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ABSTRACT

Ferroelectricity in fluorite-structured ferroelectrics such as HfO2 and ZrO2 has been attracting increasing interest since its first publication in 2011.
Fluorite-structured ferroelectrics are considered to be promising for semiconductor devices because of their compatibility with the complementary
metal–oxide–semiconductor technology and scalability for highly dense information storage. The research on fluorite-structured ferroelectrics
during the first decade of their conceptualization has been mainly focused on elucidating the origin of their ferroelectricity and improving the per-
formance of electronic devices based on such ferroelectrics. Furthermore, as is known, to achieve optimal performance, the emerging biomimicking
electronic devices as well as conventional semiconductor devices based on the classical von Neumann architecture require high operating speed,
sufficient reliability, and multilevel data storage. Nanoscale electronic devices with fluorite-structured ferroelectrics serve as candidates for these
device systems and, thus, have been intensively studied primarily because in ferroelectric materials the switching speed, reliability, and multilevel
polarizability are known to be strongly correlated with the domains and domain dynamics. Although there have been important theoretical and
experimental studies related to domains and domain dynamics in fluorite-structured ferroelectrics, they are yet to be comprehensively reviewed.
Therefore, to provide a strong foundation for research in this field, herein, domains, domain dynamics, and emerging applications, particularly in
neuromorphic computing, of fluorite-structured ferroelectrics are comprehensively reviewed based on the existing literature.
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I. INTRODUCTION

Emerging fluorite-structured ferroelectrics, such as hafnium
oxide (HfO2) and zirconium oxide (ZrO2) and their solid solutions,
have been intensively studied by numerous research groups to eluci-
date the origin of their unexpected ferroelectricity as well as to improve
the performance of electronic devices based on them. From device
engineering perspectives, a ferroelectric field-effect transistor (FeFET)
with a 28-nm-long channel1 and a ferroelectric fully depleted silicon-
on-insulator (FDSOI) device2 have been demonstrated, thereby prov-
ing their higher scalability and compatibility with the complementary
metal–oxide–semiconductor (CMOS) technology compared to those
of conventional ferroelectric materials. Moreover, ferroelectric tunnel
junctions (FTJs) with bistable or multistable tunneling electroresistan-
ces have been demonstrated.3–6 The ferroelectric random access mem-
ory (FeRAM) with classical 1 transistor–1 capacitor cells was
fabricated by SONY by adopting ferroelectric HfO2 capacitive layer.

7

The utilization of nonvolatile FeFETs, FTJs, and FeRAMs with
fluorite-structured ferroelectrics in various futuristic computing sys-
tems has been suggested, such as in logic memory hybrid devices for
improving the energy efficiency of classical computing systems as well
as in neuronal or synaptic devices for developing novel neuromorphic
computing systems beyond the state-of-the-art von Neumann
computing architecture. It is believed that the discovery of industry-
friendly fluorite-structured ferroelectrics is a breakthrough in
ferroelectric nonvolatile memory devices although some issues such as
limited endurance, low operating speed, limited retention, and perfor-
mance uniformity in large-scale integrated circuits remain. Solutions
and strategies to overcome these issues have been intensively reviewed
in recent reports from the viewpoint of materials science and
engineering.8,9

Understanding the fundamental physics and chemistry of emerg-
ing fluorite-structured ferroelectrics is essential to make an industrial
breakthrough for the fabrication of mass-producible commercial prod-
ucts by overcoming the previously mentioned device-related issues.
From a crystallographic perspective, the formation of a polar ortho-
rhombic phase (Pca21) in most polycrystalline films10–12 or a rhombo-
hedral phase (R3) in several epitaxial films13 is now generally accepted
as the origin of ferroelectricity in fluorite-structured ferroelectrics. The
formation of these metastable polar phases could be attributed to the
thermodynamic stabilization induced by various factors,14,15 such as
doping, surface energy effect, stress/strain, and defect/kinetic mecha-
nism, that suppress the formation of a stable monoclinic phase with a
large kinetic energy barrier during processing.16–19 Additionally, the
polymorphism arising from the nanoscale competition among several
different crystalline phases has been suggested to be strongly correlated

with various sources of spatial inhomogeneities, including doping con-
centration,20–23 defect concentration,24–26 and local strain.27

In addition to the crystalline phase consideration, the domains
and domain dynamics of fluorite-structured ferroelectrics have gained
considerable research attention. Because nonvolatile ferroelectric
memories utilize two or more switchable polarization states, the
domains and domain dynamics are deterministic for the high perfor-
mance of nonvolatile ferroelectric memories, in terms of parameters
such as operating speed, reliability, and uniformity in large-scale inte-
gration.8,9,28,29 Although these properties are strongly correlated with
the domain and domain dynamics of ferroelectrics, studies on fluorite-
structured ferroelectrics have not been comprehensively reviewed to
date. Therefore, the domains, domain dynamics, and polarization
switching kinetics in fluorite-structured ferroelectrics are reviewed
herein, and some perspectives on semiconductor devices for neuro-
morphic computing, which is considered to be one of the most prom-
ising applications for futuristic computing, are provided. Section II
provides a comprehensive review of the polymorphism associated with
nanoscale competition among different phases, theoretical studies on
switching pathways, and theoretical and experimental works on HfO2

and ZrO2 domains. Section III focuses on the domain wall dynamics
and switching kinetics in ferroelectric HfO2 and ZrO2 polycrystalline
films studied through both classical and emerging physical models.
Section IV reviews previous and recent studies on the applications of
fluorite-structured ferroelectrics and summarizes the perspectives on
future research topics and the applications for fluorite-structured ferro-
electrics, particularly in neuromorphic computing.

II. POLYMORPHISM AND DOMAINS IN FLUORITE-
STRUCTURED FERROELECTRICS
A. Polymorphism of fluorite-structured ferroelectrics

The electronic structures of Hf and Zr are known to be
([Xe]4f145d26s2) and ([Kr]4d25s2), respectively.30 Although there is a
distinctive difference between Hf and Zr, whereby a closed subshell of
4f electrons exists only in Hf, the number of outermost electrons for
both elements is the same, i.e., four. The ionic radii of Hf (0.83 Å for
coordination number of 8) and Zr (0.84 Å for coordination number of
8)31 are approximately the same owing to an effect referred to as the
lanthanide contraction, which results from the poor shielding of
nuclear charges by 4f electrons. They are considered to be rather iden-
tical to any other two congeneric elements,32 showing considerable
similarities in their chemical and physical properties. Consequently, it
is unsurprising that the oxide form of these atoms would also exhibit
similar chemical and physical properties. Notably, crystalline HfO2

and ZrO2 exhibit multiple crystallographic structures under different
conditions, although their chemical formulas are consistent, which is
denoted as polymorphism. Furthermore, HfO2 and ZrO2 polymorphs
share similar crystallographic structures in the same space group,
which is why they are often described as isostructural species. The
types of their crystallographic structures are shown in Fig. 1; they are
categorized mainly as monoclinic (P21/c), tetragonal (P42/nmc), cubic
(Fm3m), and orthorhombic phases (Pca21, Pbca, etc.), all of which can
be derived from the fluorite structure. Moreover, the crystallographic
structure of HfO2 phases is identical to that of ZrO2, as shown in
Fig. 1, with relatively small differences in their lattice parameters and
atomic positions. Since ferroelectricity in crystalline materials depends
on non-centrosymmetric elements, it is important to have a deep
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understanding of the polymorphs of HfO2 and ZrO2, as well as
the conditions under which they can appear. We first discuss the
temperature–pressure phase diagram of HfO2 and ZrO2.

The stable polymorphs of HfO2 and ZrO2 depend on both tem-
perature and pressure. As shown in Figs. 2(a) and 2(b), at atmospheric
pressure (�101 kPa), the monoclinic phase (P21/c) appears over the
lowest temperature ranges for both HfO2 and ZrO2, which indicates
that the monoclinic phase is the most stable phase below �1973
and �1373K for HfO2 and ZrO2, respectively. The tetragonal phase
(P42/nmc) appears at�1973 and�1373K for HfO2 and ZrO2, respec-
tively, followed by the cubic phase (Fm3m), which appears at �2773
and �2673K for HfO2 and ZrO2, respectively.

33,34 When the pressure
exceeds 4GPa at a temperature below �1573 and �873K for HfO2

and ZrO2, respectively, the orthorhombic phase appears for both
oxides, which is referred to as the orthorhombic-I phase (Pbca),
wherein Hf ions are in a sevenfold coordination. As the pressure
increases above 14 and 13GPa for HfO2 and ZrO2, respectively,
another orthorhombic phase, which is known as the orthorhombic-II
phase (Pnma, not shown), appears, wherein the Hf ions are in a nine-
fold coordination.33,34 It should be noted that all the above-mentioned
equilibrium phases of HfO2 and ZrO2 are known to be centrosymmet-
ric and hence, nonpolar, thereby suggesting that ferroelectricity cannot
be induced in either HfO2 or ZrO2 under equilibrium conditions and
bulk forms.

From the temperature–pressure phase diagrams of HfO2 and
ZrO2 presented in Figs. 2(a) and 2(b), we can observe two commonali-
ties: (1) both oxides show similar phase transition trends (monoclinic
! tetragonal ! cubic) with increasing temperature at 0GPa and (2)
the orthorhombic phases of both oxides appear under extreme condi-
tions (e.g., high pressure). From commonality (1), we can expect that
an isomorphous binary phase diagram between HfO2 and ZrO2 exists
at atmospheric pressure. Figure 2(c) shows this binary phase diagram
of HfO2–ZrO2 as a function of composition and temperature at atmo-
spheric pressure. As expected, the binary phase diagram indicates that
HfO2–ZrO2 shows a complete solid solution as well as consistent
phases and phase transitions across the entire compositional range.
None of the phases shown in the phase diagram of HfO2–ZrO2 are
non-centrosymmetric, which suggests that HfO2, ZrO2, or the mixture
of the two cannot exhibit ferroelectricity over any composition and
temperature range at atmospheric pressure. Furthermore, none of the
non-centrosymmetric phases that allow ferroelectricity were reported
in the other binary phase diagrams between HfO2 and oxides, such as
SiO2,

35 Al2O3,
36 La2O3,

37 Gd2O3,
38 Y2O3,

39 SrO,40 and Sc2O3,
41 thereby

implying that the inducement of ferroelectricity in bulk HfO2 (or
ZrO2) is not expected upon adding different chemicals or changing
temperatures at atmospheric levels. Although the binary phase dia-
grams between both HfO2 and other oxides and HfO2 and ZrO2 do
not show any non-centrosymmetric phases, it should be noted that the
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FIG. 1. Crystallographic structures and experimental lattice constants in Å for ZrO2. Zr atoms are represented in green (big) and O atoms in red (small). In the f-phases, the O
atoms mainly responsible for the polarization are highlighted by a golden color. To illustrate the relationship between the f- and o-phases, the corresponding O atoms are
highlighted by using a golden color in the o-phase (which is also known as the Pbca phase) as well. The polarization axis of the two f-phase cells is marked by black arrows
(P). Reproduced from Materlik et al., J. Appl. Phys. 117 (13), 134109 (2015)14 with the permission of AIP Publishing.
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discussion in the HfO2-ZrO2 system cannot be directly applied to
other oxides systems because other oxides do not exhibit fluorite struc-
ture like HfO2 or ZrO2. From commonality (2), it is reasonable to
hypothesize that orthorhombic phases would appear when HfO2,
ZrO2, or a mixture of the two is fabricated in a form that contains high
internal stress/strain, e.g., as can be achieved in thin films.

In 2011, ferroelectricity was first reported in a 10-nm-thick Si-
doped HfO2 thin film by Boescke and co-workers,10 and the discovery
of unexpected ferroelectricity in HfO2 initiated intensive research on
fluorite-structured ferroelectrics.16–18,42–44 They reported that HfO2

thin films exhibited ferroelectric hysteresis from the polarization–
electric field (P–E) measurement and butterfly-like curves from the
small-signal capacitance–voltage (C–V) measurement, demonstrating
unambiguous evidence of ferroelectricity in a material. However, as
established in the phase diagram of HfO2, the appearance of ferroelec-
tricity could not be explained on the basis of the presence of the afore-
mentioned phases at any realizable temperature and pressure because
they were all centrosymmetric phases. By employing the grazing inci-
dence x-ray diffraction patterns of the HfO2 films, Boescke et al. sug-
gested that the polar orthorhombic phase [Pca21, Figs. 1(d) and 1(e)]
is the crystallographic origin of the unexpected ferroelectricity.
Notably, the polar orthorhombic phase (Pca21) was first reported in
partially stabilized Mg-doped ZrO2 at 30K by Kisi and co-workers in
1989.45 Following the work of Boescke et al., other researchers have
demonstrated that the differences in the free energy of several poly-
morphic phases are sufficiently small to be overcome, thereby resulting
in nanoscale competition among the polymorphic phases.14,20,46 The
polar orthorhombic phase (Pca21) can appear because of a suitable

combination of driving factors, such as volumetric confinement,10

dopant concentration, strain,20–23 and defect concentration,24–26

whose distributions are probably inhomogeneous in polycrystalline
thin films.46 Consequently, it is now generally accepted that ferroelec-
tricity is a result of the evolution of the polar orthorhombic phase
(Pca21) in HfO2 (or ZrO2). Numerous theoretical and experimental
studies also support that the polar orthorhombic phase (Pca21) exists
in HfO2 thin films and is responsible for the ferroelectric
response.11–14,20,23,26,46–48

The ferroelectricity and polar phase of doped HfO2 or
HfO2–ZrO2 thin films have been reproduced by several independent
research groups.23,48–57 Figure 2(d) shows an experimental map of the
P–E characteristics of HfO2–ZrO2 thin films via atomic layer deposi-
tion (ALD).44 When the film is HfO2-rich, the P–E response only
shows a dielectric behavior [linear and non-hysteretic, denoted as DE
in Fig. 2(d)], which would originate from the stable monoclinic phase.
In a ZrO2-rich film, the P–E response shows an antiferroelectric-like
behavior [pinched hysteresis, denoted as AFE in Fig. 2(d)], which is
believed to be caused by the metastable tetragonal phase. Meanwhile,
strong ferroelectricity is observed via an open P-E hysteresis loop at
50% of the Zr/(HfþZr) composition, which is believed to be induced
by the metastable polar orthorhombic phase. However, the ferroelec-
tricity shown at 50% of the Zr/(HfþZr) composition becomes more
enhanced as the thickness decreases, which explains the applicability
of this material in applications involving the miniaturization of elec-
tronic devices. It is believed that the surface, interface, and grain
boundary energies play an important role in stabilizing the metastable
polar orthorhombic phase.14,44,58 Materlik et al.14 suggested that the
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105 using ther-
modynamic data from the literature.107 (d)
Experimental map of P–E characterization results of
HfO2–ZrO2 thin films with various thicknesses. Note
that dielectric (DE)-, ferroelectric (FE)-, and antiferro-
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the experiment conducted by Park et al.88 The crys-
talline phase of each property can be referred to as
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B 63(17), 174108 (2001).34 Copyright 2001, The
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et al., Nanoscale 9(28), 9973–9986 (2017).44

Copyright 2017, Royal Society of Chemistry.
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surface and bulk energies of the polar orthorhombic phase are between
those of the monoclinic and tetragonal phases. Hence, the formation
of the polar orthorhombic phase is expected within a specific thickness
range, e.g., <30nm, as shown in Fig. 2(d), at the transition from the
monoclinic to tetragonal phase with decreasing film thickness.14

However, it should be noted that studies on thickness-dependent fer-
roelectric HfO2–ZrO2 thin films work well on films fabricated via
ALD. In the case of chemical solution-deposited ZrO2 thin films, fer-
roelectricity could be observed even in films as thick as 390nm.59,60

For the case of epitaxial Y-doped HfO2 films, ferroelectricity could be
observed even in films that are�1000nm thick.61 We could infer that
the thickness range for the formation of the polar orthorhombic phase
with resulting ferroelectricity is strongly dependent on the deposition
method. Because numerous studies employ ALD techniques to fabri-
cate ferroelectric HfO2–ZrO2 thin films, we focus on the case of ALD-
fabricated ferroelectric HfO2–ZrO2 thin films throughout this paper.

