects of PbO content, from 4 mol% deficiency to 4 mol% excess, on the 

sintering behavior, microstructure, and properties of PLZST [(Pb0.97+xLa0.02)(Zr0.66Sn0.25Ti0.09)O3+x] 

AFE ceramics, was reported by Zhou et al [38, 41]. As shown in Fig. 12, the density of the ceramics 

was evidently dependent on the lead content and the sample with 1 mol% excessive lead had the 

highest density. This result could be understood with the help of the microstructures of the PLZST 

AFE ceramics. As shown in Fig. 13, the PbO-deficient sample underwent almost no liquid-phase 

sintering, where small pores with larger porosity were the consequence of solid-state sintering. On the 

other hand, the large pores, which were formed in the sample containing too much excess PbO, might 

have been caused by the non-uniform distribution of the PbO-rich liquid and its flow into fine 

capillaries of the matrix.  

2.1.2. Wet-chemistry methods 

Wet-chemistry methods have also been widely employed to fabricate lead-containing AFE 

ceramics. Compared to solid-state reaction method, chemical methods possess at least two advantages. 

On the one hand, powders synthesized from wet-chemistry process have smaller grain sizes and higher 

reactivity, which in turn lead to the ceramics to be sintered at lower temperatures; on the other hand, 

chemical constitutes of powders are homogenous at the atomic level, which could avoid the structural 

fluctuation of the ceramics prepared by solid-state reaction technique. There have been several reports 

on the synthesis of AFE powders by using wet-chemistry methods, including chemical precipitation 

and sol-gel technique. In chemical methods, the starting materials are often nitrate, chloride and 

acetate [42-45].  

Xue et al synthesized AFE Pb0.98La0.02(Zr0.66Sn0.27Ti0.07)O3 powder via an aqueous solution of 

lactic acid [42]. AFE ceramics with good dielectric performances were obtained by sintering the 

powder at 1100
o
C. Similar AFE ceramics derived from sol-gel powder were reported after annealing at 

1200
o
C by Zhai et al [43]. A two-step wet chemical method was used by Chen et al to synthesize 

PLZST ceramics with various chemical compositions [44, 45]. It was reported that grain sizes of the 

AFE ceramics could be easily controlled by using different sintering temperature. Fig. 14 shows SEM 
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images of fractured surfaces of the Pb0.98La0.02(Zr0.65Sn0.25Ti0.10)O3 ceramics annealed at 1000
o
C, 

1050
o
C, 1100

o
C, 1150

o
C, 1200

o
C and 1250

o
C [45]. Clearly, with increasing sintering temperature, the 

grain size was increased gradually. At the same time, the fracture characteristics of the samples 

changed from intergranular to transgranular. Temperature dependences of dielectric constant showed 

that the Curie point shifted from 190.9 to 196.4 
o
C as the average grain size increased from 2 to 9 μm, 

which was related to the variation of the confined elastic strain energy of the grains. However, the 

maximum values of dielectric constant and the field-induced longitudinal strain were observed in the 

sample with an average grain size of 5 μm. This means that the final performance of AFE ceramics 

could be optimized by properly controlling their grain sizes.  

2.1.3. High-energy ball milling method 

High-energy ball milling method, as a sub-diversion of mechanical activation synthesis (MAS) 

route, is a technique to synthesize nano-sized powders of alloys and intermetallic compounds. It has 

been newly developed for low-temperature production of bulk ceramics [46]. The most signification 

characteristic of this technique is that the reaction from oxide mixture to a designed compound is 

activated by mechanical energy instead of heat energy, as in the conventional solid-state reaction 

process. As compared with the conventional solid-state reaction and the wet-chemistry-based process 

routes, the high-energy ball milling process has several advantages [47]. Firstly, it uses low-cost and 

widely available oxides as the starting materials and skips the calcination step at intermediate 

temperatures, leading to a greatly simplified process. Secondly, no heat source is required and it takes 

place at a temperature close the room temperature in a sealed container, thus effectively alleviating the 

loss of lead. Furthermore, the mechanically derived powders possess higher sinterability than those 

synthesized through the conventional solid-state reaction and most of the wet-chemical processes.  

Fabrication of PbZrO3-based AFE ceramics by using high-energy ball milling route was first 

reported by Kong et al [48]. It was found that PbZrO3 particles with sizes of about 20 nm were directly 

synthesized by high energy milling the mixture of PbO (10 wt% excess) and ZrO2 for 24 h with a 

Fristsch Pulverisette 5 planetary milling system in air at room temperature. As shown in Fig. 15, the 

mixture of PbO and ZrO2 was crystallized into perovskite PbZrO3 phase. By using the obtained 

powder, almost fully dense PbZrO3 ceramic with an average grain size of about 1 µm and a relative 

density of about 96% was achieved after sintering at 900
o
C. Obviously, the sintering temperature is 

much lower than that required by the conventional solid-state reaction process. Subsequently, AFE 
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ceramics with more complicated compositions, such as PLZT, PLZST and PNZST, were also 

fabricated by using the high-energy ball milling route [49, 50]. The results indicated that AFE 

ceramics sintered at 1100 
o
C had good electrical properties.  

2.1.4. Molten salt method 

Molten salt synthesis (MSS) is one of the simplest ways for obtaining complex compounds, in 

which oxides starting materials are reacted in the molten salt medium at moderate low temperatures 

[51-55]. The often used salt eutectic mixtures include NaCl-KCl, KF-KCl, KNO3-NaNO3 and 

Li2SO4-Na2SO4, with a mole rate at their low co-molten point. MSS has three main advantages. Firstly, 

the preparation temperature is fairly low and comparable with that of wet-chemistry methods. 

Secondly, the starting materials used in solid-state reaction method can be used in this method too and 

the solution of the molten salts can be used repeatedly, so the cost is low. Thirdly, the final powders 

could be nanosized by proper control over the reaction parameters such as temperature and time, 

which is helpful to decrease the sintering temperature of the ceramics. Several complex ferroelectric 

materials with perovskite structure, like Ba(Zr,Ti)O3, (Pb,Mg)O3, (Pb,Mg)O3-PbTiO3, and (Ba,Sr)TiO3, 

etc., have been synthesized by MSS method. In 2006, PLZST AFE powders were prepared by using 

salt molten method and subsequently dense ceramics with a relative density of 98% were successfully 

obtained at 1150 
o
C [51].  

2.1.5. Other methods 

Besides the synthesis methods mentioned above, there are other novel sintering techniques (such 

as hot press sintering and spark plasma sintering) that have been used to obtain dense AFE ceramics at 

relatively low sintering temperatures. Hot pressing sintering (HPS) is a popular technique to enhance 

the densification of ceramics in order to improve their electrical properties. This method was first 

employed by Markowski et al to fabricate AFE ceramics in 1996 [37]. PLZST ceramics with a relative 

density of 98% were fabricated by hot isostatic pressing at 20 MPa for 2 h. The AFE ceramics 

prepared in this way displayed good dielectric performances. Spark plasma sintering (SPS) is a rapid 

consolidation processing method for the fabrication of bulk materials by using microscopic electrical 

discharge between particles under pressures. In this case, a powder compact could be sintered to high 

density at relatively low temperatures within a much short time of a few minutes, compared to the 

conventional sintering of several hours. Zhou et al [56] reported that PLZST AFE ceramics with a 

relative density of 99.5% could be fabricated by using SPS technique at 900
o
C for 3 min. However, 
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due to small grain size of 300 nm, the PLZST ceramics processed by SPS had poor electrical 

properties. This problem can be readily addressed by increasing the sintering temperature.  

2.2. Deposition and orientation control of PZ-based AFE film  

2.2.1. Deposition methods  

AFE thin/thick films are more attractive from the practical application point of view. Firstly, the 

growth temperature of AFE films is usually below 800
o
C, which makes them suitable for the 

integration with silicon technologies. Secondly, films usually have higher densities, so that they have 

better external electric field endurance. Finally, the operating voltages of films are significantly lower 

than those required by their ceramic counterparts, due to their small thickness.  

Various techniques have been developed to deposit thin (<1000 nm) and thick films (>1000 nm). 

Deposition techniques for AFE thin films can be divided into two groups [57, 58], namely chemical 

routes, including sol-gel, chemical solution deposition (CSD), chemical gas evaporation and 

hydrothermal oxidation (HTO), and physical routes, such as physical gas evaporation, sputtering, 

pulsed laser deposition (PLD) and ion beam assisted deposition (IBAD). Comparatively, limited 

methods have been available to fabricate thick films. The fabrication techniques of thick films include 

modified chemical solution deposition, spraying methods, screen print and tap casting [59-64]. Among 

the various methods, chemical solution deposition, PLD and sputtering are the most widely used 

techniques for the fabrication of lead based AFE films, especially chemical solution deposition. 

Deposition of AFE thin and thick films by using these three methods will be discussed in detail as 

follows.  

2.2.1.1 CSD method 

Chemical solution deposition (CSD) method has various advantages, such as simple fabrication 

process, cheap equipment, accurate chemical composition control and deposition of films with large 

areas, and thus has been widely used to deposit AFE films. Briefly, CSD technique involves four steps: 

(i) synthesis of the precursor solution, (ii) deposition of wet films by spin-coating or dip-coating, (iii) 

drying and/or pyrolysis of organics and formation of amorphous films at low-temperatures (usually 

300-500
o
C), and (iv) densification and crystallization at higher temperatures (typically 600-800

o
C). A 

more detailed description on the process could be found in a recent review paper [57]. 

The preparation of AFE films could be traced back to 1985, when PZ thin layers were first 

reported by Budd et al [65]. However, the PZ films were more susceptible to cracking and resistant to 
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crystallization as compared to lead titanate (PT) or PZT layers, which prevented the investigation on 

electrical properties of PZ-based AFE films. Until 1992, Wang et al [27] fabricated PZ films with 

better microstructure by using acetate-based precursor, which showed an improved breakdown field 

and allowed the observation of electric field induced phase switching from AFE to FE state at room 

temperature. This result inspired the study on AFE films and a lot of works started to appear after that 

[66-73]. Typical works were reported by Xu et al [72, 74-76] and Zhai et al [73, 77, 78]. A general 

chemical-solution-deposition route with acetate-based precursor was developed, which was able to 

deposit high quality AFE thin and thick films with typical double P-E loops (zero remanent 

polarization after electric field removing and lager induced maximum polarization). This processing 

route has been widely used since then [71, 79, 80]. Generally, this method uses glacial acetic and 

distill water as solvents, and zirconium propoxide, titanium isopropoxide and acetate salt (such as lead 

acetate trihydrate, lanthanum acetate, and tin acetate) as source materials. Examples for the fabrication 

of AFE thin and thick films are given below.  

Fig. 16 shows an example of preparation process of PLZST AFE thin film by using 

acetate-based precursor, reported by Li et al [81]. To synthesize the precursor solution, acetate salts 

were firstly dissolved in glacial acetic at 100-120
o
C. When the mixed solution was cooled to room 

temperature, zirconium propoxide and titanium isopropoxide were added and mixed for 0.5-1 h. 

During the mixing process, distilled water was added in proper ratios (generally, twenty moles of 

distilled water to one mole of lead) to stabilize the solution. Finally, the solution was adjusted to 

desired concentrations by using glacial acetic. In order to avoid the formation of crack during the heat 

treatment, concentration of the solution was usually 0.2-0.4 M. Spin-coating method was used to 

deposit wet AFE films on different substrates (Pt/Ti/SiO2/Si and LaNiO3/SiO2/Si). Each layer was spin 

coated at 2000-5000 rpm for 20-30 s, and then pyrolyzed at 400-500 °C for 10-30 min to form 

amorphous films. The spin coating and heat-treatment were repeated several times to obtain films with 

desired thickness. Finally, a capping layer was deposited by using 0.2-0.8 M PbO precursor solution 

prepared from lead acetate trihydrate, before the films were annealed at 600-700
o
C for 0.5-1 h to form 

single phase perovskite.  

Two points should be emphasized when using this method to deposit AFE thin films. Firstly, to 

compensate the loss of lead during annealing and prevent the formation of pyrochlore phase, 5-20 % 

excess of lead source was added in the precursor. Secondly, the PbO capping layer was necessary to 
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avoid the formation of pyrochlore phase on surface of the AFE films. It was reported by Zhai et al [78] 

that fine grained pyrochlore phase would be formed on surface of the PNZST films if no PbO layer 

was deposited.  

Generally, lead-based FE and AFE films deposited on Pt/Ti/SiO2/Si substrates by CSD 

procedure need to be annealed at temperatures of above 600 
o
C in order to obtain good electrical 

properties. Such high growth temperature often leads to a cumulative loss of lead. Decreasing the 

growth temperatures would be able to overcome this problem. According to Kwok and Desu [82], the 

temperature of complete perovskite formation of PbZr1-xTixO3 thin films increased with increasing 

content of Zr. It was found that the activation energy of nucleation was much higher than that of 

growth of the perovskite phase. Therefore, in order to lower the growth temperature of lead-based 

AFE and FE films it is necessary to lower their nucleation temperature. Strategies to lower the 

nucleation temperature include utilization of seeding layers, adoption of unique heat-treatment 

procedure and modification of chemistry properties of the precursor solutions [83-85]. A recent study 

indicated that LaNiO3 was a promising seed layer for the deposition of PLZST AFE thin films with 

good electrical properties at low temperatures (500
o
C) [86, 87].  

A unique feature of lead-based AFE thin films fabricated by chemical solution routes is their 

non-uniform surface microstructure, as shown in Fig. 17, with round light-colored phases (rosettes) on 

top of dark phases [88]. Energy-dispersive spectroscopy (EDS) results indicated that the rosettes phase 

was rich in lead and the dark phase was deficient in lead. It was proposed by Alkoy et al [89] that the 

crystallization of the rosettes phase started at numerous lead-rich nucleation sites throughout the films. 

The formation of the dark areas was due to the volatilization of lead during the annealing.  

It is more difficult to obtain crack-free and uniform thick films by using CSD. Selection of heat 

treatment route is the key to the preparation of AFE thick films. Fig 18 shows a flow chart of the 

deposition of PLZST AFE thick films by using CSD developed by Xu et al [74]. Although the 

procedure is quite similar to that used for thin films, such as the use of 10-20% lead excess in 

precursor solution and a PbO capping layer, several differences can be listed. Firstly, the temperature 

for the synthesis of precursor solution is higher in this case. The temperature to dissolve the acetate 

salts in glacial acetic is 120-150
o
C, and the temperature to mix zirconium propoxide and titanium 

isopropoxide is 70-110
o
C. Higher temperatures are required due to the higher contents of the starting 

materials. The concentration of the precursor solution is usually 0.5-0.8 M to increase the thickness of 
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a single layer. The spin-coating process was carried out at 5000-8000 rpm for 30-40 s to ensure the 

thickness uniform of the wet layers. Secondly, the pyrolysis temperature of the wet layers is increased 

to 500-600
o
C, which makes each layer be nano-sized crystals and thus diminishes the overall volume 

shrinkage of the thick films during the final annealing process. As a result, the formation of crack 

during the repeated spin-coating procedure could be avoided. Lastly, after deposition of certain 

number of layers (every 6 layers in this example), a PbO (0.8 M in this example) layer was covered. 

This cycle was repeated until desired thickness was obtained. Fig. 19 (a) and (b), respectively, show 

SEM images of the PNZST AFE thick films (about 5 μm) with and without the PbO layers [75]. 

Obviously, the sample with the PbO layers has a more uniform surface microstructure. This is because 

thick films need longer time for the formation of perovskite phase and thus requires more lead to 

compensate its loss. More detailed discussion on the effect of the PbO overcoat layers can be found in 

Ref. [75].  

