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A B S T R A C T   

Antiferroelectrics have received blooming interests because of a wide range of potential appli-
cations in energy storage, solid-state cooling, thermal switch, transducer, actuation, and memory 
devices. Many of those applications are the most prospective in thin film form. The antiferro-
electric ordering in thin films is highly sensitive to a rich set of factors, such as lattice strain, film 
thickness, surface and interface effects as well as film stoichiometry. To unlock the full potential 
of these materials and design high-quality thin films for functional devices, a comprehensive and 
systematic understanding of their behavior is essential. In conjunction with the necessary 
fundamental background of antiferroelectrics, we review recent progress on various antiferro-
electric oxide thin films, the key parameters that trigger their phase transition and the device 
applications that rely on the robust responses to electric, thermal, and optical stimuli. Current 
challenges and future perspectives highlight new and emerging research directions in this field. 
We hope this review can boost the development of antiferroelectric thin-film materials and device 
design, stimulating more researchers to explore the unknowns together.   

1. Introduction 

Ferroic materials are among the most attractive research topics as they offer the intriguing ability to manipulate their physical 
properties such as polarization, magnetization, and strain states using external fields [1,2]. Among these systems, antiferroelectrics 
(AFEs) have been underexplored for a long time despite the interesting properties and rich structural transition phenomena, because 
their practical benefits were less accessible than those in ferroelectrics (FEs) [3] and their functioning mechanisms were perceived 
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much less transparent than those in antiferromagnets [4]. With the slowing down on the development of conventional microelec-
tronics, the merits of AFE thin films gradually appear in the public vision for their exceptional performance in various electronic 
devices. This includes electrocaloric [5] and electrostrain devices [6], energy storage capacitors [7], memories [8], thermal switches 
[9], and photovoltaics [10], which promote the prosperity of present AFE thin films research. As a result, AFE thin films have become 
an important branch of ferroic materials due to their diverse range of properties that are tunable between different states. 

At the current state of the art, the understanding of the bulk AFEs is now well systematized and the standing questions, if not yet 
answered, are now identified solidly [11]. However, this is not the case in AFE thin films, which strongly differ from the bulk materials 
[12] and whose properties and functional behaviors are more of a mystery [13–15]. One typical example is that associated with the 
miniaturization of the microelectronic devices, the tendency of size effect from bulk to thin film makes the structural order parameters 
even more complex in the AFE, which is manifested by the deviation of cationic displacement from the antiparallel shifts as docu-
mented in prototypical AFE PbZrO3 [16]. Pertinent to structure diversities in AFE thin films, this gives rise to abundant exotic phe-
nomena, including the unusual structural phase transition [17] and complex ferrielectric-like behavior with non-zero remnant 
polarization [15,18]. A spring of recent experimental and theoretical findings have produced a plethora of diverse and occasionally 
conflicting accounts, which clearly demand a unified description to navigate the field. This is even more significant on the application 
aspect, which is not yet clear about which of those are going to flourish in the near future. This highlights the necessity of updating our 
conventional understanding of AFEs through carrying out systematic thin-film studies. In addition to this, thin-film epitaxy also 
provides additional strategies to effectively tune the structural and physical properties in AFEs [19,20]. Moreover, for many device 
applications, AFE is preferred in thin film form. However, most previous articles, including reviews, mainly focus on bulk ceramics 
[21–23], and a comprehensive guideline is still missing on establishing a detailed structure–property relationship and deterministic 
realization of desirable physical properties in thin-film AFEs, which strongly hinders their practical applications. 

This review aims to address the existing gaps by providing a comprehensive understanding of AFE thin films from the fundamental 
physics, engineering strategies, and application perspectives. We start with an introduction of the definition and research history, 
fundamental mechanisms, and characteristics of AFEs. Subsequently, we delve into the engineering strategies employed in thin films, 
such as surface and interface effects, chemistry and doping modifications, domain and octahedral tilt engineering, strain and orien-
tation effects, and emphasize how they work on AFE thin films. The materials include the most widely explored lead-based and lead- 
free perovskite crystals, fluorite AFEs with emphasis either on their nanotechnology integration or on their otherwise interesting 

Fig. 1. Key progress in the development history of AFEs [6,8–11,24,29–45].  
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properties that were not broadly covered in other reviews. In terms of applications, our goal is to provide a clear and accessible 
explanation of the core concept, followed by a discussion on how that concept can be effectively implemented in thin films. We also 
highlight the key advantages and challenges associated with the application of these ideas in thin films. Finally, we conclude the 
review by outlining the key scientific challenges and opportunities in the field. We hope that reexamining AFE materials from the thin 
film perspective will update our conventional understanding on relevant physics in the bulk and deliver a comprehensive insight to 
future study of AFEs, both for fundamental research and practical applications. 

1.1. Definition of antiferroelectricity 

Antiferroelectricity was first proposed by Kittel in 1951, which is comparable to the concept of antiferromagnetism [24]. According 
to the respective model, AFEs consist of sublattices of ions with antiparallel spontaneous polarization (i.e., having dipoles with “↑↓↑↓” 
arrangement). Despite that, none of the known AFE oxides is found to conform to this collinear two-sublattice model, the model 
highlights the essence of individual sub-unit cells for the definition of antiferroelectricity. A modern definition of antiferroelectricity is 
not totally unambiguous, but usually one expects at least two attributes in an AFE material. The first attribute of antiferroelectricity is 
the ability to be switched from a nonpolar state to a polar state by electric field below the breakdown strength of the material, giving 
rise to the emblematic double hysteresis loop. The second attribute is the presence of dipoles that are aligned in antiparallel, leading to 
unit-cell doubling or structural modulation, and thus averagely compensate each other. It is important to note that there are cases 
where materials exhibit the first attribute without the second, such as FEs with pinned antiparallel domain configurations [25], or a FE 
at the high-temperature paraelectric (PE) state [26]. Both examples are typically not classified as AFE materials. However, there is an 
exception. (Hf1-xZrx)O2 is commonly seen as an AFE when nonpolar-polar switching can be induced by an external electric field, but 
antiparallel dipolar displacements in the nonpolar phase have not yet been clearly identified [27,28]. The second attribute can also be 
present without the presence of the first one [29], which is also not considered as an AFE. In many well-established AFE samples, the 
suppressed FE soft mode and related high-temperature dielectric anomaly credit as the vital ingredient of antiferroelectricity [30], this 
includes classic perovskite AFE oxides such as PbZrO3, PbHfO3, NaNbO3, and AgNbO3. 

1.2. Timeline of notable events 

Key advancements in the field of AFEs are presented in Fig. 1, with a focus on their chronological development. This figure provides 
a comprehensive overview of the significant milestones and breakthroughs in AFE research, highlighting the key findings and dis-
coveries that have shaped our understanding of the materials [6,8–11,24,29–45]. The first AFE, PbZrO3, is discovered in the early 
1950s [46]. Analogous to FEs, PbZrO3 also undergoes a structural phase transition to a high-symmetry phase above a transition 
temperature (TA), and a sharp dielectric peak can be observed around TA ≈ 230 ◦C. Therefore, PbZrO3 was considered as a BaTiO3-type 
FE material at the very beginning [47]. However, anomalous superstructure and physical properties revealed by X-ray diffraction, 
volume expansion, field-dependent dielectric constant and specific heat suggest that PbZrO3 is not FE, but probably the first AFE 
material ever known [48,49]. Soon after that, a series of AFE systems such as PbHfO3 [50], AgNbO3 [51], H-bonded ADP [52], and 
liquid crystals [53] were reported. Because externally applied electric field can induce an AFE-to-FE phase transition, devices such as 
high energy-storage capacitors [33] and large displacement transducers [54] were demonstrated in AFE-based materials. At the same 
time, many endeavors were made to understand the AFE phase transition from both the theoretical and experimental perspectives. By 
examining changes of dielectric constant of PbZrO3 in the pressure–temperature phase diagram, Samara suggested the existence of two 
independent soft phonon modes: a FE soft mode determining the dielectric anomaly and an AFE soft mode accounting for the phase 
transition [35]. Soon after, complex electric field-temperature phase diagrams about PbZrO3 and PbHfO3 were reported [55,56], 
suggesting a sensitivity of AFE structure to an external stimulus. These studies constitute the initial recognition about the AFE bulks. 

As the research interest migrates from bulk to thin film in 1990s, a series of unprecedented findings refresh our conventional 
understanding about AFEs. In 1998, a thickness driven AFE-to-FE phase transition was first reported in PbZrO3 thin films [57]. 
Subsequent to its initial observation, this behavior has been consistently observed in various AFE thin films, and it is commonly 
attributed to surface and/or strain effects [18,38,58]. In addition to the size effect, recent research has unveiled new AFE systems in 
multiferroic BiFeO3 -based [40], lead-based PbSnO3 [59], fluorite-structure HfxZr1-xO2 thin films [43], and quasi-2 dimensional 
francisite Cu3Bi(SeO3)2O2Cl [29]. These discoveries provide an alternative avenue to explore the origin of antiferroelectricity and the 
interplay of competing order parameters in these materials, which were previously known for their FE properties. Meanwhile, recent 
advances in thin-film synthesis and characterization techniques have also facilitated the development of novel devices, including 
above-bandgap photo-voltages [60], four-state random access memories [8], negative capacitance [44,61], thermal switches [9,45] 
and pulsed power capacitors [62]. Alongside the discovery of new material systems, there is a growing diversity of perspectives 
regarding the mechanisms underlying antiferroelectricity. Proposed mechanisms include flexoelectric coupling with single soft polar 
optic mode [30], multiple soft (zone-boundary and zone-center) modes coupling [42], and order–disorder transition scenarios [63], 
which will be discussed in detail in the following section. 

1.3. Mechanisms of antiferroelectricity 

To understand the origin of antiferroelectricity, one of the key issues is to find out the free energy difference between different 
phases by considering their dependence on temperature, pressure, electric field, and epitaxial strain. If the free energy of a polar phase 
is slightly higher than that of the AFE phase, the former can be stabilized by an applied electric field via adjusting the energy landscape 

Y. Si et al.                                                                                                                                                                                                               



Progress in Materials Science 142 (2024) 101231

4

(Fig. 2a and 2b). When considering cooling-induced phase transition under a field-free condition, the emerged AFE phase can be 
understood as an interruption of an imminent FE phase transition at or slightly above the FE critical temperature T0, by a structural 
phase transition at TA (TA ≥ T0). This interruption can be modeled by a repulsive interaction between polarization P, and structural 
order parameter ξ, that spontaneously emerges at TA. 

Taking PbZrO3 as an example, there are at least three modes softening near the phase transition with decreasing temperature 
[30,41]. One is the polar mode at the Γ point of Brillouin zone center, which gives birth to the dielectric anomaly. However, before the 
complete softening of this polar mode at Curie temperature T0, two other modes interrupt this process, prevent the softening of the 
polar mode and dominate the PE to AFE structural phase transition at TA. The two modes are the 

∑
mode with wave vector q∑ ≡

2π
ac
(1
4

1
4 0) and the R mode with wave vector qR ≡ 2π

ac
(1
2

1
2

1
2) (ac is the pseudocubic unit cell), which control the antiparallel Pb dis-

placements and antiphase octahedral rotations, respectively. Therefore, it can be addressed that the structural order parameter ξ is 
correlated with the 

∑
and R modes and has a repulsive interaction with the polar-mode-related order parameter P. 

Considering the even function nature of the free energy expansion related to ξ and P, the power of each individual term must be an 
even number and the interaction between the two order parameters must include at least a bi-quadratic coupling term P2ξ2. When the 
interaction is repulsive, an increase in the magnitude of P and ξ would elevate the free energy. This requires a positive coefficient, 
controlling the strength of the repulsive interaction. As a result, the repulsion is represented by the bi-quadratic term with a positive 
coefficient and the free energy model can be given by [64,65]: 

F(P, ξ) =
A
2
(T − T0)P2 +

B
2

P2ξ2 +FA(ξ) (1)  

wherein A > 0, and the coefficient B > 0 controls the repulsive biquadratic coupling between the polarization, P, and structural order 
parameter, ξ. The transition at TA implies softening of the lattice modes associated with the order parameter ξ, which is incapsulated in 
the term FA(ξ). 

For the low-temperature phase, where the structural order parameter acquires a spontaneous value of ξ0, the susceptibility, defined 
as χ = 1/∂2F

∂P2, can be described as [64]: 

χ = 1/(A(T − T0)+Bξ2
0) (2)  

which corresponds to the AFE-type anomaly below the transition if A(T-T0) + ηξ2
0 increases on cooling below the transition temper-

ature. This is possible as the absolute value of ξ0 increases with decreasing temperature, which dominates the behavior of this term. 
The AFE phase transition can be seen as a competition among PE, FE and AFE phases with a temperature dependent free energy change 
as schematically shown in Fig. 2a. During PE-AFE phase transition around TA, a FE phase would emerge briefly under electric field or 
under the influence of defects and impurities [66,67]. From the electric-field dependent free energy landscape, the AFE state occupies 
the minimum energy position at zero electric field, while the two FE states of opposite polarization direction take unstable or 

Fig. 2. Antiferroelectrics from the energy and structure perspective. (a,b) Electric field lowers the energy of the FE phase with respect to the AFE 
and paraelectric phases. Reproduced with permission from [49]. (c) The atomic scale picture for AFE (Ʃ2) (left panel) and AFD (R+

4 ) distortion modes 
(right panel). Reproduced with permission from [72]. One can distinguish two bands of polarization in the orthorhombic unit cell on the left 
directed up and down, respectively. (d) Relative energies of variously distorted virtual structures of PbZrO3 crystal. Reproduced with permission 
from [74]. 
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metastable energy positions close to AFE state. When an external electric field is applied, the interaction between the polarization and 
external electric field can lift the otherwise degenerate states with different polarization directions and thus one polar state becomes 
preferential in energy, leading to the characteristic AFE-FE phase transition, as depicted in Fig. 2b. 

In experiments, lattice dynamics were studied to probe the soft mode behaviors to better understand the AFE origin. So far, several 
different viewpoints have been proposed. Inelastic X-ray scattering and Brillouin light scattering experiments suggested that the phase 
transition in PbZrO3, the most widely studied AFE crystal, was driven by flexoelectric coupling with polar soft mode at Brillouin zone 
center (Γ point), which gives rise to a missed incommensurate structural modulation [30]. However, subsequent experiments found 
that the anomalously large flexoelectric coupling was not observed in AFE materials, which mildly questioned the flexoelectric effect as 
the origin of antiferroelectricity [68]. In parallel, multimode Ʃ, R, and S trilinear coupling was proposed to account for the AFE phase 
transition [41,42]. In addition, few other approaches have also been reported: a first-principles-based model with strong coupling 
between Ʃ and R modes [69], bi-linear coupling [70] and dipole–dipole interaction [71] as a possible origin of the AFE lattice 
instability, etc. The atomic scale picture for AFE Ʃ and R distortion modes is presented in Fig. 2c [72]. Specifically, the Ʃ mode 
outweighs the R distortion mode, which is associated to the antiphase octahedral rotation and results in an antiferrodistortive (AFD) 
character of oxygen displacement. Instead, the S mode maintains a mixed feature of the AFE and AFD modes [73]. With selection of 
different but dominant soft-mode combinations in AFE, one can obtain different structure symmetries as summarized in Fig. 2d by 
generalized gradient approximation method [74]. This figure illustrates many possible structures, and two dominant ones are Pbam- 
symmetric AFE phase and R3c-symmetric FE phase. For these two phases, the ab-initio calculations yield very similar energies [74]. 

2. Phase transitions in antiferroelectrics 

Despite ongoing debates on the fundamental basis of AFEs, there is a consensus regarding their macroscopic performance and 
characteristics. In this section, we provide a comprehensive overview of the fundamental characteristics exhibited by AFE materials. 

2.1. Temperature-driven transitions 

Similar to FEs, AFEs also exhibit a temperature-dependent dielectric response. This indicates an anomaly in the dielectric constant 
near the AFE transition point. For the high temperature PE phase of bulk AFEs, the dielectric constant follows the Curie-Weiss law [75]: 

ε = C/(T − T0) (3)  

where C is the Curie constant, ε is the dielectric permittivity and T0 is the Curie temperature. As temperature decreases to the transition 
temperature TA, the dielectric permittivity reaches a high value and then drops steeply at T < TA. 

Fig. 3. Featured antiferroelectric behavior in different scenarios. (a) Temperature dependent dielectric permittivity spectrum of PbZrO3. Repro-
duced with permission from [15,49]. (b-d) Schematic view of polarization (b), dielectric permittivity (c), and strain (d) versus electric field. (e) 
Temporal evolution of voltage, current, and polarization curves during the switching in (Pb0.89La0.06Sr0.05)(Zr0.95Ti0.05)O3 AFE thin film. Repro-
duced with permission from [89]. (f) Modified fatigue performance of Sr-doped PbZrO3-based antiferroelectric thin films. Reproduced with 
permission from [111]. 
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Regarding various material systems, e.g., NaNbO3 and PbZrO3, one may usually see different dielectric anomaly and hysteresis as a 
function of temperature during the heating and cooling cycles [46,76,77]. It is certain that the dielectric anomaly and hysteretic 
behavior indicate the presence of different structural phases during the cyclic measurement of the physical properties, suggesting the 
first order transition. However, for the low temperature transition between AFE and FE in NaNbO3, a broad dielectric response and 
negligible thermal hysteresis indicate the deviation from first order transition [76]. This deviation can be attributed to the relaxor 
feature of the low temperature FE phase [76]. Therefore, we could not conclude whether the AFE transition is first order or not without 
considering the specific structures from both sides of the transition. In this context, recent research findings on phase-transition 
frustration near the tricritical point of Pb(Zr1-xTix)O3 are noteworthy [78]. This is evidenced by competition of the first- and 
second-order transitions near Curie temperature, where the birefringence exhibits a first-order transition feature during heating and a 
second-order transition feature during cooling. In other word, the AFE transition may also arise from a kind of frustrated phase- 
transition order near the Curie temperature. Certainly, this requires future verification by a series of experimental and theoretical 
studies on different systems. 