The phase evolution of doped HfO2 or HfO2–ZrO2 thin films
also depends on other factors, such as electric field cycling. Similar to
any other ferroelectric material,62–65 fluorite-structured ferroelectrics
exhibit a change in ferroelectric response during the endurance test,
whereby the changes in remanent polarization (Pr) and coercive field
(Ec) are measured during the repetitive electric field cycling. In the ini-
tial stage of the endurance test, the Pr of fluorite-structured ferroelec-
trics generally increases, which is known as the wake-up effect,66–75

and decreases at the late stage of the endurance test, which is referred
to as fatigue. Although there are still some debates on which factors
would dominate the true origin of the change in the endurance test of
fluorite-structured ferroelectrics, numerous studies have suggested
that the phase evolution as well as domain depinning play important
roles in understanding the endurance test results. Zhou et al.66 first
examined the origin of the wake-up effect and suggested that the
depinning of pinned domains in the pristine state during repetitive
field cycling would be the origin of the wake-up effect. Kim et al.68 and
Pesic et al.75 reported that the wake-up effect observed in Hf0.5Zr0.5O2

and Sr-doped HfO2 thin films, respectively, could be caused by the
dynamic phase evolution, wherein phase transitions occur from
the tetragonal to orthorhombic phase at the interface regions or from
the monoclinic to orthorhombic phase in the bulk region during
electric field cycling.

In this section, the polymorphism in fluorite-structured ferroelec-
trics with respect to various factors was reviewed based on the existing
literature. Although only centrosymmetric phases are observed in the
classical phase diagram of bulk HfO2, ZrO2, and their solid solutions,
ferroelectricity can be realized in doped HfO2 or HfO2–ZrO2 thin films
fabricated via various deposition techniques. The spatial inhomogenei-
ties of various driving factors, such as volumetric confinement, dopant
concentration, strain, and defect concentration, are believed to con-
tribute to the nanoscale competition among various crystalline phases
in fluorite-structured ferroelectrics, thereby generating a polar ortho-
rhombic phase (Pca21) under optimum conditions. Moreover, the
wake-up effect generally observed during the endurance test of
the fluorite-structured ferroelectrics is probably attributable to the
dynamic phase evolution arising from the redistribution of charged
defects, such as oxygen vacancies, as well as the depinning of pinned
domains. Both the polymorphism arising from the competition
between crystalline phases and dynamic phase evolution caused by an
external electric field are expected to affect the domain dynamics and

polarization switching kinetics in fluorite-structured ferroelectrics;
these will be discussed later in detail.

B. Crystallographic hierarchy and polarization
switching pathways in fluorite-structured
ferroelectrics

The discovery of ferroelectricity in fluorite-structured ferroelec-
trics was followed by numerous theoretical studies15,46,76–80 to eluci-
date the crystallographic origin and pathways to the formation of the
polar phase allowing for ferroelectricity. In 2014, based on the density
functional theory (DFT) calculations, Huan et al.15 studied the possible
polar phases that can emerge from higher-symmetry, nonpolar parent
phases by combining the minima-hopping method81 and group theo-
retical symmetry reduction principles. They presented possible path-
ways toward the achievement of both polar and nonpolar phases of
HfO2, as shown in Fig. 3(a). For low-symmetry, nonpolar phases, the
symmetry-reducing pathway starts from the highest symmetry cubic
phase and is consistent with the phase diagram of HfO2 and ZrO2; the
highest symmetry cubic phase appears at the highest temperatures,
whereas the lower symmetry monoclinic phase appears at 298K.33,34

Huan et al. also showed that the orthorhombic and monoclinic phases
of HfO2 can diverge from the intermediate tetragonal phase when the
symmetry of the various polymorphs of HfO2 and ZrO2 are consid-
ered. This observation is also in agreement with the report by Boescke
et al.10 whereby the metastable orthorhombic and stable monoclinic
phases could deviate from the starting tetragonal phase on the basis of
the presence/absence of the capping layer.

Barabash et al.77,82 also studied the relationship among various
crystalline phases of HfO2 using DFT calculations. They assumed that
all the lattices of the crystalline phases of HfO2, except the
orthorhombic-II phase (Pnma), could be considered as slightly dis-
torted cubic lattices (also known as pseudo-cubic structure), including
the orthorhombic Pbcm phase, which had been suggested to exist
under high pressure conditions in both HfO2 and ZrO2.

83,84 Building
upon this approach, they considered that half of the oxygen ions occu-
pied the perfect tetrahedral interstitial sites in fluorite structures within
the same plane, while the other half of the oxygen ions occupied one
of the two possible off-perfect sites with a 50% probability. They sug-
gested that by displacing four oxygen ions to every other 6x and 6y
direction in the plane normal to the b-axis, while ensuring that the
remaining four oxygen ions did not move in the other set of the plane
from the “parent” Pbcm lattice, the orthorhombic Pbcm phase could
be transformed into other phases, such as monoclinic (P21/c),
orthorhombic-I (Pbca), and polar orthorhombic (Pca21), as well as
other potential low-energy phases (hypothetical structures, X1, X2,
and X3 structure). Nonetheless, two well-known phases, cubic
(Fm3m) and tetragonal (P42/nmc), remain as exceptions in this case
because oxygen ions do not move in the cubic phase and are displaced
in a single direction for the tetragonal phase. The resulting hierarchy
of structures is shown in Fig. 3(b).

In addition to the studies on the phase stability of different HfO2

phases, there have been several works on the switching pathways for
different polarization states of the polar orthorhombic phase
(Pca21).

15,76,77,85 As shown in Figs. 1(d) and 1(e), the two polarization
states (up and down) of the polar phase differ in the polarization direc-
tion by 180�; thus, they are topologically equivalent phases. Clima
et al.76 first reported that the polar phase of HfO2 could be switched
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by moving four threefold-coordinated oxygen ions [oxygen ions are
colored as yellow in Figs. 1(d) and 1(e)] upward or downward along
the polar axis (here, c-axis) of the unit cell. Based on the nudged elastic
band (NEB) approach, they obtained a double-well-shaped potential
energy curve as a function of the polarization in the polar phase of
HfO2, as shown in Fig. 4(a). The double-well potential shows that the
energy barrier of polarization reversal (�100meV/f.u.) can be fitted to
a fourth-order polynomial, which is consistent with the
Landau–Ginzburg formalism86 for the second-order phase transition.

While Clima et al.76 considered the up and down switching
behavior without considering the intermediate metastable phase,
Huan et al.15 modeled an intermediate phase existing when the polari-
zation of the polar orthorhombic phase (Pca21) switched between the
up and down states. They proposed that the tetragonal phase may
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serve as the intermediate phase based on the results depicted in
Fig. 3(a). It should be noted that the [001] direction (polar axis) of the
polar orthorhombic phase (Pca21) corresponds to the [110] direction
of the tetragonal phase. By setting the tetragonal phase as the reference
and modeling ferroelectric domains with two opposite polarization
vectors on either side, as depicted in Fig. 4(b), they observed three local
polarization minima (up, zero, and down) in the energy pathway
curves. The energy barrier required to make a transition between the
up and down states of the polar phase is �120meV/f.u. (�40meV/
atom), whereas the energy barrier required to transform the interme-
diate phase (tetragonal) to either the up or down state of the polar
orthorhombic phase (Pca21) is �30meV/f.u. (�10meV/atom). This
finding suggests that the transition between the up and down polariza-
tion states of the polar orthorhombic phase (Pca21) (180� polarization
switching) may be facilitated by an excursion through the tetragonal
phase in response to suitable combinations of stress and/or internal/
external electric fields.

Barabash et al.77 also studied the switching pathway of the polar
orthorhombic phase of HfO2 and ZrO2. Based on the Pbcm “parent”
lattice approach discussed above, they assumed that the transition
between the up and down states of the polar orthorhombic phase
(Pca21) may be accompanied by the structural transformation between
the polar orthorhombic phase (Pca21) and the Pbcm lattice. Although
the energetically preferred pathway does not connect the two states
(up and down) from the same “parent” Pbcm lattice, both states
belong to different “parent” Pbcm lattices, wherein the oxygen ions
within the same plane are displaced in different directions. It should
be noted that the two “parent” Pbcm lattices differ from the small out-
of-plane displacements of the oxygen ions; hence, these out-of-plane
distortions fully disappear in the intermediate tetragonal-like lattice.
They concluded that the switching pathway between the two states of
the polar orthorhombic phase (Pca21) did not connect directly and
should include the intermediate state of the tetragonal-like structure.
Polarization switching occurs for both HfO2 and ZrO2 with a high
switching energy barrier of 94meV/f.u. and 70meV/f.u., as well as a
low switching energy barrier of �4meV/f.u. and �5meV/f.u., respec-
tively. The resulting switching pathway is depicted in Fig. 4(c).

A comparative study of the possible intermediate phases during
the polarization switching between the up and down states of the polar
orthorhombic phase (Pca21) was also performed by Maeda et al.85

They reported that two intermediate states seemed the most reason-
able, as those states were found in the two lowest energy pathways in
their study: (1) orthorhombic phase (Pbcm) and (2) tetragonal phase
(P42/nmc). They observed an approximately two times higher energy
barrier for the switching pathway that involved the orthorhombic
phase (Pbcm) at zero polarization (�200meV/f.u.) than that for the
tetragonal phase (P42/nmc) at zero polarization (�75meV/f.u.).
Therefore, the pathway that involves the tetragonal phase (P42/nmc)
can be considered as the most feasible pathway for polarization switch-
ing in the polar orthorhombic phase (Pca21) of HfO2, which is consis-
tent with the previous works by Huan et al.15 and Barabash et al.77

Moreover, this observation is consistent with the experimental work
conducted by Park and Kim,87 wherein two-step polarization switch-
ing can be observed in Hf0.4Zr0.6O2 thin films with the involvement of
the intermediate tetragonal phase at zero polarization. Although the
experimental observation was for Hf0.4Zr0.6O2 thin films at a morpho-
tropic phase boundary between the orthorhombic and tetragonal

phases, this observation could be considered as evidence for the tetrag-
onal-phase-induced switching path in fluorite-structured ferroelec-
trics.87,88 It should be noted that the two-step polarization switching
does not serve as definitive evidence for the existence of an intermedi-
ate phase, because polarization switching can be mediated by an inter-
mediate ferroelastic state of the same polymorph, as previously
demonstrated.89,90 When the concentration-dependent changes in the
polarization switching processes are carefully examined, the intermedi-
ate phase observed in the Hf0.4Zr0.6O2 phase would be the tetragonal
phase.87

In this section, the crystallographic hierarchy and pathway for
switching between two polarization states of the polar orthorhombic
phase (Pca21) are elucidated. From the independent computational
and theoretical works discussed, it can be concluded that the pathway
involving an intermediate tetragonal phase with zero polarization
would be preferable. However, it should be noted that the energy bar-
rier cannot be directly correlated with the energy needed for real polar-
ization switching in materials because switching occurs in a
continuous lattice and involves the nucleation and growth of domain
walls. This practical switching process governed by the nucleation and
growth of inversely polarized domains should be distinguished from
the intrinsic switching modeled in the aforementioned computational
simulations.

C. Domains in fluorite-structured ferroelectrics

A domain is a spatial region in a crystal or grain wherein the
direction of spontaneous polarization is continuous across a finite
region of the material. The boundaries between different domains are
called domain walls. Based on the configuration of the polarization
directions near the domain walls, in a simplistic approach, two types
of domain walls can be considered for the polar orthorhombic phase
(Pca21) in fluorite-structured ferroelectrics: 180� and 90�. It should be
noted that the domain wall types in the ferroelectric rhombohedral
phase of epitaxial fluorite-structured thin films can be different, and
the focus of this paper is on the polar orthorhombic phase (Pca21). On
the one hand, the 180� domain walls are formed when the polarization
direction between two neighboring domains is opposite. On the other
hand, the 90� domain walls are formed when the polarization direc-
tion between two neighboring domains is perpendicular. Notably, the
90� domain walls are more complex because their motion is accompa-
nied by not only the ferroelectric transition between different direc-
tions of spontaneous polarization of the polar phase but also the
ferroelastic distortions. Because the first publication of ferroelectricity
in fluorite-structured ferroelectrics has been just a decade ago, only a
limited number of theoretical works or experimental observations in
the ferroelastic nature of the domain walls have been reported.
Therefore, in this study, the 180� and 90� domain walls and their
motions are mostly referred to as the ferroelectric transition between
the up and down states of the polar phase, unless stated otherwise.