2.1.1.2. PLD method 

Pulsed laser deposition (PLD) method has been employed to fabricate dielectric and FE films 

(such as SrTiO3 and BaTiO3) since 1960s [57]. Fig. 20 shows a schematic diagram of PLD system. It 

usually consists of a vacuum chamber equipped with a pump, a target holder and rotator, substrate 

heater, and other components to control the growth environment (such as partial pressure of oxygen 

and deposition temperature). Various lasers, such as KrF (λ=248 nm), ArF (λ=193 nm), XeCl (λ=308 

nm) and Nd:YAG (λ=355 nm), have been used to deposit different thin films. PLD is a simple method 

to deposit thin films. An intrinsic advantage of PLD is its capability to congruently evaporate the 

target, thus producing films with the same chemical compositions as the targets. This is especially 

important for the synthesis of multi-component films. A more detailed description on PLD method and 

its recent development have been reviewed by Martin et al [57].  

PLD-derived PZ AFE thin films on Si substrates were reported by Chattopadhyay et al for the 

first time in 1998 [90]. The PZ films deposited at temperatures above 500
o
C showed a pure perovskite 

structure with (100)-preferred orientation. Double P-E loops were observed in the PZ films. After that, 

PZ-based AFE films with various chemical substitutions were fabricated by using PLD [91-93]. The 

effects of deposition temperature (substrates holder temperature), oxygen partial pressure and 

post-deposition annealing on the microstructure and electrical properties of AFE thin films have been 

systematically studied [92-96].  



 17 

Fig. 21 shows XRD patterns of the PZ thin films reported by Bharadwaja et al [94]. As shown in 

Fig. 21 (a), phase composition of the films deposited at 550
o
C was strongly dependent on oxygen 

partial pressure. The optimized oxygen pressure to form single phase PZ film was 50 mTorr. At a 

given oxygen pressure (50 mTorr), to deposit high quality PZ thin films, deposition temperatures 

should be above 550
o
C, as demonstrated by the XRD patterns in Fig. 21 (b). PZ thin films with desired 

phase composition and electrical properties can also be achieved by annealing the samples deposited at 

low temperatures. As shown in Fig. 21 (c), the samples annealed at above 600
o
C displayed nearly 

single phase perovskite structure with random orientation. It was also found that microstructure of the 

PZ thin films were different under different deposition conditions. For example, the PZ film deposited 

at 550
o
C and oxygen partial pressures of 50 mTorr showed a columnar microstructure, whereas it 

became multi-grained microstructure after annealing at 650
o
C. Similar results were also observed in 

PLZST AFE films reported by Yao et al [93, 96]. In summary, microstructure and electrical properties 

of AFE thin films deposited by using PLD are influenced by various deposition parameters.  

2.1.1.3. Sputtering method 

Sputtering technique has been widely used to deposit various thin films, including 

semiconductor, dielectric, insulator, magnetic, and superconductors, since early 1970s [57]. There are 

different types of sputtering set-ups, such as multi-ion-beam sputtering (reactive magnetron 

co-sputtering), radio frequency magnetron sputtering and DC magnetron sputtering. A distinguished 

advantage of sputtering is its capability of large-scale production. In principle, sputtering method is a 

typical physical deposition process, in which atoms from the targets were ejected by the bombardment 

of plasma and subsequently deposited on substrates to form films with desired compositions and 

properties. A more detailed discussion of the sputtering method can be found in Ref. [57, 97, 98].  

Kanno et al reported PZ AFE thin films deposited by using multi-ion-beam sputtering method 

for the first time in 1995, where Pb and Zr were used as the targets [99]. Single phase perovskite PZ 

films with (100) orientation were deposited on (100)/MgO and (100)Pt/MgO substrates at 415 
o
C. The 

PZ thin films with a thickness of 177 nm showed a high dielectric constant of about 400 and typical 

double P-E loop at room temperature. After that, Yanakawa et al reported a systematic investigation 

on the PZ films with thicknesses of 200-500 nm on Pt(111)/TiO2/SiO2/Si substrates prepared by the 

same method [100, 101]. It was found that both phase formation temperature and crystal orientation of 

the PZ films were strongly dependent on the content of lead. The content of lead was controlled by the 
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ratio of the powers applied to the Pb and Zr targets. For example, if the powers for the Pb target and 

the Zr target were 10 W and 250 W, no perovskite phase was formed in the deposited films after 

annealing at 750
o
C. As the power for the Pb target was increased to 18 W, the sample after annealing 

at 750
o
C displayed a (111)-preferred orientation of perovskite phase. The sample exhibited typical 

double P-E loops with maximum polarization of 36 μC/cm
2
. In addition, the films with relatively low 

lead content (16 W for Pb target) had to be annealed at higher temperature than those with higher lead 

content (22 W for Pb target) to form perovskite phase.  

Very recently, highly (111)-oriented AFE PLZST [Pb0.97La0.02(Sn0.60Sn0.30Ti0.10)O3] thin films 

were successfully deposited on Pt(111)/TiO2/SiO2/Si substrates by radio frequency magnetron 

sputtering, with typical substrate temperature and O2/Ar flow ratio during sputtering of 500
o
C and 8:37 

sccm (standard-state cubic centimeter per minute), respectively [102]. In this case, PLZST ceramic 

was used as target. This was the first report that used ceramic target to deposit AFE thin films by using 

sputtering. Microstructures and electrical properties of the PLZST thin films were investigated as a 

function of post-annealing temperature. The films post-annealed at 700
o
C for 30 min had a smooth 

surface and were crack-free. They exhibited a dense columnar microstructure with an average grain 

size of about 0.85 μm. As a result, these films showed excellent AFE properties, including low 

AFE-FE switching field, high saturation polarization, high dielectric constant and low loss tangent 

[102].  

2.2.2. Orientation control of AFE films 

The properties of phase switching materials with asymmetry structures are strongly dependent 

on their crystalline orientations. For instance, Pb(Zr,Ti)O3 (PZT) thin films with (100) or (111) 

preferred orientations often showed higher remanent polarization than those with random orientation 

[103-105]. (100)-textured BaTiO3 ceramics have been illustrated to show higher piezoelectric constant 

than the randomly oriented samples. Therefore, controlling over the growth orientation has been 

widely used to improve performances of FE films and ceramics [63, 106]. As for AFEs, the diploes are 

anti-paralleled along <110> direction in AFE state and are paralleled along <111> direction in FE state 

[8]. Therefore, it is expected that the properties of AFE materials with different crystal orientations 

(such as (100), (110) and (111)) could be significantly different. Optimizations of field-induced phase 

switching and related properties of AFE films by controlling crystal orientation have been extensively 

reported [2, 73, 107-110]. However, similar study on AFE bulk ceramics is rarely available. Therefore, 
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in this section, we will only summarize the results on AFE films. It has been shown that the preferred 

orientations of AFE films are influenced by their chemical compositions, preparation method, heat 

treating process, substrates and buffer layers [97, 110]. As mentioned above, (110) and (111)-preferred 

AFE thin films on Pt(111)/TiO2/SiO2/Si substrates could be readily deposited by PLD and sputtering 

method, through the controlling over processing parameters. For the sake of space limitation and to 

avoid repetition, we will only discuss the orientation dependences of AFE films deposited by CSD 

method.  

2.2.2.1. Processing-dependent orientation 

Like their FE counterpart PZT, lead-based AFE films deposited on Pt(111)/TiO2/SiO2/Si 

substrates by using CSD are easily grown with (100) or (111) orientations by properly controlling their 

processing parameters, such as chemical composition, precursor materials, solution preparation 

procedure, stock solution age, heat treatment process and films thickness, etc. Tani, et al [108] 

fabricated (100)-preferred PZ films with 2-methoxyethanol based solution. In this study, each wet 

layer was dried at 150
o
C, pyrolyzed at 300

o
C and finally annealed at 700

o
C. Similarly, Tang et al [111] 

obtained (100)-preferred PZ films, by using pyrolysis temperature of 300
o
C and annealing temperature 

of 450-650
o
C. In a recent work, Hao et al [112, 113] deposited highly (100)-preferred PLZT films 

with thickness ranging from 500 to 2500 nm on Pt-buffered silicon substrates, with drying temperature 

of 300
o
C, pyrolysis temperature of 600

o
C and final annealing temperature of 700

o
C. However, 

according to Alkoy et al, if each wet layer was dried at 150
o
C and pyrolyzed at 400

o
C and the final 

annealing temperature was 700
o
C, the obtained PZ films showed (111)-preferred orientation [114]. 

Similarly, if each wet layer was pyrolyzed at 450
o
C, the PZ and PLZT AFE films prepared with glacial 

acetic based solution were usually highly (111)-oriented [115, 116]. These results indicate that lower 

pyrolysis temperature is beneficial to the development of (100)-preferred orientation, while higher 

pyrolyzed temperature leads to the formation of (111)-preferred orientation. This observation can be 

understood by using the model proposed by Chen et al [117, 118]]. As shown in Fig. 22, at 

lower temperature, PbO is easily formed on Pt, which has a (100) texture and induces PZT (or 

PZ) films to grow along the same (100) direction. In contrast, at higher pyrolysis temperature 

(above 400
o
C) with rapid heating rate, an intermediation layer (Pt5-7Pb) with (111) orientation is 

formed on Pt, which facilitates the growth of PZT (or PZ) films with (111) orientation.  

However, due to their complicated chemical compositions, PLZST and PNZST AFE films are 
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difficult to grow with a preferred orientation. For example, as reported by Xu et al and Zhai et al, 

PLZST and PNZST AFE thin and thick films [29, 79, 88], which were prepared with similar process 

of the PZ and PLZT films motioned above, often displayed a random orientation.  

2.2.2.2. Substrate and buffer layer dependent orientation 

Use of substrates or buffer layers with preferred orientation is more effective to fabricate 

textured thin films. For instance, by using single crystal substrates (such as SrTiO3, LaAlO3, MgO and 

Nb: SrTiO3), textured FE thin films PZT, (Ba,Sr)TiO3 (BST), Ba(Zr,Ti)O3 (BZT) and Ba(Ti,Sn)O3 

(BTS) have been successfully deposited by various methods [119-123]. Oxide buffer layers for the 

growth of textured FE films, according to their crystal structures, can be divided into two groups. One 

is compound oxide with ABO3 crystal structure, such as LaNiO3, (Ba,Pb)ZrO3, (La,Sr)MnO3 and 

(La,Ca)MnO3 [124-127]. Because they are all good conductors, they also serve as bottom electrodes. 

These compounds have the same crystal structure of perovskite as FEs, so that they can be used as 

substrates to eptitaxially grow FE thin films at relatively low temperatures. Another group is simple 

oxide, such as TiO2, ZrO2, PbO and CeO2 [128-131].  

In 1993, single phase PZ thin films with (100) orientation were prepared, for the first time, on 

SrTiO3 single-crystal substrates by a metalorganic chemical vapor deposition (MOCVD) method, 

using Pb(thd)4 and Zr(thd)4 as precursors [132]. However, because there was no bottom electrode, 

phase transition behavior of the PZ films was not studied. Recently, (100)-oriented PLZST AFE thin 

films were prepared on Nb:SrTiO3 single-crystal substrates by CSD method. Phase switching process 

of the PLZST thin film was studied by measuring its P-E loop and C-V curve. It was shown that AFE 

and FE phases were co-existed in it [14].  

LaNiO3 was the only ABO3 structured buffer layer used to deposit AFE thin films with preferred 

orientations [110, 113, 114]. It has been found that (100)-oriented LaNiO3 layers on 

Pt(111)/TiO2/SiO2/Si and SiO2/Si substrates could be easily prepared by using sputtering method [115]. 

By using CSD method, LaNiO3 layers with either (100) or (110)-preferred orientations could be 

fabricated by properly controlling the annealing parameters [87, 136, 137]. Generally, if each wet 

layer was directly annealed at high temperature (700
o
C) by using rapid thermal annealing (RTA), the 

LaNiO3 layer preferred to show (100)-orientation. In contrast, the films, fabricated through low 

temperature (400-500
o
C) pyrolysis and high temperature (700

o
C) annealing, were more likely to have 

(110)-preferred orientation. The orientations of the PZ, PLZT, PNZST and PLZST films would be the 
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same as the orientations of the LaNiO3 buffer layers when CSD method was used [77, 86, 110, 133]. 

As a consequence, phase switching behavior of the AFE thin films was highly orientation-dependent.  

PZ-based AFE thin films were also deposited on different simple oxide layers. It was reported 

by Tani et al [108] that a 10-nm-thick TiO2 buffer layer could make PZ films grow along (111) plane. 

However, Cakare et al [67] found that PZ films on TiO2 buffered Pt displayed a random orientation. 

Similar results were also demonstrated by PLZT and PLZST AFE films on TiO2, ZrO2, and CeO2 

buffered substrates [33, 115, 138]. These results indicate that the growth mechanisms of AFE thin 

films on simple oxide layers are more complicated and that simple oxides are not good buffer layers to 

facilitate the growth of AFE thin films with preferred orientation. 

3. Phase transition theory of AFEs 

AFEs are typical structural phase transition materials, whose phase switching process is always 

accompanied by structural transition. In terms of structure, there are two types of AFEs: orthorhombic 

AFE (AFEO) and tetragonal AFE (AFET). Due to their different phase structures, temperature 

dependent phase transitions of the two AFEs are quite different. With increasing temperature, AFEO 

usually experiences a phase switching from AFE to FE and then to PE [17, 139]. AFET goes through a 

phase transition from FE to AFE and then to PE, as the temperature is increased [140, 141].  

It is believed that the practical applications of AFEs materials are closely related to their phase 

switching behavior. Therefore, it is important to understand the intrinsic nature of phase transition 

process of AFEs. There have been reports on the phase transition mechanism of AFEs, as a function of 

temperature, DC bias and hydrostatic pressure [6, 28, 30, 142-144]. Up to now, phenomenological 

theory [18, 145] and soft mode theory [146] have been successfully employed to illustrate the phase 

switching process, from the views of macroscopic thermodynamic and microscopic lattice dynamics, 

respectively.  

3.1. Phenomenological theory  

The thermodynamic theory of FE phase transition is an important constituent part of the 

phenomenological theories of FEs, which was originally introduced by Muller [147]. Based on the 

Landau theory of second order phase transitions, the first phenomenological model for FEs was 

developed by Devonshire for BaTiO3 in 1949, which is so called Landau-Devonshire (L-D) theory and 

has been a milestone in the development of transition theories [148]. L-D theory is a universal theory 

to explain the phase switching process of FEs, which interprets the phase switching process by 
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examining the difference in free energy between the two phases involved. From the L-D theory, Gibbs 

free energy (ΔG) of FEs can be written as an expansion of the polarization (P) as [149]: 
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where α, ξ and ζ are the phenomenological coefficients. 

Following the L-D theory, the thermodynamic theory for AFEs was first considered by Kittel in 

1951 [16]. It was assumed that AFEs contained two equivalent lattices, which could be polarized 

independently and there was an interaction between them. By denoting Pa and Pb as the polarizations 

of the two lattices, the free energy of AFEs can be expressed as: 
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where f, g and h are the phenomenological coefficients. Obviously, if Pa is equal to -Pb, the net 

polarization is zero and the material is in AFE state. Whether the AFE state has a lower free energy 

than the FE state depends on the values of the phenomenological coefficients, especially the 

coefficient of g.  

Based on Kittel’s results, Whatmore and Glazer developed a one-dimensional free energy 

function to model the displacement of Pb
2+

 ion in lead zirconate [150], and Uchino et al [151] added 

stress terms in the free energy function to determine the hydrostatic electrostrictive coefficient. 

Subsequently, the further development by Cross et al [142] enabled the theory to calculate the free 

energy and dielectric properties of FE, AFE and PE phases of AFEs under different conditions. A 

complete free energy function for AFEs with orthorhombic structure has been developed, which 

illustrates the temperature-dependent free energy distribution of FE, AFE and PE phases. With these 

developments, a general feature of free energy of AFEs with orthorhombic and tetragonal structures 

with respect to different phases could be obtained.  