The physical property in thin films usually show differences from that in bulks due to the additional constraints on electrical and 
mechanical boundary conditions. Taking the prototypical AFE PbZrO3 as an example, as shown in Fig. 3a, thin films exhibit a modified 
phase transition order with diffuse characteristics, while bulk PbZrO3 undergoes a sharp first-order phase transition from an AFE phase to 
a PE phase at a critical temperature of ~232 ◦C. In addition, the transition temperature of PbZrO3 thin film is found to be higher than that 
of bulk, which effectively broadens the temperature region of the AFE phase [13,15]. Based on temperature dependent X-ray diffraction, 
Kniazeva et al. [17] reported an emergent in-plane M reflection, which coexists with AFE superstructure diffractions during temperature 
increasing. This manifests a new phase as an intermediate AFE state before the AFE to PE phase transition [17]. In contrast, Dufour et al. 
[79] recently re-examined this phase transition but revealed another FE-like state that emerges in a large temperature window (100 K). 
From their results, transmission electron microscopy (TEM) revealed the atomic-scale high temperature polar structure, which is further 
supported by atomistic simulations. Overall, the phase transition in thin films behaves drastically distinct from that in the bulk owing to 
complex competition between the FE and AFE orders, and many aspects of this behavior remain open questions. 

2.2. Electric field induced transitions 

In traditional FEs, polarization hysteresis loops are of great interest in microelectronic applications, for example, in information 
storage media [80]. In contrast to FEs, AFEs exhibit a null macroscopic polarization owing to their mutually compensated dipoles at the 
sublattice scale. At a small electric field, the polarization in the AFEs exhibits a linear dielectric behavior. However, once the electric 
field surpasses a critical value, denoted as EAF, the antiparallel dipoles within the materials undergo a switching process to minimize 
the electrostatic energy, resulting in the completion of the AFE-FE transition. This transition is accompanied by a sharp switching 
current, similar to that observed in FEs. It is important to note that most of the induced FE phases are metastable, which is evidenced by 
a back-switching of the FE phase to the prior AFE phase when the applied electric field E is smaller than another critical field EFA (EFA <

EAF). However, there are also exceptions in lead free NaNbO3 [81] and some doped AFE systems [82], in which the field-induced FE 
phase would remain stable after withdrawing the electric field. The reversible AFE-FE phase transition process generates the double 
hysteretic behavior (Fig. 3b), which is considered as a fingerprint of AFE materials. Along with minimized loop area, the steep AFE-FE 
transition under a strong electric field highlights the superiority of AFEs in the application for pulse power capacitor and digital 
displacement transducers [22,37]. 

Another typical characteristic of AFEs is the “double butterfly” shaped capacitance -voltage (C-V) curves or dielectric constant- 
electric field (ε-E) curves (Fig. 3c). With increasing the external DC electric field, the dielectric constant rises sharply near the AFE- 
FE transition point, reaching the first peak value at the critical field of EAF. In the reverse process, a similar behavior can also be 
observed at EFA. It should be noted that the phase transition points differ between the AFE-FE (rising electric field, EAF) and the FE-AFE 
(decreasing electric field, EFA) transitions, which yield dielectric hysteresis. The “double butterfly”-shaped curve displays four 
dielectric peaks in the bi-directional measurement. In contrast, the FEs only exhibit two dielectric peaks, and the application of a DC 
electric field generally leads to a decrease of the dielectric constant. 

The field-dependent dielectric constant ε, which is related to the slope of the P-E curve, is expressed by [83]: 

ε(E) = dD
dE

≈
dP
dE

(4)  

From this equation, we can consider the dielectric constant as the ability for polarization change under electric field. AFEs are 
nonlinear materials that exhibit distinct polarization switching during the electric-field-induced AFE-FE phase transition. Therefore, 
when the DC bias field is below the critical field EAF, the dielectric constant increases with increasing electric field [84]. The increasing 
of dielectric constant is associated to the antipolar dipole reorientation. For FEs, the dielectric constant would decrease when the DC 
electric field increases as the film would transform toward a single domain state, resulting a decrease in the number of domain walls 
[85]. It should be noted that the decreasing trend of dielectric constant in FE relies on the DC field direction. When the DC field is in the 
opposite direction of pre-poled polarization, the dielectric constant will also increase due to the domain switching between two 
opposite directions. The different behaviors in the dielectric constant with applied DC field between AFEs and FEs have been widely 
verified by experiment [84,85] and utilized to distinguish the AFE phase [86,87]. The increase of dielectric constant when subjected to 
an electric field can greatly enhance the energy storage density, making AFEs as excellent candidates for the application of dielectric 
energy-storage capacitors. 
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Distinct from the dipole switching without symmetry changes in FEs, the switching of antiparallel dipoles in AFEs is accompanied 
with a centrosymmetric to a non-centrosymmetric structural transition. More precisely, AFEs usually undergo a transformation from 
an AFE structure to a FE structure under a sufficiently high electric field. Since the lattice parameters of the induced FE phase are 
usually larger than those of the original AFE cell, the volume expansion would lead to a big jump in the electro-strain response (Fig. 3d) 
[88]. For instance, recent studies have demonstrated that the highly textured (001)-oriented PbZrO3 thin films can provide a strain up 
to 1 % [6], which is several times larger than that of FE thin films, such as Pb(ZrxTi1-x)O3. The field-induced ultra-large strain makes 
AFE materials superior in the fabrication of actuators. 

The electric field induced AFE to FE switching has been extensively studied in bulk AFEs, often explained through the two-state 
energy competition. However, how the antipolar dipoles rotate as transient state remains poorly understood. In recent report on 
thin films, a ferrielectric-like state has been identified as an intermediate state before reaching the final FE phase [14]. The stepwise 
dipole switching geometry sheds light on the potential manipulation of multistate polarization for information storage capability and 
tunability of dielectric and strain properties. Further discussion on this topic will be presented in section 4. 

2.3. Phase transition dynamics 

Compared with FE materials, there have been relatively few studies investigating the phase transition dynamics in AFEs, resulting 
in limited knowledge regarding the kinetics of polarization switching during the AFE-FE phase transition. In particular, the most 
concerned one is how fast the polarization responds to an external stimulus, which directly determines the performance of the AFE 
devices. In practice, the width of switching current versus time is considered as a good indicator for the phase-transition time. As 
previously reported in AFE (Pb0.89La0.06Sr0.05)(Zr0.95Ti0.05)O3 thin films [89], the time dependent switching current and polarization 
as a function of bias voltage are presented (Fig. 3e), revealing that the polarization switching time is on the order of nanosecond (ns). 
Furthermore, by referring to the nucleation-limited theory, where the time for nucleation is considered as the time for a complete 
switching, fitting results of the (001)-textured AFE Pb0.97La0.02(Zr0.95Ti0.05)O3 films show that the characteristic switching time is as 
short as 3 ns [90], which is comparable to that of FE films. Moreover, it is known that the switching time can be influenced by the 
applied electric field, temperature, electrode area, and film thickness [91,92] and there is a great possibility that the intrinsic dynamics 
of AFE switching can be as fast as switching in FE thin films, such as BiFeO3, reaching picosecond (ps) scale [93]. 

In FE thin films, a scaling relationship between coercive field Ec and film thickness t, i.e., the semi-empirical Janovec–Kay–Dunn 
(JKD) scaling law, wherein Ec ~ t-2/3, was frequently observed [94,95]. Very recently, a JKD-like scaling behavior is also reported in 
AFE ZrO2 thin films, wherein a decrease in the film thickness from 20 nm to 5.4 nm results in an increase in critical fields for both 
nonpolar-to-polar (EAF) and polar-to-nonpolar (EFA) transitions [96]. First-principles calculations suggest that an increase in tetra-
gonality of the ultrathin films contributes to an increase of energy barrier between non-polar tetragonal phase and polar orthorhombic 
phase, leading to the increase in critical electric fields. In perovskite-type AFE thin films, similar critical field scaling relationship had 
been reported [97], while the underlying mechanism is underexplored and need further exploration. 

Benefit from the critical field scaling, AFE thin films exhibit much higher EAF and EFA (hundreds of kV/cm) [15] than bulk AFEs 
(tens of kV/cm)[98], which potentially boosts the phase transition speed [91]. Therefore, AFE thin films with high-density charge 
release offer advantages in high-speed chip modules and pulsed energy storage capacitors [99]. Additionally, investigating the field 
driven structural evolution path is also important for understanding the AFE-FE transition. Previously, piezoelectric measurements and 
in-situ X-ray diffraction studies were conducted to analyze the domain reorientation and structural transformation in bulk AFEs 
[100,101]. By employing in-situ TEM imaging techniques, it has been demonstrated that the AFE structure undergoes a series of 
intermediate states. These states involve the AFD-ferrodistortive transition of oxygen octahedra, resulting in the emergence of a unique 
cycloidal polarization order and enabling the presence of a spontaneous polarization [102,103]. Until now, the complete under-
standing of phase transition process and the field-induced FE structure in AFE thin films remains elusive. It is believed that advanced 
characterization techniques, such as time-resolved X-ray diffraction [104], and optical pump-based detection [105], which have been 
successfully employed to investigate the switching kinetics of FE films, can provide further insights into the AFE-FE transition in AFE 
films. 

2.4. Fatigue in antiferroelectric thin films 

Electrical fatigue is manifested as the gradual decrease of switchable polarization under repetitive switching cycles [106]. Like FEs, 
AFE materials also suffer from fatigue problem, which has been one of the major problems hindering their practical applications. In 
general, the fatigue performance of bulk or thin film AFEs is directly influenced by the sample quality. Over the past decades, several 
models have been proposed to explain the fatigue mechanism in AFEs. One widely accepted model is that, during the AFE-FE phase 
transition, a significant strain induced by an external field leads to the formation of microcracks, which has been observed in fatigued 
AFE ceramics [107]. Another popular model is based on domain wall pinning [107]. During the AFE-FE phase transition, the ionic 
defects and trapped charges, such as oxygen vacancies, can impede the domain switching and domain wall motion. This gradually 
reduces the amount of reversible domains and subsequently diminishes the switchable polarization in AFE polycrystalline films [108]. 
Additionally, the local phase decomposition model has been proposed, suggesting a correlation with the local heat generated during 
the switching event in polycrystalline films [109]. 

Although a universally applicable fatigue mechanism for AFEs has not been established yet, various effective methods have been 
proposed to mitigate the electrical fatigue. For example, previous studies have reported that AFE Pb0.99Nb0.02(Zr0.85Sn0.13Ti0.02)0.98O3 
polycrystalline thin films grown on the LaNiO3-buffered Pt/Ti/SiO2/Si substrates displayed improved fatigue properties in comparison 
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to those grown on Pt/Ti/SiO2/Si directly [110]. The improved behavior is attributed to the fact that the oxide bottom electrode can 
serve as a sink for oxygen vacancies, resulting in a reduced number of oxygen vacancies at the film-electrode interface [110]. Addi-
tionally, chemical doping has been demonstrated as an effective approach to alleviate the fatigue problem. For instance, in Sr-doped 
PbZrO3 polycrystalline films, the polarization reduction was only 28 % after 108 cycling, whereas pure PbZrO3 polycrystalline films 
experienced a polarization loss of over 50 % under the same cycling conditions (Fig. 3f) [111]. Overall, the fatigue mechanism in AFE 
thin films is still not fully understood, and there is a lack of research on epitaxial AFE thin films to supplement the understandings. 

3. Engineering antiferroelectric order in thin film form 

In recent decades, research based on epitaxial oxide thin films has significantly advanced our understanding of the physics, 
structures, and functionalities in AFE materials. Firstly, compared to bulk materials, thin films offer more control methods, such as size 
scaling effect, strain engineering, and orientation control, to manipulate the AFE ordering. Secondly, the development of thin-film 
growth techniques enables flexible configurations of layers and architectures as well as device miniaturization. Lastly, thin films 
have been demonstrated to have an improved breakdown field strength, thereby facilitating the AFE-FE phase transitions (for instance, 
the room-temperature critical field EAF for undoped bulk PbZrO3 could be even higher than the breakdown field). Thus, the AFE 
research in thin film form is essential and holds great promise. 

However, in contrast to the much more developed theory about FE films, the theory for controlling the functional behavior of AFE 
films in terms of specific demands is still in its development stage [112]. Currently, a comprehensive understanding that addresses the 
specific requirements for manipulating the functional properties of AFE thin films is still lacking. Although AFE films share some 
properties and control principles with FE films, they have distinct characteristics. To systematically organize these aspects, we propose 
an eight-corner paradigm scheme, as illustrated in Fig. 4. 

Fig. 4. Schematic illustration showing engineering strategies in thin films.  
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3.1. Size effect 

Size effects in ferroic materials have been extensively studied over the years, and these studies have revealed the presence of a 
critical thickness necessary to stabilize the primary ferroic order parameter and thus the device functionality [113,114]. Similar to FEs, 
knowledge about the AFE order and its size effect is essential for both fundamental understanding to the nature of antiferroelectricity 
and for creating deterministic performance in functional devices [115]. In 1998, Ayyub et al. first reported the size effect in AFEs in 
polycrystalline PbZrO3 thin films grown on Si substrates. By reducing the film thickness from 900 nm to 100 nm, the AFE behavior is 
replaced by FE behavior, and whether it is induced by residual strain or the self-biasing effect at the interface remains an open question 
[57,116]. Subsequently, in 2007, a thickness driven AFE-FE phase transition was reported in PbZrO3/PbZr0.8Ti0.2O3 multilayers. The 
electric measurements have revealed that the multilayers undergo a thickness-dependent transition from a mixed AFE-FE behavior to a 
purely FE behavior. This indicates that the PbZrO3 sub-layer undergoes a structural transition from an orthorhombic AFE phase to 
rhombohedral FE phase when the PbZrO3 sub-layer thickness decreases to ~ 10 nm [117]. Further, X-ray diffraction studies suggest 
that the substrate strain plays a crucial role in driving the AFE-to-FE transition of the PbZrO3 layers. In 2011, Chaudhuri et al. [18] 
reported that a FE rhombohedral structure could be stabilized by substrate-induced strain in ultrathin PbZrO3 epitaxial films grown on 
(001) SrRuO3-buffered SrTiO3 substrates. The contribution from FE structure leads to an increase in the remnant polarization of the 
PbZrO3 thin films as the film thickness decreases, resulting in a mixed feature of FE and AFE behavior in the AFE films, as illustrated in 
Fig. 5a [18]. 

To understand the size effect in AFE thin films, phenomenological theory approach has been applied by considering the mechanical 
stress and surface piezoelectric effect. As Bratkovsky and Levanyuk suggested, the surface of a FE can be regarded as a defect coupled to 
the order parameter, resulting in the phase transition smearing in thin film [118]. In 2007, Eliseev and Glinchuk took the size effects 
into account in AFE thin films and reported that the surface piezo-effect can break the inversion symmetry near the surface and 
generate a built-in electric field that is inversely proportional to the film thickness [119]. With decreasing thickness, the built-in 
electric field progressively increases until it reaches a critical value and induces the AFE-FE phase transition. In 2015, Mani et al. 
conducted meticulous first principles-based simulations to thoroughly investigate the size effect in AFEs. They examined the energy 
stability between AFE and FE phases in PbZrO3 films as a function of film thickness under various mechanical and electrical boundary 
conditions [115]. Surprisingly, below a critical thickness (about 6 nm), the PbZrO3 films would develop a FE tetragonal phase for films 
under short-circuit boundary condition even in the absence of epitaxial strain. According to Mani et al. [115], the origin of this size- 
driven AFE-FE transition is attributed to the intrinsic surface effect that stabilizes the FE phase by removing energy costly short-range 
interactions between head-to-tail dipoles. This theoretical model has been supported by recent experiment. Xu et al. demonstrated the 
intrinsic size effect in lead-free AFE NaNbO3 free-standing membranes, revealing the emergent ferroelectricity as the thickness 

Fig. 5. Typical methods for manipulating AFE thin films. (a) schematic view of size effect in AFE thin film. (b) Energy vs epitaxial strain diagram of 
PbZrO3 at 0 K. Reproduced with permission from [133]. (c) The maximum polarization values of three oriented PbHfO3 films. Reproduced with 
permission from [144]. (d) Polarization-electric field loops of Pb1.2ZrO3 and PbZrO3 thin film. Reproduced with permission from [13]. 
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decrease and coexistence of FE and AFE orders at an intermediate film thickness [120]. By removing the mechanical-clamping 
contribution from the substrate, it delivered more intrinsic behavior of AFEs and proposed the distortion of surface structure, 
rather than substrate-induced strain, as the origin of AFE size effect [120]. 

The mixed feature of FE and AFE are commonly seen in AFE thin films, and its microstructures exhibit complex constitutions due to 
the close energy barrier of the polar and antipolar phases. On the one hand, Recent report on PbZrO3 thin films discovered the antipolar 
structure remains locally uncompensated. In this case, the coexistence of different structure periods, i.e., ↑↑↓↓ and ↑↑↓, are reported 
and correlated with thickness scaling [121]. Both antipolar structures transform to FE structure with decreasing thickness below 25 nm 
[121]. This ferrielectric structure exists on SrTiO3 substrates and disappear on KaTaO3 substrates, which can be attributed to the 
epitaxial compressive strain that may induce the fluctuation of the ferrielectric structure as theoretically predicted by DFT calculations 
[122]. On the other hand, the presence of wide-range FE rhombohedral phase has also been reported in PbZrO3 thin films grown on 
SrRuO3-buffered SrTiO3 substrates [123]. This FE structure is energetically favorable below certain critical thickness due to surface 
effect [115] or strain effect [123], and typically exists near the film-bottom electrode heterointerface. 

The size scaling induced mixed FE/AFE feature can also be found in HfO2-based thin films [124–126]. As suggested by DFT cal-
culations, due to the impact of surface energy, the monoclinic, orthorhombic and tetragonal structure are energetically favorable in 
sequence as the thickness decreases [127]. By varying the film thickness, the remnant polarization has a maximum at an intermediate 
thickness where the polar orthorhombic structure dominates the FE behavior, while decreasing (increasing) the thickness would lower 
the remnant polarization [126], and the more energetic-favorable AFE tetragonal (PE monoclinic) phase would dominate the electrical 
behavior [125–127]. In contrast with HfO2 thin films, it is widely acknowledged that ZrO2 thin films predominantly persist AFE 
tetragonal structure [128,129]. As the thickness decreases below 3 nm, Cheema et al. [128], recently reported an AFE-FE phase 
transition that occurs, and the orthorhombic FE structure can be stabilized down to 5 Å [128]. The ferroelectricity in ultrathin films is 
promising for highly scaled next-generation Si electronics beyond 2D limit. 