Ding et al.91 studied possible types of domains and domain walls
in the polar orthorhombic phase (Pca21) using DFT calculations with
the NEB approach. Because the polar phase of HfO2 (Pca21) consists
of an orthorhombic structure, whereby the lattice constants of the
three orthogonal axes are all different, it is possible to make six differ-
ent variants regardless of the polarization direction. Therefore, three
types of 180� and three types of polarization twisting 90�, as well as
four types of polarization tilting 90� domain walls could be
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constructed, making a total of 10 types of nonequivalent domain walls,
as shown in Fig. 5. The detailed calculation results of the 10 types of
domain walls are summarized in Table I. From their calculations, types
(1), (4), and (7) are the most probable domain walls for 180�, polariza-
tion twisting 90�, and polarization tilting 90�, respectively, because
they show the lowest domain wall energy in each group. Furthermore,
the thickness of most domain walls would be low (less than two unit
cells) based on the small lattice mismatch observed for most domain
walls. Notably, they observed negative domain wall energy in the type
(1) domain wall, which was, in principle, impossible. After carefully
observing the type (1) domain wall, they found that the

crystallographic structure at the domain wall [boundary between two
states of the polar orthorhombic phase (Pca21)] was very similar to the
atomic structure of the Pbca orthorhombic phase. In particular,
Materlik et al.14 reported that the crystallographic structure of the
Pbca orthorhombic phase [Fig. 1(f)] appeared to be an antiferroelectric
phase wherein the two dipoles were arranged in an antiparallel config-
uration within the unit cell. The negative domain wall energy (�18
mJ/m2) found in the type (1) domain wall can be attributed to the for-
mation of a local Pbca orthorhombic phase at the domain wall.
Notably, the free energy of the Pbca orthorhombic phase is lower than
that of the polar orthorhombic phase (Pca21) over a wide temperature
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TABLE I. Summary of 10 types of domain walls in ferroelectric HfO2. Reproduced with permission from Ding et al., Acta Materialia 196, 556–564 (2020).91 Copyright 2020,
Elsevier Ltd.

Domain wall
category

Domain
wall type

Mismatching
Domain wall

energy (mJ/m2)
Migration
barrier (eV)

Longest axes
relation Ref. 94Along x Along z

180� 1 0 0 –21.3 0.93 Parallel Undistinguishable
2 0 0 218.5 0.50
3 0 4.15% 610.0 0.34 Tilt Found

90� (P twist) 4 0.53% 0.53% 233.7 0.19 Parallel Not found
5 3.56% 3.56% 473.2 0.45 Twist Found
6 3.56% 0.53% 422.4 0.51 Tilt Found

90� (P tilt) 7 0 0.53% 435.5 0.07 Parallel Found
8 4.15% 0.53% 874.7 0.23 Tilt Not found
9 3.56% 0 887.6 0.14 Tilt Found
10 3.56% 4.15% 655.9 0.49 Twist Found
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range.14 Thus, it is reasonable to believe that the formation of the local
Pbca orthorhombic phase at the domain wall can be the origin of the
negative domain wall energy. Recent theoretical findings in the nega-
tive domain wall energy of ferroelectric HfO2 also support the possibil-
ity of the formation of a local Pbca orthorhombic phase at the domain
wall.92 Regarding the smallest (or even negative) domain wall energy
found in the type (1) domain wall, Ding et al. concluded that the type
(1) domain wall could be easily formed in HfO2-based ferroelectrics
and was expected to be the microscopic mechanism for the 180� polar-
ization switching under an external electric field. It should be noted
that the formation of the local Pbca orthorhombic phase at domain
walls and the negative domain wall energy is unexpected and cannot
be understood from the viewpoint of the thermodynamics of ferroelec-
trics. Additionally, they reported that the large Ec of the HfO2-based
ferroelectrics could be caused by the large domain wall migration bar-
rier (0.93 eV) observed from the type (1) domain wall. A recent theo-
retical study by Lee et al.92 also reports that the domain walls in HfO2

are surprisingly thin and domain walls will not be efficiently propa-
gated, although they can only move by hopping over a large energy
barrier, which is consistent with the results of Ding et al. Furthermore,
Lee et al.92 proposed that the ferroelectric order could theoretically
exist in HfO2 films with nanometer-scale thickness, which will have a
significant impact on both the scientific and industrial communities.
The experimental observations of domains in HfO2-based films using
various characterization techniques are now discussed.

The existence of domains can be revealed using various charac-
terization techniques. There are two main ways to characterize
domains in ferroelectric materials: (1) static and (2) dynamic measure-
ments. Here, static measurements include structural characterizations,
such as transmission electron microscopy (TEM) and x-ray diffraction
(XRD) analysis, whereby the time-independent characteristics of
domains (e.g., domain size, boundaries, and orientations) can be mea-
sured. Dynamic measurements include electrical characterizations,
such as P–E hysteresis measurement and piezoresponse force micros-
copy (PFM), whereby the time-dependent characteristics of domains
(e.g., switching time, nucleation time, and coercive field) can be mea-
sured as a function of time and voltage. Notably, some advanced static
measurement techniques, such as in situ TEM or in situ XRD, may
enable the acquisition of both time-dependent and time-independent
characteristics of domains in ferroelectric materials; however, they are
not common experiments as they additionally require special
equipment.

One of the most effective techniques to directly visualize domains
is TEM. Figure 6(a) shows a dark-field TEM image of Gd-doped HfO2

thin films. The grains in Gd-doped HfO2 films typically have a lateral
dimension of 20–30 nm and a vertical dimension of 20 nm, which is
consistent with other reports in HfO2-based thin films.44,47,93 Grimley
et al.47 showed the grain size, atomic structure, and interphase bound-
ary of polycrystalline Gd-doped HfO2 films determined through high-
angle annular dark-field (HAADF) scanning transmission electron
microscopy [STEM; Fig. 6(b)]. The magnified view of the orthorhom-
bic phase region shown as d in Fig. 6(b) could be further separated by
a sharp domain wall [pointed with the white arrow in Fig. 6(d)] into
two domains that were determined by inspecting the atomically
resolved positions of the projected Hf atom sublattice. The distance
map for each atom shown in Fig. 6(e) emphasizes the existence of a
domain wall between the O1 and O2 regions (orthorhombic phase
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FIG. 6. (a) DF TEM image of polycrystalline Gd-doped HfO2 and (b) its HAADF-
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map for each atom column shown in (d) where colored lines emphasize changes in
the projected symmetry (red arrow provides a visual guide). (g) PACBED patterns
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Pca21 and Pbcm phase. The presence and lack of a mirror plane are shown as
solid and dashed lines. The white arrows shown in the O1 and O2 patterns highlight
symmetry breaking in the patterns. The 90� rotated arrows of the O1 and O2 pat-
terns indicate the presence of the 90� domain wall between the O1 and O2 regions.
Reproduced from (a) Hoffmann et al., J. Appl. Phys. 118(7), 072006 (2015),26 with
permission of AIP Publishing. Reproduced with permission from (b–g) Grimley
et al., Adv. Mater. Interfaces 5(5), 1701258 (2018).47 Copyright 2018, John Wiley
and Sons.
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regions with different orientations). The change in symmetry can be
comprehensively evaluated via position-averaged convergent beam
electron diffraction (PACBED) analysis, whereby missing symmetry
in the pattern indicates a lack of inversion symmetry in the material.
The lack of inversion symmetry occurs for the Pca21 phase along the
[001]O direction, and it can be found from multiple areas in the sam-
ple, as indicated by the white arrows in Figs. 6(c) and 6(f). The type of
domain walls can be further identified by examining the change in
symmetry. For example, the experimentally observed PACBED pat-
terns of both the O1 and O2 regions seem to match well with the sim-
ulated PACBED patterns of the Pca21 phase shown in Fig. 6(f). The
90� rotated symmetry breaking and mirror plane in the O1 and O2
PACBED patterns (indicated by white arrows and solid lines in the
pattern, respectively) indicates that the O1 and O2 regions are rotated
by 90�. These results show that the domain wall found in this region is
a 90� domain wall.

Various types of domain walls are more easily found when the
sample is epitaxially grown. Kiguchi et al.94 studied the domain struc-
tures in epitaxially grown 7mol. %-Y-doped HfO2 (YHO-7) deposited
on (100)-oriented yttria stabilized zirconia (YSZ). They first obtained
the atomic structure of Hf in YHO-7/YSZ (100) epitaxial thin films
from HAADF-STEM images [Figs. 7(a)–7(c)] and compared them
with the simulated atomic structures of Hf in the polar phase
[Figs. 7(a)’–7(c)’] projected from different orthogonal directions. It is
noteworthy that Hf was used to construct atomic structures because O
would not be shown in the HAADF-STEM images owing to its lower
Z-contrast (relative to Hf). Knowing that the YHO-7 films are epitaxial
and the atomic structures in all three orthogonal directions are given,

various types of domain walls are identified from the HAADF-STEM
images shown in Figs. 7(d) and 7(e). It should be noted that the types
of domain walls found in this study are also recorded in Table I.
Furthermore, domains and domain boundaries could also be defined
using geometrical phase analysis (GPA) based on high-resolution
transmission electron microscopy (HRTEM) images.95 To be specific,
the GPA enables the conversion of the HRTEM image into a strain
map by differentiating the displacement field, which results from ana-
lyzing the change in phase of the intensity of the Fourier series of the
HRTEM image. The strains are approximately zero within the
domains but reasonably higher along the boundaries; thus, domain
walls/boundaries can be mapped by superimposition on the HRTEM
image. The resulting domain map of the polycrystalline 4.2% Si-doped
HfO2 thin film with an average domain size of a few nanometers is
shown in Fig. 7(f).

Another TEM-based technique to analyze the spatial distribution
of the crystallographic phases and orientations is the so-called trans-
mission electron backscatter diffraction (EBSD) or low energy trans-
mission Kikuchi diffraction (LETKD). It was demonstrated by Keller
and Geiss that the LETKD could analyze the spatial distribution of
crystallographic phase and orientation in nanoscale thin films.96

Lederer et al. conducted LETKD on the polycrystalline Hf0.5Zr0.5O2

thin films, and reported that the polar co-axis is dominantly in-plane
oriented, suggesting that the in-plane polar axis would be the origin of
small Pr value of Hf0.5Zr0.5O2 films before wake-up.97 Lederer et al.
also showed that LETKD could be applied to quantitatively analyze
the spatial distribution of crystallographic phases and orientations in
the ferroelectric gate oxide in the integrated FeFETs.98 The advantage
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of using the LETKD is that the spatial distribution of crystallographic
phases and orientations can be statistically analyzed for a rather wide
area compared to the previously discussed TEM work.

While the domains and domain walls in the local area of the fer-
roelectric HfO2 thin films are directly observed via TEM, XRD is also
used to study the orientation of domains on average in ferroelectric
HfO2 thin films. Katayama et al.99 reported that, according to the types
of substrate used in the experiment, the polar orthorhombic (Pca21)
YHO-7 films can exhibit preferred out-of-plane orientation along dif-
ferent axes during deposition. In other words, the polar orthorhombic
(Pca21) YHO-7 films can be textured uniaxially along the out-of-plane
direction. The in-plane XRD patterns (h-2h coupled geometry) of the
YHO-7 films grown on (001) YSZ and (001) ITO//(001) YSZ sub-
strates scanned along U ¼ 45� are shown in Figs. 8(a) and 8(b),
respectively, where angle U represents the rotational axis along the
out-of-plane direction. The sharp reflection peak of YHO-7 110 in
Fig. 8(a) indicates that the polar orthorhombic (Pca21) domains
exhibit preferred out-of-plane orientation along the bo- (nonpolar) or
co-axis (polar). Conversely, the absence of the reflection peak of YHO-
7 110 in Fig. 8(b) indicates that the polar orthorhombic (Pca21)
domains exhibit preferred out-of-plane orientation along the ao-axis
(nonpolar). This work demonstrates the ability to control the orienta-
tion of the polar orthorhombic (Pca21) domains in YHO-7 and pro-
vides a deep analysis to identify the domain structures using XRD.

Shimizu et al.100 used synchrotron micro-beam x rays on two
selected electrodes, where one was placed in the pristine region and
the other was in the poled region. The resultant XRD patterns

measured for the pristine and poled regions are plotted as red and
black lines, respectively, as shown in Figs. 8(c) and 8(d). It is worth
noting that the integrated area under the ITO 0012 reflection peak of
the pristine and poled patterns (as well as the area under the ITO 0010
reflection peak) seem to be similar, which indicates that the interaction
volume of x ray and the sample would be similar for both regions.
Therefore, comparing the intensity change in certain reflection peaks
of the HfO2 phase between two regions (pristine and poled) may eluci-
date the domain reorientation behavior in HfO2 under the application
of an external field. The appearance of YHO-7 060/006 reflection
peaks for the poled XRD pattern in Fig. 8(c) implies that the volume
fraction of either the bo-axis (nonpolar)- or co-axis (polar)-oriented
domains increases as the sample is poled. Similarly, the disappearance
of the YHO-7 050 reflection peak for the poled XRD pattern in
Fig. 8(d) indicates that the volume fraction of the bo-axis (nonpolar)-
oriented domain decreases as the sample is poled. Through these
measurements, it is shown that ferroelectric/ferroelastic domain reori-
entation occurs as the sample is poled, particularly from the bo-axis
(nonpolar)- to the co-axis (polar)-oriented domains. In other words,
the electric field induces domain reorientation from the bo-axis (non-
polar)-oriented domains to the co-axis (polar)-oriented domains.
Because the XRD patterns of the poled region were acquired under
static conditions where no electric field was applied during the XRD
measurement, the increase in the volume fraction of the co-axis
(polar)-oriented domains seemed to remain the same after the
removal of the electric field. They concluded that this domain reorien-
tation was an irreversible process that could be referred to as
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ferroelastic domain reorientation. Hence, once ferroelastic (non-180�)
domain reorientation occurs, the subsequent polarization switching
behaves as the 180� domain switching. The increase in the volume
fraction of the co-axis (polar)-oriented domains was also confirmed by
comparing domain fractions from their HAADF-STEM images of
pristine and poled samples (not shown here).