As shown in Fig. 23 (a), for orthorhombic AFEs (such as PZ), the free energy ΔG of AFEO 

phase is lowest, followed by FE phase and then PE phase at low temperatures. In this case, AFEO 

phase is stable. Because of the smaller difference in free energy ΔG between AFE phase and FE phase, 

the AFEO phase could be induced to FE state by a DC bias. As the temperature is increased, the energy 

difference is decreased, so that the critical switching field from AFE to FE phase is declined. Above 

temperature TA-F, which is the phase transition temperature from AFEO to FET, the free energy ΔG of 

FE phase is lowest as compared to AFE and PE, therefore the FE phase is stable. As the temperature is 
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beyond TF-P, the free energy ΔG of PE phase shows the smallest value, as compared to AFE and FE 

phases, thus the material stays in PE state. Here, the temperature TF-P is Curie point, which is the phase 

switching temperature from FE to PE.  

However, the temperature-dependent phase transition process of tetragonal AFEs is different. As 

shown in Fig. 23 (b), at low temperatures FE phase is stable because of its lowest free energy ΔG. In 

the temperature range from TF-A to TA-P, the free energy ΔG of AFE phase is the smallest one, so the 

material stays in AFE state. TF-A represents the phase switching temperature from FE to AFE. Above 

TA-P, which also is Curie point and the phase transition temperature from AFE to PE, PE phase is 

stable duo to its lowest free energy ΔG.  

3.2. Soft mode theory  

The emergence of soft mode theory has a profound significance to fundamentally understand the 

phase transition in solids from the view of lattice vibration. Lattice softening was first used by Raman 

and Nedungadi in 1940 to study the phase switching between α and β quartz [152]. The concept of 

“soft mode” for phase transition in FEs was proposed by Cochran [153] and Anderson [154] 

independently in 1959, confirmed by Baker et al [155] and Cowley [156] in1963, and further 

developed by Samara et al [157] in AFEs in 1975. This theory successfully connected FE and AFE 

phase in terms of lattice vibration for the first time, which revealed the nature of structural phase 

transitions in FEs and AFEs. According to the soft mode theory, it is believed that the phase transition 

in certain AFEs or FEs is the result of instability in one of the normal vibration modes of the lattice. 

The instability leads to a decrease in vibration frequency, which approaches to zero as the temperature 

approaches the phase transition temperature. In other words, the lattice literally softens with respect to 

the mode. It has been recognized that FE transition is the soft mode instabilities at Brillouin Zone 

center, whereas AFE transition is the soft mode instabilities at Brillouin Zone boundary. Since a 

conprehansive review on the development of the soft mode theory of FEs and AFEs is beyond the 

scope of this work, more detailed information can be found in related references [158-160]. 

Based on the soft mode theory, the transverse optical soft-mode frequency (ωT) for FE 

transformation can be expressed as [146] 
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where μ is the reduced mass, SRF is the short-range forces from Brillouin boundary soft mode or short 
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wavelength phonon mode, LRF is the long-range Coulombic forces from Brillouin center soft mode or 

long wavelength phonon mode, γ is a temperature coefficient of the same order of magnitude as the 

volume coefficient of expansion, and T is the temperature. [(SRF) – (LRF) + γT] is the summation of 

all interaction for the soft phonon mode and represents the effective force constant of the soft-mode. 

FE transition is driven by a distorting force form long-range forces in the crystal lattice. Therefore, the 

cancellation of the short-range forces by long-range forces leads to a decrease in the soft-mode 

frequency, and eventually the soft mode condenses out and results in FE phase transition at a certain 

temperature.  

Different from FEs, AFE phase transition is driven by the distorting forces from short-range 

interactions. Thus, the soft-mode frequency (ωT) for AFE phase switching could be expressed as [146] 

])()[(
12

TSRFLRFT 


  .         (5) 

According to Eq. (3), AFE phase transition could be realized by the cancellation of the 

long-range Coulomic forces by the short-rang interactions. Eqs. (4) and (5) indicate that the 

occurrence of the phase transition at a specific condition depends on the balance of competing forces 

between the long-range and the short-range force. Therefore, the short-range interactions are the 

restoring forces of AFE transformation, and the long-range interactions are the restoring forces of FE 

transition.  

It is found that the short-range and long-range interactions between adjacent cations or anions 

could be affected by an external field. Moreover, an external field with spherical symmetry tends to 

decease the interaction distance (r) more effectively than an asymmetric field. For example, 

hydrostatic pressure increases the short-rang interactions (∝r
-n

, n=10) between adjacent cations or 

anions more rapidly than it increases the long-range Coulomb forces (∝r
-m

, m=3) [146]. Conversely, 

uniaxial stresses with cylindrical symmetry or electric field with a polar cylindrical symmetry, which 

include a shear component and a normal component, have less effect on reinforcing the short-range 

interactions as compared to a symmetric field. Depending on the relative orientations between the 

crystal and the external field, these asymmetric external fields (with a shear component) generally tend 

to enhance the long-range interactions. Therefore, it can be concluded that the phase transition of 

AFEs or FEs can also be triggered by external stresses or electric fields. Thus, the presence of uniaxial 

stress and/or DC bias field is able to strengthen the long-range Coulombic forces and enhance the FE 
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phase stability, whereas hydrostatic pressure favors to increase the short-range interactions and 

increases the AFE phase stability. This conclusion has been well proved by the following results on the 

specific phase transition behavior of AFEs, as a result of the application of external fields.  

4. Phase transition characteristics of PZ-based AFEs under the function of external field 

4.1. Phase transition characteristics of AFE ceramics and films with different composition 

The final properties of a material are closely related to its chemical composition. This is also 

true to AFE materials. In this light, phase transition behavior and electrical properties of AFEs have 

been effectively tailored, through doping with different ions, such as La
3+

, Ba
2+

, Ca
2+

, Sr
2+

 and Er
3+

 at 

A site and Sn
4+

, Ti
4+

, Nb
5+

, Cr
3+

, Ce
4+

 and Sb
3+

 at B site. It has been demonstrated that to a certain 

degree the stability of AFE phase of doped PbZrO3 (PZ) could be estimated by the tolerance factor t, 

which is given by [161] 

)(2 OB

OA

RR

RR
t




 ,            (6) 

where RA is the radius of A-site cations, RB is the radius of B-site cations, and RO is the radius of O 

anion. When t>1, FE phase is stabilized, and when t<1, AFE phase is stabilized. According to this 

formula, the calculated t value for pure PZ is 0.97 [162]. Although quite a few of ions have been used 

to tailor the phase switching process and dielectric properties of PZ-based AFE ceramics and films, in 

terms of practical application, (Pb,A)ZrO3 (A=Ba, Sr), (Pb,La)(Zr,Ti)O3, (Pb0.97La0.02)(Zr,Sn,Ti)O3 and 

Pb0.99(Zr,Sn,Ti)0.98Nb0.02O3 are more promising candidates, which have thus been the most extensively 

reported in the open literature. Structures and phase transition behaviors of these AFE materials in 

forms of ceramics and films with different chemical constitutions will be discussed as follows.  

4.1.1. Phase switching characteristics of PZ  

It was found in 1952 that, with increasing temperature, PZ underwent a phase transition from 

AFE to paraelectric (PE) at 233
o
C (Curie point) and no AFE-FE phase transition was observed from 

the temperature-dependent dielectric constant curve [17]. However, in 1966, when using a 

high-temperature X-ray diffraction (XRD) to examine PZ ceramics, Tennery [163] found that, as the 

temperature was increased, AFE phase was first changed into FE phase at 226
o
C, and then was 

switched to PE at 236
o
C. Subsequently, it was further proved by Scott and Samara [164] and Ujma and 

Handerdk [165] independently, that a stable PE phase within a temperature range of less than 15
o
C 

existed below the Curie temperature in both polycrystalline and single crystal PZ materials. In 1970, 
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Samrar reported that the FE phase below Curie point could be excluded by using the function of 

hydrostatic pressure (above 0.1 MPa) [166]. The AFE-PE transition temperature could be increased by 

the application of hydrostatic pressure at a rate of 45±3
o
 C/MPa. This result could be readily 

understood according to the soft mode theory. Because hydrostatic pressure favors to increase the 

short-range interactions and increases the AFE phase stability, the FE phase was excluded and the 

AFE-PE transition temperature was increased. 

As mentioned in the beginning of this review, duo to the low breakdown field, field-induced 

phase transition from AFE to FE in pure PZ polycrystalline ceramics could not be observed at room 

temperature. In contrast to ceramics, PZ single crystals and films have much better electric field 

endurance because of their higher densities and more uniform microstructure.  

Electric field-induced phase switching behavior of PZ single crystals was studied at DC electric 

fields of up to 1400 kV/cm by Fesenko et al [167]. A complete E-T phase diagram and exemplary 

isothermal dependence of polarization on electric fields have been developed, as shown in Fig. 24. The 

most interesting point of the diagram is the range between the two triple points, Ttr1 and Ttr2, in which 

a “six-fold” hysteresis loop is observed, corresponding to the three phase transitions: AFE Pba2-phase 

to FE C2mm-phase (OR I and OR II, respectively), C2mm to FE R3m-phase (R I), and R3m to FE 

R3c-phase (R II). At temperatures above Ttr1, after observing a half-cycle of the “four-fold” loop, the 

crystal changes its orientation; so that the applied field becomes parallel to the <001> direction of OR 

I unit cell. With further increasing temperature, at 210
o
C, the phase transition from OR I to R I takes 

place in the absence of a DC field. The temperature of this transition is not affected by DC fields of 

lower than 20 kV/cm. Within the range of 10
o
C, typical FE loop is observed, and at 222

o
C the PZ 

single crystal enters PE state.  

Zhai et al [73, 77] reported a systematic study on highly (100)-oriented PZ films with thickness 

of 80-900 nm deposited on LaNiO3(100)/Pt(111)/TiO2/SiO2/Si substrates by using CSD method. P-E 

loops indicated that a noticeable remanent polarization was detected for the PZ films thinner than 200 

nm. Typical double P-E loops with a saturation polarization of about 40 μC/cm
2
 and a nearly zero 

remanent polarization were observed for the PZ films thicker than 200 nm. Thinner films also had 

smaller dielectric constants. The presence of an interface layer in between the film and electrode, 

which was non-FE with a low dielectric constant, was responsible for the appearance of the remanent 

polarization and the smaller dielectric constant of the thinner films. The threshold phase transition 
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field obtained from the dielectric constant-electric field measurement was decreased with increasing 

film thickness, as shown in Fig. 25 (a), which was attributed to a combined effect of grain size, 

interface layer and internal stress.  

No clear phase transition peak was detected for the PZ films thinner than 200 nm, a sharp 

dielectric peak at 226
o
C was observed for the PZ films of 340-900 nm. Fig. 25 (b) shows temperature 

dependent dielectric constants of the 900-nm-thick film at various DC bias levels at 1 kHz. Obviously, 

the external DC fields have a strong effect on the temperature-induced phase transition of the PZ AFE 

films. At zero DC bias, FE phase existed over a temperature interval of about 46
o
C, according to P-E 

loops as shown in Fig. 26, although no obvious dielectric peak was detected other than the Curie point. 

However, at DC fields, the AFE-FE switching appeared clearly. With increasing DC field, the 

AFE-FE transition shifted to lower temperatures. At the same time, the Curie point shifted to higher 

temperature and became broader with increasing DC bias, and thus the temperature range of the FE 

phase was enlarged. As shown in Fig. 25 (b), with increasing DC bias, the dielectric constant increased 

in the AFE phase region, but decreased in the FE phase region. These results further demonstrate that 

DC field favors to stabilize FE phase by enhancing the long-range force. 

The 900-nm PZ film at room temperature was in AFE state, as evidenced by the “squared” 

double loop with zero remanent polarization in Fig. 26. With increasing temperature, EF, EA, the 

hysteresis widths (EF-EA) and the maximum polarization values all gradually decreased. At 180
o
C, 

typical FE P-E loop was observable, indicating that the PZ film was in FE state. 

4.1.2. Phase switching characteristics of (Pb,A)ZrO3 (A=Ba, Sr)  

The use of Ba
2+

 and Sr
2+

 to tailor phase transition properties of PZ AFEs was reported by 

Shirane in 1952 [18]. It was found that the effects of Ba
2+

 and Sr
2+

 were contradictory. Ba
2+

-doping 

destabilized the AFE phase while Sr
2+

-doping stabilized the AFE phase to a certain degree. 

Composition-dependent phase diagrams were also reported in the study. These results inspired a stong 

research interest in Ba
2+

 and Sr
2+

 doped PZ. There have been quite a number of reports on Ba
2+

 and 

Sr
2+

-doped PZ ceramics and thin films. 

Phase transition behavior of (Pb1-xBax)ZrO3 (PBZ) ceramics with 0≤x≤0.3 were reported by 

Shirane [17, 18] for the first time in 1951. At room temperature, with increasing content of Ba
2+

, the 

PBZ ceramics underwent a phase transition from AFE to FE and to PE. However, no 

temperature-induced phase transition from AFE to FE was detected for the PBZ ceramics with x≤0.05 
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[139]. A complete phase diagram of PBZ was reported by Pokheral et al [168], as shown in Fig. 27. 

With 0≤x≤0.175, the PBZ was in AFE state at room temperate. With increasing x, the AFE-FE 

switching temperature decreased. With 0.175≤x≤0.40, the PBZ was in FE state. A dielectric relaxor 

state was observed for x≥0.25. With 0.4≤x≤1, the PBZ was in PE state. Curie point of PBZ decreased 

with increasing content of Ba
2+

. 

Recently, PBZ (0≤x≤1) thin films with a thickness of about 500 nm were successfully deposited 

on Pt(111)/TiO2/SiO2/Si substrates [116, 169]. With increasing concentration of Ba
2+

, orientation of the 

PBZ films was changed from (111) to (110) gradually. At the same time, grain size of the films 

decreased, and the surface became more and more homogeneous and uniform. At room-temperature, 

state of the PBZ thin films was changed from AFE to FF and then to PE with increasing content of 

Ba
2+

. The room-temperature P-E loops of the PBZ thin films with different compositions are shown in 

Fig 28. With x=0 and 0.05, the PBZ films exhibited typical double P-E loops, indicating their AFE 

nature. With x=0.10, a loop with moderate remanent polarization was observed, illustrating that AFE 

and FE phase co-existed in the films. As for x=0.20 and 0.30, typical FE loops were obtained. With 

x=0.50, a very slim P-E loop was recorded, denoting its PE nature. Evidently, the phase transition of 

the PBZ thin films as a function of composition is similar to that of their ceramic counterparts. Typical 

ferroelectric relaxor behavior was also observed in the samples with high contents of Ba
2+

.  

Comparatively, Shirane [18] found that (Pb1-xSrx)ZrO3 (PSZ) ceramics showed a different 

scenario of phase-composition relationship, as shown by the diagram in Fig. 29. Interestingly, no FE 

phase was present in PSZ and the Curie point had a maximum value of 250
o
C at x=0.10. Besides the 

Curie point, there was another phase strasition point for PSZ, corresponding to the phase transition 

from one AFE to another AFE, which decreased with increasing content of Sr
2+

. Similar results were 

also observed in PSZ films at x=0.05, with a maximum Curie point of 251
o
C [18].  

In addition to phase compositions and dielectric properties, the critical switching fields between 

AFE and FE of PZ AFEs were also influenced by Ba
2+

 or Sr
2+

-doping [170]. For example, pure PZ, 5 

mol% Ba
2+

 and 5 mol% Sr
2+

-doped PZ films had the forwad thershold fields from AFE to FE of 450, 

280 and 500 kV/cm, and reverse fields from FE to AFE of 260, 110 and 330 kV/cm, respectively.  