3.2. Strain engineering 

For epitaxial growth of thin films, the in-plane lattice constant of thin films is expected to be identical to that of the substrate when 
the film is thinner than a specific critical thickness value. In this case, the misfit strain in the film can be given as: 

ε =
(
as − af

)/
as (5)  

where as and af are the lattice constants of the substrate and film, respectively. To achieve high-quality, coherently-strained epitaxial 
films, the key factor is to keep the film thickness thinner than the critical thickness [130]. Otherwise, the strain tends to relax with the 
assistance of interfacial misfit dislocations. Epitaxial strain has been recognized as an effective tool to modify the crystal and domain 
structures, to tune the physical properties, and even to create new emergent functionalities in ferroic oxide thin films [131,132]. 

Based on first principles calculations, it is anticipated that epitaxial strain can disturb the balance of phase stability between the 
AFE and FE phases, thereby inducing the AFE-FE phase transition. For bulk PbZrO3, calculations have shown a small energy difference 
of only ~1 meV/f.u. between the AFE Pbam and FE R3c phases [133]. The calculations further indicate that the FE phase is stabilized 
under compressive epitaxial strain, while the AFE Pbam phase is favored under tensile strains (Fig. 5b). For lead-free AFE AgNbO3 thin 
films, first-principles calculations revealed that two phase transitions (from Pm to Cm and from Cm to Amm2) would occur at the range 
of compressive strain and tensile strain, respectively. Additionally, compressive strain can enhance the stability of AFD and, subse-
quently, enhance the antiferroelectricity [134]. In NaNbO3 thin films, an energy-versus-misfit strain phase diagram has been con-
structed, revealing three phases (monoclinic Cc, orthorhombic Pca21, and orthorhombic Pmc21 symmetries) corresponding to different 
strain regimes [135]. In addition to the strain-induced structural phase transition, the strain can also alter the critical electric fields (EFA 
and EAF) for AFE-FE phase transition and thus tune the energy storage properties [136]. 

It is important to emphasize that most of our current understanding regarding the influence of epitaxial strain on the stability of 
different phases in AFEs has been derived from zero-Kelvin density functional theory (DFT) calculations. However, these findings may 
not accurately reflect the actual behavior at finite temperatures. Alternative approaches, such as phenomenological Landau approach, 
which are based on empirical free energy parametrizations and have been extensively used for analyzing strain effects in FE films 
[137], have not yet been widely utilized in the study of AFE films. 

In polycrystalline AFE oxide thin films grown on semiconducting substrates (e.g., Si), the thermal and growth strain would play a 
crucial role in determining the free energy of AFE phase and FE phase, altering the structure stability and consequent electrical be-
haviors. Thermal strain originates from the mismatch of the thermal expansion coefficients between the film and the underlying 
substrate during the cooling process after film deposition [138,139]. The thermal strain and stress can be given by [138]: 

∊thermal =

∫ TD

TRT

(αfilm − αsubstrate)dT (6)  

σthermal =

∫ TD

TRT

(αfilm − αsubstrate)Efilm

1 − νfilm
dT (7)  

where α, ν and E represent the thermal expansion coefficient, Poison’s ratio and elastic modulus, respectively. For instance, in Nd- 
doped BiFeO3 thin films grown on Pt/Si substrate, a coexistence of AFE, FE and PE phases was reported, while bulk counterpart 
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only exhibits single phase AFE. It is proposed that clamping due to mismatch in thermal expansion coefficient with the substrate 
suppresses the formation of AFE phase by forming FE and PE phases [140]. Growth strain, originating from the coalescence of the 
nucleating grains and densification during crystallization, is another important factor that influences the structure stability [139,141]. 
In Hf0.5Zr0.5O2 thin films, a giant in-plane tensile strain, induced by coalescence of the nucleating grain, are proposed to enhance the 
ferroelectricity by transforming the nonpolar tetragonal phase to polar orthorhombic phase [141]. 

3.3. Orientation control 

Functional oxides generally exhibit significant anisotropy in crystallography, and their physical properties may differ significantly 
with the change in crystallographic orientation [142]. For epitaxial thin films, their orientation is determined by the underlying 
substrates and their performance can be enhanced by selecting suitable substrate orientation [143]. In conventional FE systems, it has 
been reported that manipulating the energy barrier via orientation control is an effective approach to switch the electric dipoles. For 
example, Xu et al. demonstrated that the coercive field in 20 nm PbZr0.2Ti0.8O3 thin films can be reduced from ~ 350 kV/cm for films 
on SrTiO3 (001) substrate to ~ 150 kV/cm on SrTiO3 (111) substrate [143]. For AFEs, taking PbZrO3 as an example, it is widely 
accepted that the AFE phase has an orthorhombic structure (Pbam, a-a-c0), which transforms into a FE rhombohedral (R3c, a-a-a-) phase 
with the polarization along the [111] direction under a sufficiently strong electric field [101]. By applying an electric field along 
different crystallographic orientations in AFEs, the critical electric field for AFE-FE phase transition and maximum polarization varies 
significantly. In a recent study, Chu et al. reported that the saturated polarization and critical transition field undergo dramatic changes 
with varying orientations, from 30.54 to 38.91 μC/cm2 and from 650 to 870 kV/cm as the AFE PbHfO3 thin films were grown on (100)- 
, (111)- and (110)-oriented SrTiO3 substrates (Fig. 5c) [144]. 

In PbZrO3, by using a first-principles-based effective Hamiltonian approach, Ponomareva et al. predicted that the phase transition 
pathway of PbZrO3 also depends on the crystallographic orientation with respect to the applied electric field [145]. Notably, they 
discovered the emergence of three new polar phases: Cc, Ima2 and I4cm are obtained under electric field along the [111], [110] and 
[001] directions, respectively. None of these newly identified phases exhibit the commonly acknowledged rhombohedral structure 
with the R3c symmetry. Moreover, the field-induced phase transition into these new polar phases is predicted to generate extremely 
large strain of up to 3.6 %, which holds significant technological significance [145]. 

It is interesting to note that the above results of pioneering effective Hamiltonian studies disagree with experimental observations 
by Fesenko et al. [55] in PbZrO3 single crystals. In their experiments, applying an electric field along a specific direction triggered a 
series of transitions to various FE-like phases, where the polarization did not necessarily align along the field. The underlying 
mechanism for this discrepancy between experiment and theory thus requires further investigation and clarification. 

3.4. Domain engineering 

FE and AFE phases in single crystals are usually composed of domains with different orientation of polar/antipolar dipoles to 
minimize the depolarization field energy and/or elastic energy [146,147]. Manipulating functional domains and domain walls in 
ferroic materials has been a recent focus, resulting in the discovery of intriguing phenomena, including charged and chiral walls, 
domain-wall conductivity, topological polar structures and more [148–152]. In AFEs like PbZrO3, the orthorhombic AFE structure 
results in 60◦, 90◦, 120◦ and 180◦ domains [153]. Although the structural geometry of AFE domains has been widely studied, only 
recent years, the atomic scale understanding about AFE domain and domain boundary were reported. In 2013, polar translational 
antiphase boundary was initially discovered in PbZrO3 [64]. By connecting two 180◦ domains with a π phase shift, the dipoles in the 
domain wall are parallel, making the antiphase boundary polar. Viewing the 2D polar domain walls in non-polar matrix as information 
carrier, the AFEs exhibit possibility for usage in high-density non-volatile memory devices. 

In PbZrO3/BaZrO3/SrTiO3 thin films, it was found that the polar domain walls (180◦ walls) correlated strongly with the interfacial 
strain [154]. By mediating the interfacial compressive strain using BaZrO3 buffer layer, the polar domain walls can be abundantly 
formed near the interface. The preferential creation of polar domain wall paves the way for domain wall engineering, presenting 
opportunities for further practical applications. Apart from the polar domain walls, domain engineering is another necessary step 
towards the practical use of the AFEs [64,155], e.g., shape memory induced by the AFE-to-FE phase transition [156]. Recent studies 
have also shown that reducing hysteresis with slim hysteresis loops can be achieved by breaking the long-range ordered domains into 
nanometer scale, thereby introducing nanoscale heterogeneity in AFEs via chemical doping [157], which is particularly important for 
their applications in energy storage devices. 

Recent results in PbZrO3/SrRuO3/SrTiO3 (001) heterostructures have shown stimulating, but rather puzzling results by an unusual 
experimental approach. Using the Bragg peak shape analysis combined with X-ray nanoscopy where a nano-focused X-ray beam is 
used, it has been shown that individual domains are usually not larger than about 13 nm [158]. This occurs regardless of film thickness, 
in contrast to the so-called Kittel law, i.e., a square root dependence of domain size on thickness which has been reported for diverse 
ferroic systems [159,160]. In the shape analysis of Bragg peaks, the domain size is probed as the length at which the AFE lattice is 
coherent with itself, i.e., the lattice coherence length. This coherence can be easily broken by translational boundaries, which do not 
change the domain orientation but only displace domain lattices with respect to each other. Therefore, it is likely that the estimated 
domain size of 13-nm can characterize the length scale of the densest kind of domain packing – the scale of translational domains. In 
bulks, it has been shown that those translational domains pack themselves into superdomains, which are in turn separated by curved 
90◦ domain walls and more exotic junctions, such as cloverleaf patterns [147]. In films this has not yet been thoroughly studied. 

Y. Si et al.                                                                                                                                                                                                               



Progress in Materials Science 142 (2024) 101231

12

3.5. Defect engineering 

Defects are common in materials and are inevitable during the sample preparation process. In traditional recognition, the defects in 
materials are deleterious to the physical properties and will greatly reduce the device reliability. Nevertheless, recent findings report 
that defect engineering, an intentional and purposeful introduction of defects, can enhance the material properties and even create 
emergent functionalities [13,161]. One paradigm is that the presence of oxygen vacancies, leading to deviation from the ideal stoi-
chiometry, can cause changes in vibrational frequency of the FE and AFE mode, resulting in the presence of intermediate FE phase 
[67]. In addition, by introducing point-defect via decreasing oxygen pressure, it has been revealed that a FE-like switching can be 
obtained in PbZrO3 thin films at room temperature [162]. This FE-like switching can be attributed to the pinning effect from point- 
defect, which can effectively delay the AFE-FE phase transition. Pertinent to the atom occupancy, the anti-site defects, manifested 
by a false positional occupation, provides a new approach to break the inversion symmetry and altering the electric property [163]. For 
instance, the AFE-FE phase transition can directly be stimulated in nonstoichiometric Pb1.2ZrO3+δ thin films (Fig. 5d) [13]. Defect- 
controlled electrocaloric effect (ECE) was also reported in PbZrO3 thin films [164]. The gradual increase of lead volatilization re-
sults in asymmetric interface nucleation. As a result of defect-related switching dynamics under different frequency of the same electric 
field, a large adiabatic temperature change of 30 K from positive ECE can be achieved at 100 Hz while a temperature change of − 10 K 
due to negative ECE was obtained at 10 kHz [164]. One can see that the defect engineering opens new possibilities to design and tailor 
functionality of AFE thin films. 

3.6. Doping effect 

Chemical doping is an efficient way to modulate the material properties. Chemical doping has been widely used to mediate the 
competitive orderings in functional oxide systems and induce intriguing phenomena including enhanced piezoelectricity near the 
morphotropic phase boundary (MPB), high energy storage performance, metal–insulator transition, and high-temperature super-
conductivity [7,165–168]. For PZT system, compositional doping can stabilize either the AFE or FE order, and this stabilization can be 
rather successfully interpreted in terms of adjusting the Goldschmidt tolerance factor t [169]: 

t =
RA + RO
̅̅̅
2

√
(RB + RO)

(8)  

where RA, RB, and RO refer to the radii of A- and B-site cations as well as of oxygen anions. Upon remaining within the same solid 
solution system, the value of Goldschmidt tolerance factor can be a good indicator to evaluate the FE and AFE stability. In AFEs, a 
smaller A-site dopant or bigger B-site dopant can stabilize the AFE phase. On the one hand, Sr2+ [111] and La3+ [170] can stabilize the 
AFE phase and bring a higher EAF than undoped PbZrO3, on the other hand, the B-site dopant with a smaller radius, such as Sn4+ and 
Ti4+ [171], has been employed to decrease the EAF and minimize the hysteresis loop area. Moreover, chemical doping would induce 
complex phase diagrams, resulting in the identification of abundant structural phases, e.g., the incommensurately modulated structure 
in (Pb,La)(Zr,Sn,Ti)O3 system [172]. This would give rise to AFE-to-relaxor FE phase transition and to boost the energy storage 
performance [173]. 

Apart from the tolerance factor that reflects the arrangements of ions in perovskite structures, the properties of perovskite oxides 
are intricately linked to the average electronegativity. Halliyal et al., found that besides tolerance factor t, the electronegativity dif-
ference X is another important parameter that determine the stability of the perovskite ABO3 structure [174]. The average electro-
negativity difference is given by: 

X = (XAO +XBO)/2 (9)  

where XAO (XBO) is the electronegativity difference between the A (B) cation and the oxygen anion. This average difference value in 
electronegativity between cations and anions indicates the polarity of the chemical bond. A larger average electronegativity value 
signifies the stronger the polarity and a closer proximity to an ionic bond, while a smaller average electronegativity value implies the 
weaker the polarity and the closer proximity to a covalent bond. Previous studies on CaZrO3-NaNbO3 [175], AgNbO3-CaZrO3 [176], 
NaNbO3-SrZrO3 [177] suggest that reducing the tolerance factor t and increasing the electronegativity difference X favor 
antiferroelectricity. 

In fluorite HfO2-based thin films, different dopants can result in either FE or AFE behavior depending on the dopant size and doping 
content [43]. For the famous Hf1-xZrxO2 solid solution, the inherent AFE nature in ZrO2 thin films enables the Hf1-xZrxO2 thin films to 
exhibit antiferroelectricity over a wide range of composition compared to other dopants [27,43,178]. Apart from the AFE in Hf1-xZrxO2 
thin films, the AFE behavior is usually discovered in doped HfO2 thin films with dopant size smaller than Hf, while the dopants with 
bigger size only result in FE behavior [43]. In Si-doped HfO2 thin films where Si has a smaller radius than Hf, the AFE behavior can be 
obtained with increasing the doping content of Si [126]. Similar behavior can also be discovered in Al-doped HfO2 thin films [179], 
where Al is also smaller than Hf. The AFE behavior is strengthened with Al content increase to 8.5 %, and a PE-FE-AFE phase transition 
can be realized during increasing the Al content [179]. First principles study suggested that the dopant size can change the metal-
–oxygen bonding to cause energy differences [180]. As a result, the smaller dopants tend to stabilize the nonpolar tetragonal phase, 
which can be seen as the origin of antiferroelectricity [180]. Introducing Si and Al dopant into FE Hf0.5Zr0.5O2 thin films can also assist 
FE to AFE phase transition, which can enhance the energy storage and efficiency without increasing the thermal budget of Hf1-xZrxO2 
[181]. 
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3.7. Superlattice and interface control 

Functional oxide materials usually display delicate interaction between spin, orbital and lattice order parameters, and results in 
competing ground states that are sensitive to extrinsic stimulus. With the advancement of thin film deposition technique at atomic- 
scale precision, such as laser molecular beam epitaxy, artificial control of heterointerfaces and superlattices between different ox-
ides give chance to introduce variant boundary conditions for bring a plethora of emergent phenomena, for example, two-dimensional 
electron gas [182], polar vortices/skyrmions [151,183], and improper ferroelectricity [184]. Considering the energy vicinity between 
ferroelectricity and antiferroelectricity, interfacial engineering could bring unprecedent behaviors between two counterpart phase 
diagrams. Emergent AFE behavior has been discovered in several artificial superlattice systems. In 2002, the first one is observed in 
KNbO3/KTaO3 1/1 superlattices (samples in which each KNbO3 and KTaO3 sub-layer are 1 unit cell thick, respectively), while bulk 
KTaO3 and KNbO3 are FE and PE, respectively, the superlattice appears AFE based on an increase in the dielectric constant with applied 
DC bias [86]. The B-site cation modulation imposed by the superlattice is considered as the origin of antiferroelectricity [86]. Soon 
afterwards, a similar AFE-type behavior has been demonstrated in SrTiO3/BaZrO3 superlattices, where both constituent phases are PE 
in bulk. Those superlattices with large periodicities of 20/20 and 38/38 exhibit FE ordering, while for superlattices with smaller 
periodicities of 7/7 and 15/15 [87], the strain-induced ferroelectricity in SrTiO3 and the layer-spacing-dependent coupling are pro-
posed to be the leading mechanism for producing AFE-like behavior [87]. 

Very recently, using high-throughput second-principles calculations, Aramberri et al. further verified the existence of an AFE-like 
behavior in artificial electrostatically engineered FE/PE superlattices [185]. It is found that the (PbTiO3)4/(SrTiO3)4 superlattice 
presents an overall antipolar 180◦ domain structure at zero field and undergoes a field-induced phase transition into a polar state for 
fields of a few megavolts per centimeter. Moreover, the superlattices can be tailored to address specific needs by means of epitaxial 
strain, layer thicknesses, and dielectric stiffness. In this proposed model, superior energy storage performance is obtained [185]. Apart 
from the emergent antiferroelectricity in para- and ferro-electric materials, the AFE behavior can also be derived from multiferroic 
BiFeO3 nanolayers with delicate interface engineering. This is evidenced by identification of antipolar phases in BiFeO3/ 
La0.7Sr0.3MnO3, BiFeO3/La0.4Bi0.6FeO3, and BiFeO3/TbScO3 superlattices [186–189]. These studies demonstrate that interfacial 
control offers an effective strategy for the design of new AFE materials for versatile applications. 

