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Theoretical understanding of the in-plane tensile
strain effects on enhancing the ferroelectric
performance of Hf0.5Zr0.5O2 and ZrO2 thin films†

Kun Hee Ye,a,b Taeyoung Jeong,a,b Seungjae Yoon, a,b Dohyun Kim, a,b

Cheol Seong Hwang *b and Jung-Hae Choi *a

In-plane tensile strain was reported to enhance the ferroelectricity of Hf1−xZrxO2 thin films by promoting

the formation of a polar orthorhombic (PO-) phase. However, its origin remains yet to be identified unam-

biguously, although a strain-related thermodynamic stability variation was reported. This work explores

the kinetic effects that have been overlooked to provide a precise answer to the problem, supplementing

the thermodynamic calculations. The in-plane strain-dependent phase fractions were identified by calcu-

lating the relative influences of the thermodynamic factor (Boltzmann distribution of free energies of

polymorphs) and the kinetic factor (transition rate between polymorphs using the Johnson–Mehl–Avrami

equation). The monoclinic (M-) phase constitutes the ground state under almost all conditions. However,

its formation is kinetically suppressed by the high activation barrier for the transition from the tetragonal

(T-) phase. In contrast, PO-phase formation is dominated by thermodynamic effects and is promoted

under in-plane tensile strain due to the energetic stabilization of the PO-phase, while the T- to PO-phase

transition is kinetically probable due to a low activation barrier. The in-plane tensile strain also lowers the

activation barrier of T → M. Hence, the optimal tensile strain for PO-phase formation varies depending on

the thermal conditions. The remanent polarization was calculated using spontaneous polarization and the

PO-phase fraction. The in-plane tensile strain of 2–2.5% and moderate annealing at approximately 700 K

were optimum for increasing ferroelectricity by 34% in Hf0.5Zr0.5O2 and 106% in ZrO2 along the 〈111〉

orientation.

Introduction

Ferroelectric Hf1−xZrxO2 (HZO) thin films draw significant
attention for their applications in complementary metal–
oxide-semiconductor (CMOS) compatible semiconductor
memory.1,2 Ferroelectricity in HZO thin films originates from
the metastable Pca21 polar orthorhombic (PO-) phase, and
field-induced ferroelectric characteristics in Zr-rich HZO thin
films manifest through the phase transition between the meta-
stable P42/nmc tetragonal (T-) phase and the PO phase.3–6

Therefore, promoting the formation of metastable phases
while suppressing the ground state P21/c monoclinic (M-)

phase is desirable for memory applications. Over the past
decades, this issue has been the subject of extensive research
in academia and industry, where the thin film composition
and growth steps were examined. Besides, the HZO thin films
on electrodes/substrates generally involve strains of diverse
origins, including intrinsic growth and extrinsic thermal
strains. It was recently reported that in-plane tensile strain
substantially enhances ferroelectricity in HZO thin films. Kim
et al. demonstrated that increasing in-plane tensile stress
through thicker TiN electrodes enhances the remanent polariz-
ation (Pr) in polycrystalline Hf0.5Zr0.5O2.

7 Similarly, Y. Goh
et al. reported increasing Pr of polycrystalline Hf0.5Zr0.5O2

under thermal tensile stress from heat treatment by adopting
different electrodes.8 An increase in ferroelectricity under
tensile strain was also observed in epitaxial Hf0.5Zr0.5O2 on
(La,Sr)MnO3.

9 Therefore, strain control is crucial in achieving
high performance.

Another essential research area is the theoretical under-
standing of the strain effects on ferroelectricity by density
functional theory (DFT) calculations. The primary target of
DFT calculations is to calculate the thermodynamic free
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energy of HZO polymorphs, considering the contributions
from the surface energy.10 However, the surface effects alone
cannot thermodynamically stabilize the PO phase. Several
recent DFT studies also considered the effects of in-plane
strain on the thermodynamic stability of various polymorphs.
However, the conclusions remain controversial. For example,
Materlik et al. reported that {001} plane-oriented PO-phase
Hf0.5Zr0.5O2 could be stabilized under ∼8 GPa compressive
stress from their DFT study,11 while the experimental results
generally indicated destabilization under compressive
stress.12,13

Several works reported the phase stability of 〈111〉 oriented
HfO2.