4.1.3. Phase switching characteristics of (Pb,La)(Zr,Ti)O3  

La-modified lead zirconate tatanate [(Pb1-3/2xLax)(Zr1-yTiy)O3, PLZT x/(1-y)/y] solid solutions 

were developed by Haertling, initially as promising electro-optic mateirals [171]. Room temperature 
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phase diagram of PLZT is shown in Fig. 30. Depending compositions, various phases could be 

available in PLZT solid solutions. Typical phases include orthorhombic AFE (AFEO), rhombohedral 

FE (FER), tetragonal FE (FET), relaxor FE (RFE) and PE. AFEO is located in the Zr-rich side. High 

content of Ti favors to FE phase. PLZT can has potential applications as transducers, autuators, 

electro-optical switching, pyroelectric detectors, higher pulsed current generation and so on. Keeping 

in line with the topic of this review, we only discuss state-of-the-art of AFEO PLZT. 

(A) PLZ  

For y=0, PLZT becomes PLZ. Because the radius of La
3+

 is smaller than that of Pb
2+

, it is 

expected that proper content of La
3+

 could be able to stabilize the AFE state of PZ. Up to now, there 

are only a limited number of reports on PLZ AFE thin films. The first example of PLZ AFE thin films 

with a maximum La
3+

 content of 9 mol% was reported by Bharadwaja et al by using PLD technique 

[95, 172, 173]. At room temperature, PLZ underwent a phase transition from AFE to FE with 

increasing content of La
3+

, which was evidenced by P-E results. It was found that the addition of 1 

mol% La
3+

 reduced the Curie point by approximately 22
o
C.  

In a separate study, Parui et al [174] deposited PLZ thin films with La
3+

 content of up to 6 mol% 

by using a CSD route. Different results were observed in this case. It was found that Curie points were 

230
o
C, 215

o
C, 194

o
C, 265

o
C, 245

o
C, 235

o
C and 250

o
C for the samples with La

3+
contents of 0, 1, 2, 3, 

4, 5 and 6 mol%, respectively. P-E results showed that all the PLZ films were in AFE state at room 

temperature. Electric field induced phase transition between AFE and FE had a similar variation trend 

in Curie point. At 40
o
C, forward switching fields (EF) of the samples were 340, 220, 340, 310, 330 and 

380 kV/cm, respectively. No explanation was available for such a fluctuation in the properties of the 

PLZ AFE thin films.  

(B) PZT 95/5  

Similarly, for x=0, PLZT would be PZT. Different from La
3+

, Ti
4+

 is used to partially replace 

Zr
4+

. The addition of Ti
4+

 was found to destabilize the AFE state. The room temperature morphotropic 

phase boundary (MPB) for AFEO and FER lies at Pb(Zr0.95Ti0.05)O3 (PZT 95/5) [171]. PZT 95/5 

possesses abundant phase switching behavior as a function of temperature, electric field and/or 

hydrostatic pressure. Therefore, PZT 95/5 AFEs have been extensively studied in recent years.  

One of the early studies on temperature-dependent phase transition of PZT 95/5 ceramics was 

reported by Handerek and Ujma [175]. A multi-phase transition, AFEO-FER-FET-PE, was observed at 
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110, 151 and 241ºC during heating process. During cooling process, the phase transition temperatures 

in the reverse order were 239, 141 and 24ºC, respectively. This means that the phase transitions had 

larger thermal hysteresis.  

Owing to the relatively small difference in free energy between AFE and FE, electric field 

induced AFE-FE phase transition in PZT 95/5 ceramics at room temperature was easily realized and 

the induced FE state was stable after the removal of electric fields [176]. However, the induced FE 

state was not stable and returned to AFE state by hydrostatic pressure or explosive shock wave. At the 

same time, the stored charges would be released in a very short period of time, which was 

accompanied by a high voltage. As a result, PZT 95/5 ceramics have been the potential candidates for 

applications as high-voltage (current) power suppliers. It was reported that a maximum load voltage of 

about 38 kV in PZT95/5 ceramics could be achieved in 1.3 μs during the FE-AFE phase transition at a 

hydrostatic press of 1.4 GPa [177]. A higher load voltage of 81 kV was reported by Mock et al in PZT 

95/5 ceramics during the FE-AFE phase transition induced by the application of 2.9 GPa [178]. Before 

the electrical breakdown, 74% charge was released. It was also stated that a completely hydrostatical 

depolarization could also be attained at a stress of 0.29 GPa, which was proved by the investigation on 

hydrostatic press-induced FE-AFE phase switching.  

The phase transition between AFE and FE in PZT 95/5 had a volume change of about 0.4% 

[179]. This large volume variation had a negative effect on breakdown strength of the ceramics. 

Because the deteriorated dielectric breakdown strength was attributed to mechanical failures, it was 

proposed to use porous ceramics to buffer the shock compressions. There have been several reports on 

porosity-dependent phase transition of PZT 95/5 ceramics [179-182]. A systematic study on the effects 

of porosity, pore shape and pore size on hydrostatic pressure-induced FE-AFE phase transition of PZT 

95/5 ceramics has been reported by Zeng et al [181, 182]. It was found that high porosity led to a low 

pressure and diffuses phase transition. The porous PZT 95/5 ceramics with spherical pores exhibited 

higher phase transition pressures than those with irregular pores. Moreover, the FE-AFE phase 

transition of porous PZT95/5 ceramics with poly-dispersed irregular pores was more diffusive than 

those of the PZT95/5 ceramics with mono-dispersed irregular pores.  

(C) PLZT  

Due to the co-effect of La
3+

 and Ti
4+

, the composition/temperature range of AFE phase in PLZT 

solid solution could be expanded, as shown in Fig. 30 [171]. PLZT AFEs shared similar temperature 
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and electric field-induced phase transition to PZT 95/5. Investigations on PLZT AFEs have been 

mainly focused on bulk ceramics [183-186]. Extensive works on PLZT x/95/5 ceramics have been 

reported by Viehland et al [187-189]. A general conclusion was that La
3+

 doping disrupted the 

long-range dipolar order of FE state, so that the FE state was suppressed and the AFE phase was 

stabilized. PE-FE phase switching temperatures were 242, 232, 220 and 220
o
C for the samples with 

x=0, 1, 2 and 3, respectively. However, for the samples with x=4-9, no distinct dielectric peaks could 

be observed. Instead, there was only a plateau at 220-240
o
C.  

Kong et al [71] studied the effect of annealing temperature on electrical properties of AFE PLZT 

2/95/5 thin films. The random oriented PLZT 2/95/5 thin films with a thickness of about 700 nm were 

deposited on Pt-buffered silicon substrates by using a CSD method. Annealing temperatures were 550, 

600, 650 and 700
o
C. With increasing annealing temperature, average grain sizes of the samples 

increased from 20 to 200 nm. At the same time, the room-temperature dielectric properties and 

saturation polarization of the thin films were improved, while the critical phase transition fields 

between AFE and FE state were declined, as a result of increasing annealing temperature. 

Recently, thickness-dependent phase transition of highly (100)-oriented PLZT 2/95/5 films was 

studied by Hao et al [113]. As the thickness was increased from 500 to 2500 nm, double P-E loops of 

the PLZT 2/95/5 films changed from “slanted” to “squared” shape gradually. However, the critical 

forward and backward switching fields of the films were kept almost unchanged, which were about 

220 kV/cm and 95 kV/cm, respectively.  

4.1.4. Phase switching characteristics of PLZST and PNZST  

(Pb0.97La0.02)(Zr,Sn,Ti)O3 (PLZST) and Pb0.99(Zr,Sn,Ti)0.98Nb0.02O3 (PNZST) have been the most 

studied PZ-based AFEs. Phase diagrams of PLZST and PNZST were developed by Berlincourt in 

1960s [23, 190]. The two groups of AFEs shared a similar variation in phase composition. As shown 

in Fig. 31, with increasing content of Ti, the phase composition varies in the order of AFEO, AFET, 

FER(LT) (low temperature rhombohedral ferroelectric) and FER(HT) (high temperature rhombohedral 

ferroelectric). Compared to PZ and PLZT AFEs, these two systems possess a wider AFE region. 

Because the larger difference in free energy between AFEO and the induced FE state, the critical phase 

switching fields are beyond their breakdown fields of the bulk ceramics. Thus, only those ceramics in 

the AFET region could exhibit room-temperature electric field-induced AFE-FE switching behavior. 

However, as mentioned above, due to their increased electrical breakdown strength, the electric 
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field-induced phase transition between AFE and FE state could be realized at room temperature in 

both AFEO and AFET films. Thus, PLZST and PNZST were mainly studied in the form of films. 

(A) PLZST  

Chan et al [191] studied phase transition behavior of PLZST [Pb0.97La0.02(Zr0.65Sn0.22Ti0.13)O3] 

ceramic AFEs in the tetragonal region. Representative P-E loops of the sample at different 

temperatures are shown in Fig. 32. It was found that FE state could be easily induced at low 

temperatures (below 90
o
C in this case) and the induced FE state did not return to the original AFE 

state after the removal of electric fields. However, at higher temperatures (above 90
o
C), the sample 

were of stable AFE phase and the induced FE phase returned to AFE state after the removal of electric 

fields. It was interestingly noticed that the forward phase switching field (EF) kept to be nearly a 

constant of about 20 kV/cm while the backward field (EA) gradually increased as the measurement 

temperature was increased, resulting in a decrease in hysteresis width ΔE (EF-EA). This observation 

can be explained by using the phenomenological thermodynamic theory in terms of free energy. As 

showed in Fig. 23 (b), for AFEs with tetragonal structure, the difference in ΔG between AFE and FE is 

small at low temperatures (slightly above TF-A), thus AFE phase is not stable and the induced FE phase 

can exist as a metastable state. With increasing temperature, the difference in ΔG is increased, so that 

the AFE becomes more stable and double P-E loops are observable. In other words, the induced FE 

state at low temperatures could return to AFE state by increasing temperature. It has also been 

demonstrated that the FE-AFE phase transition temperature is affected by external DC fields. The 

FE-AFE phase transition temperature was increased proportionally to the magnitude of the DC field 

(lower than EF).  

Similar results were also reported by Yang et al [182, 183], who investigated the 

temperature-dependent dielectric properties of PLZST AFE ceramics with tetragonal structure as a 

function of DC electric field. Temperature-dependent curve of dielectric constant of the virgin sample 

showed only one dielectric peak, corresponding to the AFE-PE phase transformation. With increasing 

DC field (lower than the forward transition field EF), the dielectric peak shifted to lower temperatures 

gradually, which was opposite to the trend of FEs. This result could be explained according to the soft 

model theory. As mentioned in section 3, DC field tends to strengthen the long-range Coulombic 

forces, so that the AFE state is destabilized and the temperature range of AFE state is narrowed as the 

DC field is increased. 
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PLZST AFE ceramics with various compositions near the AFET-FER MBP were studied by 

Markowski et al [37] and Pan et al [161]. The PLZST ceramics were prepared by using the traditional 

solid state reaction and their composition-dependent phase transition behavior as a function of 

electric-field and temperature were systematically investigated. According to their location in the 

phase diagram, the ceramics could be divided into two groups. In one group, the compositions of the 

samples were perpendicular to the AFET-FER MPB line, meaning that the ceramics had a fixed Zr 

content and were varied in Ti:Sn ratio. As the composition was moved into the bottom of the AFET 

region with increasing Sn
4+

 content, there were several general observations: (i) the critical phase 

switching fields between AFE and FE state, room-temperate dielectric constant and loss factor were 

increased; (ii) the temperature of the dielectric maxima, corresponding to the AFET-PE transition, 

remained constant and but became more diffusive; (iii) the FE-AFE switching was shifted to lower 

temperatures. In the other group, the compositions of the samples were located along the AFET-FER 

MPB line with fixed Ti
4+

 content and varied Zr:Sn ratio. With increasing content of Zr
4+

, i.e., moving 

from left to right along the MPB line, following observations were summarized: (i) the phase 

switching fields between AFE and FE state tended to decrease; (ii) hysteresis width ΔE, AFE-PE 

transition temperature, dielectric constant, loss factor and FE-AFE switching temperature all increased. 

Similar results were also reported by Wang et al [194, 195]. 

Recently, composition-dependent phase transition behavior of PLZST AFE films has been 

systematically investigated by Xu et al [74] and Hao et al [196]. The compositions covered from 

AFET to AFEO in the PLZST diagram. Electrical properties of the PLZST thin films studied by Hao et 

al are summarized in Table 1 [196]. Generally, composition-dependent electrical properties of the 

PLZST thin films are consistent with the results of the AFET ceramics. Namely, the AFE films with 

high content of Zr
4+

 and low content of Ti
4+

, located in the bottom of the PLZST diagram and close to 

the point of PZ, possessed larger phase switching fields, wider hysteresis width and higher dielectric 

peak temperature.  

Temperature-dependent dielectric constants of both Pb0.97La0.02(Zr0.75Sn0.22Ti0.03)O3 and 

Pb0.97La0.02(Zr0.75Sn0.18Ti0.07)O3 thin films, at various DC electric fields, were studied to compare the 

phase transition behaviors of AFEs with orthorhombic and tetragonal structures [196], as shown in Fig. 

33 (a) and (b). Pb0.97La0.02(Zr0.75Sn0.22Ti0.03)O3 was located in the AFEO region. It had a forward 

switching field EF of 221 kV/cm at room temperature. Pb0.97La0.02(Zr0.75Sn0.18Ti0.07)O3 was located in 
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the AFET region and its room temperature EF was 108 kV/cm. At electric fields below the forward 

switching field, AFEO underwent AFE-FE-PE phase transition as the temperature is increased. The 

AFE-FE phase transition temperature was decreased whereas the FE-PE phase transition temperature 

was increased as the DC field was increased. In other words, with increasing temperature, the 

temperature range of FE phase could be widened by the application of DC fields. Differently, AFET 

had only one dielectric peak as the temperature is increased. At DC fields below its forward switching 

field, the sample underwent only AFE-PE transition and no FE phase was observed.  

Thickness dependences of phase transition behavior of PLZST AFE films, deposited on 

Pt-buffered silicon substrates, were studied by Xu et al [72] and Li et al [81]. Xu et al [72] found that 

phase switching fields, dielectric constant and maximum polarization of the PLZST AFE films were 

all gradually increased as their thinness was increased from 100 nm to 1000 nm. It was suggested that 

the high tensile stress in the thinner films was responsible for their lower phase transition fields. Li et 

al [81] observed a similar variation trend in dielectric constant and maximum polarization with film 

thickness. However, the phase switching field gradually decreased as the film thickness was increased 

from 235 nm to 660 nm. The difference in field-thickness relationship between the two groups of 

authors was attributed to the presence of dead layer by Li et al [81].  

(B) PNZST  

Similar to PLZST, PNZST AFEs also have orthorhombic or tetragonal structures, as showed in 

Fig. 31. The investigation on bulk ceramics mainly focused on AFEs with tetragonal, while AFEO 

films have also been studied. Phase transition behavior of PNZST AFEs is similar to those of their 

PLZST counterparts.  

According to Akiyama and Fujisawa [197], PNZST AFET ceramics, with a composition of 

Pb0.99Nb0.02[(Zr0.69Sn0.31)0.945Ti0.055]0.98O3, had a AFE-PE phase transition as temperature increasing, 

accompanied by an increased EF-AFE phase transition field. Composition-dependent phase transition 

behavior of PNZST AFET ceramics was studied by Feng et al [198]. At a given Zr:Sn ratio (7:3), with 

increasing content of Ti
4+

, the critical phase transition field and the AFE-PE transition temperature 

both decreased, while dielectric constant increased. At a fixed content of Ti
4+

, with increasing content 

of Sn
4+

, the critical phase transition field between AFE and FE state and room-temperature dielectric 

constant both increased, while the AFE-PE transition temperature decreased. This result means that 

Sn
4+

 was able to stabilize the AFE state and Ti
4+

 stabilized the FE state, but both ions led to a decrease 
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in the AFE-PE transition temperature. For example, the induced FE phase of the sample with higher 

Ti
4+

 content was remained after the removal of the electric field.  