The interfacial control is also an effective engineering strategy to tune AFE properties in fluorite-structure Hf1-xZrxO2 thin films 
[190]. In 2019, Park et al. [191], reported the HfO2/ZrO2 nanolaminates and superlattices with various layering combinations and 
thicknesses. In that work, the increasing single layer thickness of ZrO2 can stabilize the AFE behavior due to the energetically favorable 
tetragonal structure in pure ZrO2. The starting layer with HfO2 can strengthen the field-induced ferroelectricity from AFE thin films. 
This can be attributed to the low monoclinic phase fraction in the starting layer of HfO2. In comparison, ZrO2 with tetragonal matrix 
displays reduced energy barrier for monoclinic phase formation and reduces the field-induced FE behavior [190,191]. TiN capping 
layer is commonly used as a mechanical confinement to engineer the FE/AFE behavior in Hf1-xZrxO2 films [43,139]. In ZrO2 thin films, 
with introducing the mechanical stress induced by the TiN capping layer, transformation from PE amorphous phase to AFE tetragonal 
phase can be realized [192], while etching the TiN layer away leads to the transition from the AFE tetragonal phase to FE orthorhombic 
phase [192]. Additionally, the interfacial engineering is also reported in ZrO2 thin films with sub-nanometer HfO2 and TiO2 interfacial 
layer [193]. Additionally, the interfacial engineering is also reported in ZrO2 thin films with sub-nanometer HfO2 and TiO2 interfacial 
layer [193]. In that work, the HfO2 interfacial layers are reported to boost the formation of (111)-texture orthorhombic ZrO2 to 
enhance the ferroelectricity, while the TiO2 interfacial layers favor the formation of (110)-textured tetragonal ZrO2 to support 
antiferroelectricity. Moreover, such interfacial engineering strategy is post-annealing-free and thus is beneficial to the CMOS process 
integration which need a low thermal budget [193]. 

3.8. Octahedral tilt control 

Since most of the prospective AFE thin films are of perovskite structure, it is possible to affect their state through the connectivity of 
octahedral tilt systems across the substrate-film interface. Originally, it was envisioned by ab-initio modeling in LSMO/SrTiO3 het-
erostructures [194] and developed in few other works [195,196]. The approach is being rather extensively investigated nowadays in 
the context of SrRuO3/SrTiO3 functional interfaces [197,198]. The essence is that the substrate’s octahedral tilt pattern can propagate 
into the film to a small but considerable depth. 

For AFEs, this can have, at least in principle, a solid impact on the ability to tune the material properties. The link between 
antiferroelectricity and octahedral tilt patterns has been the focus of research by theoretical groups [199], which flourished recently in 
various systems [200]. This theory is expected to clarify its connection to the experiments in the future. Single-crystal diffuse scattering 
experiments suggest that a-a-c0 octahedral tilts are attractive to incommensuration and antiferroelectricity in PbHfO3, at least at high 
temperatures [201]. Those distortions form simultaneously in a triggered incommensurate transition in pure material. While in Sn- 
doped PbHfO3 crystals, the octahedral tilts form earlier on cooling than the incommensuration, and the octahedral tilts seem to 
aide in moving the AFD susceptibility maximum from zone center towards the incommensurate position [202]. This, again, suggests a 
collaborative nature of the coupling between octahedral tilts and antiferroelectricity. The picture gets complicated by molecular 
dynamics simulations by Mani et al. [69], who try simulations with and without the coupling between octahedral tilts and anti-
ferroelectricity. When the coupling is turned off, both types of distortions appear at much higher temperatures as compared to the case 
when they are coupled. The coupling in those calculations is, therefore, of strange character. On the one hand, it is attractive in the 
sense of joining the AFE and AFD transitions into one, on the other hand, it is somehow repulsive in the sense of stabilizing the high- 
symmetry phase to lower temperatures. This shows that understanding the coupling between AFE and AFD orders is yet to be achieved. 
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In the meantime, it is necessary to highlight another complication on the way of octahedral control of AFEs. Presently, conventional 
high-quality epitaxial lead-based AFE films were synthesized mostly on highly mismatched buffer layers and single-crystal substrates 
[15,17]. The pseudocubic lattice comparison of common perovskite AFE oxides, electrodes, and substrates at room temperature is 
drawn in Fig. 6. The commonly used substrates and electrode layers, such as SrTiO3 and SrRuO3, differs by near − 3% from Pb-based 
AFEs. The films are, therefore, strongly relaxed through misfit dislocations [123] and this strain relaxation should likely impact the 
film stronger than the octahedral tilt connectivity effect. To overcome this obstacle, one needs to envision the newly developed 
perovskite electrodes/substrates with large lattice constants, like La-doped BaSnO3 electrode and BaZrO3 single crystal substrates 
[203,204]. An exceptional work is related to the PbZrO3 thin film grown on BaZrO3-buffered SrTiO3. The dislocations were created at 
the interface between BaZrO3 and SrTiO3, and the influence from the potentially unchained octahedral connectivity effect has not been 
explored [154]. Alternatively, the situation can be more promising with lead-free AFE perovskites, where lattices match better with 
mainstream substrates, like SrTiO3. 

4. Materials 

Through tracing the key guidelines about tailoring the AFE properties in thin films, we find that abundant structure and property 
diversities emerge in conventional AFE thin films, and a set of new AFE phenomena are developed. Understanding the existing AFE 
systems (Table 1) and its thin-film types are important for the development of AFE materials and devices. In this section, various lead- 
based and lead-free AFE oxide materials are reviewed, with particular emphasis on those from the thin film perspective, trying to grasp 
both the material science and physical perspectives. 

Fig. 6. Survey of pseudo-cubic lattice parameters (Å) of commercially available single crystal substrates, perovskite electrodes and ferroelectric/ 
antiferroelectric materials at room temperature. 
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4.1. Lead-based perovskites 

4.1.1. PbZrO3 
PbZrO3 is the most investigated material in the field of AFEs. It undergoes a PE to AFE phase transition around 230 ◦C and its AFE 

orthorhombic unit cell contains 8 formula units (i.e., pseudocubic unit cells), where Pb ions displace antiparallelly along [110]pc 
direction (Fig. 7a). As an archetype AFE material, much about it has become clear, from its structure details to practical applications in 
the bulk form. However, when it comes to the thin-film form, the story about its physical properties becomes richer and more complex. 

During the PE-AFE phase transition, which is essentially related to the origin of antiferroelectricity, an unusually high transition 
temperature is observed in epitaxial PbZrO3 thin films. This is manifested by the higher TA for dielectric anomaly and annihilation of 1/ 
4 superstructure diffractions as the PbZrO3 film is grown on SrTiO3 substrate, which increases by 40 K in comparison with bulk PbZrO3 
[15]. Moreover, second-harmonic generation and hysteresis measurement detected the polar structure at room temperature and the 
incipient ferroelectricity above the transition temperature. This indicates there is a mixed feature of ferroelectricity and anti-
ferroelectricity of Pb2+ displacement in PbZrO3 thin films, resulting in the fluctuation of uncompensated polarization as shown in 
Fig. 7b and 7c. Obviously, epitaxial integration has a huge impact on property of the materials. In FE thin films, epitaxial strain alone 
has shown great influence on the transition temperature [205]. Indications on the importance of such an effect in PbZrO3 films are 
reported by earlier studies performed at Max Planck Institute, where Raman studies show that the presence of mechanical stress may 
lead to the presence of FE phase in PbZrO3/SrRuO3/SrTiO3 heterostructures [123]. However, the PbZrO3/SrRuO3/SrTiO3 hetero-
structures are rather far from being simply strained because of the large lattice mismatch of ~ 6 %, which is relaxed almost completely 
by forming dislocations near the PbZrO3/SrRuO3 interface. Considering that the AFE lattice distortion is inhomogeneous, a more 
complex strain distribution is possibly developed inside PbZrO3 films. This may either arise from the surface effect where the surface 
energy is dominant in straining the thin films, or from intra-domain strain that helps to minimize the material micro twists near the 
interface [17]. 

Recently, a question of the ground state of PbZrO3 has attracted attention due to the rather odd discovery of ferrielectric state 
having lower energy than the well accepted AFE state at 0 K, according to first principles calculations [122]. Similar structures have 
been also experimentally discovered in PbZrO3 thin films. Atomic scale TEM revealed the “↑↑↓” type Pb2+ displacements and ferri-
electric region inside the conventional AFE domains (with “↑↑↓↓” type Pb2+ displacements), resulting in the coexistence of polar and 
nonpolar blocks [121]. To a certain degree, this further complicates our understanding in the following aspects. On the one hand, 
similar Pb displacement of “↑↑↓” feature has been observed at the RII-1-type translation boundary, which is featured as a displacement 
vector 1/4R[21̄n] with a π/2 phase shift for the separated but neighboring unit cells [206]. On the other hand, a long-range and 
periodic structure of such has not been observed in experiment so far. Therefore, this cannot be regarded as a pure phase but only as a 
local structure. Taking the discovered ferrielectric-like structure into account, it offers chances to achieve ultra-fine grid of polar 
entities within the nonpolar matrix, which can be used for multistate information storage. The control of domain states at nanometer 
scale (~10 nm) has been realized in FEs [207], and previous study has also revealed the preferential creation of polar translational 
boundary by interface engineering in PbZrO3 thin films [154]. On the other hand, analogous to superior electrical conductivity 
identified at charged FE domain walls, one may also expect potential presence of conductivity difference between nanoscale polar 
regions and mesoscale non-polar regions. This may enable a flexible reading scheme in memory application if charged polar domains 
can be eventually realized and controlled at the nanoscale. 

The first complete electric field-temperature phase diagram of bulk PbZrO3 was proposed by Fesenko in 1978 (Fig. 7d) [55]. 
Besides the AFE orthorhombic phase and high-field FE rhombohedral phase, other intermediate low-field FE phases were predicted 

Table 1 
Key parameters in typical AFEs. Except TC, the values are at room temperature.  

Materials phase 
Symmetry 

Lattice 
Parameter (Å) 

Pesudo-tetragonal axis 
(Å) 

Glazer’s Notation Dielectric constant ε TC(◦C) 

NaNbO3 Pbcm[218] a = 5.506, b = 5.566, c = 15.520 
[434] 

a0 = b0 = 3.915 
c0 = 3.880 

(a− a− b+)/(a− a− b− ) 
[435] 

≈270 
[436] 

≈482 
[216] 

AgNbO3 Pmc21[231] a = 15.648, b = 5.552, c = 5.609 
[231] 

a0 = b0 = 3.944 
c0 = 3.915 

(a− b− c+)/(a− b− c-)  
[231] 

335 
[437] 

353 
[437] 

Pbcm 
[438,439] 

a = 5.547, b = 5.604, c = 15.642 
[439] 

a0 = b0 = 3.942 
c0 = 3.911 

(a− b− c− )/(a− b− c+)  
[439] 

(Bi0.5Na0.5) 
TiO3 

P4bm 
[243,441] 

a = 5.519, b = 5.519, c = 3.909 
[440] 

a0 = b0 = 3.942 
c0 = 3.911 

a0a0c+[440] 220 
[441] 

320 
[442] 

PbZrO3 Pbam[23] a = 5.888, b = 11.771, c = 8.226 
[443] 

a0 = b0 = 4.161 
c0 = 4.113 

a-a-c0[443] 150–180 
[38,444,445] 

≈233 
[49] 

PbHfO3 Pbam[446] a = 5.856, b = 11.729, c = 8.212 
[447] 

a0 = b0 = 4.140 
c0 = 4.110 

a-a-c0[448] ≈250 
[449] 

205 
[449] 

PbSnO3 / a = 5.795, b = 11.591, c = 8.368 
[59] 

a0 = b0 = 4.098 
c0 = 4.184 

a-a-c+[59] 90–130[59] 120–150 
[59] 

Bi0.7La0.3FeO3 Pbam[450] a = 5.572, b = 5.540, c = 7.864 
[450] 

a0 = b0 = 3.940 
c0 = 3.932  

120–140[450] / 

ZrO2 P42/nmc[96] a = b = 3.59, 
c = 5.15[96] 

/  30–40[96] / 

Hf0.25Zr0.75O2 P42/nmc[27] / /  40–45[423] /  
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from the birefringence and dielectric characterization. However, how an AFE transforms into a FE under an electric field stimulus 
remains an open question, which relates to issues like the sample quality, the long recording time against the short phase-transition 
time and thus the difficulty of separating the intermediate phases at a narrow transient field regime. Recently, the in-situ observation of 
AFE structural evolution is achieved in PbZrO3 thin films [14]. With increasing electric field, the 1/4 superstructure diffraction damps, 
while weak 1/8 and strong 3/8 superstructure diffraction spots emerge. This indicates that a new type of AFE dipole modulation 
develops from fourfold to eightfold periodicity. By simulating the diffraction intensity with different dipole arrangement, the 
experimental results fit well with the “↑↑↑↑↓↑↑↓” dipole arrangement, revealing the stepwise dipole rotations during the AFE-FE phase 
transitions as shown in Fig. 7h-j. Interestingly, the intermediate state with an eightfold dipole periodicity exhibits another kind of 
ferrielectric feature, which covers the threefold (“↑↑↓”) ferrielectric periodicity. This suggests a strong correlation between different 
dipole periodicity for the stepwise AFE-FE phase transitions and shed light on the electric field control of those nanodomains for 
memory devices. 

In fact, due to the low energy barrier between the AFE and FE phases, e.g., in the PbZrO3 system [208], the polarization/phase 
structure can be easily tuned by external stimuli, such as electric field, temperature, pressure, chemical doping, etc. Owing to the 
structure sensitivity, many new structures have been discovered recently in PbZrO3-based crystals and thin films, all of which share 
intrinsic unit-cell-scale heterogeneity. Now it becomes possible to distinguish a few quite different groups of those. 

First, the originally attractive incommensurate phases have shown a few interesting structural details. Contrary to the originally 
conceived transverse modulation waves, those phases appear now as modulated structures with certain degree uncompensated po-
larization. More surprisingly, the structure is accompanied with a longitudinal component in the modulation wave. Most of the above 
results were obtained in chemically (Ti and Sn) modified PbZrO3. One of the most stunning discoveries is observation of the devil’s 
staircase in electron diffraction [209]. Essentially, the modulation period for the transverse polarization wave is fixed at a series of 

Fig. 7. Structure variation in antiferroelectric PbZrO3 thin films. (a) standard bulk structure of AFE PbZrO3, (b) Uncompensated polarization in 
PbZrO3 thin films, and (c) Fluctuation of Pb2+ shift in PbZrO3 thin films extracted from TEM results. Reproduced with permission from [15]. (d) 
Temperature-electric field phase diagram of PbZrO3 bulks. Reproduced with permission from [55]. (e-g) Local ferrielectric structure in PbZrO3 thin 
films. Reproduced with permission from [121]. (h, i) Energy comparison for different virtual transversely modulated structures of PbZrO3, as 
obtained by 0 K DFT calculations. Circles in (h) show a parametrization of energy by one of the widely used Hamiltonians in magnetic models. 
Reproduced with permission from [14]. (j) Evolution of superstructure reflections with electric field in PbZrO3 thin film, and also the recalculated 
fraction of the ferrielectric-like phase in the inset. Reproduced with permission from [14]. 
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commensurate positions. However, this may change in an abrupt manner when the external conditions are varied, which is even more 
generous in epitaxial thin films. This can be attributed to the synergistic effect of combined variables, e.g., strain gradient and boundary 
conditions, which play as additional stimulus for flourish of the commensurate structure. For example, in Pb0.97La0.02Zr0.95Ti0.05O3 
epitaxial thin films, the phase stability can be controlled by thickness-related strain effect, presenting a depth dependent FE to 
incommensurate/commensurate AFE phase transition [210]. 

Second, the even more exciting structures are those with short-period modulations, especially in thin films. Actually, there is no 
direct observation of pure ferrielectric structure, only its fragments, like abundant but irregular appearance at the anti-phase domain 
walls and field-induced ferrielectric-like phase, where it sets the lone-displacement motif of more complicated “↑↑↑↑↓↑↑↓” structure. 
Model understanding of these short-period phases belongs to a different realm than that of the original incommensurate phases, despite 
they both have transverse lead ion displacements as the main feature. It is tempting to view the original incommensuration as weakly 
inhomogeneous polarization, possibly intermixed with other degrees of freedom [30]. On the other hand, the short-period modulations 
are obviously away from the ideal situation and need other perspectives for the description. One interesting approach that has been 
suggested [14] to simulate the displacement patterns in PbZrO3 films is to use the Ising model with competing interactions [211], 
herein the coefficients are determined by first-principles calculations and can be slightly adjusted to account for defects in the material. 

The third group consists of exotic structures, primarily manifested by FE cycloidal phase, which is activated by electron beam 
irradiation [103]. The instability under electron beam makes it difficult to capture the real ground state to some degree but provides 
opportunities to observe the pathway of electron beam induced phase transition. Different from the previous two groups, the main 
distortion takes place in the oxygen octahedral sublattices, while the anti-polar displacements of Pb2+ ions in the original AFE phase 
are preserved [102]. Attempting to disentangle the mechanisms behind its formation leads to the appreciation of a stunning hierarchy 
of potentially realizable metastable phases, which can be, in principle, stabilized under various unusual conditions. 

From these recent works, one can see that that the experimental progress goes far ahead of the theoretical one. Most identified 
structures are not directly accessible in first-principles-based modeling, and considerable breakthroughs are still needed on the 
theoretical aspect. Thin film specifics of PbZrO3 makes the mission of theory even more complicated. For example, recent X-ray 
diffraction experiments on PbZrO3/SrRuO3/SrTiO3 (001) heterostructures indicate a curiously frustrated state of the AFE domains 
there [17]. Instead of tilting by a fixed angle to comply with mechanical compatibility for neighboring domains, as observed in or-
dinary FEs, it is found that most of domains are non-tilted and thus should bear additional inhomogeneous mechanical stresses. 
Obviously, that is a huge complication to the theoretical modeling, where the PbZrO3 films were commonly considered as only ho-
mogeneously strained [133] or not strained at all [212]. Unusual specifics of PbZrO3 thin films, such as emergent transition order 
[15,17], field-induced heterophase states with ferrielectric-like feature [14], and increased AFE transition temperature [13,15], need 
to be disentangled in conjunction with appropriately modified theory that takes into account those important specifics. 

4.1.2. PbHfO3 
PbHfO3 (PHO) is often considered as the second model of AFEs and is commonly overshaded by the research on PbZrO3. Compared 

with the dielectric behavior and superstructure line from X-ray photography of PbZrO3, PHO is recognized as AFE soon after the AFE 
study of PbZrO3 [50]. The room temperature AFE phase of PHO has the same phase symmetry as that of PbZrO3, while PHO has an even 
more complex phase diagram. The initial understanding of PHO is the isostructure of PbZrO3 with Pbam symmetry. The electric field- 
temperature phase diagram of bulk PHO was given by Fesenko and Balyunis, suggesting similar multiphase transition versus electric 
field as occurred in PbZrO3 [56]. However, from a modern perspective, PHO is remarkable in demonstrating that the incommensurate 
phase can be formed by antiferrodistortive soft mode [201]. The analysis of phase transitions in PHO driven by temperature and 
hydrostatic pressure unveils a quite different story from PbZrO3 [213]. With temperature increasing, two intermediate phases are 
found to exist in two sequential temperature ranges below the transition temperature. The pressure increase can obviously affect the 
phase stability by altering the Pb-ion displacements and oxygen octahedral distortion. However, regarding the number of intermediate 
incommensurate phases, one or two, a consensus has not been reached so far [201,214]. 