14–16 The M-(1̄11) and M-(111) planes were reported to be
stable under in-plane compressive and tensile strain, respect-
ively, indicating that the PO-phase formation is impossible
even under strain.14 Therefore, previous theoretical studies on
the effects of in-plane strain in HZO have not fully explained
the increase in ferroelectricity under in-plane tensile strain in
the experiments. Such a discrepancy may arise from consider-
ing only the free energy of the HZO polymorphs and neglecting
the kinetic effects of the transition between them, implying
that the consideration of the transition barrier between the
polymorphs is essential for understanding the formation of
the PO phase under in-plane strain.

On the other hand, the authors’ recent work elucidated the
phase formation on the general thermal process of thin film
HZO during atomic layer deposition (ALD): crystallization from
amorphous → phase transition and annealing → phase tran-
sition during cooling.17 The phase fractions were calculated
using the Boltzmann distribution of thermodynamic free
energy of polymorphs and the kinetic activation barrier based
on the Johnson–Mehl–Avrami (JMA) equation, respectively.
The quantitative phase fractions were calculated as a function
of Zr content (x), annealing temperature, and grain size, con-
sistent with the experimental results, thus validating the
robustness of this methodology. Nonetheless, the strain effect
has not been considered in previous studies. Therefore, this
study investigates the effects of in-plane strain on the phase
fractions of Hf0.5Zr0.5O2 and ZrO2 by taking the strain term
into theoretical consideration. A comprehensive analysis of the
in-plane strain-dependent free energy and activation barrier
shows that the PO phase is preferred under tensile strain. In
addition, optimal ranges for the in-plane tensile strain and
annealing temperature are proposed where the PO-phase frac-
tion and polarization are maximized. Therefore, this study is
expected to contribute to optimizing the electrical properties
of HZO through in-plane strain engineering.

Method

DFT calculations were performed by using the Vienna Ab initio
Simulation Package (VASP)18,19 using the local density approxi-
mation (LDA)20,21 with Blöchl’s projector augmented wave
approach.22,23 The valence electrons of Hf (5p65d36s1), Zr
(4s24p64d35s1), and O (2s22p4) were considered in pseudopo-

tentials. A plane-wave basis cutoff energy of 600 eV was
adopted, and k-point meshes of Γ-centered 8 × 8 × 8 were
sampled for the conventional unit cell of T-, PO-, and
M-phases. The lattice constants and atomic coordinates were
allowed to relax until the Hellmann–Feynman forces were
below 0.02 eV Å−1.

To estimate the energetic stability of Hf0.5Zr0.5O2 and ZrO2

polymorphs under in-plane strain, the 〈111〉 orientations were
determined as the out-of-plane direction. Biaxial in-plane
strain was then applied to {111} planes, with the lattice con-
stants and angles of in-plane directions fixed, while the out-of-
plane lattice parameter and angle were allowed to relax freely.
The vibration-free energies of the strained structures were cal-
culated using phonopy via the finite displacement method,
enabling the calculation of Helmholtz free energy.24 The
96-atom structures (2 × 2 × 2 supercells) were used for the M-
and PO-phases. In the case of the T-phase, the supercell
having 216 atoms was utilized to remove the computationally
generated imaginary frequency under in-plane strain. The
primitive T-phase was expanded by the matrix operation of

3 0 0
0 2 �3
0 2 3

0
@

1
A. The surface energy was computed using the

slabs of 8 layers with a vacuum region thicker than 10 Å. For
the slab structures, the k-point meshes of Γ-centered 6 × 6 × 1
were used. Several surface energies of the PO phase may not
converge due to the polarity of the PO phase. Thus, the antipo-
lar orthorhombic (AO-) phase, composed of two PO phases
with opposite dipole moments, was employed to replace the
surface energy of the PO phase. The in-plane strain-dependent
spontaneous polarizations (Ps) of the PO phase were calculated
through the Berry phase method by considering the polariz-
ation quantum.25,26