The temperature dependence of phase transition process of Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 

(y=0.060, 0.063, 0.067, 0.069, 0.071 and 0.075) ceramics was reported by Frederik and Tan [199]. 

Although all samples were AFE phase at room temperature, the electric field-induced FE phase in the 

samples with compositions of y≥0.069 became metastable and the FE-AFE phase transition did not 

occur after unloading of the electric fields. With decreasing temperature, both the remanent 

polarization and the coercive field increased, which was consistent with those observed in normal FEs. 

However, an increase in temperature destabilized the FE phase. Above a certain temperature (50 
o
C for 

y=0.069), the induced FE phase would return to AFE phase upon removal of the electric fields and the 

AFE phase could be existed stably. Further increase in temperature led to an increase in critical phase 

switching field and a decrease in maximum polarization. A plateau region (from 170 to 120
o
C for 

y=0.069) in the temperature-dependent dielectric constant curves on cooling process was obtained, 

within which a phase switching occurred from PE single-cell cubic phase (PESC) to PE multicell cubic 

phase (PEMC) and then to AFET phase.  

Phase transition behavior of PNZST AFEO films with (100)-preferred orientation have been 

extensively studied by Zhai et al [133, 134]. Their properties were similar to those of pure PZ films 

[73, 77]. With increasing thickness, the critical phase transition field between AFE and FE state of the 

films gradually decreased. With increasing temperature, the AFE phase was destabilized and the 

critical phase transition field decreased. Similarly, there existed FE phase between AFE and PE phase 

in the temperature-induced phase transition process and the temperature region of FE phase could be 

expanded by applying electric fields.  

Besides the temperature and electric field-induced phase transition, pressure-induced FE-AFE 

switching in PLZST and PNZST ceramics with a composition located in tetragonal region have also 

been studied extensively. Typical work on pressure-induced FE-AFE transition was reported by 

Berlincourt [34]. FE-AFE transition in Pb0.995Nb0.01[(Zr0.7Sn0.3)0.94Ti0.6]0.99O3 ceramic was observed at a 

hydrostatic pressure of 28 MPa.  

The effect of hydrostatic pressure on phase transition behavior of 

Pb0.97La0.02(Zr0.64Sn0.264Ti0.085)O3 AFET ceramics was reported by Xu et al [35]. It was found that stable 

FE phase could be induced in the samples at 5 kV/mm and 100
o
C. The induced FE phase was back to 
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AFE state upon the application of hydrostatic pressure. As the temperature was increased from 20 to 

60 
o
C, the critical hydrostatic pressure decreased from 70 to 40 MPa. Moreover, for a virgin sample, as 

the hydrostatic pressure was increased from 0.1 to 500 MPa, the AFE-PE switching temperature 

gradually increased while dielectric constant of the samples was reduced. These results further 

demonstrated that hydrostatic pressure favored to AFE state, as predicated by the soft model theory.  

Recently, Dai et al [144] studied the depolarization behavior of induced FE in PNZST ceramics 

as a function of hydrostatic pressure and external electric field. The ceramics with a composition of 

Pb0.99Nb0.02(Zr0.75Sn0.2Ti0.05)0.98O3 were prepared by the conventional solid state reaction process and 

then switched into FE state by electric poling. As shown in Fig. 34 (a), as a positive DC field was 

applied to the samples, the pressure for FE-AFE phase transition increased with increasing strength of 

electric field. At negative fields, the critical phase transition pressure decreased with increasing 

electric field. Positive DC field means that direction of the electric field is the same as that used to 

pole the ceramics, while negative field means that the polarity of the field is opposite to that of the 

poling field. As a result, a hydrostatic pressure-electric field phase diagram can be drawn, as shown in 

Fig. 34 (b). Therefore, FE-AFE switching can be controlled concurrently by hydrostatic pressure and 

electric field.  

The effect of hydrostatic pressure on the AFE-PE phase transition of PLZST ceramics with a 

composition of Pb0.97La0.02(Zr0.67Sn0.23Ti0.10)O3 was also studied by Dai et al [200]. The AFE-PE phase 

transformation temperature was increased at a rate of 0.2
o
C/MPa, with increasing pressure. At the 

same time, with increasing pressure, the peak of dielectric constant (versus temperature) was 

decreased and broadened gradually. These experimental results also mean that the application of 

hydrostatic pressures stabilized the AFE phase.  

4.2. Phase transition characteristics of AFE films with multilayer structures  

4.2.1. Phase switching characteristics of oxide layer buffered AFE films  

Oxide buffer layers were used to control the orientations of AFE films, thus leading to possible 

studies on orientation-dependent phase transition behavior of the AFE films. As mentioned in section 

2, according to their structure and conductivity, oxide buffer layers can be divided into two classes: (i) 

conductive layers with ABO3 structure, such as LaNiO3 (LNO) and (La,Sr)MnO3; (ii) insulating layers 

with MO2 structure, such as TiO2, ZrO2 and CeO2. 

An extensive investigation on (100)-textured PZ, PNZST and PLZST films deposited on 
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different substrates was reported by Zhai et al [2, 43, 73, 78]. It was found that the PNZST films on 

Pt/TiO2/SiO2/Si substrates were (110)-oriented, whereas they had (100)-preferred orientation when 

deposited on LNO(100)/Pt/TiO2/SiO2/Si substrates. The (100)-orientated PNZST films have a 

columnar-like grain microstructure, with dielectric constant and saturation polarization being 

increased and dielectric loss tangent being reduced, as compared to the (110)-oriented films.  

The difference in orientation also resulted in a difference in phase transition fields of the AFE 

films with same composition and thickness. Hao et al [86] studied phase transition behaviors of the 

LNO-buffered PLZST and PLZT thick films with (110)-preferred orientation, which was along the 

anti-parallel direction of AFEs. It was found that the (110)-oriented PLZST thin films had higher 

dielectric constant, lower dielectric loss tangent, increased saturation polarization, declined remanent 

polarization and enhanced phase switching fields, as compared to the (111)-orientated AFEs films 

without LNO buffer layer. In a separate study, Hao et al [110] deposited PLZT AFE thick films (2500 

nm) with (110) and (100) orientations on LNO(110)/Pt/TiO2/SiO2/Si and Pt/TiO2/SiO2/Si substrates, 

respectively, by using a CSD method. As shown in Fig. 35, the PLZT thick films with (110) 

orientation had a more homogeneous microstructure, larger saturation polarization, higher dielectric 

constant and much smaller phase transition field comparatively.  

Similar to those observed in FE thin films, electrical properties of AFE films have also been 

improved by using insulating layers. Typical work was reported by Hao et al [33], where PLZST thin 

films were deposited on Pt/TiO2/SiO2/Si substrates with a thin buffer layer of TiO2, ZrO2 and CeO2. It 

was found that although (111)-preferred orientation of the AFE films was suppressed due to the 

insertion of the buffer layers, the AFE films with ZrO2 and CeO2 buffer layers showed a more 

homogeneous microstructure as compared to those directly deposited on the Pt/TiO2/SiO2/Si substrates. 

As a result, both the dielectric and electrical properties of the PLZST AFE thin films were improved 

due the presence of the buffer layers.  

4.2.2. Phase transition characteristics of AFE films with superlattice structure 

In recent years, artificial perovskite oxide superlattices, which are composed of combinations of 

two or more oxide layers, such as FE layer, ferromagnetic layer, and superconducting layer, etc., have 

been widely studied. Because large lattice distortion can be introduced in the in-plane direction by the 

layer stacking, various unusual physical properties have been created, such as enhanced dielectric 

properties in BaTiO3/SrTiO3 and (Pb,La)TiO3/PbTiO3 superlattices, elevated magnetoresistance in 
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Pr0.85Ca0.15MnO3/Ba0.64Sr0.4TiO3 superlattices, and artificial ferroelectricity in SrZrO3/SrTiO3 

superlattices [201,202]. This subsection was aimed to summarize the progress in artificial superlattices 

involving a layer of AFEs.  

An earlier work on superlattices with AFE layer, (100)-textured PbZrO3/PbTiO3 (PZO/PTO), 

was reported by Kanno et al [203]. The [(PZO)n/(PTO)n]m superlattice structures were prepared on 

Pt(100)MgO substrates by using a multi-ion-beam sputtering method. In the formula, n is the number 

of unit cell (or thickness of individual layer) and m is the total number of the [(PZO)n/(PTO)n] layers. 

It was found that the decrease in the number of unit cell (n) led to an enhancement in dielectric 

constant and remanent polarization. Similar results were also obtained in the same superlattices by 

Choi et al [204]. In this case, the PbZrO3/PbTiO3 superlattices were fabricated on 

La0.5Sr0.5CoO3(100)/MgO substrates by using PLD method. However, no AFE behavior was observed 

in both cases.  

Pintilie et al [205] deposited PbZrO3/Pb(Zr0.8Ti0.2)O3 (PZO/PZT) superlattices on 

SrRuO3(100)/SrTiO3 substrates by using PLD method. A clear interface between the two different 

layers was observed by using TEM [205].They also found that the thickness of individual layers had a 

strong effect on dielectric properties and phase transition behavior of the superlattice structures. There 

was a critical thickness of individual layers, which was 9-10 nm. The sample with the critical 

thickness of individual layer had a maximized dielectric constant. Meanwhile, a thickness-induced 

AFE-FE transition was also observed in the sample with the critical thickness. The shape of 

room-temperature capacitance-voltage (C-V) curves of the PZO/PZT superlattices with a total 

thickness of 100 nm had a close relationship with the values of m (=1, 2, 4 and 6). The samples with 

m=1, 2 and 4 (50, 25 and 12.5 nm of individual layers) demonstrated an obvious double butterfly 

shape, indicating their AFE nature of these structure. The critical electric field for AFE-FE switching 

decreased with decreasing thickness of the individual layer. The sample with m=6 (9 nm of individual 

layers) possessed typical FE behavior. These results were also confirmed by their P-E loops and 

current-voltage curves. In a recent study, Bao et al [201] prepared PbZrO3/Pb(Zr0.4Ti0.6)O3 

superlattices with a individual layer of 9-10 nm and total thickness of 200 nm. P-E loops also indicated 

that no AFE phase was observed in this multi-layered structure. 

Besides AFE/FE superlattices, on AFE/PE artificial multi-layer structures have also been 

reported. For example, a multi-layer structure of PZO/BZO, consisting of AFE PbZrO3 and PE 
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BaZrO3, was fabricated on LaNiO3(100)/Pt/Ti/SiO2/Si substrates at 475
o
C by radio-frequency 

magnetron sputtering [206]. The PZO/BZO superlattices had an average composition of 

(Pb0.75Ba0.25)ZrO3 (PBZ). The thicknesses of each layer of PZO and BZO were varied, with ratios of 

PZO to BZO of 1.5 nm/0.5 nm, 3 nm/1 nm, 6 nm/2 nm and 12 nm/4 nm. The total thickness of the 

films was about 120 nm. It was found that the decrease in stacking periodicity increased the mean 

c-axis parameter of the superlattices and thus led to an enhancement in dielectric and ferroelectric 

properties. A linear increase in remanent polarization Pr and coercive field EC with incresasing electric 

field was observed in the superlattice films, which was not observed in the PBZ solid-solution films. 

This “linear” ferroelectricity was independent of measuring temperature up to 100 °C. The retention of 

ferroelectric property was also greatly improved in the superlattice films, either at room temperature or 

at 100 °C. The superlattice films showed a dielectric property insensitive to temperature, which was 

entirely different from that of the PBZ films. Moreover, leakage current was significantly suppressed 

in the superlattice films due to the presence of the wide-bandgap sublayer of BZO.  

5. Important potential applications of AFEs 

The phase transition process of AFE materials is always accompanied by a remarkable and sharp 

change in polarization and volume, as a result of the application of electric field, temperature, or 

hydrostatic pressure. Therefore, AFE materials have potential applications in high-energy capacitors, 

high-strain actuators, IR pyroelectric detectors, cooling devices and pulsed voltage/current suppliers, 

and so on. Pulsed voltage/current during the phase transition from the induced FE to AFE has been 

discussed in section 4. In this section, four types of potential applications of AFE materials related to 

their remanent characteristics, i. e., high-energy storage, field-induced strain, pyroelectric and 

electrocaloric effect, will be summarized. 

5.1. High-energy storage performance  

AFEs, as a subcategory of dielectrics like linear dielectrics (LDs) and FEs, can be used in 

electric energy storage capacitors. Energy storage capacities of the three kinds of dielectric materials 

can be evaluated from their P-E loops, as shown in Fig. 36. The energy stored per unit volume of a 

dielectric, J, can be given by [207]: 


max

0

D

EdDJ ,              (7) 

where E is the applied electric field and Dmax is the electric displacement (D) at the highest applied 
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field (Emax). For the dielectrics with high relative dielectric constant, D can be replaced by the 

polarization (P). Accordingly, the above formula can be written as [207]: 

 
maxmax

00

EP

PdEEdPJ ,            (8) 

Evidently, based on Eq. (8), the J value of the dielectrics can be easily obtained by numerical 

integration of the area between the polarization axis and the curves of P-E loops. As shown in Fig. 36, 

when the electric field is increased from zero to the maximum Emax, the polarization is also increased 

to its maximum Pmax, and the electrical energy is stored in the capacitor as Jstore, illustrated by the 

green and red area. During the discharge process from Emax to zero, the recoverable electrical energy 

with a density Jreco is then released, represented by the green area in the figure. This means that part of 

the stored energy (the red area enclosed by the loops) is dissipated during the depolarization process 

because of the hysteresis loss. Based on these results, the energy storage efficiency  can be defined 

as: 

%.100
store

reco

J

J
                (9) 

Since the permittivity is defined as dP/dE, Eq. (8) can be expressed as: 

.
max

0
0

E

rEdEJ              (10) 

Thus, for linear dielectric materials, whose permittivity is independent on external electric field, Eq. 

(10) can be simply expressed as: 

.
2
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0
0

max

EPdEJ r

E

              (11) 

This result indicates that the energy storage density for linear dielectric materials is directly 

proportional to the relative permittivity of the dielectrics and the square of the applied electric field. 

Obviously, according to Eqs (8)-(11), in order to improve the energy storage density and 

efficiency, large difference between maximum polarization and remanent polarization and high 
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breakdown field are desired. It can be seen from Fig. 36 that, for high-density energy storage 

applications, AFEs are superior to FEs, because their much more stored charges can be released due to 

the absence of any remanent polarization. AFEs are also superior to LDs because of their higher 

dielectric constant and larger polarization.  

Although Jaffe stated in 1962 that AFEs might be a promising candidate for high energy storage 

[20], it was until 1971 that a moderate energy density of 2.1 J/cm
3
 was achieved by using PZ AFE 

thick films with a small amount of low-softening-point glass [207]. The poor energy storage 

performance of AFEs ceramics has been attributed mainly to their relatively low breakdown fields, 

due to their inhomogeneous microstructures. As a result, little attention has been paid to the energy 

storage properties of AFE ceramics. 

Recently, with the rapid development of microelectronic devices towards miniaturization, 

lightweight and integration, dielectric films with high energy storage density have attracted increasing 

attention, because of their higher critical breakdown field. An improved energy storage density, with a 

value of 7-8 J/ cm
3
, was reported in AFE thin and thick films on Pt-buffered silicon substrates by Xu et 

al [74]. Thereafter, Parui reported that an even higher room-temperature recoverable energy density of 

14.9 J/cm
3
 could be possible by using a 700 nm 5 mol% La-doped PZ film at 600 kV/cm [208]. These 

results inspired the interest in the applications of AFE films as energy storage devices.  