4.2. Lead-free perovskites 

Traditional lead based AFE materials, such as PbZrO3, still occupy most of the share in relevant research. However, these materials 
contain heavy metal lead, which is toxic to the environment and human body. Therefore, lead-free AFE materials with a perovskite 
structure such as NaNbO3, AgNbO3, (Bi0.5Na0.5)TiO3, rare-earth element doped BiFeO3 thin films have attracted growing interest in 
recent years. 

4.2.1. NaNbO3 
Among lead-free AFEs, NaNbO3 is particularly interesting due to the low cost of raw materials and rich structural motifs in the 

phase diagram. Being the same as PbZrO3, NaNbO3 was initially considered as one of the new FE materials [32,215], since double 
hysteresis loop is even more difficult to be obtained in pure NaNbO3. Because of the easy volatilization of Na at high temperature 
during sample preparation, it is very difficult to grow high-quality and stoichiometric NaNbO3 samples [216]. To successfully verify its 
AFE characteristics, additional elements are usually introduced to stabilize the AFE structure, e.g., SrZrO3-NaNbO3 solid solutions 
[217]. On this basis, a series of structural phase transitions as a function of temperature have been unveiled: 

C ̅̅̅̅→
639oC T2 ̅̅̅̅→

575oC T1 ̅̅̅̅→
519oC S ̅̅̅̅→

479oC R ̅̅̅̅→
359oC P ̅̅̅̅̅→

− 100oC N 
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At high temperature, NaNbO3 is PE with a cubic structure and space group of Pm3m (C phase). It undergoes a phase transition to 
another PE phase while with a tetragonal structure and space group of P4/mbm (T2 phase) at a transition temperature of 639 ◦C. With 
further temperature decreasing, several orthorhombic phases appear, including Cmcm (T1 phase) at 575 ◦C, Pmnm (S phase) at 519 ◦C, 
Pmnm (R phase) at 479 ◦C, and to Pbcm (P phase) at 359 ◦C [218,219]. These different orthorhombic phases are distinguished by two 
factors, i.e., the atomic displacement of Nb5+ and the oxygen octahedral rotation patterns. 

Among these orthorhombic phases, the P and R phases are AFE, while S and T1 phases are PE [218,220]. At − 100 ◦C, the NaNbO3 
transits into a rhombohedral FE R3c phase. Temperature-dependent dielectric permittivity of a pure NaNbO3 ceramic shows that the 
largest dielectric anomaly occurs at the P-to-R phase transition (Fig. 8a) [221]. However, recent studies argued that the most stable 
phase near room temperature is not the AFE P phase, but rather another orthorhombic FE phase with space group Pca21 (Q phase) 
[222]. Furthermore, coexistence of FE Q and AFE P phases was reported, making the structure of NaNbO3 more controversial 
[217,223]. According to first-principles calculations, the energy difference between the AFE and FE phases is remarkably small (~1.4 
meV/f.u.) [222,224]. Due to the small energy difference between the competing phases, the structure of NaNbO3 can be easily tuned 
by chemical composition, defects, electric field, temperature, epitaxial strain, film thickness and grain size. For instance, it was found 
that tensile-strained NaNbO3 epitaxial films with thickness of 250 nm are a FE Q phase rather than AFE at room temperature 
[222,225]. Therefore, NaNbO3 has been dubbed as the most complex perovskite system [222]. 

4.2.2. AgNbO3 
AgNbO3 is another important lead-free AFE material that has attracted considerable interest in the field of energy storage and 

conversion. Similar to NaNbO3, AgNbO3 also exhibits a complex structural phase diagram. In 1958, Francombe et al. first successfully 
synthesized AgNbO3 ceramics and several dielectric anomalies associated with sequential structural phase transitions were identified 
[51]. Based on the temperature dependent structural and dielectric measurements, the authors suggested that AgNbO3 is possibly an 
AFE at room temperature. However, the evidence of a small remnant polarization, obtained from hysteresis loops and the pyroelectric 
effect, indicated the presence of weak ferroelectricity [51,226], which was further confirmed in subsequent experiments [227]. With 
the advancement of structural characterization techniques, it is generally believed that AgNbO3 undergoes a series of at least five 
reversible structural phase transitions (Fig. 8b) [228], described as follows: 

M1 ̅̅̅→
67oC M2 ̅̅̅̅→

267oC M3 ̅̅̅̅→
353oC O(O1,O2) ̅̅̅̅→

387oC T ̅̅̅̅→
579oC C 

Fig. 8. Phase diagrams of conventional lead-free AFEs. (a) Temperature dependences of dielectric permittivity for NaNbO3 ceramics. Reproduced 
with permission from [221]. (b) Dielectric spectrum of AgNbO3. Reproduced with permission from [228]. (c) P-E loops schematic diagram of 
AgNbO3 in various AFE phases. Reproduced with permission from [232]. (d) The phase diagram for unpoled ceramics in the (1-x)BNT-xBT binary 
system. Reproduced with permission from [237]. 
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where both M2 and M3 phases are AFE, the orthorhombic O phase, tetragonal T phase and cubic C phase are PE. So far, the exact phase 
symmetry of the room-temperature M1 phase is still under debate. The transitions among the M phases are related to cation dis-
placements, while the high-temperature M3 ↔ O, O ↔ T, and T ↔ C phase transitions have been attributed to octahedral-tilting 
instabilities. 

In 2007, the first complete double hysteresis loop with a large polarization of 52 μC/cm2 was obtained by Fu et al. in AgNbO3 
ceramics, where electric field is applied up to 220 kV/cm [229]. However, a slim FE hysteresis loop with a small remnant polarization 
was also observed under a weak electric field of 80 kV/cm [229], leading to controversy in the structure of M1 phase. In 2009, using a 
combination of high-resolution X-ray diffraction, neutron total scattering, electron diffraction, and X-ray absorption fine-structure 
measurements, Levin et al. reported that the M1 phase exhibits orthorhombic structure with centrosymmetric Pbcm space group 
[230]. They further demonstrated that partial ordering of Nb displacements induced by coupling between (a− b− c− )/(a− b− c+) 
octahedral-tilting and local polar Nb displacements dominate the structural behavior of the M− phase polymorphs [230]. However, the 
centrosymmetric structure is not consistent with the presence of remnant polarization. Later in 2011, by using convergent-beam 
electron diffraction, neutron and synchrotron powder diffraction and first principles calculations, Yashima et al. revealed that 
AgNbO3 is FIE at room temperature and has a non-centrosymmetric orthorhombic structure with space group of Pmc21 [231]. In 
contrast to the nonpolar Pbcm, the atomic displacements along the c axis in the FIE phase are antiparallel aligned but with different 
magnitudes, leading to a net polarization at zero field in AgNbO3 [231]. Overall, despite of some disputes in structure, its macroscopic 
features are basically the same and all M1, M2 and M3 phases show the characteristic double hysteresis loops, which become slimmer 
with increasing temperature (Fig. 8c) [232]. Compared with bulk, AgNbO3 thin films are poorly studied mainly because of the dif-
ficulty in synthesizing high-quality and phase-pure samples [233,234]. Although both AFE and FE loops are observed, it is hard to 
distinguish whether this behavior is intrinsic or not. An important reason lies in the fact that impurity phases, mainly arising from 
decomposition of AgNbO3, are prone to appear during the film deposition [235]. 

4.2.3. (Bi0.5Na0.5)TiO3 
(Bi0.5Na0.5)TiO3 (BNT) is first found by Smolensky et al. in 1960 [236] to be a rhombohedral perovskite FE with space group of R3c 

at room temperature, and exhibit an AFE behavior at temperature between 200 ◦C and 320 ◦C (Fig. 8d) [237]. BNT has received 
considerable attention in recent years because of its potential interest as a lead-free piezoelectric ceramic. In the structure of BNT, the A 
site is occupied by Bi3+ and Na+ ions with equal concentration to balance the electroneutrality [238,239]. Similar to Pb2+, lone-pair 

Fig. 9. Antiferroelectricity in BiFeO3-based thin films. (a) Energetics of BiFeO3 structures, (b) Energetics of BiFeO3 structures with various sym-
metry as a function of in-plane lattice constant in (a), (c) Annular dark field and EELS spectroscopic imaging reveal the antipolar feature and the 
atomic concentrations of bismuth, iron, and lanthanum are in red, blue, and green, respectively, (d) Phase stability of BiFeO3 heterostructures. 
Reproduced with permission from [187]. (e) Calculated P-E hysteresis curves of Bi1-xNdxFeO3 solid solutions. Reproduced with permission from 
[255]. (f) Phase diagram for rare element substituted BiFeO3. Reproduced with permission from [259]. 
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electrons in the outermost 6 s2 layer of Bi can produce strong electron cloud polarization [240]. In 1974, AFE-like double hysteresis 
loops were first found in BNT-SrTiO3 solid solutions at a high temperature of 170 ◦C [36]. Later, it is reported that BNT undergoes 
rhombohedral (R3c, a-a-a-) → tetragonal (P4bm, a0a0c+) → cubic phase transitions with increasing temperature, and the tetragonal 
phase exhibits an unusual combination of in-phase (a0a0c+) tilts and antiparallel cation displacements along the polar c axis, indicating 
the AFE feature [241,242]. 

For the room temperature FE structure, recent high resolution X-ray diffraction experiment suggests that the structure of BNT is 
monoclinic (Cc, a-a-c-) [243,244]. Further study reveals that the electric field can induce monoclinic (Cc) to rhombohedral (R3c) phase 
transformation, and rhombohedral (R3c) and monoclinic (Cc) phases may coexist in its equilibrium state at room temperature 
[245,246]. Concerning the fine structure evolution during temperature increasing, V. Dorcet and Trolliard et al. conducted a 

Fig. 10. Ferroelectricity and antiferroelectricity in HfO2-based thin films. (a) Phase equilibria and properties of HfO2. Reproduced with permission 
from [266], (b) The transition of ZrO2 and HfO2 solid solution and their size effect. Reproduced with permission from [27]. (c) Polar OFE Pbc21 to 
antipolar OAFE Pbca phase in a fatigued (Hf,Zr)O2 thin film. Reproduced with permission from [274]. (d) Wake-up effect in (Hf,Zr)O2 thin films, the 
antiferroelectric behavior exist only a few switching cycles and transform into ferroelectric behavior. Reproduced with permission from [276]. 
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reinvestigation of phase transition and proposed that BNT has a sequence of several structural phase transitions upon heating 
[247,248], as given below: 

R(R3c,FE) ̅̅̅̅→200oC R+O(Pnma + R3c,AFE) ̅̅̅̅→280oC O(Pnma,AFE) ̅̅̅̅→320oC  

T(P4/mbm + P4
2/mnm,PE) ̅̅̅̅→520oC C(Pm3̄m)

In order to shift the AFE transition to room temperature, a second perovskite has been extensively incorporated into the BNT 
matrix, such as BNT-BaTiO3 (BNT-BT) [249], BNT-NaNbO3 [250], BNT-SrTiO3 [36], etc. Among them, BNT-BT solid solution is 
particularly interesting, which not only broadens the temperature region of AFE phase, but also greatly improves the piezoelectric, 
pyroelectric and energy storage performances due to the inherently rich phase boundaries (Fig. 8d) [237]. 

4.2.4. (Bi,Re)FeO3 
BiFeO3 (BFO) is the most studied and important multiferroic material that was first discovered by Royen and Swars in the late of 

1950s [251]. The crystal structures and physical properties of BFO are very sensitive to electric field, pressure, and strain, which offers 
great flexibility to adjust its crystal structure, even the generation of an AFE order [252,253]. Fig. 9a shows various low-energy phases 
of BFO, including the ground state FE structure with R3c symmetry, and two antipolar states with Pbam and Pnma symmetry. As shown 
in Fig. 9b, epitaxial strain can modify the relative stability of the AFE phases with respect to the FE R3c phase, while the AFE phase 
remains metastable for all lattice constants. Recently, several studies have demonstrated that AFE phases can be stabilized in BFO/ 
LaFeO3 superlattices and BiFeO3/La0.4Bi0.6FeO3 superlattices (Fig. 9c) [187,254]. The interfacial electrostatic engineering can liberate 
the otherwise metastable AFE state of BFO (Fig. 9d), and the stability of the AFE phase can be further enhanced by tuning the dielectric 
constant of the neighboring layers [187]. 

Besides interfacial engineering, chemical substitution can also stabilize the AFE phase of BFO at room temperature [255], as 
illustrated by the P-E hysteresis curves of Nd doped BiFeO3 solid solutions (Fig. 9e). By decreasing the A-site ion size, the introduced 
chemical pressure enhances tilting of the oxygen octahedra and favors the antipolar structure [256]. Fujino et al. discovered a mor-
photropic phase boundary (MPB) with enhanced piezoelectric response in Sm-doped BiFeO3 thin films, where a FE rhombohedral to an 
AFE pseudo-orthorhombic phase transition takes place at ~ 14 % Sm doping content [257]. Furthermore, subsequent studies 
confirmed the universal behavior in structural and electric properties in BFO doped with various rare-earth elements, including La3+

[258], Dy3+ [259], Nd3+ [255,260]. Fig. 9f shows the phase diagram for rare-earth element substituted BiFeO3, and composition of the 
MPB can be tuned by systematically adjusting the average A-site ionic radius. This proves that the chemical pressure of the A-site 
substituted cations can drive the formation of MPB. Although the detailed crystal structure of the new phase is still controversial, the 
existence of antipolar phase in BFO is beyond doubt, which introduces antiferroelectricity to multiferroics in the doped BFO system. 

4.3. Non-perovskite antiferroelectrics 

4.3.1. Fluorite-structured Hf1-xZrxO2 
The AFE materials of fluorite structure mainly refer to HfO2-based and ZrO2-based thin films. The ferroelectricity and anti-

ferroelectricity of fluorite structure was first discovered in 2007 and experimentally verified in Si-doped HfO2 thin film in 2011 [261]. 
Then, the AFE behaviors were obtained in other doped HfO2 and pure ZrO2 thin films [262,263]. Compared with perovskite-type AFE 
materials, these fluorite-type AFE materials show more compelling advantages in CMOS compatibility and integration [264,265]. 
Therefore, considerable attention has been paid into these fluorite-type materials. 

HfO2 is a typical example of fluorite-type AFE materials. As shown in Fig. 10a, HfO2 thin films undergo monoclinic (M) → 
orthorhombic (O) → tetragonal (T) → cubic (C) phase transition with increasing formation energy [266]. HfO2 thin films can be 
dominated by the metastable state at ambient conditions thermodynamically and kinetically by doping [267], stress [268], defects 
[269], thickness [270], and electric field [271]. Fig. 10b briefly describes HfO2 samples with different Zr contents under various 
thicknesses [27]. It can be inferred that the FE phase is more stable in HfO2 while ZrO2 films prefer to be AFE in ultrathin film thickness 
[272]. To achieve an AFE behavior, extra ZrO2 are usually introduced to stabilize the metastable state, and the electric field induced 
nonpolar tetragonal → polar orthorhombic phase transition is widely accepted as the origin of AFE behaviors in the fluorite-type 
material [273]. Recent atomic-resolution Cs-corrected scanning TEM study revealed that antipolar orthorhombic Pbca phase with 
antiparallel oxygen-atom shifts coexist with the FE orthorhombic Pbc21 phase in (Hf0.5Zr0.5)O2 polycrystalline film (Fig. 10c) [274]. 
The energy between this antipolar phase and the FE phase is slightly different, which makes the reversible phase transition possible 
[127]. By low voltage cycling, the antipolar phase can be further stabilized and replace the FE Pbc21 phase, which causes the fatigue in 
pristine FE thin films [274]. Noting that this kind of fatigue is attributed to the polar-antipolar phase transition, but not to oxygen loss 
or domain wall pinning, and the fatigued sample can be rejuvenated by applying a slightly higher voltage. Considering the feature of 
domain walls, this antipolar phase is equivalent to 8-fold 180◦ domain walls, which can be seen as a typical sub-lattice property of 
HfO2-based structure [275]. Therefore, the antipolar orthorhombic phase is fundamentally distinguished from the non-polar tetrag-
onal AFE phase. In addition, as schematically shown in Fig. 10d, there is another AFE-like behavior in the doped HfO2 films, manifested 
by typical double-hysteresis curves. However, this kind of behavior is not stable and only exist for a few cycles, which is also termed as 
the wake-up process [276]. The reasons that can account for this phenomenon are manifold, e.g., the internal bias voltage caused by 
oxygen vacancy or local phase inhomogeneity [277,278], depolarization field, phase transformation and pinned dipoles [279]. Other 
than this, there are other open questions, such as the switching kinetics, the origin of high switching fields EAF, and so on. Although the 
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origin of Hf1-xZrxO2-based antiferroelectricity and its structure details are still obscure, it indeed becomes one of the most promising 
materials for future utilization in microelectronic system, not only because of its compatibility with the CMOS technique, but also 
because of its excellent fatigue resistance in nonvolatile random access memory, energy storage, and negative capacitance [61,280]. 

4.3.2. Other antiferroelectrics 
Apart from the conventional perovskite- and fluorite-type oxides, antiferroelectricity was reported to exist in a wide range of 

unconventional structures as well, which highly broadened the AFE family and understanding of antiferroelectricity. (NH4)H2PO4 
(ADP) is an H-bonded compound reported to have an AFE phase under 148 K [281], and the transition temperature strongly depend on 
the isotope effect of H. La-doped M− type hexaferrites (La0.2Sr0.7Fe12O19) was proved to integrate antiferroelectricity and ferromag-
netism as a novel multiferroic candidate in recent years [282]. La substitution can divide the lattice into different pieces, leading to the 
generation of nano-domains with opposite polarization [283]. In Ruddlesden-Popper structure, a series of A3B2O7 type compounds are 
proposed as a hybrid improper AFE, such as high-temperature antipolar Pnab structure Sr3Zr2O7 [284]. This greatly promoted the 
exploration of lead-free AFEs. However, clear AFE double hysteresis loops have not been reported yet probably because of the rela-
tively low bandgap of the material [23]. 