Results and discussion
In-plane strain effects on the thermodynamic free energy

The 〈111〉 orientations were set to the out-of-plane direction
because {111} planes were reported to have the lowest surface
energy in all the HZO polymorphs.10,17,27 Fig. 1(a) shows the
cell structure used in the calculations, composed of 12 Hf/Zr
and 24 O atoms along the 〈111〉 orientation. The gray shade
region has 4 cations and 8 anions and is regarded as one layer
along 〈111〉.

Table 1 shows the lattice constants, unit cell volume (V),
and bulk internal energy (Ei,bulk). The subscript i indicates a
particular phase of the T-, PO-, and M-phases in Hf0.5Zr0.5O2

and ZrO2 – the major phases observed in experiments.
Therefore, only these phases are considered in this study.
Regardless of the Zr fraction, the M-phase was identified as
the ground state in the equilibrium bulk state. The lattice para-
meters of Hf0.5Zr0.5O2 were determined using Vegard’s law
between HfO2 and ZrO2, consistent with previous studies.11,17

Fig. 1(b) shows the schematic diagram showing the tran-
sition from the T- to other phases (M- or PO-phase) during
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heat treatment, representing the experimental observations.
The T-phase crystallizes from amorphous Hf0.5Zr0.5O2 and
ZrO2, so other polymorphs are formed from the T-phase after
subsequent annealing and cooling steps.10,17,28 Therefore, it
was assumed that the in-plane strain of the (111) plane of the
T-phase induced by the substrate remains on the {111} plane
of any i-phase transformed from the T-phase. This assumption
indicates that the in-plane area of the {111} plane for any
i-phase (Astrainedi�111 ) remained unvaried at the value of the (111)
plane of the T-phase (AstrainedT�ð111Þ) even after phase transition. The
in-plane strain of the {111} plane, ε{111}, was determined by
Astrainedi�111 (= AstrainedT�ð111Þ) and the equilibrium in-plane area of the
(111) plane of the T-phase (AequilT�ð111Þ) was determined using
eqn (1). Therefore, the strain-free state is the ground state of
the T-phase in this study.

εf111g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Astrainedi‐ 111f g
AequilT‐ 111ð Þ

vuut � 1 ð1Þ

The ε{111} along the two orthogonal directions on the {111}
plane was assumed to be identical. The ε{111} was used in all
the calculations and ultimately served as the critical parameter
for calculating the phase fractions throughout this study. The
details on the strain conditions for all the polymorphs were
investigated and are shown in Fig. S1.†

The free energy of HZO grains (Fi,grain) was calculated for all
polymorphs, considering ε{111}, as well as the temperature (T )
and grain diameter (dT):

Fi;grain ðεf111g ;T ;dTÞ ¼ Ei;bulkðεf111g Þ
þ Fvib

i ðεf111g;TÞ þ Ei;intfðεf111g; dTÞ
ð2Þ

Eqn (2) comprises the strain-dependent internal energy
(Ei,bulk(ε{111})), free energy related to phonon vibration (Fvibi
(ε{111},T )), and interface energy of grains (Ei,intf(ε{111},dT)). The
ε{111} range was set to −0.025 to 0.025, following the frequently
reported value in experiments.12,29 Fig. 2(a)–(f ) show each
term on the right side of eqn (2) – Ei,bulk, Fvibi , and Ei,intf of the
T-(111), PO-(111), M-(111), and M-(1̄11) oriented grains.
Fig. 2(g) and (h) show their sum, Fi,grain, for Hf0.5Zr0.5O2

(upper panel) and ZrO2 (lower panel), respectively. The ener-
gies were all calculated as a function of ε{111} (lower x-axis) and
Astrainedi�111 (upper x-axis).