More recently, a similar result was reported by Hao et al [26]. They found that a recoverable 

energy density Jreco of 14.5 J/cm
3
 could be achieved by using a 500-nm 5 mol% Sr-doped PZ thin film 

at 900 kV/cm at room temperature. At the same time, a higher energy efficiency η of 78% was realized 

in this film correspondingly. An enhanced fatigue endurance and stable temperature-dependent energy 

storage performance were also observed in the Sr-doped PZ films. The authors also found that lead 

content had an essential influence on the energy storage density of the AFE films [209]. For example, 

Jreco value of the 400-nm-thick Pb0.97La0.02(Zr0.97Ti0.03)TiO3 films at 1200 kV/cm could be remarkably 

increased from 3.3 to 11.7 J/cm
3
 by using 20 mol% excess lead. More interestingly, dense and uniform 

PLZT AFE films (1000 nm) deposited on LaNiO3-buffered Ni foil substrates by using a CSD method 

exhibited an excellent breakdown endurance of above 3500 kV/cm and an extremely high Jreco of 53 

J/cm
3
 [210, 211] 

Composition dependence of energy storage behaviors of PLZST AFE thin films with 

orthorhombic structure was first studied by Mirshekarloo et al [212]. The room temperature maximum 



 42 

value of Jreco was 13.7 J/cm
3
 in Pb0.97La0.02(Zr0.75Sn0.20Ti0.05)O5 films. In fact, AFE films with 

orthorhombic or tetragonal structures could be readily obtained by chemical composition controlling. 

It is well known that crystal structure has a strong influence on phase transition process, dielectric 

properties and strains of AFEs. Thus, it is reasonably believed that the energy storage performance of 

AFEs is also affected by their structure. Recently, 1.8-μm-(Pb0.97La0.02)(Zr0.95-xSnxTi0.05)O3 AFE thin 

films with orthorhombic (x=0.05 and 0.25) and tetragonal (x=0.40) structures were deposited on 

Pt-buffered Si substrates by using a CSD route by Hao et al [213]. It was found that the films with 

tetragonal structure with higher tin contents displayed higher dielectric constant and improved critical 

electric breakdown field, and thus higher recoverable energy storage density. Specifically, the AFE 

thin films with x=0.40 possessed a huge Jreco of 56 J/cm
3
, as shown in the Fig. 37. 

Besides high energy storage density, AFE materials also possess high charge releasing speed 

(the FE-AFE switching speed), which is an important parameter required by practical applications. It 

was reported by Pan et al [30] that the FE-AFE switching time of PLZST ceramics first gradually 

increased with increasing applied electric field and then kept to be a constant of 1-2 μs. Moreover, the 

samples with larger FE-AFE switching field EA had a higher switching speed. Therefore, the switching 

speed was related to the stability of the induced FE phase. It was believed that the stability of the 

induced FE phase increased with increasing applied electric field and thus the energy barrier for the 

recovery of the AFE phase is increased. As a result, the switching time also increased. When the 

applied field was high enough to complete the AFE-FE transition, a further increase in the applied 

field would not increase the stability of the induced FE phase and thus the switching time leveled off. 

A very high charge releasing speed was observed in PLZST ceramics by Zhang et al recently [214]. It 

has been found that more than 80% stored electric charge could be released in just 65 ns for the 

PLZST ceramics with a composition of Pb0.925La0.05(Zr0.42Sn0.40Ti0.18)O3. Furthermore, the AFE 

ceramic capacitors could withstand 2000 times of change-discharge cycling without significant 

degradation in performance at 35 kV/cm.  

There are other reports on the FE-AFE phase switching speeds of AFE thin film [215-217]. For 

instance, a systematic investigation on electric field, temperature and thickness dependences of 

FE-AFE switching process of pure PZ films was reported by Bharadwaja et al [215]. They found that 

60% of the stored energy in the 550-nm-thick PZ films could be released in less than 7 ns at room 

temperature and 200 kV/cm. As the applied field was further increased, the switching time showed an 
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almost negligible variation, but the amount of the released charge was increased. Increase in 

temperature led to reduced switching time (6 ns), but the amount of released charge decreased. At a 

given applied field of 200 kV/cm, the maximum amount of released charge increased with increasing 

thickness, but the switching time was not affected.  

5.2. Field-induced strains 

Electric field-induced strains in AFEs and FEs are generally attributed to the following four 

types of electricmechanical effects: (i) electrostriction, (ii) piezoelectricity, (iii) ferroelectricity, and (iv) 

induced phase changes [20, 218]. Electrostrictive materials are mainly relaxore FEs (such as PLZT 

and lead magnesium niobate or PMN), with large nonlinear electromechanical responses and 

minimum hysteresis. The electrostrictive strain originates from the alignment of micro-polar domains 

and is always positive, regardless of the direction of the applied electric field. Differently, the 

field-induced piezoelectric strain is linear, which can be either positive or negative, depending on the 

direction of the applied field. As for FEs, the field-induced strain is due to the domain switching, so 

that it shows well-known butterfly loops. However, the field-induced strain between AFE and FE state 

exhibits an abrupt increase at forward field and a sharp decrease at backward field. Namely, the 

field-induced strain in AFEs possesses an “on”/“off” characteristic. More importantly, the strain levels 

achieved in AFEs can be up to 1%. Strain level of 0.3-0.6% can be easily obtained with AFE ceramics 

and films, which are much higher than those (0.1%) achievable in other three types of 

electricmechanical materials. Therefore, AFEs are more desirable for applications in large-strain and 

high-force actuators.  

AFE phase is stable under certain conditions. Phase transitions from AFE to FE or PE can be 

triggered by electric field or heating. The transitions from AFE to either PE or FE are always 

accompanied a rapid increase in specific volume (V), because VFE>VPE>VAFE. Generally, c/a ratio of 

the primitive unit cell of AFEs is less than 1 and aFE is lager than cAFE, but smaller than aAFE. As a 

result, when an electric field E is applied along c-direction of an AFE single crystal, it should expand 

along the E-direction (longitudinal strain), but shrink in directions normal to the field (transverse 

strain). Because the ratio of aFE/cAFE is larger than the ratio of aAFE/aFE, there is an increase in the 

overall volume [23, 28]. However, the scenario for polycrystalline ceramics is more complicated due 

to the randomly oriented grains. Typical field-induced longitudinal, transverse and volume strain of the 

PLZST ceramics with a composition of Pb0.98La0.02(Zr0.66Ti0.10Sn0.24)0.995O3 were reported by Pan et al 
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[28, 219], as shown in Fig. 38. Different from AFE single crystal, AFE ceramics experienced not only 

longitudinal but also transverse expansions during the AFE-FE phase switching. Due to the inverse 

piezoelectric effect of the induced FE, above the threshold of the AFE-FE switching, further increase 

in the field would result in an additional strain in the longitudinal direction, which was accompanied 

by a compressive deformation along the transverse directions. Accordingly, the longitudinal strain 

always increased with increasing electric field, whereas the transverse strain was maximized at a 

certain electric field, as shown in Fig. 38. 

A comprehensive study on the primitive cell volumes of FER(LT), FER(HT), AFET, AFEO, and PE 

phases was reported by Berlincouet [23]. The primitive unit cell volume has an order of 

AFEO<AFET<PE<FER(LT)<FER(HT). The specific volume difference between AFEO and FER(HT) is as 

high as 0.96%.  

An earlier work on electric field-induced strain in AFEs was reported by Pan et al [30]. The AFE 

ceramics were PLZST with compositions located in the AFET region. Longitudinal field-induced strain 

varied in the range of 0.18%-0.87% depending on composition. It was found that larger strains were 

observed in the samples with compositions close to the AFET-FER MPB. The maximum longitudinal 

strain of 0.87%, corresponding 0.95% increase in volume, was obtained in 

Pb0.97La0.02(Zr0.66Ti0.11Sn0.23)O3. Moreover, according to temperature-dependent induced strain, 

maximum strain was always achieved near the AFE-FE transition temperature, where AFET and FER 

co-existed. Therefore, like piezoelectric effect in FEs, AFEs with compositions near MPB also have 

optimized induced strains. This conclusion has been supported by widely available experimental data 

in the open literature [37], where a maximum longitudinal strain of 0.3%-0.4% can be readily 

achieved.  

Akiyama and Fujisawa [197] studied the composition dependent field-induced strains of PNZST 

AFET ceramics. They found that, at E=80 kV/cm, longitudinal strain was gradually increased with 

increasing Zr/Sn ratio. The maximum strain observed in the PNZST ceramics was 0.44%. Recently, 

longitudinal and transverse strains of Pb0.99Nb0.02[(Zr0.57Sn0.43)1-yTiy]0.98O3 (y=0.060, 0.063, 0.067, 

0.069, 0.071 and 0.075) ceramics were reported by Frederick et al [192].The samples with y≤0.067 

were all stable AFE at room temperature. They showed similar longitudinal strain of about 0.3%, but 

their transverse strain was decreased from 0.09% to 0.01% with increasing value of y. For the samples 

with y≥0.069, the induced FE could not be back to AFE after the removal of the electric field. Thus, 
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their field-induced strains behaved like FEs, with a longitudinal strain of less than 0.1%. 

Because large strain actuators are usually placed under prestressed conditions to maintain their 

integrity for practical applications, it is important to study the effect of prestress on field-induced 

strains of AFE materials. The effects of prestress on the field-induced strain of AFE PLZST ceramics, 

Pb0.98La0.02(Sn0.33Zr0.55Ti0.12)0.995O3 (labeled as B1) and Pb0.98La0.02(Sn0.24Zr0.66Ti0.10)0.995O3 (labeled as 

A2), were reported by Pan et al [219]. Without a prestress, A2 and B1 had the maximum induced 

longitudinal strain of about 0.27% and 0.24%, respectively. Once a small prestress (3 MPa) was 

applied, the longitudinal strains of the two samples were decreased by 50%. However, with further 

increasing stress, the two samples responded differently. The longitudinal strain of A2 continued to 

decrease with stressing, whereas that of B1 started to increase instead. This difference was well 

explained by considering the characteristics of the induced FEs (“soft” or ‘hard”), as well as the 

geometry and clamping effect of the samples. However, in a separate study by Essig et al [220], a 

different prestress-dependent induced strain was observed in PLZST and PNZST AFE ceramics. In the 

temperature range of 20-85
o
C, the longitudinal strain was increased gradually with increasing stress, 

which was not explained by the authors. These contradictory results mean that the mechanism of the 

prestress-dependent induced strains in AFEs could be complicated and further works are necessary to 

arrive at conclusive understandings.  

There have also been reports on electric field-induced strains of AFE films. (111)-oriented PZ 

films with a longitudinal strain of 0.7% were reported by Tani et al [106]. The PZ films were deposited 

on Pt-buffered silicon substrates by a CSD method. Similarly, a maximum longitudinal strain of 

6.4-6.8% was reported in 500-nm-thick (111)-oriented PZ films by Maiwa and Ichinose [31]. The 

field-induced in PLZST and PNZST thick films were studied by Xu et al [29]. It was reported that 

5-μm-thick Pb0.99Nb0.02(Zr0.85Sn0.13Ti0.02)O3 and Pb0.97La0.02(Zr0.65Sn0.31Ti0.04)O3 films with the same 

orthorhombic structure showed a maximum longitudinal strain of 0.48% and 0.38%, respectively. 

Interestingly, Sengupta et al [218] found that the induced strains of AFE materials are also affected by 

the operating frequency. In this study, a (111)-preferred Pb0.99Nb0.02[(Zr0.58Sn0.42)0.96Ti0.04]0.98O3 thin 

film with a thickness of 1200 nm was used, which was deposited on Pt(111)/TiO2/SiO2/Si substrates 

by a CSD method. As the measurement frequency was increased from 10 Hz to 10 kHz, the maximum 

longitudinal strain of the film gradually decreased from 0.16% to 0.09%. Similar result was observed 

in (100)-oriented Pb0.97La0.2(Zr0.95Zr0.05)O3 thin film with a thickness of about 1670 nm [113]. As the 
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frequency was increased from 100 Hz to 1 kHz, the maximum longitudinal strain of the film was 

declined from 0.4% to 0.33%. However, P-E loops of the thin film measured at different frequencies 

were almost the same. These results implied that the response of the volume change during the 

AFE-FE switching was slower as compared to the response of polarization switching.  

Composition dependence of field-induced strains of AFE films was reported by Mirshekarloo et 

al in a recent study [210]. The studied AFE films were orthorhombic (Pb0.97La0.02)(Zr1-x-ySnxTiy)O3 

with a thickness of 800-900 nm deposited on Pt-buffered substrates by a CSD process. It was found 

that the longitudinal strains of the films increased with increasing content of Zr
4+

. Specifically, the 

(Pb0.97La0.02)(Zr0.90Sn0.05Ti0.05)O3 thin film had a maximum strain of 0.49%.  

Because the anti-polar direction of AFEs is along the pesudocubic <110> direction while the 

polar of FE phase is along <111> direction, it is expected the orientation of AFE films should have a 

strong effect on their induced strains [109, 110]. An example was demonstrated by 

(Pb0.97La0.02)(Zr0.95Ti0.05)O3 AFE thick films [110]. The films on Pt(111)/TiO2/SiO2/Si substrates were 

(100)-oriented while those on LaNiO3(110)/Si substrates were (110)-oriented. Both films were 2500 

nm in thickness and deposited by using a CSD method. As demonstrated in Fig. 39 (a), the maximum 

strain of the (110)-oriented film was 0.55%, whereas that of the (100)-oriented film was 0.31%. A 

remarkable enhancement in strain, by about 77%, was obtained if a film with (110) orientation was 

used instead of the one with (100) orientation. Also, the AFE-FE switching field of the (110)-oriented 

thick film (200 kV/cm) was much lower than that (256 kV/cm) of the (100)-oriented film.  

Another example was demonstrated by using highly (100) and (111)-oriented 

Pb0.97La0.02(Zr0.85Sn0.13Ti0.02)O3 AFE thin films [109]. The (100) and (111)-oriented films with a 

thickness of about 700 nm were fabricated on LaNiO3(100)/Pt(111)/TiO2/SiO2/Si and 

Pt(111)/TiO2/SiO2/Si substrates, respectively. The (111)-oriented AFE film had smaller phase 

switching field and higher saturated polarization than the (100)-preferred one. Moreover, the 

(111)-oriented AFE film had higher electric-field induced strain (0.79%) than the (100)-orientated 

sample (0.48%), as shown in Fig. 39 (b). Therefore, controlling the preferred orientation is an affective 

way to optimize the field-induced strain performances of AFE materials. 

5.3. Pyroelectric effect  

Pyroelectric effect of a material refers to its ability of to generate a temporary voltage (or current) 

when it is heated or cooled. The temperature variation alters the positions of the atoms slightly within 
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the crystal structure, so that the polarization of the material is changed. As a result, a voltage across the 

material is created. Because of the temperature-dependent polarization, AFE and FE materials usually 

possess good pyroelectric responses than other materials. Two parameters, pyroelectric coefficient p 

[p=(Dd/dT)E=(dPs/dT)E+ε0(dεr/Dt)EE] and pyroelectric figure of merit FOM 

(  tan/ 0 rvCpFOM  ), are usually used to evaluate the performances of pyroelectric materials 

[221]. In the formulas, D is the dielectric displacement, T is temperature, Ps is spontaneous 

polarization, E is applied electric field, ε0 is the dielectric constant of free space, εr is relative dielectric 

constant of the material, Cv is heat capacity, and tanδ is dielectric loss of the material. According to 

Byer and Roundy [222], pyroelectric coefficient can be deduced from the collected current in the 

material and is given by: 

dtAdT

I
p

/
 ,              (12) 

where I is the collected current flowing through the pyroelectrics-based capacitor, A is the electrode 

area and dT/dt is the rate of temperature variation. 