Specifically, it is worth mentioning that francisite Cu3Bi(SeO3)2O2Cl is a newly reported mineral and undergoes AFE phase 
transition under 115 K with dielectric anomaly [29]. Different from the conventional perovskite-type AFEs which have multiple soft 
modes [42,201,285], the antiferroelectricity in francisite is driven by softening of a single antipolar mode [29], resulting in antiparallel 
displacement of adjacent Cu and Cl ions. This material is more similar to ideal Kittel’s model of antiferroelectricity [24] and offers a 
good equivalence of antiferromagnets. It opens the door to trace not only the counterpart phenomenon that have been already 
discovered in antiferromagnets, but also the magnetoelectric coupling for antipolar magnetoelectric excitations in magnetism-rich 
francisite systems. 

Apart from the well-recognized AFEs in inorganic oxides and hydrogen-bonded organic compounds, the exploration of AFEs in 
organic–inorganic hybrids has made great achievements and greatly enriched the types of AFEs. In 2017, Li et al. [77], reported 
excellent FE and AFE performances in (3-pyrrolinium) CdBr3. In this organic–inorganic hybrid perovskite, the AFE phase can be seen as 

Fig. 11. Characterization of energy storage performance in AFEs. (a) Four distinctive P-E hysteresis loops and their energy storage behavior: linear 
dielectric, ferroelectric, relaxor ferroelectric, antiferroelectric, and relaxor antiferroelectric, (b) Schematic illustration of polarization enhancement 
via orientation control (upper panel) and structure heterogeneity with doping (lower panel). (c) The modification of P-E loops with the combination 
of structure heterogeneity and orientation control. (d) A comparison of energy storage characteristics in various AFE bulk systems (left panel) 
[171,232,235,250,293,299,306–335], and a comparison of energy storage characteristics in various antiferroelectric thin film systems (right panel) 
[20,89,99,144,181,233,336–352]. 
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an intermediate phase between the FE phase (<235.2 K) and PE phase(>244.2 K). Despite the AFE only exists at a narrow temperature 
gap (235.2 ~ 244.2 K) below room temperature, it is the first discovery of the succussive FE − AFE − PE phase transitions in 
organic–inorganic hybrid perovskites and sheds light on the importance of exploring AFEs based on organic–inorganic hybrid com-
pounds. In 2019, Wu et al. [286], reported an above-room-temperature AFE in organic–inorganic Ruddlesden-Popper hybrid perov-
skite, (i-BA)2CsPb2Br7 (i-BA is isobutylammonium). The antiferroelectricity can be attributed to the synergistic dynamic motion of 
organic i-BA cations and inorganic Cs atoms. In this compound, the antiferroelectricity exists at a relative wide temperature range (298 
~ 353 K) and AFE-PE phase transition occurs at 353 K. The discovery of room temperature AFE promotes the understanding of 
structure–property relationships and future application demonstration. Because of their great chemical diversity and structural 
tunability, the hybrid organic–inorganic perovskite AFEs are expected to show significant potential in energy storage and electro-
caloric cooling applications [286,287]. 

5. Applications of antiferroelectric thin films 

5.1. Energy-storage capacitors 

Dielectric capacitors possess faster charge–discharge speed (~ns), higher power density (up to 108 W/kg), better temperature 
stability and fatigue resistance, compared with fuel cells, batteries, and supercapacitors, and thus are widely used in electronic devices 
and electrical power systems [288]. However, capacitors generally have low energy densities (typically less than 10 J/cm3) relative to 
other energy storage systems. The recoverable energy storage density Jreco of an electrostatic dielectric capacitor under an applied 
electric field E is [288]: Jreco =

∫ Pmax
Pr

EdP, where Pmax and Pr are the maximum and remnant polarization, respectively. For dielectric 
capacitors, large breakdown field EBDS, small Pr, large Pmax, and slim hysteresis (small Jloss) are needed for high energy storage density 
and efficiency η [289,290]. Among dielectric materials, including linear dielectrics (LDs), FEs, and relaxor FEs (RFEs), AFEs, AFE 
materials afford advantages for high Jreco by steeply increasing the polarization at a relatively high electric field EAF and fully releasing 
the stored charge at another high electric field EFA, as shown in Fig. 11a. 

The charging-discharging speed in AFE thin films is important for energy storage application. The switching dynamics analysis 
based on the nucleation-limited-switching model has reveal a characteristic switching time as short as 3 ns [90], indicating an ultrafast 
charging time in AFE films. In addition, the discharging time related to energy release is also important for practical applications. In 
AFE Pb0.97La0.02Zr0.85Sn0.13Ti0.02O3 films [291], the discharging time was determined to be within 6 ns and a maximum switching 
current density was achieved as high as 9400 A/cm2, which make AFE thin films the great candidate for pulsed power applications in 
high-speed multichip modules. 

Although AFE thin films exhibit high potential in high energy density and pulse power capacitor applications, the state-of-the-art 
AFE capacitors currently still face the challenge of low efficiency (η = Jreco/Jtotal) caused by large hysteresis. 

To have higher Jreco, and larger η, various strategies are proposed to optimize the energy storage characteristics in recent years. 
Here, we classify these strategies as follows: 

Reducing hysteresis. As shown in Fig. 11a, the green shaded area corresponds to the energy storage density Jreco. Obviously, 
increasing EAF and EFA can increase the green shaded area, that is, increase the energy storage density Jreco. On the other hand, 
reducing the difference between EAF and EFA, i.e., reducing electric hysteresis, can decrease the hysteresis area, that is, reduce the 
energy loss density Jloss and increase the energy storage efficiency. Previous studies have demonstrated that introducing nanoscale 
structural heterogeneity into AFEs generally via chemical doping is an effective approach to lower the energy barrier between the 
AFE and field-driven FE phases and thus reduce the electric hysteresis [157,292–294]. 
Increasing saturation polarization or decreasing remnant polarization. The overall polarization can be modulated by introducing 
high-polarization phase [295], interface engineering [296], strain engineering [205], and orientation control [19]. Usually, 
introducing relaxor into AFE results in lower polarization under the same electric field. Therefore, a synergistic approach with 
engineered structural heterogeneity and meticulous orientation control can be applied to improve the energy storage density 
Fig. 11b. The application of structure heterogeneity can be seen as the origin of high energy storage efficiency by minimizing the 
difference between EAF and EFA, and the orientation control can effectively enlarge the polarization thus result in a high energy 
storage density Fig. 11c. 

For instance, Zhang et al. [294] demonstrated that the combination of structure heterogeneity and orientation control in relaxor 
AFE (Pb0.97La0.02)(Zr0.55Sn0.45)O3 thin films can simultaneously achieve high energy storage efficiency (~98.5 %) and energy storage 
density (~84.45 J/cm3). In that work, introducing La3+ and Sn4+ dopants into AFE PbZrO3 can engineer the structural heterogeneity 
and disrupt the long-range ordered AFE domains, which can effectively decrease the polarization hysteresis (EAF-EFA) [294]. By 
controlling the orientation, the (111)-oriented films exhibit the largest polarization among (111)-, (110)- and (001)-oriented films 
and gain the highest energy storage density (~84.45 J/cm3) [294]. 

Increasing EBDS. There are many factors that can affect EBDS, such as band gap (Eg) [297], porosity/cavity [298], grain size [299], 
thickness [300], sample geometry [301], and etc. The intrinsic EBDS of a semiconductor can be calculated by [302]: 
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EBDS = 1.36 × 107 ×

(
Eg

4

)3

(V/cm) (10) 

Thus, bandgap engineering is an effective method to improve energy storage properties [303]. Besides, EBDS is inversely propor-
tional to the square root of thickness, d [304]: 

EBDS∝d− 1/2 (11) 

As a result, thin films [305] show much higher energy density than bulk materials due to the larger EBDS, as shown Fig. 11c 
[171,232,235,250,293,299,306–335] and 11d [20,89,99,144,181,233,336–352]. 

Delaying the saturation of polarization: Imprint is related to the presence of an internal (built-in) electric field within the FE/AFE 
films, which causes a shift of the P-E loop along the field axis [131,353]. It has been reported that the formation of defect dipoles by 
ion bombardment can induce the imprint and delay low-field polarization saturation in RFE Pb(Mg1/3Nb2/3)O3-PbTiO3 thin films 
[289]. Besides, the hysteresis loop shift by imprint effect can effectively enhance the EBDS and thus the Pmax. This has been utilized 
to improve the energy storage density in RFE thin films [289,354]. This sheds light on the role of imprint in modifying the AFE 
hysteresis loops and thus optimization of the energy storage density. 
Improving the stability of AFEs. It is known that the tolerance factor t is a critical indicator for the phase stability of perovskite 
structure. AFE phase in perovskite oxides can be stabilized by decreasing t within the range of perovskite structural stability [355]. 
Various doping experiments are conducted to improve the stability of AFE phase, in accompany with the increasing of EAF, which 
shows great values in energy storage applications. 

Fig. 12. Electrocaloric effect in AFEs. (a) The temperature (electric field) dependent evolution of polarization P (entropy S), polarization change ΔP 
(entropy change ΔS) and adiabatic temperature change ΔT for AFE (purple lines) and FE (red lines) materials respectively. (b) The EC cycle based on 
the combination of positive and negative ECE. Reproduced with permission from [367]. The ECE strength ΔT/ΔE (c) and ΔE (d) dependent ΔT 
[5,39,164,287,362–366,367,369,371–398]. 
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Eventually, by disrupting long-range ordered AFE domains, relaxor antiferroelectrics (RAFEs) can reduce hysteresis upon applying 
and removing electric fields due to the fast response of nano-domains [293], RAFEs, analogous to RFEs, are a promising solution to 
overcome this long-standing challenge. That is to say, accompanied with large EBDS, small Pr and small hysteresis enable the simul-
taneous enhancement of large Jreco and η [293]. This can lead to RAFE one of the most promising dielectric energy storage materials. 
Although there are many strategies to improve the energy storage characteristics of AFE materials, there is still a big gap between 
material engineering and practical devices, and further efforts are needed. 

Essentially, the following aspects can be further explored: ① From the perspective of environmental protection and human health, 
lead-based dielectric materials should be replaced in practical application, and more attentions should be paid to developing lead-free 
materials with good energy storage performance, such as NaNbO3 based, AgNbO3 based, BiFeO3 based compounds. ② From the 
perspective of practical applications, current studies mainly focus on improving the energy storage density and efficiency 
[20,342,356], while the charging and discharging speed, fatigue performance and thermal stability of thin films are often overlooked. 
These parameters are also very important for the application in capacitors, so they should be taken into account in future studies. ③ 
AFE thin films exhibit a huge potential for energy storage due to the great improvement of EBDS (~2–5 MV/cm), which is more than one 
order of magnitude higher than that in bulks. Exploration and applications of AFE thin films are desired to meet the demand of high 
performance in microelectronic devices. 

5.2. Electrocaloric cooling 

The electrocaloric effect (ECE) is a phenomenon in which a dielectric material shows a temperature change under an external 
electric field. The effect can be understood as follows. For dielectrics, their electronic bandgap is typically large, and the electronic 
entropy Se can be ignored. Thus, the total entropy S has two major components: dipolar or configurational entropy Sc and vibrational 
entropy Sp. The fast phase transition under an external electric field (a few nanoseconds [357,358]) can be treated as adiabatic and 
reversible without heat exchange between the dielectric material and the external environment. As a result, the total entropy change is 
zero, dS = dSc + dSp = dQ/T = 0, where T is the temperature and Q is the absorbed heat during the switching process. Since applying an 
electric field typically aligns the diploes and decreases Sc, Sp has an increase to keep the total S unchanged. The increase of Sp causes a 
temperature rise ΔT, adiabatic temperature change. Both direct and indirect methods have been employed to measure ΔT [359–361]. 
The electric-field-triggered ΔT is defined as ECE, which can be explored to realize the electrocaloric cooling and replace the traditional 
vapor compression refrigeration. The first ECE measurement of AFE materials was reported in 1968 by Thacher [34]. That early work 
has shown positive ECE with small magnitude of ΔT. In 2011, the negative ECE in AFEs was observed for the first time [362]. Since 
then, the ECE of AFEs has attracted broad attention due to the large negative ΔT [5,363–365]. As shown in Fig. 12a, the left panel 
presents the temperature T dependent P, ΔP and ΔT for AFEs (purple lines) and FEs (red lines), while right panel presents the electric 
field E dependent S, ΔS and ΔT for AFE (purple lines) and FE materials (red lines). Noting that entropy in the following refers to total 
entropy unless otherwise specified. Clearly, for AFEs, with temperature increasing, there is a transition from negative to positive ECE 
and the negative ECE can be attributed to the phase transition induced instability of AFE dipoles. In contrast, the polarization of FE 
always decreases with increasing temperature, leading to a positive ECE. From the right panel of Fig. 12a, similar to the temperature 
induced ECE evolution, the electric field driven ECE also evolves from negative to positive for AFEs. The negative ECE is generally 
attributed to the non-collinear response of dipoles to an external electric field [5], which increases the entropy and decreases the 
temperature. While a recent study argued that the negative ECE actually originates from the latent heat related to phonon entropy of 
the AFE-FE phase transition, rather than the non-collinear response of dipoles [366]. The inconsistency in the origin of the negative 
ECE in AFEs indicates that there is still a lot of work to be done. On the contrary, for FEs, electric field always decreases the entropy and 
induces the positive ECE. 

For practical applications of the electrocaloric cooling technology, large ΔT and ΔS are needed to guarantee the cooling energy 
density Q. The negative and positive ECE in AFEs can be combined to increase the value of Q [367–370]. An efficient routine is raised 
recently by Li et al. [367] and is presented in Fig. 12b. Specifically, at temperature T0, the PE phase is transformed into FE phase under 
E1 along with a temperature increase of ΔT1, that is positive ECE; then contacting the EC material with the external environment, 
returning the material temperature to T0. Subsequently, removing E1, decreasing the temperature to T0-ΔT1 and returning the phase to 
PE. If ΔT1 is large enough to transform the PE phase to AFE phase, the ECE would become negative; in such case, applying a modest E2 
decreases the temperature to T0-ΔT1-ΔT2 with AFE phase transformed into FE phase. After that, removing E2, the ordered FE dipoles 
becomes disordered first, causing an entropy increase and a temperature decrease ΔT3. Thus, the total ΔT is ΔT1 + ΔT2 + ΔT3. Notably, 
ΔT for combing negative and positive ECE is ΔT1 + ΔT2 + ΔT3, which is larger than ΔT1 for only positive ECE (noting that ΔT1, ΔT2, 
and ΔT3 are all positive values). As a result, many research works have been carried out to investigate the (negative) ECE in AFE 
materials. Fig. 12c-d summarize the ECE of different AFE material systems, which clearly indicate that with increasing thickness, ECE 
strength ΔT/ΔE enhances significantly [5,39,287,362–366,367,369,371–398]. For example, bulk PLZT system has an ECE strength as 
large as 0.25 K cm/kV while the PLZT film system only has a value around 0.025 K cm/kV, almost one order of magnitude smaller. 
From Fig. 12c-d, we can also see that for bulk systems, most studies observed the negative ECE in AFE materials. However, for thin film 
systems, the ECE phenomena is complex since both negative ECE and positive ECE can be observed [365,380]. For the unexpected 
positive ECE in AFE materials, the underlying mechanism could be the AFE-FE or AFE-PE phase transition induced entropy decrease, 
FE-AFE or FE-PE phase transition, strain effect, substrate effect, and defect, or just the error of indirect measurement. Another reason 
could be the different nanoregion distributions in different material systems. The underlying physical mechanism about the opposite 
ECE phenomena in AFE materials is still unclear and needs more investigations [388,393]. 
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As stated in Section 3.5, the frequency of the external electric field significantly influences the ECE. For PZO films, Wu et al. [164], 
obtained a negative ECE at high frequency (10 kHz) and a positive ECE at low frequency fields (100 Hz). The underlying mechanism is 
that the domain nucleation and growth is not sufficient at high frequency. In such case, with increasing temperature, the thermal 
energy promotes the domain nucleation and decreases the pinning force of domain wall movement, leading to the increase of P and 
negative ECE. While at low frequency, there is enough time for the domain nucleation and growth. As a result, the spontaneous po-
larization reduces with increasing temperature, and therefore the polarization of the electric-field-driven FE phase reduces, leading to 
the positive ECE. In addition to frequency, many other methods have been applied to modulate the ECE such as doping [5,367] and 
stress [378]. 

5.3. Electrostrain-based applications 

Although AFEs lack piezoelectricity due to the presence of the center of symmetry, a sharp deformation can also be induced by 
phase transitions from AFE to FE phase and AFE to PE phase under electric field or heating, especially in the direction along the field 
[399]. The volume change accompanied with field-driven phase transition is regarded as the main reason for the electric field induced 
strain in AFE materials other than domain reorientation, inverse piezoelectric effect, or electrostriction [88]. Recent studies have 
demonstrated that large strain level of ~ 0.3–1 % can be obtained in AFE PbZrO3 thin films, as shown in Fig. 13a, which is several times 
larger than traditional FE and electrostrictive materials [400–402]. As early as 1968, Berlincourt et al. analyzed the feasibility of using 
AFE material to make underwater acoustic transducer, and pointed out that transducers based on AFE material own advantages of 
simple structure, small size, and light weight [403]. Recently, actuators based on AFE thin films have attracted great attention due to 
its unique structural phase transition. The electric field induced strain can be directly probed via piezoresponse force microscopy as 
shown in Fig. 13b and 13c [404]. By controlling the crystalline orientation, the giant electrostrain in PbZrO3 thin film is reported, 
which is strongly anisotropic with respect to the electric field direction as shown in Fig. 13e-f. Apart from the reversible giant elec-
trostrain in conventional AFEs, for some doped AFE compositions with a field-induced metastable FE phase, electric field induced 
strain can be maintained even after removal of the electric field, which can set back to the initial zero state by heating over the 
transition temperature. This interesting phenomenon is the so-called shape memory effect [405]. Moreover, AFE exhibited a quicker 
response time (~100 kHz) than traditional shape memory metallic alloys (~100 Hz), thus, AFE-based devices are promising for 
practical industrial applications, such as digital displacement transducers. 