In addition to the static measurements, dynamic measurements,
such as PFM, were conducted to confirm the existence of domains in
ferroelectric HfO2.

101–103 Buragohain et al.102 studied domain struc-
tures and domain dynamics in La-doped HfO2 via PFM. The surface
topography image acquired by means of atomic force microscopy
(AFM), as presented in Fig. 9(a), shows that the root mean square sur-
face roughness of the sample is sufficiently low to be consistent with

nanoscale grains. For the same area, the phase and amplitude images
shown in Figs. 9(b) and 9(c), respectively, were acquired via PFM. The
comparison between the surface topography [Fig. 9(a)] and phase
images [Fig. 9(b)] indicates that the La-doped HfO2 film consists of
polydomains with an average domain size of several hundred nano-
meters. It should be noted that the resolution limit of the PFM image
is approximately 500nm,104 which is 25 times (or more) higher than
the measured domain size (�20 nm) in the STEM by Grimley et al.47

Accordingly, the precise domain size might not be resolved in the
PFM study. However, the spatial variations in the domain configura-
tions and switching kinetics in domains can be investigated by exam-
ining the change in PFM images as a function of pulse duration time.
Figure 9(d) shows the PFM images of the instantaneous domain
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configurations at different duration times of 4.0V switching pulse
acquired from the La-doped HfO2 film. It can be seen that domains
start to grow from the initial islands where the polarity is already
aligned along the same direction of the applied bias. The initial islands
represent: (1) pinned domains that had not been removed during the
wake-up process or (2) domains that were not switched during the
application of bias. It should be noted that the domains do not fully
grow to the same phase even at a pulse time of 25ls. Therefore, it can
be concluded that the domain dynamics in La-doped HfO2 films may
follow the nucleation-limited switching (NLS) model, which will be
discussed in more detail in Sec. III.

In this section, previous theoretical and experimental studies on
domains in fluorite-structured ferroelectrics are comprehensively
reviewed. From the theoretical works, it was suggested that the zero-
width domain walls would be made by forming a Pbca metastable
phase at the exact interface between two neighboring domains where
the polarization directions are opposite to 180�. This is possible
because the bulk free energy of the Pbca orthorhombic phase is lower
than that of the polar orthorhombic phase (Pca21) at a wide range of
temperatures owing to the negligible entropy difference between the
two orthorhombic phases. Moreover, it has been suggested that the
domain wall energy in the polar orthorhombic phase (Pca21) can be
negative, which seems contradictory to the classical understanding of
domain walls in ferroelectrics. From the experimental works, it was
identified that grains of 20–30nm are the basis of the polycrystalline
HfO2-based films.26 Since the domain size was determined to be
smaller than 10nm, only a few domains would exist within one grain.
Both the 90� and 180� domain walls could be directly imaged using
STEM techniques,47,94,95 and the minute differences in the XRD pat-
terns in the epitaxial ferroelectric YHO-7 films could elucidate the
types of domains and domain switching in HfO2.

99,100 Furthermore,
the spatial distribution of the substrate-normal polarization could be
visualized using state-of-the-art PFM techniques at a larger scale.102

As previously mentioned, however, merely a limited number of works
on domains in fluorite-structured ferroelectrics have been reported to
date; thus, further studies are warranted to understand the nanoscale
domains in fluorite-structured ferroelectrics.

III. DOMAIN DYNAMICS AND POLARIZATION
SWITCHING KINETICS
A. Classical theory of domain dynamics

The kinetics of polarization switching in ferroelectric materials
under an external electric field has been one of the most important
research topics in the field of ferroelectricity. From the viewpoint of
the application of ferroelectrics, the switching kinetics are expected to
critically affect the device performance. Thus, there have been impor-
tant theoretical works to describe the polarization switching process
consisting of the nucleation and growth of domains differently polar-
ized relative to the initial poled state. The growth of domains with
opposite polarization can be considered as the motion of the domain
wall from the switched domains to the unswitched region. Therefore,
the velocity of the domain wall is a critical factor for determining
polarization switching kinetics before the coalescence stage. The rela-
tion of the switching time (s) with applied field (E) has been well
described by the empirically proven law by Merz:108

s ¼ s0exp
Ea
E

� �
; (1)

which relates the polarization switching time (and domain wall veloc-
ity) with the applied field (E). Here, Ea is the activation field, which is a
temperature-dependent property of ferroelectric materials. It can be
easily noticed from Eq. (1) that the switching time is monotonic with
respect to the activation field, thereby suggesting that ferroelectric
materials with higher activation fields would have longer switching
times under the equivalently applied electric field. When the applied
field increases, the polarization switching time is expected to decrease.

Merz’s law describes the phenomenological observables associ-
ated with the polarization switching of ferroelectric materials.
However, this model does not describe the polarization switching pro-
cesses or its mechanisms. When an external field higher than the coer-
cive field is applied to the ferroelectric material, oppositely polarized
domains can nucleate and grow through domain wall motion. When
the oppositely polarized nuclei grow in the pre-poled matrix, coales-
cence among different domains occurs and polarization switching
during coalescence is not duly described by Merz’s law. Thus,
additional mechanisms are required to comprehensively describe
polarization switching kinetics.

B. Switching kinetics for fluorite-structured
polycrystalline thin films

The most widely accepted model for polarization switching kinet-
ics based on Merz’s law is the Kolmogorov–Avrami–Ishibashi (KAI)
model. This simple but powerful model was developed by Ishibashi
based on the theory of Kolmogorov and Avrami, and it originally
accounted for crystal growth during phase transition with nucleation
and growth mechanisms.109–111 In the KAI model, when an external
field is applied, the nucleation of reversed domains is supposed to
occur stochastically and instantaneously, meaning that a distribution
of switching times is not considered in the KAI model; instead, it is
assumed that the nucleus can grow unlimitedly until it meets other
domains with a constant rate determined by the applied electric field.
Consequently, domain wall motion dominates the switching time over
the nucleation time of reversed domains. The polarization reversal
[DP(t)], which is attributed to the relative fraction of the reversed
domains at a given time (t) in the KAI model, is represented by

DP tð Þ ¼ 2Ps½1� exp � t=sð Þn
� �

�; (2)

which is similar to the Avrami equation showing the time-dependent
relative fraction of the transformed crystalline phase.111 The Ps, s, and
n are the spontaneous polarization, switching time, and dimensionality
factor, respectively. Despite the simple form of Eq. (2), the KAI model
has been reported to describe the polarization switching kinetics in
single crystalline bulk and thin films, which can be relatively free from
the spatial inhomogeneities caused by various factors associated with
polycrystallinity.112–117

For polycrystalline ferroelectrics, which are generally expected to
have spatial inhomogeneities in various aspects, their polarization
switching kinetics are more complicated such that the switching kinet-
ics cannot be duly described by the KAI model without additional
assumptions regarding spatial inhomogeneities. To explain these dif-
ferences, Tagantsev et al.118 proposed a new model, i.e., the NLS
model, wherein it was assumed that the polarization switching rate
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was determined by the nucleation of inversely polarized domains.
When the growth of a single domain is considered in polarization
switching according to the NLS model, the kinetics can be described
by the KAI model. However, in contrast to Eq. (1) for the KAI model,
the distribution in the switching time should be additionally consid-
ered to understand multidomain switching in the NLS model. As the
growth of inversely polarized domains is restricted to a small volume
owing to the domain wall pinning by the spatial inhomogeneities of
the film stemming from various types of defects, the effect of the
growth stage of the reversed domain would be negligible compared to
the effect of the nucleation waiting time. Generally, the Lorentzian
distribution in logarithmic switching time is considered to describe
spatially inhomogeneous nucleation processes. Therefore, the time-
dependent polarization switching under a constant external electric
field according to the NLS model can be formulated as118

DP tð Þ ¼ 2Ps

ð1
�1

1� exp � t=sð Þn
� �� �

F log sð Þd log sð Þ: (3)

In Eq. (3), F(log s) is the distribution function of switching time
on a logarithmic scale. Jo et al.116 suggested that the distribution could
be well described based on the Lorentzian distribution as

F log sð Þ ¼ A
p

w

log s� log s1ð Þ2 þ w2

� 	
: (4)

Here, A, w, and log s1 are a normalization constant, half width at
half-maximum of the distribution, and median logarithmic value of
the distribution, respectively.

Mueller and his co-workers first reported that the polarization
switching of the Si-doped HfO2 film deposited via ALD could be con-
sistently understood through the NLS model,119 which was followed
by numerous studies on nucleation-limited polarization switching
kinetics in ferroelectric-doped HfO2 films by various research
groups.95,120–123 Generally, the fluorite-structured ferroelectric thin
films fabricated via ALD have been reported to contain various types
of defects, including dopants, residual impurities, and grain bound-
aries, thereby causing inhomogeneity. The atomic layer deposited,
poly-crystalline doped HfO2 films consist of small 10–30-nm grains
depending on the underlying substrate. The frequently observed grain
diameters of fluorite-structured ferroelectric thin films is smaller than
the conventional ferroelectric thin films such as Pb(Zr,Ti)O3 and
SrBi2Ta2O9 films by 1–2 orders of magnitude, and such small grain
diameters critically limit the domain size. Since the domain size of the
fluorite-structured ferroelectrics was determined to be smaller than
10 nm, only a few domains exist within one grain. Grain boundaries
contain a high number of defects and charges, which reduce the
domain wall velocity drastically by several orders of magnitude com-
pared to the single-crystalline counterparts. Quite likely, nucleation
limited switching only occurs within one grain with minimal impact
on neighboring grains.

Lee et al.95 elucidated the effect of defects on the switching kinet-
ics and switching time distribution in TiN/Si:HfO2/TiN capacitors,
whereby an 8-nm-thick Si-doped HfO2 film was deposited via ALD.
Figures 10(a) and 10(b) show DP(t)/2Ps values as a function of the
logarithmic width (t) of the electric pulses over a height range of
0.7–3.0 V, which is utilized for polarization switching in Si-doped
HfO2 thin films in preset (a) and woken-up (b) states, respectively.

Moreover, 10 and 10 000 cycles with a magnitude and frequency of
3V and 10 kHz, respectively, were induced for each preset and woken-
up state. To examine the effect of the heights and widths of the electric
pulses, the ferroelectric Si-doped HfO2 thin film was pre-poled using a
negative electric trapezoidal pulse with a height of 3V and width of
125 ls for rise time and duration before applying a positive electric
pulse. In fluorite-structured ferroelectric thin films deposited via ALD,
the pristine Pr value is mostly unoptimized; thus, the Ps value increases
with the electric field cycling with pulse trains of sufficient height,
width, and number of pulses—this phenomenon is referred to as the
“wake-up effect.”75 The wake-up effect has been an important research
topic in the field of fluorite-structured ferroelectrics because the cycle
number-dependent variations in Ps value can cause a reliability and a
cost issue, especially in semiconductor devices whereby reliability is
essential and cost is critical for practical applications.

In Figs. 10(a) and 10(b), the DP(t)/2Ps values (dots) were fitted
based on the NLS model [Eq. (3)] with the assumption of the
Lorentzian distribution of switching time. Figure 10(c) shows the dis-
tribution of the logarithmic switching time in the preset (solid line)
and woken-up (dashed line) states in the Si-doped HfO2 films, exam-
ined using electric pulses as high as 2.0, 2.4, and 3.0V.95 From
Fig. 10(c), it is evident that the width [w in Eq. (4)] of the Lorentzian
distribution of log s decreases after wake-up field cycling. However,
the median value of the logarithmic switching time, log s1, increases
during wake-up field cycling.

Furthermore, the switching kinetics with different defect concen-
trations were investigated by means of Monte Carlo simulation to bet-
ter understand the role of defects in polarization switching kinetics.95

It was assumed that the defects were randomly distributed with arbi-
trary magnitudes and that the defects did not drift due to the external
electric field.66,75,120 Figures 10(d)–10(f) depict the results of the
Monte Carlo simulation of the ferroelectric polarization hysteresis
loop and switching properties as a function of the defect ratio. Here,
the 0% defect film could be considered as an ideal epitaxial film.
Figure 10(d) shows the polarization vs electric field characteristics
extracted by the Monte Carlo simulation, which reveals that spontane-
ous polarization and Ec are expected to decrease with increasing defect
concentration. In Fig. 10(e), the simulated step-dependent evolutions
in the DP(t)/2Ps values with defect concentrations of 4%, 16%, and
36% followed the solid curves of the NLS model described using Eqs.
(3) and (4), while that for the 0% defect concentration was consistent
with the KAI model. It should be noted that the step number of the
Monte Carlo simulation can be considered to be qualitatively similar
to the switching time in experiments. The distribution of log s in
Fig. 10(f) shows that when the film contains more defects, the switch-
ing time distribution becomes broader, thereby causing a logarithmic
change in the time-dependent switched polarization [DP(t)] under a
constant electric field. This means that when the films become homo-
geneous, the distributions become sharpened and collapse into a delta
function-like distribution, which is consistent with the ideal KAI
model. Therefore, the defects of polycrystalline thin films should be
one of the reasons that contribute to NLS.