Generally, there are two types of pyroelectrics [221]. Type one is the conventional pyroelectrics 

that are poled materials and operated in the temperature range without phase transition and below the 

Curie temperature, so that the pyroelectric response is reversible and stable. Type two is the 

phase-switching pyroelectrics that are operated near the phase transition temperature and a DC bias is 

usually employed to stabilize the pyroelectric effect. Pyroelectric effect in various FE materials, such 

as Pb(Zr,Ti)O3 (PZT), (Ba,Sr)TiO3 (BST), Ba(Zr,Ti)O3 (BZT), Pb(Sc,Ta)O3 (PST) and 

PbMg1/3Nb2/3O3-PbTiO3 (PMN-PT), and so on, has been widely investigated [223-226]. Due to their 

abundant types of phase transition (such as AFE-FE, FE-AFE, FE-PE and AFE-PE), lead-based AFE 

materials have been shown to possess more interesting pyroelectric responses. Typical works on 

pyroelectric properties of AFE materials will be summarized below. 

Pyroelectric effect of AFEs was first found in PZ single crystal by Ujma and Handerek [227], 

when they attempted to demonstrate the presence of FE phase in PZ just below its Curie temperature. 

It was found that strong pyroelectric currents in the vicinity of TF (phase transition tempearure 

between AFE and FE phase) and TP (phase transition tempearure between FE and PE phase) could be 

detected during both heating and cooling processes. However, there was a heat hysteresis in the two 

processes.  
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Subsequently, pyroelectric effect was also observed in Pb(Zr0.95Ti0.05)O3 and Nb-doped 

Pb(Zr0.92Ti0.08)O3 AFE ceramics [228, 229]. With increasing temperature, Pb(Zr0.95Ti0.05)O3 ceramics 

underwent a series of phase switching, AO-FR(LT), FR(LT)-FR(HT) and FR(HT)-PE, at 88, 160, and 243 
o
C, 

and large pyroelectric current densities in the order of 10
-8

 A/cm
2
 were detected in the vicinity of the 

phase transition temperature. During the cooling process, reverse phase transitions occurred with a 

certain degree of delay, indicating the presences of thermal hysteresis of the phase transition. Similar 

phase switching sequence was also observed in Nb-doped Pb(Zr0.92Ti0.08)O3 ceramics. Moreover, it 

was found that, as the content of Nb2O5 was increased from 0.2% to 1.5%, the FR(LT)-FR(HT) switching 

temperature was increased while the FR(HT)-PE switching temperature was decreased, and at the same 

time, the pyroelectric current peaks became diffused and lowered.  

Another example of pyroelectric effect of AFEs was reported by Yang et al [230]. The AFE 

material was PLZST ceramics with a composition of Pb0.97La0.02(Zr0.75Sn0.09Ti0.16)O3 located in the 

AFET region. It had a forward switching field of 4 kV/mm. Below 15
o
C, the induced FE state was 

retained after removal of the DC field. Fig. 40 shows temperature dependences of pyroelectric 

properties, due to the phase transition from induced FE to AFE, at various applied DC fields. It can be 

seen that the magnitude and peak temperature of the pyroelectric current were tunable within a wide 

temperature range from 5 to 100
o
C. The peak temperature was increased at a rate of 38

o
C/kV·mm

-1
 as 

the applied fields were less than 3 kV/mm. The pyroelectric coefficient reached the order of 10
-7

-10
-6

 

C/cm
2
·K, with a peak width of 45

o
C at ambient temperature. At high applied field, for instance, E=3 

kV/cm, the induced FE phase was stabilized and FE-AFE switching was prevented.  

Xu et al [231] investigated the pyroelectric effects of AFEO PNZST 

[Pb0.99Nb0.02(Zr0.85Sn0.13Ti0.02)0.98O3] and AFET PLZST [Pb0.97La0.02(Zr0.75Sn0.16Ti0.09)O3] thin films. 

Both samples with (100)-preferred orientation were deposited on LaNiO3(100)/Pt/SiO2/Si substrates 

by using a CSD process. Similar to bulk ceramics, the induced FE phase in PLZST films could only be 

stable at low temperatures and high DC electric fields. In other words, the transition temperature from 

the induced FE to AFE could be tuned by DC field, resulting in a tunable pyroelectric effect. In 

contrast, AFE phase of PNZST films was stable at low temperatures and its induced FE phase was 

stable at high temperature. As a result, the forward switching field was decreased as the temperature 

was increased. Accordingly, pyroelectric current due to the AFE-FE phase switching could also be 

tuned by DC field in a wide range of temperature. It was found that the peak pyroelectric coefficient in 
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an order of 10
-7

 C/cm
2
·K was shifted from 20 to 100

o
C as the DC voltage was decreased from 14 to 

7.5 V.  

Composition dependent pyroelectric properties of (Pb0.87La0.02Ba0.1)(Zr0.7Sn0.3-xTix)O3 (PLBZST, 

x=0.06, 0.07, 0.08, and0.09) ceramics were investigated by Zhang et al [232]. P-E loops measured at 

50
o
C indicated that the PLBZST ceramics experienced a phase transition from AFE to FE with 

increasing content of Ti
4+

 (x). At the same time, as x was increased from 0.06 to 0.09, the AFE-PE 

transition temperature was decreased from 68 to 53
o
C and the peak value of dielectric constant was 

increased from 5200 to 13500. At a given electric field of 5 kV/cm, the peak pyroelectric coefficient 

due to the AFE-PE phase switching was increased from 0.2 to 6.5 μC/cm
2
·K with increasing x.  

The authors characterized the pyroelectric effects of the PLBZST ceramics with x=0.09 at 

various DC fields. Temperature dependent dielectric constant showed that Curie point decreased as the 

electric field was increased from 0 to 6 kV/cm and then increased gradually as the field was further 

increased from 7 to 8.5 kV/cm. This result indicated that, with increasing temperature, AFE-PE 

switching occurred in the PLBZST ceramic with x=0.09 if the applied fields were less than 6 kV/cm, 

while FE-PE transition occurred in it at electric fields of above 7 kV/cm. Large pyroelectric 

coefficients were detected during both the AFE-PE and FE-PE switching processes. Moreover, the 

maximum pyroelectric coefficient of 0.84 μC/cm
2
·K was observed at 8.5 kV/cm.  

Pyroelectric responses of PLBZST [(Pb0.87La0.02Ba0.1)(Zr0.7Sn0.24Ti0.06)O3] ceramics with various 

excess PbO (0%, 3%, 6%, and 9% in weight) were investigated by Zhang et al [221]. Compared to 

those without excess content of PbO, PLBZST ceramics with excess PbO exhibited higher AFE-PE 

transition temperatures, increased dielectric constant and lower dielectric loss tangent. As the excess 

content of PbO was increased from 0 to 9 wt%, pyroelectric coefficient of the PLBZST ceramics was 

increased from 0.16 μC/cm
2
·K to 0.4 μC/cm

2
·K, and their figure of merit was increased from 40×10

-5
 

Pa
-0.5

 to 140×10
-5

 Pa
-0.5

, at DC field of 4 kV/cm, at temperatures near the AFE-PE switching points.  

It should be noted that the magnitude of poled field also has a strong effect on pyroelectric 

coefficient, as reported by Chan et al [91] and Zhang et al [234]. The PLZST ceramics studied by 

Zhang et al [234] were Pb0.955La0.03(Zr0.42Sn0.40Ti0.18)O3 and Pb0.97La0.02(Zr0.42Sn0.40Ti0.18)O3. It was 

found that the unpoled sample had no pyroelectric effect, since there was no induced FE in it. 

Significant pyroelectric effects were observed in the poled samples. The pyroelectric coefficient was 

gradually increased with increasing DC field. More importantly, the peak temperature of pyroelectric 
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coefficient was DC field-independent. However, Pb0.955La0.03(Zr0.42Sn0.40Ti0.18)O3 ceramics had a large 

thermal hysteresis of about 30 
o
C, which is undesirable for their practical applications. The authors 

found that the thermal hysteresis was closely related to the content of La
3+

. By reducing the content of 

La
3+

, they prepared Pb0.97La0.02(Zr0.42Sn0.40Ti0.18)O3. The ceramics had a much smaller thermal 

hysteresis of less than 1.5°C and a larger pyroelectric coefficient of 25 ×10
−8

 C/cm
2
·K, in a 

temperature range from 105 to 135°C.  

5.4. Electrocaloric effect 

Electrocaloric (EC) effect, the reverse course of pyroelectric effect, is the change in temperature 

of a material upon the application or removal of an electric field under adiabatic conditions [235, 236]. 

The mechanism of EC effect can be explained by using a conceptual macro-scale model. When an 

electric field is applied to an EC material, the material becomes more polar-ordered, reducing the 

entropy associated with polarization. If this process occurs under reversible adiabatic conditions, the 

total entropy of the material remains constant. The remaining components of the entropy (hence the 

temperature) must then increase to compensate for the decrease in the polarization entropy. The 

converse is true if the material becomes less polar-ordered upon removal of the electric field. The 

material must then cool down to compensate for the increase in the polarization entropy. Evidently, 

the principle of EC cooling follows that of vapor-compression systems and goes through the same 

stages of the reverse of Carnot cycle. The main difference is that the working medium is solid 

materials for EC and that all the processes must be separated in time. Compared to the traditional 

cooling technology, EC cooling has the advantages of greenhouse gases free and the solid-state 

structure, so it is a very promising technique for the next generation of cooling devices. 

According to the Maxwell relation 
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, the reversible adiabatic temperature 

change (∆T) and the isothermal entropy change (∆S) in a material at an applied electric-field E can be 

expressed as [237]: 
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where ρ is the mass density, C is the molar heat capacity, T is the operating temperature, P is the 
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maximum polarization at applied field E; and E1 and E2 are the initial and final applied field, 

respectively. Clearly, 
ET

D












is the pyroelectric coefficient, as defined above. Eq. (13) and (14) 

indicate that, in order to obtain larger ∆T and ∆S, the materials should have a high pyroelectric 

coefficient.  

Because of their good pyroelectric properties, FEs and AFEs have been acknowledged to be the 

promising EC materials. The use of FEs and AFEs as EC materials for solid-state cooling has been 

proposed since 1960s [236]. Significant achievements have been made in these EC materials, such as 

Pb(Zr,Ti)O3, BaTiO3, (Pb,Sr)TiO3 and (Pb,Mg)NbO3-PbTiO3 thin films and single crystals, as well as 

poly vinylidene fluoride (PVDF)-based FE polymers. In line with the topic of the review, only EC 

effects of AFEs are discussed. More detailed information on EC materials could be found in recent 

reviews [237, 239].  

As mentioned above, high pyroelectric coefficient is desired to achieve large temperature change 

in polar materials. Moreover, significant pyroelectric effect is usually observed during phase transition 

processes, such as FE-PE switching. Because AFEs possess more types of phase transition than their 

FE counterparts, AFEs have higher pyroelectric coefficients.  

The first work on the EC effect in AFEs was reported by Thacher et al [236] in 1968, in which a 

peak temperature reduction, ∆T=1.6
o
C, was realized in Pb(Zr0.455Sn0.455Ti0.09)O3 ceramics during the 

PE-AFE phase transition at an applied electric field of 30 kV/cm and about 50
o
C. In 1981, a higher 

value of ∆T=2.6
o
C at E=30 kV/cm (corresponding to 750 V) was observed in 

Pb0.99Nb0.02(Zr0.75Sn0.20Ti0.05)0.98O3 ceramics during the AFE-PE phase transition by Tullte and Payne 

[240]. However, the poor cooling efficiency and the high operating voltages have hindered AFE 

ceramics for practical applications. 

Fortunately, it was recognized by Mischenko et al [241] that the EC effect achieved in bulk 

ceramics was limited by their low electric breakdown strength and it is not their intrinsic material 

properties. As mentioned before, thin films have higher dielectric strength than their ceramic 

counterparts. Using thin films for EC applications could be a practical strategy. Major advances have 

been made in EC effects with AFE thin films. In 2006, a record high EC effect was reported in 

350-nm-thick PbZr0.95T0.05O3 film deposited on Pt-buffered silicon substrates by using a CSD method 

[241]. As shown in Fig. 41, with increasing ∆E (∆E=E2-E1), EC effect was greatly improved. A giant 
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EC effect of ∆T=12
o
C at ∆E=480 kV/cm (corresponding 12 V) was obtained in the thin films near its 

Curie temperature of 220 
o
C. This result greatly propelled the study on EC effect in FE and AFE films. 

Another example was reported by Parui and Krupanidhi [242], where a 700 nm pure PZ film had an 

EC effect of ∆T=12
o
C (at ∆E=600 kV/cm) at 235

o
C. Subsequently, a moderate temperature reduction 

of ∆T=8.5
o
C (at ∆E=754 kV/cm) at 220

o
C was reported in Pb0.97La0.02(Zr0.95Ti0.05)O3 thin films by Hao 

et at [243]. Evidently, the peak value of EC effect is usually near the Curie temperature of AFEs, 

which is too high to meet the requirement of near room-temperature cooling.  

A very encouraging result was reported by Peng et al recently [244]. Near room temperature EC 

effect was observed in 320-nm Pb0.98Ba0.20ZrO3 thin films deposited on Pt-buffered silicon substrates, 

as shown in Fig. 42. It had a giant temperature change ∆T=45.3
o
C (at E=598 kV/cm) at 17

o
C. 

Moreover, it is also found that peak of EC effect is quite broad, showing potential applications of such 

AFE thin films.  

6. Fatigue behavior and mechanism of AFE materials 

Like FEs, AFEs also have polarization fatigue under repetitive electrical stress. Polarization 

fatigue usually results in a reduction in saturation polarization, strain and dielectric constant and an 

increase in remanent polarization, dielectric loss tangent and leakage current [245-247]. It has become 

a main hindrance for the applications of FEs and AFEs. Over the last decades, in order to improve 

their fatigue endurance, fatigue behavior of FEs has been extensively investigated and numerous 

models have been proposed to explain the fatigue mechanism. Fatigue behavior and mechanism of 

FEs have been thoroughly reviewed by Lou [248]. Generally, fatigue behavior of FEs has both 

intrinsic and extrinsic contributions. Intrinsic contributors include material composition and sample 

microstructure, while extrinsic contributors include surface condition, type of electrodes, operating 

temperature, and strength and type of driving fields. Although fatigue effect of FE materials has been 

extensively studied, a general conclusion is still not available to date and contradictory results are 

often found in the open literature.  

Compared to that of FEs, fatigue behavior of AFE materials is much less investigated. Similarly, 

the mechanism of fatigue of AFEs has also not been fully understood. For the completeness of this 

review, a brief summary on the progress on the study of fatigue behavior of AFEs is presented in two 

aspects: origination of fatigue and strategies to improve the fatigue performance. 

6.1. Origination of fatigue in AFE materials 
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Although it is generally believed that AFE materials undergo a similar fatigue processes as FEs 

do, the fatigue of AFEs is usually much less severe than that of their FE counterparts, if same 

measurement conditions are adopted. For instance, for the PNZST AFE and FE thin films deposited on 

Pt-buffered silicon substrates with similar composition, the AFE films showed less polarization fatigue 

than the FE films after 10
9
 cycling [249]. The better fatigue endurance of the AFEs was attributed to 

the presence of the 180
o
 domains, which have smaller stress during switching as compared to the 90

o
 

domains in FEs.  