Fig. 13. Strain related effects in AFE materials. (a) Unipolar piezoelectric strain versus electric field (S-E) loops of PbZrO3, PZT and PLZT. 
Reproduced with permission from [400]. (b) a quasi-static strain-field hysteresis loop and (c) a local piezoresponse force microscopy (PFM) 
amplitude loop measured at 1 Hz in epitaxial PbZrO3 films on SrTiO3 substrate. Reproduced with permission from [404]. (d-f) Electromechanical 
properties of textured PbZrO3 films: (d) (042) orientation (left) and (001) orientation (right) electromechanical response of strain and effective 
longitudinal piezoelectric coefficient as a function of AC field and DC field, respectively, Comparison of electromechanical properties of PbZrO3 
films and other antiferroelectric and ferroelectric materials (e) strain and (f) effective piezoelectric coefficient (d33,f). Reproduced with permission 
from [6]. 
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5.4. Negative capacitance 

Negative capacitance has been intensely researched in recent few years due to its potential merits to overcome the so-called 
Boltzmann tyranny in conventional transistor and enable the application for ultralow power electronics [406]. For nonlinear dielec-
tric capacitors, capacitance is referred to differential capacitance: 

C = dQ/dV (12)  

which is different from the liner dielectric capacitance defined as: 

C = Q/V (13) 

In typical FE, negative capacitance behavior was theoretically predicted by Landauer in 1976 [407]. In the free energy landscape, 
considering the electrical origin of free energy, the applied electric field E can be obtained by: 

E = dG/dP (14)  

where G denotes the free energy of the systems expanded by P2, P4, etc. and P denote the polarization. As a result, the differential term 
can be derived as: 

C = dQ/dV ∼ dP/dE ∼ 1/
(
d2G/dP2) (15) 

The applied electric field can increase one of the two energy minima with opposite directions in G(P) dependence and drive the 
polarization to the other one. During the polarization alignment process, the FE state passes through a transient state characterized as: 

d2G/dP2 < 0 (16)  

which indicates the presence of negative differential capacitance. However, it is difficult to directly observe the negative capacitance 
because of its metastable nature in conventional parallel capacitor devices. Recent results reveal that resistance and dielectrics in 
electric circuit can slow down the charging process and help to stabilize the negative capacitance state [408–410]. In fact, the negative 
capacitance was not exclusive in FEs but prevails in any two-state system with an intrinsic energy barrier between states [411]. 

Fig. 14. Negative capacitance in AFE thin films. (a) The AFE free energy landscape at Ea = 0, E1 and − E1 and (b) The P-E characteristics of an AFE 
material, and the segments BC and B’C’ represent the negative capacitance (C < 0) regions. Reproduced with permission from [61]. (c) Source 
voltage Vs and the AFE voltage VAFE in AFE PbZrO3 films. Reproduced with permission from [44]. (d) Polarization P as a function of extracted 
electric field Ea across the ZrO2 layer in a HfO2 (8 nm)/Al2O3 (~1nm)/ZrO2 (10 nm) heterostructure capacitor as compared with the double 
hysteresis loop measured from an equivalent stand-alone ZrO2 capacitor. Reproduced with permission from [61]. (e) Extracted energy landscape of 
ZrO2. Second derivative of the free energy G with respect to P based on a polynomial fit is shown below. Reproduced with permission from [61]. 
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While S-shaped P-E curves have been derived in the Landau–Ginzburg–Devonshire (LGD) theory framework with the double-well 
free energy landscape F as a function of polarization P [412–414], this phenomenological model assumes the presence of depolarized 
state and has its limit on the cases of multidomain FEs [415,416], and polycrystalline FEs where the polarized states are spatially 
remained [413]. To solve this issue, Park et al. proposed an alternative model, i.e., the inhomogeneous stray-field energy (ISE) model to 
explain the negative capacitance in multidomain FE films [417]. The ISE model suggests that the stray field between neighboring 
domains contributes to the inhomogeneous electrostatic energy. By assuming that there is no charge injection, the switching of the 
relative portion of effective upward and downward domains can change the inhomogeneous stray field and its electrostatic energy, 
which can result in an energy curve with negative curvature near P ~ 0. This model succeeds in explaining the observed negative 
capacitance in several experimental results [414,417], and in prediction of double S-shaped curve in extended ISE model, which 
considers the distribution of compensating charges, as verified by experiments [418]. A metal-FE-metal-dielectric-metal structure, 
where the stray field is cancelled by inserting a metal between dielectric and FE layers, are developed to reinvestigate the possible 
negative capacitance. The suppression of negative capacitance effect in the structure can be fully explained by the ISE model, while 
LGD model predict the inconsistent results [419]. 

As compared with FE, the negative capacitance and its mechanism in AFE received less attention. AFEs can be seen as a well- 
acknowledge two-state system in a certain degree with respect to the electric field induced AFE-FE transition and the free energy 
landscape in AFE is shown in Fig. 14a [61]. The ground AFE state can be perturbed by electric field and then a metastable FE state can 
be induced. Specifically, as the electric field increases, a transient state emerges, which indicates the presence of negative capacitance, 
shown in Fig. 14b [61]. The negative capacitance in AFE was firstly reported in PbZrO3 thin films (Fig. 14c) [44]. Static negative 
capacitance and transient capacitance are characterized by the capacitance enhancement and voltage drop during the current 
charging, respectively. The negative capacitance in PbZrO3 thin films was proposed to be four times than that in FE due to the rich local 
regions of negative capacitance effect, which makes it more competitive in future application. AFE negative capacitance was also 
realized in fluorite-structured AFE ZrO2 thin films very recently (see Fig. 14d-e) [61]. As shown in Fig. 14d, by plotting the polarization 
P versus electric field in the AFE layer Ea, two separate negative slope regions were discovered, which confirmed the existence of 
negative capacitance. By integrating the P-Ea curve, the AFE energy landscape of ZrO2 can be further obtained and the normally 
forbidden regions near the structural phase transition, exhibiting negative capacitance feature, were stabilized in the AFE/dielectric 
heterostructure (Fig. 14e). The discovery in AFE zirconia films further supports that the negative capacitance can be expected in any 
two-state system with polarization instability, which broadens the understanding of the negative capacitance. 

Fig. 15. Demonstration for novel devices application in AFE thin films. (a) AFE memory cell architecture and polarization versus applied voltage 
response of a typical AFE material, Key points on the double hysteresis curve are marked, as well as the saturating voltages, reversal voltages and 
quasi-remanent polarization memory states. The vectors represent diagrammatically the polarization states of the two sublattices at different stages 
on the hysteresis curve. Red corresponds to positive and blue to negative polarization, respectively. Reproduced with permission from [8]. (b) 
Current-voltage characteristics of Co/PbZrO3/(La,Sr)MnO3 tunnel junctions. Reproduced with permission from [422]. (c) Repeatability of switching 
thermal conductivity after 107 electric cycles. Reproduced with permission from [9]. (d) Steady-state photovoltaic response of the AFE capacitor, 
showing an open-circuit photovoltage more than 100 V. Reproduced with permission from [10]. 
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5.5. Memory devices 

Although non-volatile FE random access memories (FRAM) have been commercially utilized for years [80], the limited data storage 
density hinder its further application and market prospect. Recently, the concept of four-state AFE-based random access memories 
(AFRAM) was proposed with faster write/read cycles and enhanced data storage capability [8]. In the prototype AFRAM logic 
operation shown in Fig. 15a, based on the typical double hysteresis loops, the write voltage can fully saturate the AFE structure at one 
direction. Correspondingly, the read process is two directional for both positive and negative voltage. Similar process can be realized 
by writing at an opposite direction and read bidirectionally, leading to 4 optional read-out states. Another AFE-based model for non- 
volatile memory is proposed in doped-ZrO2, where one branch of the double hysteresis loop can be centered by built-in electric field 
[280]. In this way, polar and nonpolar states can be effectively obtained with low voltage switching and enhanced endurance. In 2019, 
Intel patented an AFE based memory cell [420]. In that demonstration, the nonlinear behavior of AFE can boost the charge for different 
logic states, thus the retention time has an increase. Later, HfxZr1-xO2 capacitor based 3D embedded DRAM was experimentally 
demonstrated [264], and the device displayed promising electrical property for application, including 10 ns polarization switching for 
write/read operation, small maximum operation voltage (1.8 V), more than 1 ms retention time and 1012 endurance cycles. The 
research on AFE based memories devices are at the early stage and need further exploration and characterization for application. The 
potential multistate information storage together with the advanced electrical behaviors reported recently make AFE a promising 
material for future memory device. 

For practical applications in memory devices, the read/write time is required to be at the range of 10 ns or less to meet the industry 
standards [264]. In AFE HfxZr1-xO2, the read/write speed is reported to be as fast as 10 ns, and even down to 2 ns within different 
scenarios from 3-D Embedded-DRAM [264] to FeRAM using AFE capacitors [421]. The high-speed characteristic in AFE HfxZr1-xO2- 
based memories is promising in future high-density, ultrafast memory applications. 

5.6. Tunnel junctions 

Tunnel junction depicts a metal–insulator-metal structure with switchable On-Off states. The insulator layer is required to be very 
thin. Thus, the quantum tunneling emerges and dominates the conductivity through the two metal electrodes. The FE tunnel junction 
(FTJ) has been widely explored while the AFE one received much less attention due to its information-volatile nature for memory 
device. For AFE PbZrO3, recent study revealed that the switchable polar and nonpolar state can also significantly influence the barrier 
between two electrodes with an ON-OFF ratio up to 107, shown in Fig. 15b [422]. The giant tunneling electroresistance was attributed 
to the cooperation of macroscopic polarization ordering and Fowler-Nordheim conduction. Although the AFE material retains, nor-
mally, no information for memory application, the AFE tunneling junction (AFTJ) highlights the resistive switching capability, which 
might be possible to make non-volatile using some of the above-mentioned approaches, such as off-centering of the AFE loop by built- 
in fields in films. Recently, a built-in bias was generated in AFE Hf0.25Zr0.75O2-based AFTJ to form 2 stable nonvolatile states by using 
asymmetric work function electrodes [423]. This AFTJ exhibits higher endurance property (>109 cycles) and faster switching speed 
(<30 ns) than Hf0.5Zr0.5O2-based FTJ. This makes AFEs to be a promising candidate for future cognitive computing. 

5.7. Thermal switching 

With the development of aerospace and advanced semiconductor technology, the integration and power density of electronic 
devices are increasing. How to solve the high-temperature failure caused by device heating has become a key problem that restricts the 
efficient and stable operation of devices. Efficient thermal management can solve the impact of extreme environment on device 
operation and ensure the stable operation of devices within a safe temperature range [361,424]. The common method is to regulate the 
thermal conductivity by inducing structural phase transformation, such as solid–liquid phase transition [425] and metal–insulator 
transition [426]. However, changes in thermal conductivity of these materials can only be realized at the phase transition temperature, 
limiting their application. To electrically control thermal switching, various material is proposed with different origins [427,428]. 
Solid-state thermal conductivity switching has been reported in PbZrO3 thin films recently by Liu et al. [9], as shown in Fig. 15c. As the 
external electric field is loaded, the primitive unit cell of PbZrO3 experiences a substantial change at the AFE to FE phase transition. 
Consequently, phonon–phonon scattering phase space has a large change across the phonon spectrum before and after the phase 
transition, leading to a high switching ratio (>2.2). In addition, Liu et al. also reported that the PbZrO3-based thermal switching is 
ultrafast (<150 ns) and can repeat more than 10 million times. Considering these advantages, AFEs are the key component in solid- 
state refrigeration and thermal management. 

5.8. Photovoltaics 

In traditional photovoltaics, light irradiation induced electron-hole pairs can be separated by a built-in electric field, leading to the 
conversion of light energy to electrical energy [60]. In general, the maximum photovoltage is equal to the band gap. For FEs, it was 
recently confirmed that the intrinsic inversion asymmetry of lattice can induce the bandgap photovoltages. In contrast, for the 
counterpart of FEs, the AFEs, believed to be centrosymmetric, cannot induce the photovoltaic effect. Although the electric field- 
induced polar state in AFEs is metastable, the absorbed light energy can help to pin and stabilize the polar state after the external 
field was removed. As a result, the pined polar state can generate the bandgap photovoltages as shown in Fig. 15d [10]. Among the 
investigated materials, the largest photoelectric field was discovered recently in PbZrO3 polycrystalline thin films, which is up to the 
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level of million voltage per centimeter [10]. The above bandgap photovoltage in AFEs displays competitive results and offers new 
prospects on the use of photovoltaic materials in future devices. 

6. Summary and perspective 

In conclusion, we want to point out that, due to their unique electrical and structural behaviors, research on AFE materials is 
attracting widespread attention in modern electronic applications. Although the AFE has been discovered and studied for decades in 
terms of structure, electrical motifs, phase transitions, and potential device applications, the origin of AFE order, polarization mod-
ulation, local structure and their influence on properties are still key issues that need further exploration. Moreover, new AFE thin film 
materials and phenomena offer plenty of opportunities for further investigations, such as antipolar topological structures, etc. All told, 
the research on AFE thin films and heterostructures, however, is still in its infancy and there remain many open questions, such as: 

1. The mechanism and even the definition of AFEs are ambiguous among different reports. On one hand, multiple soft modes during 
AFE phase transition displays complex results of structure and electrical behavior, which obscure the origin of AFE order. On the other 
hand, the lack of defect-free AFE material usually results in extrinsic behaviors. In a word, AFE could not be simply seen as an analogue 
of antiferromagnetic material as initially considered, and the origin of AFE could be due to multiple effects. To solve these problems, 
advanced theoretical studies should be applied to distinguish the contributions from different soft modes, and advanced synthesis of 
high quality AFE epitaxial thin films is needed for experimental examination. 

2. The structures of AFEs are complex and remain controversial. The observation of weak ferroelectricity especially in thin film 
form [38], size effect [115,116], and incommensurate structure [172,210] makes the intrinsic structure of AFEs deceptive. Besides, to 
realize practical applications, it is important to understand the phase transition dynamic and fatigue mechanism of AFE thin films. 
However, these detailed structural evolution under external fields remain elusive, such as the dipole switching kinetics and phase 
transition pathway. The pursuit of these answers will require advanced characterization and computational supports to explore this 
complex landscape. In-situ biasing structural characterization techniques such as time-resolved X-ray diffraction and TEM at atomic 
resolution are all effective and powerful tools to provide in-depth structural information about the phase transitions. 

3. In line with requirement of sustainable and eco-friendly society development, new type lead-free AFE materials and their related 
applications are needed. Machine learning and high-throughput second-principles calculations can potentially assist in discovering 
new AFE materials with robust and controllable properties. Additionally, the integration of AFE thin films on Si-based production 
process holds great significance. CMOS-compatible AFE thin film materials, such as Hf1-xZrxO2, are needed from theoretical design to 
experimental test for further device application. 

4. Topological structures in FE thin films and heterostructures have become one of the hottest topics in condensed matter physics 
[150]. As a counterpart of FE, AFE materials do not exhibit net polarization and thus seem to lack a depolarization field, which is 
considered as one of the origins of forming topological polar structure. However, recent studies have revealed the existence of non- 
collinear polarization arrangement in AFE thin films [6]. The high sensitivity of AFE order parameter to external stimuli may pro-
vide new possibility of polarization rotation and the formation of topological antipolar structures under certain circumstance. 

5. Conventional multiferroics are composed of FE and antiferromagnetic/ferromagnetic orders. Whether the AFE order may couple 
with the ferromagnetic or antiferromagnetic order in a single-phase system remains an open question. The coexistence of 
antiferroelectric-antiferromagnetic properties in multiferroic BiFeO3-based system could be of significance in scientific interest and 
great potential in magnetoelectric devices because of its dual antiferroic nature. So far, various methods which have been successfully 
applied in other ferroic studies can be applied to AFEs as well, such as high entropy [429], anionic substitution [430], composition 
gradient [431], strain gradient [432], freestanding [433], and etc. These methods, which proved to be effective in FEs or magnetic 
materials for creating novel phenomenon, could also be introduced into AFE materials for unexpected phenomena. 
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[81] Zhang M-H, Fulanović L, Egert S, Ding H, Groszewicz PB, Kleebe H-J, et al. Electric-field-induced antiferroelectric to ferroelectric phase transition in 

polycrystalline NaNbO3. Acta Mater 2020;200:127–35. https://doi.org/10.1016/j.actamat.2020.09.002. 
[82] Tan X, Frederick J, Ma C, Jo W, Rodel J. Can an electric field induce an antiferroelectric phase out of a ferroelectric phase? Phys Rev Lett 2010;105:255702. 

https://doi.org/10.1103/PhysRevLett.105.255702. 
[83] Feng M, Feng Y, Zhang T, Li J, Chen Q, Chi Q, et al. Recent advances in multilayer-structure dielectrics for energy storage application. Adv Sci 2021;8: 

2102221. https://doi.org/10.1002/advs.202102221. 
[84] Feng Y, Wei X, Wang D, Xu Z, Yao X. Dielectric behaviors of antiferroelectric–ferroelectric transition under electric field. Ceram Int 2004;30:1389–92. https:// 

doi.org/10.1016/j.ceramint.2003.12.090. 
[85] Wang J, Yang T, Chen S, Yao X, Pelaiz-Barranco A. DC electric field dependence for the dielectric permittivity in antiferroelectric and ferroelectric states. 