Lee et al.121 suggested that the behavior of the partially reversed
polarization in the Si-doped polycrystalline 10-nm-thick HfO2 thin
film was governed by the NLS model and that the activation field
affects the switching rate by adapting to the well-known Merz’s law.108

Figure 11(a) shows that the DP(t)/2Ps value depends on the
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logarithmic switching time and pulse height varying from 0.9V to 3V.
The films were pre-poled at a voltage of �3V for 125 ls before the
pulse switching measurement. The DP(t)/2Ps value could be consis-
tently fitted based on Eq. (3) [see solid curves in Fig. 11(a)]. The activa-
tion field extracted from the characteristic switching time calculated
from the data in Fig. 11(a) by applying Eq. (1) is 1.9MV/cm, which is
2–6 times higher than that of conventional perovskite materials.115–117

Lee et al.121 also utilized PFM to characterize the dynamics of the
domain wall propagation under an external field according to Merz’s
law. Figures 11(c)–11(f) show local PFM phase images in the
substrate-normal direction after applying a voltage pulse of 6V with
widths of 100 ls, 20ms, 100ms, and 1 s, on the negative pre-poled
regions to confirm the domain wall velocity, which is determined by
its activation field and external electric field. Figure 11(g) shows the
changes in the domain radius measured from the PFM images with
external pulse widths. The dashed line in Fig. 11(g) is the minimum

resolution limit of the experimental setup. The applied electric field
was calculated from a first-order approximation by E ¼ (V�a)/(r�d),
where V, a, r, and d represent the applied voltage, tip radius, domain
radius, and film thickness, respectively. The velocity of the domain
walls to the substrate-parallel direction as a function of the calculated
electric field is presented in Fig. 11(h), which is four orders of magni-
tude lower than the typical values of conventional ferroelectrics.124–126

Buragohain et al.102 found a reduction in domain wall velocity by two
orders of magnitude than observed in Pb(Zr,Ti)O3 in similar PFM
measurements in capacitors for the same ratio of the applied field to
the coercive field. Lee et al.121 plotted � [¼ 1/s from Eq. (1)] and esti-
mated the activation field to be 9.3MV/cm.121 Moreover, the energy
required to change a single ferroelectric dipole to the other was also
calculated theoretically using first-principles calculations. The calcu-
lated energy barrier for domain wall propagation by a distance of one
unit cell in HfO2 is 1.3 eV, which is �69% higher than that of PTO
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tion hysteresis loop as a function of the defect ratio. (e) Monte Carlo step (MCS) dependence of ferroelectric polarization switching as a function of the defect ratio under an
external field E¼ 9.0 (a.u.). (f) Lorentzian distributions of fitting functions for 4% (solid navy line), 16% (solid purple line), and 36% (solid orange line) defect ratios, respectively.
Reproduced with permission from Lee et al., ACS Appl. Mater. Interfaces 11(3), 3142–3149 (2019).95 Copyright 2019, American Chemical Society.
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(0.77 eV), as shown in Fig. 11(i). Because of the high energy barrier to
flip a single dipole, it is expected that the switching speed of the par-
tially switched states of fluorite-structured ferroelectrics will be slower
while the states are more stable than those of conventional ferroelec-
trics, which is discussed in more detail in Sec. IV.

Hyun et al.120 provided another description of the switching kinet-
ics of polycrystalline Hf0.5Zr0.5O2 films. They asserted that the inevitable
parasitic circuit components could affect the resistance of the electrode,
as well as that of the spatial heterogeneity-induced inhomogeneous field
distribution. They applied a switching dynamic model based on an
inhomogeneous field mechanism (IFM) suggested by Zhukov et al.,127

considering the inevitable circuit components for describing the switch-
ing dynamics. Figure 12(a) depicts the circuit model with the parasitic
circuit components, which has been studied by Hyun and co-work-
ers.120 In Fig. 12(a), serial resistance Rs is the total resistance that

probably originates from various resistances, such as electrode resis-
tance, contact resistance of probe and electrode, as well as internal resis-
tance of the analyzer. Parasitic capacitance Cp could originate from the
non-ferroelectric phase in the ferroelectric film and capacitance of the
circuit components. Moreover, iR is the current that flows through Rs,
which is expected to be affected by time-dependent changes in the vari-
ous circuit parameters affecting Rs and Cp. When the voltage is applied
to the schematic measurement circuit, including the ferroelectric capaci-
tor, Cp is expected to be charged first because the charging of the dielec-
tric capacitor is generally faster than the polarization switching of
ferroelectrics.128 When the voltage V0 is applied, the dielectric charging
current ip can be formulated as

iR ¼ ip ¼
V0 � VF

Rs
exp � t

RsCp

� �
: (5)
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When the polarization of the ferroelectric begins to switch, the current
if flowing to the ferroelectric capacitor can be calculated as

if ¼ A
dP t;VFð Þ

dt
: (6)

In Eq. (6), A represents the area of the ferroelectric capacitor;
thus, the current iR according to Kirchhoff’s law can be calculated as

iR ¼ ip þ if ¼
V0 � VF

Rs
¼ Cp

dVF

dt
þ A

dP t;VFð Þ
dt

: (7)

According to the IFM model, the local field (E) in the ferroelec-
tric capacitor is not equivalent to the macroscopic electric field (EF)
owing to the spatial inhomogeneity. Consequently, the spatial inho-
mogeneity is expected to show a distribution of switching times, s in
Eq. (1). The distribution of the normalized field (E/EF) is supposed to
comply with a Gaussian distribution. Consequently, polarization
reversal DP(EF,t) is determined as

DP EF ; tð Þ ¼ Pserfc
Ea

EF ln 1=s0ð Þ � 1

r
ffiffiffi
2

p

" #
: (8)

In Eq. (8), r represents the standard deviation of E/EF. Figure
12(b) shows the polarization reversal [DP(V,t)] of 8.5-nm-thick
Hf0.5Zr0.5O2 thin films with an electrode area of 102 300 lm2 as a func-
tion of the electric pulse height at a pulse width of 10ls. Figure 12(c)
shows the normalized derivative of the polarization reversal (@DP/@VF)
as a function of V/Vdm, where Vdm is the voltage whereat the derivative
of polarization reversal is maximum. According to the IFM model, the
normalized derivative of DP(V,t) can be fitted as follows:

@DP V ; tð Þ=@V
@DP V; tð Þ=@V jmax

¼ 1

n2
exp 1� 1

n2
� c

1� nð Þ2

n2

" #
: (9)

In Eq. (9), n denotes V/Vdm, and c ¼ 2/(
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8r2

p
� 1Þ; thus, r

can be calculated. Cp can be determined by integrating the discharging
current over t, while Rs can be derived from the RC constant estimated
from the exponentially decaying discharging current. Finally, the
switching current presented in Fig. 12(d) can be predicted using Eq.
(7) by adjusting the Ea and s0 values in Eq. (8). The activation field
estimated from the linear plot of log (switching time) vs the inverse of
the electric field was 8.94MV/cm, and s0 ¼ 10�10 s. As shown in Fig.
12(e), the switching time increased with the electrode area. This is
because the larger electrode area causes a higher Cp value, which can-
not be examined by means of the NLS model.120 Furthermore, Hyun
et al.120 compared the polarization switching behavior according to
the IFM model in 8.5- and 11-nm-thick Hf0.5Zr0.5O2 thin films.
Thicker films are expected to have a higher fraction of the nonpolar

monoclinic phase according to the surface/grain boundary energy
model.14,44,50 However, the differences in the normalized derivative of
DP(V,t) vs the V/Vdm plot in Fig. 12(f) were negligible. Hyun et al.120

suggested that the monoclinic phase grains and ferroelectric ortho-
rhombic phase grains would exist in parallel; thus, the monoclinic
phase grains would negligibly affect the homogeneity of the field distri-
bution along the substrate-normal direction, thereby resulting in
polarization switching kinetics. Figure 12(g) shows the normalized
derivative–normalized voltage plot analyzed after 103, 5� 103, 104,
and 105 field cycles during the endurance test to examine the effect of
wake-up field cycles. The parameters extracted from the results are
summarized in Table II. The Rs values presented in Table II are analo-
gous before and after the cycles because there is nothing to be changed
by wake-up cycle relating to Rs, which primarily represent the spread-
ing resistance of the electrode. During wake-up field cycling, it is sug-
gested that the increase in Pr and the decrease in er are accompanied
by the transition from the tetragonal to orthorhombic phase.129–133

Moreover, charged oxygen vacancies, which are concentrated at the
interfacial region adjacent to the electrodes, are redistributed through-
out the film more homogeneously during repetitive electric field
cycling. It is expected that the distribution of the local electric field
would become narrow because this distribution depends on the distri-
bution of charged defect concentrations in the film. Additionally,
charge injection, domain depinning, and local breakdown of interfacial
regions can occur.134 Local phase transitions, from the non-polar
tetragonal to the polar orthorhombic phase, ferroelastic polar axis ori-
entation changes, charge injection, and redistribution of charged
defects are expected to narrow the distribution of the local electric
field; thus, the r values would decrease with an increasing number of
wake-up field cycles during the endurance test. Therefore, the IFM
model modified by Hyun et al.120 could be used to reasonably describe
the switching kinetics of fluorite-structured ferroelectrics with various
reliable parameters.

More recently, Materano et al.122 examined various switching
mechanism models in doped HfO2 thin films. First, they considered the
Landau–Khalatnikhov (LK) model originating from the
Landau–Devonshire (LD) theory describing the double-well-shaped free
energy in ferroelectric materials. The switching event is described as the
transition from one energy minimum to the other, which is promoted
by the application of an external electric field, and can be written as

G ¼ a
2
P2 þ b

4
P4 þ c

6
P6 � PE; (10)

where a ¼ a0 (T � T0), while coefficients b and c are negative and
positive, respectively.135–137 The minimum free energy with respect to
the polarization P can be expressed for the electric field as

TABLE II. Kinetic parameters extracted by pulse measurement and fitting with various wake-up cycle numbers. Reproduced with permission from Hyun et al., ACS Appl. Mater.
Interfaces 10(41), 35374–35384 (2018).120 Copyright 2018, American Chemical Society.

Cycles 2Pr [lC cm�2] r Rs [X] Cp [nF] Ea [MV cm�1] s0 [�10–11s] A [lm2]

10 31.6 0.53 147 4.16 9.76 14 105 300
5� 103 34 0.43 151 3.94 9.41 12 106 300
104 36 0.37 156 3.79 9.12 11 102 000
105 40 0.32 135 3.77 8.94 10 102 300
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E ¼ aP þ bP3 þ cP5: (11)

The graph of Eq. (11) is an S-shaped curve for P–E characteris-
tics, from which the intrinsic coercive field, on which the energy bar-
rier between the two polarization states totally disappears, can be
estimated. Since the intrinsic coercive field is one that flips the entire
polarization direction of unit cells, the experimental coercive field is
significantly lower than the intrinsic coercive field.135 Although the LK
model shows differences in usual measurements, this approach is use-
ful for evaluating the negative capacitance (NC) effect predicted by the
LD theory or accumulative polarization switching under a sub-
coercive electric field.138,139

Materano et al.122 also examined the coercive field of
Hf0.5Zr0.5O2 films deposited via ALD using the Du–Chen model,
which was similar to the classical nucleation theory (CNT) approach
based on the perspective of Gibbs energy.108,140,141 This approach for
HfO2-based ferroelectrics was first proposed by Mulaosmanovic
et al.123 In the CNT, the formation of the new phase generates a
change in the free energy in the material. The Gibbs free energy
deceased by the volume and increased by the surface, thereby stabiliz-
ing the barrier of the new phase. When the radii of the nuclei reach
the critical values of the critical energy barrier, the nuclei can grow
by the probability of the Arrhenius relation.142 The Du–Chen model,
in the case of domain switching, supposes that the nucleation of the
reversed domain governs domain switching, similar to the NLS model;
thus, the kinetics of domain switching are related to the rates of the
nuclei to overcome the critical energy barrier. The energy barrier can
be lowered by the applied electric field; therefore, the average nucle-
ation waiting time (s), which is a reciprocal of the nucleation rate, can
be expressed as

s ¼ s0exp
a

kBT
� 1
V2
sw

� �
; (12)

where s0 is the proportionality constant, a is a parameter associated
with the free energy of the domain properties of the material, kB is the
Boltzmann’s constant, and Vsw is the switching voltage. Equation (13)
was first derived in Ref. 123 for FeFET, which is a study we will discuss
in Sec. IIIC. In the study by Materano et al.,122 they reconsidered Eq.
(13) and plotted the time applied to the field until there occurred a
50% switched polarization state of the Hf0.5Zr0.5O2 film with respect to
the switching voltage, which showed that the average nucleation wait-
ing time decreased as the voltage increased.

When the ferroelectric film becomes thinner, the stability of the
switched domain can also be affected. It is known that the film has a
higher coercive field than the thicker ferroelectric film, which is called
the size effect.143,144 Tagantsev formulated the size effect as a relation
between the coercive field and the film thickness L, Ec�L�2/3,145,146 but
the actual relation of the size effect was approximately the grain size d
rather than the film thickness, as demonstrated by Materano et al.122

with differently doped and deposited thin HfO2 films; thus, it should be
Ec�d�2/3.61,147–149 For example, when plotting the relationship between
the thickness and the coercive field of the ZrO2 prepared through chem-
ical solution deposition, it does not appear to follow the aforementioned
relationship. However, when the thickness of the thin film prepared via
CSD is 30nm or more, it is known that the average grain size is 10 to
20nm, and it seems to follow the trend well when the thin film is plot-
ted vs the grain size instead of the thickness of the thin film.148

Meanwhile, the IFMmodel has been applied to the same material
using Eq. (9), and it seemingly provides a good fit of the experimental
data. Notably, no phenomenological description of the polarization
switching is provided by the IFM model, which performs a statistical
analysis based on the principle that each single grain perceives a differ-
ent local field according to its surroundings. They insisted that when
the three models were combined, a more complete picture, including
thermodynamic, kinetic, statistic, macro- and microscopic aspects of
switching in thin HfO2-based films, could be obtained.