According to their locations and forms, the fatigue contributors of AFEs can be generally 

divided into three classes. The first one is called domain-wall pinning effect, which is caused by ionic 

defects and trapped charges [248, 250]. Typical trapped charge is injected charge, which prohibits 

domain nucleation and switching, thus producing screening electric field. Wang et al [251, 252] 

proposed that, if the domain wall pinning is dominant in a capacitor, a higher driving field would 

improve the fatigue behavior of the capacitor. This is because larger electric field enables the domain 

switching and depinning easier.  

The second type is called micro-cracking effect (mechanic model), which is caused by the 

repetitive larger strain and the cluster growth of point defects during the cycling. Evident microcracks 

were observed in fatigued AFE bulk ceramic by Zhou et al [246]. It was suggested that the presence of 

microcracks reduced the local effective fields for polarization switching or yielded conductive 

corrosion pathways in the materials, leading to the appearance of fatigue [248, 253].  

The third one is called “dead” layer effect. It is believed that an interface layer between the 

electrodes and the AFE/FE film is usually present, which grows as a consequence of cycling, due to 

the accumulation of oxygen vacancies. Although the microscopic nature of the “dead” layer is still not 

verified, the explanation by using the “dead” layer model is quite straight-forward. As the thickness of 

interface layer is increased, the field applied to the materials will be decreased and eventually is not 

strong enough to switch the domains, which in turn leads to a suppression of polarization as the 

cycling number is increased. Obviously, if micro-cracking effect and/or “dead” layer effect are 

dominant in AFEs, higher deriving field will result in more severe fatigue.  

6.2. Strategies s to improve fatigue endurance of AFE films 

According to the above discussion, one can improve the fatigue endurance by decreasing the 

domain-wall pinning, reducing the microcracks and eliminating the “dead” layer. However, reports on 
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strategies to improve the fatigue endurance of AFE materials are quite limited.  

Zhai et al [240] found that the fatigue endurance of PNZST AFE thin films on 

Pt(111)/TiO2/SiO2/Si substrates could be greatly enhanced by the using of LaNiO3 buffer layers. It was 

believed that the oxide buffer layer acted as a sink of oxygen vacancies, which effectively prevented 

the growth of the “dead layer”.  

A detailed investigation on fatigue behavior of doped PZ films was reported by Hao et al [26, 

163]. As shown in Fig. 43, the reductions of saturation polarization after 10
8
 cycling are 49%, 12% 

and 28% for pure PZ, 5 mol% Sr
2+

-dpoed and Ba
2+

-doped PZ films, respectively. The enhanced fatigue 

endurance of doped PZ films was contributed to the decrease of oxygen vacancy density and the 

suppression of its mobility by the Ba
2+

 and Sr
2+

 doping, which in turn reduced the domain-wall 

pinning effect. The decrease of oxygen vacancy density and the suppressed mobility were ascribed to 

the stronger bonding energy of the Sr-O bond (426 kJ/mol) and the Ba-O bond (562 kJ/mol) than that 

of the Pb-O bond (382 kJ/mol). Also, because of the stronger bonding energy of Ba-O than that of 

Sr-O, Ba
2+

-doped PZ AFE thin films showed the best fatigue endurance among the three samples.  

7. Concluding remarks 

Great achievements have been made in the preparation, understanding of phase-transition 

mechanism and fatigue effect in the PZ-based AFE materials. Moreover, compared with bulk ceramics, 

AFE materials in film form are attracting increasing attention due to their higher breakdown fields, 

lower growth temperatures and easier integration with silicon technologies. Therefore, it is believed 

that the research activities in this area will continuously focus on AFE films in the near further.  

Various methods and techniques have been developed to fabricate AFE ceramics and deposit 

AFE thin and thick films. For AFE ceramics, new synthetic strategies, such as wet-chemical synthesis, 

molten salt processing and high-energy mechanochemical technique, reserve further development to 

synthesize precursor powders with high sinterability and desired performances of cost-effective final 

products. It is also possible to develop AFEs with new compositions for better electrical properties. 

For AFE films, controlling over their orientations with desired electrical properties for given 

applications will be main subject of research.  

The phase transition process of AFE materials is always accompanied by a remarkable and sharp 

change in polarization and volume, as a result of the application of electric field, temperature or 

hydrostatic pressure. Therefore, AFEs have potential applications in high-energy capacitors, 
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high-strain actuators, IR pyroelectric detectors, cooling devices and pulse voltage/current suppliers, 

which has revived this family of materials, noting the heavy investment in energy-oriented research 

worldwide. However, there is still long way to go before they can be used for practical applications. 

Taking EC effect as an example, although large EC value has been observed in AFE thin films, the 

cooling efficiency must be limited, due to the low overall heat capacity of thin films. Thus, the cooling 

performance observed currently could not meet the requirement of cooling for micro-electron devices 

that are working near room temperature. As a result, it is highly desirable to develop AFE thick films 

with sufficiently high EC effect near room temperature.  

Like FEs, AFEs also experienced polarization fatigue under repetitive electrical stress. Although 

the progress on study on fatigue behavior of FEs can be used to understand that of AFEs, more efforts 

should be made to further clarify the fatigue mechanism of AFEs, so as to establish strategies to 

improve the fatigue resistance of AFE materials. 
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Figure and Table Captions 

Fig. 1. Diagram of polarization process of FEs. 

Fig. 2. Representative electric-field-induced polarization hysteresis loop of FEs. 

Fig. 3. Diagram of polarization process of AFEs. 

Fig. 4. Representative electric-field-induced polarization hysteresis loop of AFEs. 

Fig. 5. Diagram of perovskite lattice structure of AFEs. 

Fig. 6. Atomic arrangement of PbZrO3: arrows represent the direction of shift of Pb ions along (001) 

plane. Reproduced with permission from [8], Copyright 1951, American Physical Society. 

Fig. 7. DC electric-field dependence of dielectric constant of AFEs. 

Fig. 8. Schematic diagram of AFE-FE phase switching procedure. Reproduced with permission from 

[28], Copyright 1997, American Institute of Physics. 

Fig. 9. Schematic diagram of the primitive cell in AFEs and FEs. The primitive cell is tetragonal (Tet.) 

structure in AFE state and rhombohedral (Rh.) structure in FE state. Reproduced with 

permission from [29], Copyright 2000, American Institute of Physics. 

Fig. 10. Current-field curves of AFEs. Reproduced with permission from [33], Copyright 2011, 

Elsevier. 

Fig. 11. Charge release curve of press induced FE-AFE phase switching. Reproduced with permission 

from [35], Copyright 2002, American Institute of Physics. 

Fig. 12. Density of sintered PLZST AFE ceramics. Reproduced with permission from [41], Copyright 

2004, Springer. 

Fig. 13. Fractured surface SEM images of the PLZST AFE ceramics. Reproduced with permission 

from [41], Copyright 2004, Springer.  

Fig. 14. Fractured surface SEM images of the (Pb0.98La0.02(Zr0.65Sn0.25Ti0.10)O3 samples sintered at: (a) 

1000
o
C/2 h, (b) 1050

o
C/2 h, (c) 1100

o
C/2 h, (d) 1150

o
C/2 h, (e) 1200

o
C/2 h and (f) 1250

o
C/2 

h. Reproduced with permission from [45], Copyright 2002, Elsevier. 

Fig. 15. XRD patterns of milled mixture powders for PbZrO3. Reproduced with permission from [48], 

Copyright 2001, Elsevier. 

Fig. 16. Diagram of preparation of PLZST AFE thin films by chemical solution deposition method. 

Reproduced with permission from [81], Copyright 2002, American Institute of Physics. 

Fig. 17. SEM images of the PLZST films. Reproduced with permission from [88], Copyright 2007, 
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Elsevier. 

Fig. 18. Diagram of preparation of PLZST AFE thick films by chemical solution deposition method. 

Reproduced with permission from [74], Copyright 2000, Springer. 

Fig. 19. SEM images of the PNZST thick films with 30 layers of PNZST spin coating (a) without PbO 

cover layer, (b) with a PbO cover layer every 6 layers of PNZST spin coating. Reproduced 

with permission from [75], Copyright 1999, John Wiley & Sons. 

Fig. 20. Schematic diagram of a standard pulsed laser deposition system. Reproduced with permission 

from [57], Copyright 2010, Elsevier. 

Fig. 21. (a) Effect of oxygen partial pressure on in-situ crystallization of the PZ films. The substrate 

temperature was 550
o
C. (b) Effect of substrate temperature on crystallization of the PZ films. 

The oxygen partial pressure during deposition was 50 mTorr. (c) Effect of post-deposition 

annealing temperature on crystallization of the PZ films. The films were deposited at 300
o
C 

with an oxygen partial pressure of 50 mTorr. Reproduced with permission from [94], 

Copyright 2000, Elsevier. 

Fig. 22. Schematic structures of the PZT films and substrate with (a) (111) and (b) (100) texture. 

Reproduced with permission from [117], Copyright 1994, John Wiley & Sons. 

Fig. 23. Free energies of PE, FE and AFE in AFEs with orthorhombic structure (a) and tetragonal 

structure (b). 

Fig. 24. E-T phase diagram and exemplary isothermal dependence of polarization on the electric field. 

In the phase-stability regions of the diagram, the directions of anti-polarization, polarization 

and applied fields are indicated by referring to a formula unit cell. 

Fig. 25. Thickness dependence of AFE-FE phase switching fields of the PZ films (a) and 

temperature-dependent dielectric constant at various DC bias fields for the 900 nm thin 

films at 100 kHz (b). Reproduced with permission from [77], Copyright 2003, American 

Institute of Physics. 

Fig. 26. P-E hysteresis loops of the 900-nm PbZrO3 thin films measured at different temperatures and 

1 kHz. Reproduced with permission from [77], Copyright 2003, American Institute of 

Physics.  

Fig. 27. Phase diagram of the (Pb1-xBax)ZrO3 system. Reproduced with permission from [168], 

Copyright 2000, American Institute of Physics. 
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Fig. 28. P-E loops of the (Pb1-xBax)ZrO3 films with x=0, 0.05, 0.10, 0.20, 0.40 and 0.50. Reproduced 

with permission from [116], Copyright 2008, American Institute of Physics. 

Fig. 29. Phase diagram of the (Pb,Sr)ZrO3 system. Reproduced with permission from [18], Copyright 

1952, American Physical Society. 

Fig. 30. Room temperature phase diagram of PLZT solution. 

Fig. 31. Phase diagrams of (Pb0.99)(Zr,Sn,T)0.98Nb0.02O3 and (Pb0.97La0.02)(Zr,Sn,Ti)O3 system. 

Reproduced with permission from [190], Copyright 1989, John Wiley & Sons. 

Fig. 32. Two consecutive hysteresis loops of Pb0.97La0.02(Zr0.65Sn0.22Ti0.13)O3 taken at 1 kHz and 

different temperatures: (a) 20
o
C, (b) 60

o
C, (c) 85

o
C, (d) 100

o
C, (e) 135

o
C and (f) 200

o
C. 

Loop 1 means virgin sample and Loop 2 means second run. Reproduced with permission 

from [191], Copyright 2008, Spinger. 

Fig. 33. Temperature-dependent dielectric constant of Pb0.97La0.02(Zr0.75Sn0.22Ti0.03)O3 (a) and 

Pb0.97La0.02(Zr0.75Sn0.18Ti0.07)O3 (b) at various DC electric fields. Reproduced with permission 

from [196], Copyright 2007, Institute of Physics. 

Fig. 34. (a) Hydrostatic pressure dependence of discharge voltage curves at various external DC 

voltages. (b) Hydrostatic pressure-electric field phase diagram for the polarized 

Pb0.99Nb0.02(Zr0.75Sn0.2Ti0.05)0.98O3 ceramics. Reproduced with permission from [144], 

Copyright 2008, American Institute of Physics. 

Fig. 35. (a) XRD patterns of the PLZT thick films with and without the LNO buffer layer. The insert is 

XRD pattern of the LNO layer. (b) SEM images of the PLZT thick films with and without 

the LNO buffer layer. (c) P-E loops of the PLZT thick films with and without the LNO 

buffer layer. The insert is their temperature-dependent dielectric constant curves. 

Reproduced with permission from [110], Copyright 2009, John Wiley & Sons. 

Fig. 36. Diagram of hysteresis and energy storage density for (a) linear dielectrics, (b) FEs, and (c) 

AFEs. The green area in the first quadrant is the recoverable energy density Jreco and the red 

area is the energy loss Jloss. Reproduced with permission from [207], Copyright 1972, 

Springer. 

Fig. 37. Electric-field dependence of recoverable energy-storage density of 

(Pb0.97La0.02)(Zr0.95-xSnxTi0.05)O3 films with x=0.05, 0.25 and 0.40. Reproduced with 

permission from [213], Copyright 2013, American Physical Society. 
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Fig. 38. Longitudinal, transverse and volume strain of the PLZST ceramics as a function of E field at 

0.2 Hz [8], Copyright 1951, American Physical Society. 

Fig. 39. (a) Longitudinal strains of the (100) and (110)-oriented Pb0.97La0.02(Zr0.95Ti0.05)O3 AFE thick 

films (about 2500 nm) deposited on Pt(111)/TiO2/SiO2/Si and LaNiO3(110)/Si substrates, 

respectively. Reproduced with permission from [110], Copyright 2009, Wiley Blackwell. (b) 

Longitudinal strains of the (111) and (100)-oriented Pb0.97La0.02(Zr0.85Sn0.13Ti0.02)O3 AFE thin 

films (about 700 nm) deposited on Pt(111)/TiO2/SiO2/Si and 

LaNiO3(100)/Pt(111)/TiO2/SiO2/Si substrates, respectively. Reproduced with permission 

from [109], Copyright 2010, American Institute of Physics.  

Fig. 40. Temperature dependence of pyroelectric current and pyroelectric coefficient of the 

Pb0.97La0.02(Zr0.75Sn0.09Ti0.16)O3 AFE ceramics under various applied DC electric fields. 

Produced with permission from [230], Copyright 1999, Tayler and Francis Group.  

Fig. 41. Electrocaloric temperature changes (ΔT) of the PbZr0.95Ti0.05O3 thin films due to applied ΔE. 

The inset shows P(T) at selected applied fields E. The lines represent fourth-order 

polynomial fits to the data extracted from the upper branches of 19 hysteresis loops at E>0. 

Reproduced with permission from [241], Copyright 2006, AAAS.  

Fig. 42. Electrocaloric temperature changes (ΔT) of the Pb0.80Ba0.20ZrO3 thin films due to applied ΔE. 

Reproduced with permission from [244], Copyright 2013, John Wiley & Sons. 

Fig. 43. Fatigue performance of pure and 5 mol% Sr
2+

 and Ba
2+

-doped PZ films measured at room 

temperate and 600 kV/cm. Reproduced with permission from [170], Copyright 2011, 

Elsevier.  

 

 

Table 1. Electrical properties of the PLZST AFE thin films with different compositions. Reproduced 

with permission from [196], Copyright 2007, Institute of Physics.  
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Fig. 41 
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Table 1 

Composition Phase Thickness 

(nm) 

Determined from εr-E TC 

(
o
C) 

   EF 

(kV/cm) 

EA 

(kV/cm) 

ΔE 

(kV/cm) 

 

Pb0.97La0.02(Zr0.55Sn0.40Ti0.05)O3 AFET 550 142 130 12 132 

Pb0.97La0.02(Zr0.75Sn0.20Ti0.05)O3 AFEO 505 157 127 30 171 

Pb0.97La0.02(Zr0.90Sn0.05Ti0.05)O3 AFEO 584 180 133 47 195 

Pb0.97La0.02(Zr0.75Sn0.22Ti0.03)O3 AFEO 556 221 171 50 175 

Pb0.97La0.02(Zr0.75Sn0.18Ti0.07)O3 AFET 548 108 81 27 163 

 

 