Among the three energy terms, Ei,bulk contributes the most
to Fi,grain for both Hf0.5Zr0.5O2 and ZrO2, as shown in Fig. 2(a)
and (b), and the M-(1̄11) grain generally has the lowest Ei,bulk.

Fig. 1 (a) Atomic structure of the T-phase along the 〈111〉 orientation (left) and the (111) plane corresponding to the gray shade (right). (b)
Schematic diagram showing the transition from the T- to any i-phase during heat treatment. The in-plane strain induced by the substrate is indicated
by thin arrows and was assumed to be maintained during annealing and cooling.

Table 1 Lattice constants, unit cell volume (V), and internal energy
(Ei,bulk) of T-, PO-, and M- phases in Hf0.5Zr0.5O2 and ZrO2. The Ei,bulk is
represented based on the T-phase as a reference

Hf0.5Zr0.5O2 a (Å) b (Å) c (Å) V (Å3) Ei,bulk (meV per f.u.)

T 5.01 — 5.09 127.72 0
PO 5.19 4.99 5.01 129.60 −39
M 5.06 5.16 5.22 134.16 −83

ZrO2 a (Å) b (Å) c (Å) V (Å3) Ei,bulk (meV per f.u.)

T 5.03 — 5.11 129.52 0
PO 5.22 5.02 5.03 131.77 −10
M 5.09 5.19 5.24 136.34 −49
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In addition, M-(1̄11) is stabilized under compressive ε{111},
while M-(111) is generally favored under tensile ε{111} due to its
difference in the equilibrium in-plane area, as shown in
Table 2. The differences of Ei,bulk among polymorphs are lower
under tensile ε{111} rather than under compressive ε(111), indi-
cating that the phase stability under tensile ε{111} might be
delicately affected by other factors, such as Fvibi and Ei,intf.

The Fvibi values of Hf0.5Zr0.5O2 and ZrO2 at 700 K, the
normal annealing temperature, tend to decrease slightly as
ε{111} increases, as shown in Fig. 2(c) and (d). Nevertheless,
their relative magnitude among the polymorphs does not
change over the investigated ε{111} range. The effects of the
annealing temperature on Fvibi in Hf0.5Zr0.5O2 and ZrO2 are
summarized in Fig. S2.† They commonly showed an identical
tendency of gradually decreasing Fvibi with increasing tempera-

ture due to phonon softening, irrespective of the phase and
ε{111}. Nonetheless, the Fvibi of the T-phase has the lowest value,
which coincides with the preference for the T-phase at high
temperatures. For the Fvibi calculations on the individual
strained structures, only the quasi-harmonic effects were taken
into account. Based on a previous report, the energy change
considering the anharmonic effects was about 10−3 eV per f.u.
for ZrO2 at 300–700 K.30 For Hf0.5Zr0.5O2 polymorphs, the cation
configuration was assumed to be identical to that of the primi-
tive T-phase structure (2 Hf/Zr and 4 O atoms). It was based on
the fact that the cation configuration hardly affects the mixing
energy17 and Fvibi (Fig. S3 of the ESI†) in Hf0.5Zr0.5O2.

On the other hand, the variation of Ei,intf with ε{111} vari-
ation is an order of magnitude smaller compared to Ei,bulk and
Fvibi for both Hf0.5Zr0.5O2 and ZrO2, as shown in Fig. 2(e) and
(f ). Previous studies reported that the interface energy per area
(γi,intf ) is calculated to be 0.33–0.5 times the surface
energy.31–34 Thus, to estimate the ε{111}-dependent Ei,intf, γi,intf
was assumed to be 0.4 times the surface energy of the {111}
plane (γi,{111}), and the ε(111)-dependent γi,{111} is shown in
Fig. S4.† The film thickness was set to 10 nm and assumed to
be equal to dT, which was converted from the volume of the

spherical T-phase (VT) [dT ¼ 2� 3
4π

VT

� �1
3
]. Hence, the

Ei,intf(ε{111},dT) was calculated by using the formula – γi,intf ×

Fig. 2 Relative values of (a and b) Ei,bulk, (c and d) Fvibi at 700 K, (e and f) Ei,intf, and (g and h) Fi,grain at 700 K as a function of ε{111} (lower x-axis) and
Astrained
i�111 (upper x-axis) for Hf0.5Zr0.5O2 (upper panel) and ZrO2 (lower panel), respectively. The energy of the unstrained T-phase is used as a refer-

ence. The red circle, blue square, black triangle, and gray diamond represent the T-(111), PO-(111), M-(111), and M-(1̄11) grains.