C. Polarization switching of fluorite-structured
ferroelectrics in nanoscale devices

The nucleation process in ferroelectric materials is generally
known to be stochastic, and stochastic polarization switching is
expected when nucleation governs the polarization switching pro-
cess.109–111,116,118 For large-scale ferroelectrics, polarization switching
seems to occur continuously with stochastic switching time following
the Lorentzian distribution because the time differences among nucle-
ation events are infinitely small. The statistically averaged behavior of
NLS in ferroelectrics is expected to resemble deterministic polarization
switching rather than nanoscale stochastic polarization switching.
However, for nanoscale devices with several grains and nucleation
sites, the polarization reversal could show a discontinuous stochastic
tendency because of the various values of coercive voltage.123 The dis-
continuous stochastic behavior is one of the key properties for materi-
als applicable to artificial neurons, which show potential pulses when
the neuron reaches a certain threshold potential by external stimuli.
Thus, materials with stochastic behaviors are highly important toward
achieving artificial neurons for the nonvolatile memory (NVM)
approach for neuromorphic computing.150

Mulaosmanovic et al.123 reported the stochastic behavior of a
nanoscale FeFET comprising ferroelectric Si-doped HfO2 gate oxide
with a 30-nm-long and 80-nm-wide channel (LG andW, respectively).
The schematic structure of the FeFET with the Si-doped HfO2 is
shown in Fig. 13(a). Figure 13(b) shows the ID–VG (gate voltage)
curves analyzed using a pulse train, the schematic of which is shown
in the inset of Fig. 13(b). The pulse train is composed of positive write
pulses (Vp > 0), whose height increases successively and negative reset
pulses (VN ¼ �5V) with a pulse width (tPW) of 500 ns to reset the
polarization state. They assumed that the nanoscale FeFET had three
columnar grains with three different coercive voltages, which give rise
to three abrupt changes in the ID–VG curve by controlling the write
pulse height. Another critical factor that influences polarization
switching by an electric pulse is the pulse width. Figure 13(c) shows
the changes in VT (threshold voltage) as a function of tPW when VP

ranges between 2.2 and 2.8V. The schematic pulse train is shown in
the inset of Fig. 13(c), and the effect of controlling tPW was conducted
20 times for each VP value. As shown in Fig. 13(c), the abrupt VT

changes, with steps consisting of a few grains having analogous coer-
cive voltages, could be confirmed by controlling tPW for various VP

values. Figure 13(d) shows the standard deviation of the switching
time, in which abrupt VT changes could be observed from the 20
repeated experiments shown in Fig. 13(c). The polycrystalline
Si-doped HfO2 thin films used in this study are generally spatially
inhomogeneous with defects, including residual impurities and grain
boundaries. Thus, it was hypothesized that the switching kinetics of
the FeFET was purely governed by the NLS concept, based on the
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Du–Chen model presented in Eq. (12) regarding the critical number
of generated nuclei, n, which can be expressed as

sn ¼ sn0exp
a

kBT
� 1
V2
sw

� �
; (13)

where sn0 is the shortest nucleation time. The generation rate of the
switched nucleus is kn ¼ 1/sn, while the time elapsed between each
nucleus generation is DTi. They assumed that the switching process
follows the Poisson process; thus, the probability density function of
DTi was suggested according to Eq. (14) as follows:

pDTi ¼ kne
�knDTi : (14)

Here, the total switching time of polarization reversal is the sum of
each time, DTi, elapsing between the generation of nuclei about the
total number of nuclei n:

tSW ¼
Xn
i¼1

DTi; (15)

and the mean value and variance of tsw can be written as Eqs. (16) and
(17), respectively:

<tsw >¼ n
kn

(16)

and
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Reproduced with permission from
Mulaosmanovic et al., ACS Appl. Mater.
Interfaces 9(4), 3792–3798 (2017).123

Copyright 2017, American Chemical
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r2tsw ¼ n

k2n
: (17)

From the results presented in Figs. 13(c) and 13(d), it is possible
to obtain n and kn using Eqs. (16) and (17). Here, the fitted number of
n was five, according to the work of Mulaosmanovic et al.123 By
using the n value, it is possible to obtain tsw in probabilistic switching
according to Eq. (14) by summing up DTi, which is exponentially dis-
tributed as described by Eq. (15). Figure 13(e) shows the switching
probability—tPW curves for VP values of 2.2 to 2.8V with the fitted
curves (red curves) based on the measured results (open dots).
Figure 13(f) shows the htswi�1�Vsw

�2 plot, which is consistent with Eq.
(13), wherein htswi�1 increases with temperature when Vsw is fixed. This
behavior is qualitatively in agreement with the Du–Chen model and
experimental switching observations in ferroelectric capacitors.141

In summary, although the KAI model could simulate the switch-
ing kinetics of epitaxial films and single crystals, the polarization
switching kinetics of the ALD fluorite-structured ferroelectrics could
not be described with the KAI model. The spatial inhomogeneities in
fluorite-structured ferroelectric thin films should be considered to
understand their polarization switching kinetics. Lee et al.95 examined
the impact of defects on the polarization switching kinetics influenced
by the wake-up effect and showed that polarization switching kinetics
could be understood based on the NLS model. Moreover, the high
activation field of fluorite-structured ferroelectrics compared to that of
conventional ferroelectrics could be confirmed by applying classical
domain wall dynamics, thereby obeying Merz’s law.121 Hyun et al.120

suggested that inhomogeneous film and parasitic circuit components
could cause inhomogeneous field distributions in ferroelectric
Hf0.5Zr0.5O2 thin films, so they adopted the IFMmodel to explain their
switching kinetics. Materano et al.122 showed that the LK, Du–Chen,
and IFM models did not mutually exclude each other but rather
described different aspects of the polarization switching phenomenon
and could contribute toward forming a complete picture of the latter.
However, for nanoscale devices, Mulaosmanovic reported stochastic
switching kinetics of the fluorite-structured ferroelectrics with a step-
wise and abrupt VT change, which could be attributed to the stochastic
NLS of several grains.123 The stochastic polarization switching was
suggested to be a key property for achieving neuronal behaviors in
NVM neuromorphic computing, which would be discussed in detail
in Sec. IV.

IV. NEUROMORPHIC COMPUTING BASED ON
FLUORITE-STRUCTURED FERROELECTRICS
A. Neuromorphic computing based on ferroelectricity

In Secs. II and III, the characteristics of domains and their
dynamics in fluorite-structured ferroelectrics in theoretical and experi-
mental studies were comprehensively reviewed. From theoretical
works, the energy barrier between the two polarization states of the
Pca21 orthorhombic phase has been established to be as high as
�40meV/atom (�120meV/f.u.), which is several times higher than
that in conventional ferroelectrics, such as BaTiO3.

15,76,85 The experi-
mentally observed high coercive field can be attributed to the high
kinetic energy barrier, although the practical polarization switching is
governed by the nucleation and growth mechanism, wherein the coer-
cive field is much lower than the intrinsic coercive field. From a recent
computational simulation conducted by Lee et al.,92 the width of the
domain wall in the fluorite-structured ferroelectric was reported to be

zero because of the existence of the Pbca orthorhombic phase whose
unit cell is identical to the two parallel Pca21 orthorhombic unit cells
with the two opposite polarizations. Interestingly, the free energy of
the Pbca phase, which is identical to the 180� domain wall in the Pca21
orthorhombic phase was reported to be even lower than that of the
Pca21 orthorhombic phase.14,20,92 Such a trend has been confirmed in
several computational simulations, even without considering domain
walls.14,15,20 From the classical viewpoint of domain wall energy, this
result implies that the domain wall energy is negative, which is contra-
dictory to conventional ferroelectric knowledge.

Another strikingly important point is that the energy barrier
heights between the partially switched polarization states are much
higher than those in conventional perovskite-structured ferroelec-
trics.92 This result was consistent with the high activation field experi-
mentally estimated in Chae et al.’s work,121 which assumed that the
domain wall motion in fluorite-structured ferroelectrics could be mod-
eled by canonical Merz’s law and estimated an activation field of
9300 kV/cm, which was 4.9 times higher than that of ferroelectric
BaTiO3. However, the high energy barrier between partial polarization
states also implies that the partially switched polarization states would
remain stable owing to the high energy barriers. Chae et al.121 also
examined the retention of the partial polarization states using a ferro-
electric tester and reported that the partial polarization states could
remain stable for over 1000 s, even at an elevated temperature of
85 �C. The high energy barrier between different polarization states
would result in a high activation field required for the domain wall
motion and long retention time of the partial polarization states.

The multiple polarization states and resulting multiple conduc-
tivity states of fluorite-structured ferroelectrics that can be formed in
FeFETs or FTJs are known to be suitable for neuromorphic memory
applications. Yoon et al.151 suggested that the partial polarization states
of perovskite-structured ferroelectrics could be formed by various
forms of pulse trains, which they referred to as adaptive learning. After
this pioneering work, the ferroelectric materials and electronic devices
they fabricated have been considered as promising candidates for neu-
romorphic systems.5,150,152–165

Fluorite-structured ferroelectrics, such as HfO2 and ZrO2, are
currently used in commercial semiconductor devices such as gate
oxides in metal–oxide–semiconductor field-effect transistors
(MOSFETs) and the dielectric layer in cell capacitors of dynamic
random-access memories, thereby proving that fluorite-structured fer-
roelectrics are compatible with the state-of-the-art CMOS technol-
ogy.166 Therefore, devices utilizing fluorite-structured ferroelectrics to
mimic synapses and neurons should be highly promising from the
viewpoint of materials science and engineering.

Among various ferroelectric memory devices, FeFETs and FTJs
are considered to be suitable for synaptic analog devices in neuromor-
phic computing systems because their synaptic weight can be con-
trolled by multilevel conductivity, which is coupled to the polarization
states.162 Notwithstanding their rather short history of �10 years,
FeFETs and FTJs containing fluorite-structured ferroelectrics have
been reported to exhibit performances suitable for synaptic devices in
spiking neural networks (SNNs). Besides, neuronal device is another
application of FeFETs, with their characteristic role as an integrator of
electric pulses, as demonstrated in a recent work.150 Previous research
on neuromorphic computing applications of fluorite-structured ferro-
electrics are comprehensively reviewed in this section.
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The biological neuromorphic system consists of two main units:
neurons and synapses, which should be mimicked by an electronic
device to achieve an artificial neuromorphic computing system
through two main approaches: one is to utilize state-of-the-art CMOS
technology, while the other is to utilize novel types of devices like
emerging nonvolatile memories. In the former method, circuit units
are fabricated with MOSFETs to mimic the operation of neurons and
synapses, whereas in the latter approach utilizes novel devices, and
most prominent nonvolatile memory devices, such as resistive switch-
ing memories, phase-change memories, FeFETs, FTJs, and floating
gate or charge trapping transistors. Currently, artificial neurons and
synapses fabricated based on CMOS can exhibit performances supe-
rior to those of the novel device approach, and a CMOS-based system
is used in the current neuromorphic computing system. However, the
energy and area efficiency of the CMOS-based approach is insufficient;
thus, the novel device approach is also attracting interest to achieve
energy and area efficiency in neuromorphic computing systems. In
this section, our main focus is on utilizing emerging fluorite-
structured ferroelectrics in emerging nonvolatile memory approaches.

B. Artificial synapses based on fluorite-structured
ferroelectrics

It is already known that FeFETs and FTJs can be utilized for
emerging neuromorphic computing systems, and this has been
recently reviewed by Oh et al.162 However, conventional ferroelectric
materials, such as perovskite-structured ferroelectrics, have suffered
from their insufficient scalability (the device scaling was stopped at the
130nm technology node) and incompatibility with the CMOS system.
The ferroelectricity discovered in doped HfO2 and ZrO2 in 2011
revived the research on ferroelectric memory devices with their scal-
ability and CMOS compatibility. Notwithstanding its short history, a
28-nm-long FeFET channel was fabricated and reported in 2012.1 In
that report, a bistable channel memory window of 0.8V could be
achieved, although its endurance was limited to �104–105 program/
erase cycles.1 It was also confirmed that the fluorite-structured ferro-
electrics is compatible with standard materials in the semiconductor
industry, such as Si and metal nitrides.8,9,166,167 With the established
ALD technique, fluorite-structured ferroelectric thin films could be
uniformly deposited on three-dimensional nanostructures.8,9,166–169

By employing ALD techniques, FTJs with fluorite-structured ferroelec-
trics were also fabricated with two distinguishable tunneling electrore-
sistance states.170 Fujii et al.171 first reported the FTJ with ferroelectric
HZO followed by numerous reports on FTJs with ferroelectric-doped
HfO2 or HZO.3–6,172–174 Since the discovery of ferroelectricity in
fluorite-structured oxides, such as HfO2 and ZrO2, ferroelectric mem-
ory devices could compete with other emerging memory devices, such
as resistive and phase-change random-access memories, based on the
previously mentioned properties.

Oh et al.162 examined the partial polarization switching behavior
of TiN/Hf0.5Zr0.5O2/TiN capacitors using various types of pulse trains
and suggested that FeFETs with the ferroelectric Hf0.5Zr0.5O2 gate
oxide could be utilized as synaptic devices withmultilevel channel con-
ductivity, which were achievable by various Hf0.5Zr0.5O2 polarization
states. Figures 14(a)–14(c) show the pulse trains consisting of pulses
with identical heights and widths, pulses with increasing widths, and
pulses with increasing heights, respectively.162 Figures 14(d) and 14(e)
show the pulse number-dependent polarization states during the (d)

potentiation and (e) depression processes of the TiN/HZO/TiN capac-
itor with the three different previously mentioned schemes of pulse
trains, as presented in Figs. 14(a)–14(c). As shown in Figs. 14(d) and
14(e), Scheme C, consisting of a pulse train with increasing height,
showed the most promising potentiation and depression with the wid-
est available range of polarization states. However, for the cases of
Scheme A of the pulse train with identical height and width, as well as
Scheme B of pulse train with increasing width, the maximum achiev-
able polarization was restricted to less than 1/3 of that of Scheme C.
Thus, Oh et al.162 concluded that Scheme C should be the most appro-
priate for the synaptic operation of the ferroelectric TiN/HZO/TiN
capacitor with the largest number of polarization states to reliably
achieve multilevel polarization states.

Figure 14(f) shows the cycle-to-cycle variation for each of the
32 polarization states measured in 10 switching cycles for Scheme
C, and the absence of overlap of the adjacent polarization states
can be confirmed from the result, at least for the 10 repetitive
potentiation/depression processes.162 Figure 14(g) shows 32 levels
of drain current (Id, left y-axis) and channel conductivity (G, right
y-axis) during potentiation and depression process at a read volt-
age (Vread) of 0.5 V obtained from simulation. Although Oh
et al.162 did not fabricate FeFET devices with ferroelectric HZO
gate oxides, the multilevel channel conductivity, which was gov-
erned by the polarization states of the ferroelectric gate oxide,
could be simulated, as shown in Fig. 14(g).

Mulaosmanovic et al.161 proposed an FeFET-based synapse fabri-
cated via a CMOS-compatible high-k metal gate process, using a
10-nm-thick Si-doped HfO2 film as the ferroelectric layer. Both the
channel width and length of the FeFET were 500nm. The authors
adopted non-identical pulses (increasing pulse height and width) to
achieve a large number of intermediate conductance states (> 30) for
both switching transitions (i.e., from P# to P", and vice versa), which
corresponded to the processes of potentiation and depression of syn-
aptic weights. Finally, the authors demonstrate the spike-timing-
dependent plasticity (STDP) rule, which is believed to underlie the
memory and learning mechanisms in the biological brain and is essen-
tial to SNNs.