J Alloy Compd 2014;587:827–9. https://doi.org/10.1016/j.jallcom.2013.10.251. 
[86] Sigman J, Norton D, Christen H, Fleming P, Boatner L. Antiferroelectric behavior in symmetric KNbO3/KTaO3 superlattices. Phys Rev Lett 2002;88:097601. 

https://doi.org/10.1103/PhysRevLett.88.097601. 
[87] Christen HM, Specht ED, Silliman SS, Harshavardhan KS. Ferroelectric and antiferroelectric coupling in superlattices of paraelectric perovskites at room 

temperature. Phys Rev B 2003;68:020101. https://doi.org/10.1103/PhysRevB.68.020101. 
[88] Shebanov L, Kusnetsov M, Sternberg A. Electric field-induced antiferroelectric-to-ferroelectric phase transition in lead zirconate titanate stannate ceramics 

modified with lanthanum. J Appl Phys 1994;76:4301–4. https://doi.org/10.1063/1.357315. 
[89] Tang Z, Hu S, Yao D, Li Z, Liu Z, Guo X, et al. Enhanced energy-storage density and temperature stability of Pb0.89La0.06Sr0.05(Zr0.95Ti0.05)O3 anti- 

ferroelectric thin film capacitor. J Materiomics 2022;8:239–46. https://doi.org/10.1016/j.jmat.2020.12.012. 
[90] Liu C, Lin SX, Qin MH, Lu XB, Gao XS, Zeng M, et al. Energy storage and polarization switching kinetics of (001)-oriented Pb0.97La0.02(Zr0.95Ti0.05)O3 

antiferroelectric thick films. Appl Phys Lett 2016;108:112903. https://doi.org/10.1063/1.4944645. 
[91] Bharadwaja SSN, Krupanidhi SB. Backward switching phenomenon from field forced ferroelectric to antiferroelectric phases in antiferroelectric PbZrO3 thin 

films. J Appl Phys 2001;89:4541–7. https://doi.org/10.1063/1.1331659. 
[92] Si M, Lyu X, Shrestha PR, Sun X, Wang H, Cheung KP, et al. Ultrafast measurements of polarization switching dynamics on ferroelectric and anti-ferroelectric 

hafnium zirconium oxide. Appl Phys Lett 2019;115:072107. https://doi.org/10.1063/1.5098786. 
[93] Parsonnet E, Huang YL, Gosavi T, Qualls A, Nikonov D, Lin CC, et al. Toward Intrinsic Ferroelectric Switching in Multiferroic BiFeO3. Phys Rev Lett 2020;125: 

067601. https://doi.org/10.1103/PhysRevLett.125.067601. 
[94] Janovec V. On the theory of the coercive field of single-domain crystals of BaTiO3. Cechoslovackij Fiziceskij Zurnal 1958;8:3–15. https://doi.org/10.1007/ 

BF01688741. 
[95] Kay H, Dunn JW. Thickness dependence of the nucleation field of triglycine sulphate. Philos Mag 1962;7:2027–34. https://doi.org/10.1080/ 

14786436208214471. 
[96] Tasneem N, Yousry YM, Tian M, Dopita M, Reyes-Lillo SE, Kacher J, et al. A Janovec-Kay-Dunn-Like Behavior at Thickness Scaling in Ultra-Thin 

Antiferroelectric ZrO2 Films. Adv Elec Mater 2021;7:2100485. https://doi.org/10.1002/aelm.202100485. 
[97] Zhai J, Chen H. Direct current field and temperature dependent behaviors of antiferroelectric to ferroelectric switching in highly (100)-oriented PbZrO3 thin 

films. Appl Phys Lett 2003;82:2673–5. https://doi.org/10.1063/1.1569420. 
[98] Tan X, Ma C, Frederick J, Beckman S, Webber KG, Green DJ. The Antiferroelectric ↔ Ferroelectric Phase Transition in Lead-Containing and Lead-Free 

Perovskite Ceramics. J Am Ceram Soc 2011;94:4091–107. https://doi.org/10.1111/j.1551-2916.2011.04917.x. 
[99] Ahn CW, Amarsanaa G, Won SS, Chae SA, Lee DS, Kim IW. Antiferroelectric Thin-Film Capacitors with High Energy-Storage Densities, Low Energy Losses, and 

Fast Discharge Times. ACS Appl Mater Interfaces 2015;7:26381. https://doi.org/10.1021/acsami.5b08786. 
[100] Lu T, Studer AJ, Noren L, Hu W, Yu D, McBride B, et al. Electric-field-induced AFE-FE transitions and associated strain/preferred orientation in antiferroelectric 

PLZST. Sci Rep 2016;6:1–8. https://doi.org/10.1038/srep23659. 
[101] Liu H, Fan L, Sun S, Lin K, Ren Y, Tan X, et al. Electric-field-induced structure and domain texture evolution in PbZrO3-based antiferroelectric by in-situ high- 

energy synchrotron X-ray diffraction. Acta Mater 2020;184:41–9. https://doi.org/10.1016/j.actamat.2019.11.050. 
[102] Wei XK, Jia CL, Roleder K, Dunin-Borkowski RE, Mayer J. In Situ Observation of Point-Defect-Induced Unit-Cell-Wise Energy Storage Pathway in 

Antiferroelectric PbZrO3. Adv Funct Mater 2021;31:2008609. https://doi.org/10.1002/adfm.202008609. 
[103] Wei XK, Jia CL, Du HC, Roleder K, Mayer J, Dunin-Borkowski RE. An Unconventional Transient Phase with Cycloidal Order of Polarization in Energy-Storage 

Antiferroelectric PbZrO3. Adv Mater 2020;32:1907208. https://doi.org/10.1002/adma.201907208. 
[104] Grigoriev A, Sichel R, Lee HN, Landahl EC, Adams B, Dufresne EM, et al. Nonlinear piezoelectricity in epitaxial ferroelectrics at high electric fields. Phys Rev 

Lett 2008;100:027604. https://doi.org/10.1103/PhysRevLett.100.027604. 
[105] Li Q, Stoica VA, Paściak M, Zhu Y, Yuan Y, Yang T, et al. Subterahertz collective dynamics of polar vortices. Nature 2021;592:376–80. https://doi.org/ 

10.1038/s41586-021-03342-4. 
[106] Tagantsev AK, Stolichnov I, Colla EL, Setter N. Polarization fatigue in ferroelectric films: Basic experimental findings, phenomenological scenarios, and 

microscopic features. J Appl Phys 2001;90:1387–402. https://doi.org/10.1063/1.1381542. 
[107] Zhou L, Zimmermann A, Zeng YP, Aldinger F. Fatigue of Field-Induced Strain in Antiferroelectric Pb0.97La0.02(Zr0.77Sn0.14Ti0.09)O3 Ceramics. J Am Ceram 

Soc 2004;87:1591–3. https://doi.org/10.1111/j.1551-2916.2004.01591.x. 
[108] Lou X, Wang J. Unipolar and bipolar fatigue in antiferroelectric lead zirconate thin films and evidences for switching-induced charge injection inducing 

fatigue. Appl Phys Lett 2010;96:102906. https://doi.org/10.1063/1.3358138. 
[109] Geng W, Lou X, Xu J, Zhang F, Liu Y, Dkhil B, et al. Effective driving voltage on polarization fatigue in (Pb, La)(Zr, Ti)O3 antiferroelectric thin films. Ceram Int 

2015;41:109–14. https://doi.org/10.1016/j.ceramint.2014.08.041. 
[110] Zhai J, Chen H. Electric fatigue in Pb (Nb, Zr, Sn, Ti)O3 thin films grown by a sol–gel process. Appl Phys Lett 2003;83:978–80. https://doi.org/10.1063/ 

1.1594843. 
[111] Hao X, Zhai J, Yao X. Improved energy storage performance and fatigue endurance of Sr-doped PbZrO3 antiferroelectric thin films. J Am Ceram Soc 2009;92: 

1133–5. https://doi.org/10.1111/j.1551-2916.2009.03015.x. 
[112] Tagantsev AK, Fousek J, Cross LE. Domains in Ferroic Crystals and Thin Films: Springer New York, NY; 2010. https://link.springer.com/book/10.1007/978-1- 

4419-1417-0. 
[113] Junquera J, Ghosez P. Critical thickness for ferroelectricity in perovskite ultrathin films. Nature 2003;422:506–9. https://doi.org/10.1038/nature01501. 
[114] Fong DD, Stephenson GB, Streiffer SK, Eastman JA, Auciello O, Fuoss PH, et al. Ferroelectricity in Ultrathin Perovskite Films. Science 2004;304:1650–3. 

https://doi.org/10.1126/science.1098252. 

Y. Si et al.                                                                                                                                                                                                               

https://doi.org/10.1088/0022-3727/49/9/095302
https://doi.org/10.1063/1.1470260
https://doi.org/10.1021/jacs.7b04693
https://doi.org/10.1038/s41467-021-25543-1
https://doi.org/10.1063/5.0143892
https://doi.org/10.1143/JJAP.46.2157
https://doi.org/10.1016/j.actamat.2020.09.002
https://doi.org/10.1103/PhysRevLett.105.255702
https://doi.org/10.1002/advs.202102221
https://doi.org/10.1016/j.ceramint.2003.12.090
https://doi.org/10.1016/j.ceramint.2003.12.090
https://doi.org/10.1016/j.jallcom.2013.10.251
https://doi.org/10.1103/PhysRevLett.88.097601
https://doi.org/10.1103/PhysRevB.68.020101
https://doi.org/10.1063/1.357315
https://doi.org/10.1016/j.jmat.2020.12.012
https://doi.org/10.1063/1.4944645
https://doi.org/10.1063/1.1331659
https://doi.org/10.1063/1.5098786
https://doi.org/10.1103/PhysRevLett.125.067601
https://doi.org/10.1007/BF01688741
https://doi.org/10.1007/BF01688741
https://doi.org/10.1080/14786436208214471
https://doi.org/10.1080/14786436208214471
https://doi.org/10.1002/aelm.202100485
https://doi.org/10.1063/1.1569420
https://doi.org/10.1111/j.1551-2916.2011.04917.x
https://doi.org/10.1021/acsami.5b08786
https://doi.org/10.1038/srep23659
https://doi.org/10.1016/j.actamat.2019.11.050
https://doi.org/10.1002/adfm.202008609
https://doi.org/10.1002/adma.201907208
https://doi.org/10.1103/PhysRevLett.100.027604
https://doi.org/10.1038/s41586-021-03342-4
https://doi.org/10.1038/s41586-021-03342-4
https://doi.org/10.1063/1.1381542
https://doi.org/10.1111/j.1551-2916.2004.01591.x
https://doi.org/10.1063/1.3358138
https://doi.org/10.1016/j.ceramint.2014.08.041
https://doi.org/10.1063/1.1594843
https://doi.org/10.1063/1.1594843
https://doi.org/10.1111/j.1551-2916.2009.03015.x
https://doi.org/10.1038/nature01501
https://doi.org/10.1126/science.1098252


Progress in Materials Science 142 (2024) 101231

34

[115] Mani BK, Chang CM, Lisenkov S, Ponomareva I. Critical Thickness for Antiferroelectricity in PbZrO3. Phys Rev Lett 2015;115:097601. https://doi.org/ 
10.1103/PhysRevLett.115.097601. 

[116] Chattopadhyay S, Ayyub P, Palkar VR, Multani MS, Pai SP, Purandare SC, et al. Dielectric properties of oriented thin films of PbZrO3 on Si produced by pulsed 
laser ablation. J Appl Phys 1998;83:7808–12. https://doi.org/10.1063/1.367955. 

[117] Boldyreva K, Pintilie L, Lotnyk A, Misirlioglu IB, Alexe M, Hesse D. Thickness-driven antiferroelectric-to-ferroelectric phase transition of thin PbZrO3 layers in 
epitaxial PbZrO3∕Pb(Zr0.8Ti0.2)O3 multilayers. Appl Phys Lett 2007;91:122915. https://doi.org/10.1063/1.2789401. 

[118] Bratkovsky AM, Levanyuk AP. Smearing of Phase Transition due to a Surface Effect or a Bulk Inhomogeneity in Ferroelectric Nanostructures. Phys Rev Lett 
2005;94:107601. https://doi.org/10.1103/PhysRevLett.94.107601. 

[119] Eliseev EA, Glinchuk MD. Size-induced appearance of ferroelectricity in thin antiferroelectric films. Phys B: Conden Matter 2007;400:106–13. https://doi.org/ 
10.1016/j.physb.2007.06.034. 

[120] Xu R, Crust KJ, Harbola V, Arras R, Patel KY, Prosandeev S, et al. Size-Induced Ferroelectricity in Antiferroelectric Oxide Membranes. Adv Mater 2023;35: 
2210562. https://doi.org/10.1002/adma.202210562. 

[121] Jiang R-J, Cao Y, Geng W-R, Zhu M-X, Tang Y-L, Zhu Y-L, et al. Atomic Insight into the Successive Antiferroelectric-Ferroelectric Phase Transition in 
Antiferroelectric Oxides. Nano Lett 2023;23:1522–9. https://doi.org/10.1021/acs.nanolett.2c04972. 
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[185] Aramberri H, Fedorova NS, ́Iñiguez J. Ferroelectric/paraelectric superlattices for energy storage. Sci Adv 2022;8:4880. https://doi.org/10.1126/sciadv. 

abn4880. 
[186] Dong W, Peters JJP, Rusu D, Staniforth M, Brunier AE, Lloyd-Hughes J, et al. Emergent Antipolar Phase in BiFeO3-La0.7Sr0.3MnO3 Superlattice. Nano Lett 2020; 

20:6045–50. https://doi.org/10.1021/acs.nanolett.0c02063. 
[187] Mundy JA, Grosso BF, Heikes CA, Ferenc Segedin D, Wang Z, Shao YT, et al. Liberating a hidden antiferroelectric phase with interfacial electrostatic 

engineering. Sci Adv 2022;8:eabg5860.. https://doi.org/10.1126/sciadv.abg5860. 
[188] Caretta L, Shao Y-T, Yu J, Mei AB, Grosso BF, Dai C, et al. Non-volatile electric-field control of inversion symmetry. Nat Mater 2023;22:207–15. https://doi. 

org/10.1038/s41563-022-01412-0. 
[189] Liu SZ, Geng WR, Tang YL, Zhu YL, Wang YJ, Cao Y, et al. Engineering antiferroelectric nucleation in ferroelectric films with enhanced piezoelectricity. Acta 

Mater 2023;250:118885. https://doi.org/10.1016/j.actamat.2023.118885. 
[190] Park JY, Lee DH, Yang K, Kim SH, Yu GT, Park GH, et al. Engineering Strategies in Emerging Fluorite-Structured Ferroelectrics. ACS Appl Elec Mater 2022;4: 

1369–80. https://doi.org/10.1021/acsaelm.1c00792. 
[191] Park MH, Kim HJ, Lee G, Park J, Lee YH, Kim YJ, et al. A comprehensive study on the mechanism of ferroelectric phase formation in hafnia-zirconia 

nanolaminates and superlattices. Appl Phys Rev 2019;6:041403. https://doi.org/10.1063/1.5118737. 
[192] Wang CY, Wang CI, Yi SH, Chang TJ, Chou CY, Yin YT, et al. Paraelectric/antiferroelectric/ferroelectric phase transformation in As-deposited ZrO2 thin films 

by the TiN capping engineering. Mater Des 2020;195:109020. https://doi.org/10.1016/j.matdes.2020.109020. 
[193] Yi SH, Lin BT, Hsu TY, Shieh J, Chen MJ. Modulation of ferroelectricity and antiferroelectricity of nanoscale ZrO2 thin films using ultrathin interfacial layers. 

J Eur Ceram Soc 2019;39:4038–45. https://doi.org/10.1016/j.jeurceramsoc.2019.05.065. 
[194] He J, Borisevich A, Kalinin SV, Pennycook SJ, Pantelides ST. Control of Octahedral Tilts and Magnetic Properties of Perovskite Oxide Heterostructures by 

Substrate Symmetry. Phys Rev Lett 2010;105:227203. https://doi.org/10.1103/PhysRevLett.105.227203. 
[195] Kim TH, Puggioni D, Yuan Y, Xie L, Zhou H, Campbell N, et al. Polar metals by geometric design Nat 2016;533:68–72. https://doi.org/10.1038/nature17628. 

Y. Si et al.                                                                                                                                                                                                               

https://doi.org/10.1103/PhysRevB.103.214108
https://doi.org/10.3390/act5020011
https://doi.org/10.1038/s41467-023-36919-w
https://doi.org/10.1107/S1600576723002868
https://doi.org/10.1103/PhysRevLett.130.226801
https://doi.org/10.1103/PhysRevLett.105.147603
https://doi.org/10.1103/PhysRevLett.105.147603
https://doi.org/10.1039/D1CC02276H
https://doi.org/10.1038/s41467-021-24592-w
https://doi.org/10.1039/c8tc03965h
https://doi.org/10.1039/c8tc03965h
https://doi.org/10.1103/physrevb.52.13563
https://doi.org/10.1103/physrevb.40.2254
https://doi.org/10.1038/s41586-022-04425-6
https://doi.org/10.1038/ncomms6231
https://doi.org/10.1016/0022-4596(78)90080-4
https://doi.org/10.1016/0022-4596(78)90080-4
https://doi.org/10.1063/1.5018003
https://doi.org/10.1002/adfm.201807321
https://doi.org/10.1103/PhysRevLett.123.217602
https://doi.org/10.1039/c7ra08621k
https://doi.org/10.1109/ISAF.1986.201177
https://doi.org/10.1039/C4DT03919J
https://doi.org/10.1016/j.jallcom.2018.12.206
https://doi.org/10.1063/1.4921876
https://doi.org/10.1002/aenm.201400610
https://doi.org/10.1002/adfm.201103119
https://doi.org/10.1103/PhysRevB.78.012102
https://doi.org/10.1103/PhysRevB.78.012102
https://doi.org/10.1063/1.4985297
https://doi.org/10.1038/nature02308
https://doi.org/10.1002/adma.202000857
https://doi.org/10.1038/nature06817
https://doi.org/10.1126/sciadv.abn4880
https://doi.org/10.1126/sciadv.abn4880
https://doi.org/10.1021/acs.nanolett.0c02063
https://doi.org/10.1126/sciadv.abg5860
https://doi.org/10.1038/s41563-022-01412-0
https://doi.org/10.1038/s41563-022-01412-0
https://doi.org/10.1016/j.actamat.2023.118885
https://doi.org/10.1021/acsaelm.1c00792
https://doi.org/10.1063/1.5118737
https://doi.org/10.1016/j.matdes.2020.109020
https://doi.org/10.1016/j.jeurceramsoc.2019.05.065
https://doi.org/10.1103/PhysRevLett.105.227203
https://doi.org/10.1038/nature17628


Progress in Materials Science 142 (2024) 101231

36

[196] Rondinelli JM, Spaldin NA. Substrate coherency driven octahedral rotations in perovskite oxide films. Phys Rev B 2010;82:113402. https://doi.org/10.1103/ 
PhysRevB.82.113402. 

[197] Jeong SG, Han G, Song S, Min T, Mohamed AY, Park S, et al. Propagation Control of Octahedral Tilt in SrRuO3 via Artificial Heterostructuring. Adv Sci 2020;7: 
2001643. https://doi.org/10.1002/advs.202001643. 

[198] Gao R, Dong Y, Xu H, Zhou H, Yuan Y, Gopalan V, et al. Interfacial Octahedral Rotation Mismatch Control of the Symmetry and Properties of SrRuO3. ACS Appl 
Mater Interface 2016;8:14871–8. https://doi.org/10.1021/acsami.6b02864. 
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