Table 2 In-plane area of the {111} plane in equilibrium state T-, PO-,
and M-phases (Aequil

i�111) in Hf0.5Zr0.5O2 and ZrO2

Phase

Aequili�111 (Å
2 per f.u.)

Hf0.5Zr0.5O2 ZrO2

T-(111) 10.98 11.09
PO-(111) 11.09 11.22
M-(111) 12.02 12.15
M-(1̄11) 10.75 10.87
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4π(dT/2)2. The interface in this study includes the interface
between amorphous and crystalline phases, the interface
between different phases, and grain boundaries in polycrystal-
line structures. Since the contribution of Ei,intf on Fi,grain is
much smaller than those of Ei,bulk and Fvibi , the effect of Ei,intf
on the phase stability will be minimal. Finally, Fi,grain values at
T = 700 K in Hf0.5Zr0.5O2 and ZrO2 (shown in Fig. 2(g) and (h))
show that the T-phase is stabilized in the tensile ε{111} ranges.
Fi,grain values at T = 1000 K shown in Fig. S5† also present a
similar tendency.

In this study, the LDA functional was used because the
average surface energy of the T-phase was calculated to be
lower than that of the M-phase, which is consistent with the
experimental observations.2,3,31,35 In contrast, several studies
utilized the Perdew–Burke–Ernzerhof (PBE)10,16 or PBEsol
functional.36–38 Nevertheless, the overall bulk energetic trends
were similar between the LDA and PBEsol functionals, as
shown in Fig. S6.†

Fig. 3(a) and (b) show the ground state distributions of
Hf0.5Zr0.5O2 and ZrO2 as a function of ε{111} in a temperature
range of 300–1000 K when dT is 10 nm. The red, blue, black,
and gray regions indicate that the T-(111), PO-(111), M-(111),
and M-(1̄11) oriented grains have the lowest Fi,grain under the
given ε{111} and temperature conditions, respectively. In both
Hf0.5Zr0.5O2 and ZrO2, the M-(1̄11) grain was the most stable at
ε{111} of −0.025 to 0.015, irrespective of the temperature. In
Hf0.5Zr0.5O2 at ε{111} of 0.02, the PO-(111) grain had the lowest
Fi,grain up to 740 K. At higher temperatures, the M-(1̄11) grain
was preferred due to its lower Fvibi than those of PO-(111) and
M-(111) despite the high Ei,bulk of M-(1̄11). At ε{111} of 0.025,
the most stable phase changes in the following order: M-(111),
PO-(111), and T-(111) as temperature increases. In ZrO2 at
ε{111} of 0.02 and 0.025, on the other hand, the PO-(111) and
M-(111) grains were stable at lower temperatures, respectively,
but the T-(111) grains became stabilized as the temperature
increased. The variations in thermodynamic stability with
temperature implied the significance of Fvibi , suggesting that

the annealing temperature is expected to affect the phase for-
mation of HZO. Overall, the calculation based on the thermo-
dynamic energy indicates that the M-(1̄11) grain is thermo-
dynamically stable over most of the ε{111} ranges, whereas the
PO-(111) grain is preferred only in a narrow range of tensile
ε{111}. However, the PO-phase was primarily observed in
various in-plane strain ranges in experiments,12,29 implying
that the kinetic effect plays a crucial role in the phase for-
mation of HZO.