Kim and Lee158 fabricated a ferroelectric thin-film transistor
(FeTFT) with an Indium Gallium Zinc Oxide (IGZO) channel and
Hf0.5Zr0.5O2 gate oxide and examined its analog synaptic behavior.
Figure 15(a) shows the schematic structure of the fabricated FeTFT,
while Fig. 15(b) shows the drain current–gate voltage transfer curve
when the drain–source voltage was fixed at 1V.158 The characteristic
anticlockwise hysteresis could be confirmed, thereby proving that the
channel conductivity could be controlled by the polarization of
Hf0.5Zr0.5O2. Moreover, the gate leakage current (IG) could be con-
trolled under 10�8 A, thereby showing that the changes in IDS did not
originate from the gate leakage current.

To examine the synaptic behavior with the multilevel conductiv-
ity of IGZO controlled by the polarization states of Hf0.5Zr0.5O2, the
type of pulse train should be decided among the various types dis-
cussed in Figs. 14(a)–14(c). In the work conducted by Kim and Lee,158

the pulse train with increasing height was utilized similar to the work
by Oh and co-workers,162 as shown in Figs. 15(c) and 15(d). To evalu-
ate the potentiation and depression processes of the synaptic devices,
the pulse schematics in Figs. 15(c) and 15(d) were adopted, respec-
tively. It should be noted that the pulse height increased from 2.7 to
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4.3 V with a step size of 25mV in the pulse train used for potentia-
tion, while the increment was from �2 to �3.6 V in the pulse train
used for depression, also at a step size of 25mV. From the polariza-
tion–voltage curve of the Al/IGZO/HZO/TiN capacitor, the ferro-
electric hysteresis was slightly imprinted to the positive bias region;
thus, different pulse trains heights were used for the potentiation
and depression processes.

Figure 15(e) depicts the evolution of conductance during the
potentiation and depression processes conducted using the schemes
presented in Figs. 15(c) and 15(d).158 Sixty-four different levels of con-
ductance could be reliably formed, thereby suggesting the multilevel
conductivity control via the polarization states of HZO. The linearity
parameters for potentiation and depression were�0.8028 and�0.6979,
whereas the Gmax/Gmin ratio was higher than 10. An artificial neural
network was simulated to perform supervised learning on the Modified
National Institute of Standard and Technology database. A two-

multilayer perceptron neural network with 400 input neurons and 10
output neurons was utilized [Fig. 15(f)]. The details of the simulation
can be found in the paper by Kim and Lee.158 As shown in Fig. 15(g), a
91.1% accuracy could be achieved after 125 training epochs, which was
comparable to the recognition accuracy of 94.1% for the ideal synapse
neural network. Such a high accuracy could be attributed to the 64
levels of conductance states with good linearity (Ap � �0.8028 and Ad

��0.6979) and Gmax/Gmin values higher than 10.
Kim and Lee158 also examined the cycle-to-cycle variation from

the endurance test of 100 potentiation and depression processes, while
Figs. 15(h) and 15(i) show the variations in the 64 conductance levels
from the endurance test. The cycle-to-cycle variation was 2.36%,
thereby proving the reliable operation of the fabricated ferroelectric
synaptic device. The device-to-device variation was also examined for
40 different FeTFTs, and it was found to be as low as 3.93%, thereby
proving the uniformity of the fabricated array of the FeTFTs. This
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could be attributed to the well-established ALD process for the ferro-
electric HZO.

Another important device for ferroelectric synapses is FTJ, which
utilizes the polarization-dependent tunneling conduction of charge
carriers through an ultrathin ferroelectric film. In FTJs, the quantum-
mechanical tunneling current through the ferroelectric layer could be
controlled by its polarization, and this concept was first suggested
by Esaki et al.175 in 1971. However, the experimental proof of
the tunneling electroresistance (TER) effect on the free surface
of ferroelectric materials was provided in 2009 by several
independent research groups.176,177 Subsequently, numerous
works3–6,152,155,160,170,172–174,178–184 on practical FTJs have been con-
ducted. In a broad definition, an FTJ can be categorized into one of
the resistive switching mechanisms;185 its application to synaptic devi-
ces is identical to that of memristors in principle. The film thickness of

fluorite-structured ferroelectrics required to have a tunneling current
density sufficient for distinguishing between ON and OFF states is
even smaller than that used for FeFETs. Generally, few-nm-thick
films are in high demand because the tunneling current density
exponentially decreases with the film thickness. This is tough to
achieve if the ferroelectric is polycrystalline as in ALD grown fluorite
structured ferroelectrics. Therefore, the double-layer FTJ is often
utilized where a very thin dielectric tunneling layer is used in series
with the ferroelectric to decouple the tunneling from the ferroelectric
layer.173,185–190

In 2016, Chernikova et al.191 reported ferroelectricity in a 2.5-nm-
thick Hf0.5Zr0.5O2 film directly formed on a Si substrate via PFM.
Although the tunneling current density was not investigated in that
study, the film thickness of 2.5nmwas identical to the 5-unit cells, which
should be sufficiently thin to achieve sufficient tunneling current.191 Fujii

0 10 20 30 40 50 60

Pulse numbers

C
on

du
ct

an
ce

 (
μS

)

C
on

du
ct

an
ce

 (
μS

)

0
0.00

0.05

0.10

0.15

0.20

014012010080

Gmax/Gmin = 14.4

60

Potentiation
Depression
Potentiation fitting
Depresson fitting

A P
 =

 –
0.

80
28

A
d  = –0.6979

40
Pulse number

C
on

du
ct

an
ce

 (
μS

)

200–20
0.00

0.05

0.10

0.15

0.20

(a) (b) (c)

(d)

(g)(f)(e)

(h) (i)

–6

Gate: TiN

Oxide channel: IGZO
S

D

Ferroelectric layer: HfZrOx

10–9

10–8

10–7

10–6

10–5

10–9

10–8

10–7

10–6

10–5

–4 –2 0
VG (V)

I D
S
 (

A
)

I G
 (

A
)

2 4 6

20 × 20
MINIST data

1

2

3

4

400

100

3

2
2

10

1
1

Synapses
Synapses

60
10 Output
neurons

100 Hidden
neurons

40 Input
neurons

70

A
cc

ur
ac

y 
(%

)

80

90

100

–1 V

–1 V

–2 V

2.7 V

–2.025 V

–2.725 V
4.275 V 4.3 V

50 ms10 ms

Depression pulse scheme

Potentiation pulse scheme

–3.575 V –3.6 V

50 ms10 ms

25 50

MLP simulation with ideal device
MLP simulation with FeTFT device

75
Epochs

100 125

0.05

0.10

0.15

0.20

10 20 30 40 50 60

Pulse numbers

100 cycles potentiation distribution 100 cycles depression distribution
max max

min min

mean mean

+σ +σ

–σ –σ

FIG. 15. (a) Schematic structure of ferroelectric thin-film transistor (FeTFT). (b) Transfer curve of FeTFT. Pulse schemes for (c) potentiation and (d) depression applied to the gate elec-
trode. (e) Potentiation and depression properties of the FeTFT with incremental pulse schemes. (f) Schematic illustration of two-layer multilayer perceptron neural network. (g) Simulated
pattern recognition accuracy of the two-layer multilayer perceptron neural network based on FeTFTs compared to an ideal neuromorphic device. Cycle-to-cycle variations of (h) potentia-
tion and (i) depression operations for 100 cycles. Reproduced with permission from Kim and Lee, Nano Lett. 19(3), 2044–2050 (2019).158 Copyright 2019, American Chemical Society.

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 8, 021312 (2021); doi: 10.1063/5.0047977 8, 021312-24

VC Author(s) 2021

https://scitation.org/journal/are


et al.171 demonstrated an FTJ with ferroelectric Si-doped HfO2, but the
electrode materials were not written in the report. Interestingly, the self-
rectifying behavior with an on current lower than 100nA was also con-
firmed. The programed and erased conductivity state could be distin-
guished even after 10 years from the extrapolation of the retention test
result, but a decrease in the TER ratio could also be observed. Ambriz-
Vargas et al.192 reported a CMOS-compatible FTJ based on a �3-nm-
thick Hf0.5Zr0.5O2 tunneling layer and bottom TiN electrode formed on
a p-type Si substrate. A TER ratio of 15 could be achieved, and the result
could be consistently understood based on the theoretical band structure
of the ferroelectric capacitor.192 Tian and Toriumi170 also reported the
polarization-dependent control of the tunneling current in an

asymmetric Ag/Y:HfO2/TiN capacitor, whereby the thickness of Y:HfO2

was only 3nm. A TER ratio of 100 could be achieved, and a reliable
operation could be confirmed with 100 repetitive switching cycles.
When the current density is compared to the FTJs with conventional fer-
roelectrics, both the ON and OFF current densities are lower than those
of conventional ferroelectrics. Go and Jeon6 comprehensively studied the
effect of bottom electrode materials, such as TiN, Si, SiGe, and Ge, on
the performance of an FTJ with a 6-nm-thick Hf0.5Zr0.5O2 tunneling
oxide. Among the four examined bottom electrodes, the FTJ formed on
the Ge substrate showed the most promising performance with a TER
ratio of 30, extrapolated retention up to 10years at 85 �C, and endurance
of up to 107 switching cycles.6

200010000

Spike Timing Δt (ns) Spike Timing Δt (ns)

S
yn

ap
tic

 c
ha

ng
e 

ΔW
 (

%
)

S
yn

ap
tic

 c
ha

ng
e 

ΔW
 (

%
)

In
pu

t

In
pu

t

–1000–2000 200010000–1000–2000

–60

–40

–20

0

20

40

60

Δt = tpost-tpre

Δt = tpost-tpre
3 V, 2 μs

–3 V, 2 μs–3 V, 100 ns

3 V, 100 ns

0 50 100
Pulse number Pulse number

C
on

du
ct

an
ce

 (
μS

)

C
on

du
ct

an
ce

 (
μS

)

150 200 0

10

20

20

30

30

40

40

50
50

(a) (b)

(c) (d)

(e) (f)

WL WL WL WL WL BL
BL(TiN)

Hf0.5Zr0.5O2

SiO2

SiO2

SiO2

WL1(Pt)

WL2(Pt)
Bottom

cell

Top cell Top cell

Bottom
cell

3

0

–3V
ol

ta
ge

 (
V

)

10 20 30 40 50 60

N = 10
N = 25
N = 38

Pre-spike
Post-spike

Pre-spike
Post-spike

70 80

–60

–40

–20

0

20

40

60

FIG. 16. 3D vertical ferroelectric HZO-
based FTJ array characterization. (a) The
schematic diagram of high-density 3D ver-
tical HZO-based FTJ array. (b) Zoomed-in
schematic of the 3D TiN/FE-HZO/Pt devi-
ces located at the sidewall. Key features
of biological synapse implementation in
HZO-based FTJs. (c) The synaptic long-
term potentiation and depression charac-
teristics in HZO-based FTJs. Potentiation/
depression pulse: 63 V, 100 ns. Read
pulse: 0.1 V, 1ls. (d) Synaptic long-term
potentiation and depression characteris-
tics under different potentiation/depression
pulse numbers (N¼ 10, 25, 38). (e)
Hebbian STDP rule scheme and (f) anti-
Hebbian STDP rule scheme in the HZO-
based synaptic array. The red lines are
the exponential fits to the experimental
data. Reproduced with permission from
Chen et al., Nanoscale 10(33),
15826–15833 (2018).5 Copyright 2018,
Royal Society of Chemistry.

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 8, 021312 (2021); doi: 10.1063/5.0047977 8, 021312-25

VC Author(s) 2021

https://scitation.org/journal/are


In the publications cited in the previous paragraph, the FTJs were
considered for classical NVM devices with two distinguishable tunnel-
ing current levels. However, it has been shown that the FTJ can be uti-
lized for synaptic devices with multilevel tunneling current density,
which is governed by the polarization state of the ferroelectric tunnel-
ing layer.153,156,157,159,162,165 Boyn et al.152 reported the synaptic STDP
behavior of their Pt/Co/BiFeO3/(Ca,Ce)MnO3 FTJ formed on a YAlO3

substrate with a 4.6-nm-thick BiFeO3 tunneling layer. Guo et al.155

examined the synaptic plasticity of 5-unit-cell-thick BaTiO3 with BO2-
and AO-type interfaces, and showed that the synaptic behavior could
be controlled by interface engineering.

In addition to previous reports on ferroelectric synaptic devices
with perovskite-structured ferroelectrics, FTJs with fluorite-structured
ferroelectrics have been reported by several research groups despite
their relatively short research history. Chen et al. 5 fabricated Pt/
Hf0.5Zr0.5O2/TiN FTJs with the nanoscale three-dimensional structure
shown in Figs. 16(a) and 16(b). Figure 16(a) shows a schematic dia-
gram of a high-density three-dimensional vertical HZO-based FTJ
array, while Fig. 16(b) shows the zoomed-in schematic of the three-
dimensional TiN/FE-HZO/Pt devices located at the sidewall.5 As
shown in Fig. 16(a), the FTJ array is based on a crossbar array, which
is considered suitable for artificial arrays of synaptic devices, while
each FTJ unit consists of top and bottom cells separated by insulating
SiO2, as shown in Fig. 16(b), and Fig. 16(c) shows the synaptic long-
term potentiation and depression characteristics in the HZO-based
FTJs depicted in Figs. 16(a) and 16(b).5 The potentiation and depres-
sion processes consist of 10 positive and negative electrical pulses with
10 different conductivity states. Figure 16(d) shows the synaptic long-
term potentiation and depression characteristics under different poten-
tiation/depression pulse numbers (N¼ 10, 25, 38). Figures 16(e) and
16(f) show the Hebbian STDP rule scheme and the anti-Hebbian
STDP rule scheme (top panel), respectively, with the resulting synaptic
change in percentage as a function of time difference between the spik-
ing pulses of pre-synaptic and post-synaptic neurons in the HZO-
based synaptic array.5 The red lines in Figs. 16(e) and 16(f) are the
exponential fits to the experimental data, while the blue open squares
represent the experimental data. Besides the FTJ synapses based on sin-
gle ferroelectric layers, there have been reports on FTJ synapses based
on ferroelectric/dielectric bilayers.189,190 While FTJs with single ultra-
thin ferroelectric layers suffer from rather small polarization and high
leakage current even at high TER state, high polarization and low leak-
age current could be utilized for the bilayer FTJs.189

C. Artificial neurons based on fluorite-structured
ferroelectrics

In the previous paragraphs, the synaptic behavior of FeFETs and
FTJs has been reviewed, but other important devices are artificial neu-
rons, whose typical characteristics are described with the well-known
leaky integrate-and-fire (IF) model. On the one hand, with synaptic
devices the gradual changes in conductance can be induced by the
potentiation and depression pulse trains, while with artificial neurons,
on the other hand, the electric pulses are expected to be integrated
without external change in conductivity, but the abrupt firing is
expected when the number of electric pulses reaches a critical number.

Mulaosmanovic et al.123,150,161 examined the polarization switch-
ing kinetics of nanoscale ferroelectric transistors, with a channel length
of 28 nm, when excited with sub-coercive pulse trains. Figure 17(a)

shows the schematic structure of the FeFET utilized in their study with
the downward polarization vector P, while Fig. 17(b) shows the cross-
sectional TEM image of a device with a channel length (L) of 30 nm
and a channel width (W) of 80 nm. The “G,” “D,” and “S” shown in
Fig. 17(b) indicate the gate, drain, and source terminals, respectively.
The device structure of the FeFET is, in principle, identical to that of
the MOSFETs used in CMOS; thus, proving the CMOS compatibility
of FeFETs with fluorite-structured ferroelectrics. The only difference is
that the crystalline phase of the HfO2 gate oxide ferroelectric ortho-
rhombic phase is induced by doping of a small amount of Si and addi-
tional annealing for crystallization, which is different from the
amorphous phase used in MOSFETs. It should be noted that the chan-
nel length and width of the FeFET is several orders of magnitude lower
than that used for the synaptic device shown in Fig. 15. Figures 17(c)
and 17(d) show the IF behavior evolving with the positive and negative
sub-coercive pulses shown as schemes in insets of Figs. 17(c) and
17(d). The transition from the OFF to the ON state [Fig. 17(c)] was
conducted with positive pulses (VP) with a height and width of 2.2V
and 1ls, respectively, while the transition from the ON to the OFF
state [Fig. 17(d)] was conducted with negative pulses (VN) with a
height and width of �3.25V and 1ls, respectively. The IF behavior
that is different from the large-scale FeFET device could be attributed
to a much lower number of switchable ferroelectric domains in the
gate stack. Mulaosmanovic et al.123,150,161 suggested that a critical
number of nanodomains are nucleated, which triggers the abrupt
polarization reversal of the entire grain connecting the two terminals
when the number of sub-coercive pulses reaches a critical value. With
any lower number of pulses, the dispersed (not fully connected) nano-
domains cannot induce a conducting path through the semiconduct-
ing channel.

Figure 17(e) shows the pulsing scheme for implementing an IF
cycle and an arbitrary refractory period, after which a new IF cycle
begins (upper panel) and consecutively repeats the IF cycles for differ-
ent VP values, while maintaining tP at 1ls (bottom panel). It can be
observed that the critical number of pulses required for the firing pro-
cess decreases with the VP. This result implies that the nucleation of
nanodomains is more frequent with higher VP values. The properties
of the FeFETs described in Figs. 17(c)–17(e) are IF behaviors with no
leaky characteristics. Notably, it is different from the dynamics of neu-
rons with the absence of a leaky behavior; thus, the other part would
be required to mimic biological neurons. However, the additional
device for the leaky behavior should increase the size of the artificial
neurons, which is one key merit of the NVM approach.
Mulaosmanovic et al.150 suggested that the leaky behavior could be
added to ideal FeFETs by utilizing the depolarization field, which had
been considered harmful for the nonvolatility of FeFETs. When the
polarization of the ferroelectric layer cannot be fully compensated by
the charge carriers in the semiconductor channel due to the non-
ferroelectric interfacial layer, there should be an internal depolarization
field. To simulate such cases, Mulaosmanovic et al.150 utilized the
inhibiting voltage (Vinh) between the VP pulses. Figure 17(f) depicts
the situation when Vinh is applied in the intervals between consecutive
VP pulses (tinh ¼ 10ls). Moreover, Vinh emulates the effect that would
have the depolarization field in a device with a thicker interface as it
tends to reduce the integration efficiency of the VP pulses (upper
panel), and the number of pulses required for switching increases as
Vinh increases in magnitude, which is equivalent to an increase in the
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leakage effect. In practical devices, the depolarization field originating
from the incomplete compensation of the ferroelectric polarization is
expected to have an effect equivalent to that of Vinh used in the work
by Mulaosmanovic and co-workers.150

By using the FeFETs with emerging fluorite-structured ferroelec-
trics, the circuital complexity could be significantly reduced. Several
units, such as membrane capacitors, amplification circuity, and thresh-
olding circuitry required in CMOS-based neuron circuits, are not
required. Consequently, the energy and area efficiency were expected
to be significantly improved. As shown in Figs. 17(c) and 17(d), both
positive and negative excitation can be integrated, which is expected to
provide flexibility in neuromorphic circuit design for both excitatory
and inhibitory stimuli. The CMOS-based compatibility and scalability
of fluorite-structured ferroelectrics are expected to provide significant
values based on the conventional CMOS technology.

D. Perspectives on neuromorphic computing based on
fluorite-structured ferroelectrics

In this section, previous studies on artificial synapses and neu-
rons based on fluorite-structured ferroelectrics are reviewed. Although
the history of this research topic is rather short, some promising prop-
erties for both artificial synapses and neurons could be achieved.
However, there are several issues to be considered for the practical uti-
lization of fluorite-structured ferroelectrics in neuromorphic comput-
ing systems, and these issues will be discussed from the viewpoint of
the material.

For ferroelectric synaptic devices, reliable multilevel conductivity,
which can be controlled by polarization, is required. In large-scale
FeFETs and FTJs, multilevel conductivities of up to 64 levels have
been experimentally achieved. However, the dimensions of the fabri-
cated FeFETs ranged from 102 nm to 102lm, which surpassed the
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state-of-the-art feature size by 1–4 orders of magnitude. The number
of grains in the aforementioned large-scale devices would be in the
range of 102 to 108 when the lateral grain size was assumed to be
�10nm. Therefore, the situation in nanoscale FeFETs or FTJs should
be different from that observed in large-scale devices. Mulaosmanovic
et al.150 experimentally reported that the switching behavior observed
in nanoscale FeFETs was completely different from that in large-scale
devices, and that nanoscale FeFETs could be utilized for artificial neu-
rons. The ideally achievable number of polarization states can be dis-
cussed based on the recent computer simulation conducted by Lee
and co-workers.92 As discussed in Sec. II, they suggested that each
active layer contributing to polarization switching is separated by an
inactive spacer layer; thus, the polarization state could be controlled
layer by layer. For the case of the FeFET with a 28-nm-long channel,
the number of active layers and the resulting number of polarization
states is expected to be �56, which is already smaller than that
achieved by Kim and Lee.92 When the channel length is decreased to
10 nm, the maximum achievable number of polarization states
through layer-by-layer switching is only �20. Notably, this issue
affects FTJs, especially when metal–ferroelectric–metal, metal–
ferroelectric–semiconductor, metal–ferroelectric–insulator–metal, or
metal–ferroelectric–insulator–semiconductor capacitors are formed in
a planar structure, which can be easily noticed from their principle of
operation.

Thus, a potential issue for synaptic devices based on fluorite-
structured ferroelectrics is the maximum achievable number of con-
ductivity states, which is strongly coupled to the active interfacial area
between the ferroelectric and semiconductor channels in FeFETs (or
the metal electrodes in FTJs). To maintain a sufficient number of con-
ductivity levels with decreasing feature sizes, vertical FDSOIs or ferro-
electric fin field-effect transistors (FinFETs) can be solutions, and they
are capable of increasing the vertical interfacial area without increasing
the lateral feature size. Since the established ALD techniques can be
used for both HfO2 and ZrO2 for depositing ferroelectric gate oxides
in FinFET structures, ferroelectric FinFETs can be fabricated.
Krivokapic et al.193 fabricated and characterized 14nm ferroelectric
FinFET technology with Hf0.5Zr0.5O2 gate oxide, although the control-
lability of multilevel conductivity was not studied in their report. A
similar approach can be applied to FTJs. It has already been proven
that three-dimensional metal–ferroelectric–metal capacitors with a fer-
roelectric capacitive layer can be fabricated in several previous
works.168,169 As shown in Fig. 16, Chen et al.5 already demonstrated
the synaptic operation of FTJs with vertical ferroelectric Hf0.5Zr0.5O2

thin films, and according to the authors, the vertical width of the active
Hf0.5Zr0.5O2 thin film was defined using a 50-nm-thick Pt electrode.5

Another approach is the grain size engineering of the fluorite-
structured ferroelectrics. As suggested by Mulosmanovic et al.,194 the
polarization switching in fluorite-structured ferroelectric thin films
occurs with the single domain switching in each columnar grain.
Thus, increasing areal density of grains by decreasing the lateral grain
size would be one effective way to increase the available polarization
states. The insertion of Al2O3 interlayer was suggested to effectively
decrease the lateral grain size in previous works.195 The other strategy
is to increase the thickness of the ferroelectric gate oxide in FeFETs.
The memory window of FeFETs is theoretically ð2� Ec � thicknessÞ
so it is linearly proportional to the film thickness. The wide saturated
memory window suggests that the available number of DVth values of

partially switched states increased as suggested by Mulaosmanovic and
co-workers.196

The other issue related to ferroelectric artificial synapses entails
that a pulse train with increasing height [scheme in Fig. 14(c)] is
required, rather than ideal identical pulse trains [scheme in Fig. 14(a)].
This implies that an additional external circuit is required to control
the height of the pulse train. This might be attributed to the spatially
inhomogeneous distribution of the coercive voltage, which can origi-
nate from various factors such as spatially inhomogeneous texture,
doping concentration, impurity concentration, and strain. Among
these various factors, the mixed texture with a randomly distributed
orientation is critical. Thus, the deposition technique for ferroelectric
thin films with a preferred orientation serves as a promising solution
to mitigate the distribution of coercive voltage. For FTJs, the bottom
electrode materials can be changed for the local epitaxial growth
of fluorite-structured ferroelectric thin films. In previous reports,
the (111) Pt bottom electrode is effective197 for the growth of (111)-
oriented Hf0.5Zr0.5O2 or ZrO2 thin films,198,199 and it remains a poten-
tial solution to decrease the distribution of coercive voltage. In
2020, Mulaosmanovic et al. showed that synaptic potentiation and
depression are possible with identical pulses, which are highly
desirable for neuromorphic on-chip applications. Continuous
multilevel tuning is possible across the entire conductance range of
an FeFET. The linearity of the synaptic weight update can be easily
tuned by varying the pulse height of the train of identical pulses,
which should be an important step in the progress of ferroelectric-
based synaptic devices.

In the case of artificial neurons based on fluorite-structured ferro-
electrics, the neuronal IF behavior was proven in nanoscale FeFETs
with a 28-nm-long channel. Thus, the operation of the single device
would be free from the unexpected issues accompanied by size shrink-
ing different from the artificial synapses. However, when arrays con-
sisting of numerous artificial neurons are formed for practical devices,
the device-to-device variation can be a critical issue. When the arrays
of FeFETs with fluorite-structured ferroelectrics are fabricated, quite
large device-to-device variations have been reported in several previ-
ous studies.2 Such variations could be attributed to the spatial inhomo-
geneities already discussed in the previous paragraphs on potential
issues of ferroelectric artificial synapses. Cycle-to-cycle variation might
be another issue, although it has been suggested that the stochastic
nature can be harnessed for emulating the probabilistic activity of bio-
logical neurons. The device-to-device and cycle-to-cycle variations
might affect the accuracy of neuronal processes with arrays of large
numbers of artificial neurons. As studies on the stochastic nature of
ferroelectric neurons remain insufficient to date, this issue requires
further study.

V. CONCLUSION

In this review, we comprehensively assess the current state of
knowledge and opportunities related to domains and domain dynam-
ics in emerging fluorite-structured ferroelectrics. The polymorphism
in fluorite-structured ferroelectrics is complicated because of the com-
petition among various crystalline phases with small free energy differ-
ences. Several phases can coexist even in a single grain, which can
transform to the other phases in response to external factors, including
electric fields and defects. The non-ferroelectric phase, as well as
defects including residual impurities, dopants, and grain boundaries,
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can be a source for spatial inhomogeneities in fluorite-structured
ferroelectrics. Thus, the polarization switching kinetics of fluorite-
structured ferroelectrics could be described considering spatial inho-
mogeneities based on an NLS model or inhomogeneous field model.

Furthermore, the nanoscale FeFET containing ferroelectric Si-
doped HfO2 can exhibit a stochastic behavior, which is expected when
polarization switching is purely governed by the nucleation process.
Because of the stochastic nature, nanoscale fluorite-structured ferro-
electrics can have promising applications as artificial neurons in neu-
romorphic computing, as demonstrated by Mulaosmanovic et al.,150

which manifests a leaky IF behavior. By using electric pulses lower
than the coercive field, the abrupt stochastic polarization switching
can be confirmed.

Another striking property of fluorite-structured ferroelectrics has
been discovered in domain walls from computational simulations. It
was shown that the domain wall thickness of the fluorite-structured
ferroelectrics could be zero with the existence of the Pbca orthorhom-
bic phase at the 180� domain wall, whereas the free energy is even
lower than that at the Pca21 ferroelectric phase. Moreover, the cou-
pling between the neighboring threefold-coordinated oxygen ions,
whose displacement is the origin of the polarization switching, is negli-
gible, thereby suggesting that the partially switched states with mixed
up and down domains are expected to have sufficient retention. Thus,
the ability of fluorite-structured ferroelectrics to have numerous polar-
ization states promotes their application in neuromorphic computing
because artificial synapses can be achieved.
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