In-plane strain effects on the kinetic activation barrier of the
phase transition

This section describes the ε{111}-dependent activation barrier
of the phase transition to examine the kinetic effects on the
transitions from the T-phase to the M- and PO-phases.
Fig. 4(a) provides the schematic diagram outlining the calcu-
lation of the nucleation activation barriers of the M- or PO-
phase in the T-phase (Ea,nuc(T → M) or Ea,nuc(T → PO)). Since
the activation barrier for growth is significantly lower than that
for nucleation,17 only the nucleation activation barrier is con-
sidered in this study. Following the previous study, the Ea,nuc
was determined by the energy difference between the 3 × 3 × 3
supercell composed solely of the T-phase and that containing
a 1 × 1 × 1 M- or PO-phase within the 3 × 3 × 3 T-phase.17 The
3-coordinated O ions of M- and PO-phases were fixed to main-
tain the atomic structures. The energy profiles during the
nucleation determined by the nudged elastic band method are
shown in Fig. S7.†

Fig. 4(b) and (c) show the ε{111}-dependent Ea,nuc(T → M)
and Ea,nuc(T → PO) in Hf0.5Zr0.5O2 and ZrO2, respectively. In all
ε{111} ranges, Ea,nuc(T → M) is significantly higher than Ea,nuc
(T → PO), suggesting that the phase transition from the
T-phase to the M-phase is kinetically suppressed than that to
the PO-phase.

Under a tensile ε{111} of 0.025, Ea,nuc(T → M) and Ea,nuc(T →
PO) decrease by 0.89 eV and 0.85 eV in Hf0.5Zr0.5O2, and 0.79 eV
and 0.22 eV in ZrO2, respectively. Under compressive ε{111}, on

Fig. 3 Ground state depending on ε{111} and T of (a) Hf0.5Zr0.5O2 and (b) ZrO2. The red, blue, black, and gray colors indicate that the T-(111), PO-
(111), M-(111), and M-(1̄11) oriented grains have the lowest Fi,grain at the given ε{111} and temperature, respectively.
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the other hand, Ea,nuc increases only marginally. The variations
in Ea,nuc with ε{111} could be related to the unit cell volume
change. As presented in Fig. S8,† the unit cell volumes of poly-
morphs in Hf0.5Zr0.5O2 and ZrO2 increase (decrease) as ε{111}
increases (decreases). Since the equilibrium unit cell volumes of
the M- and PO-phases are larger than that of the T-phase, the
PO- and M-phases can be more stabilized under tensile ε{111}.
Thus, the tensile ε{111} results in smaller Ea,nuc values.

In-plane strain effects on the phase fraction

Amorphous HZO is generally formed in the ALD process, and
subsequent heat treatment is required for crystallization. The
crystallized fraction of the i-phase from amorphous (Ci,crystn)
could be calculated from its crystallization barrier according to
our previous study,17 and the results are described in Fig. S9.†
In Hf0.5Zr0.5O2, CT,crystn gradually increased from 0.86 at 700 K
to 0.99 at 1000 K, and the CM,crystn was calculated to be 1 −
CT,crystn. The PO-phase fraction, CPO,crystn, is negligible due to
its high crystallization barrier. In ZrO2, on the other hand,
CT,crystn is ∼1.00 across the entire temperature range. The
details on the crystallization process are reported elsewhere,17

and are also summarized in SM. However, the effect of strain
on the crystallization process could not be considered because
applying strain in an amorphous structure was challenging. In
addition, CM,crystn was assumed to remain unchanged in the
subsequent heat treatment and cooling step after crystalliza-
tion in this study because the M-phase generally forms the
ground state, even if a slight in-plane strain is applied.
Besides, the T-phase is the primary phase formed from amor-
phous Hf0.5Zr0.5O2 and ZrO2. Due to the metastability of the
T-phase, transitions from the T-phase to other phases occur

during the subsequent process. Therefore, this section focuses
on transitions from the T- to M- and PO-phases during anneal-
ing and cooling, taking into account the effects of ε{111} on
both the thermodynamic (Fi,grain) and kinetic (Ea,nuc) terms.

Due to the lower Ea,nuc(T → PO) than Ea,nuc(T → M), the
phase transition from the T- to PO-phases is faster than that from
the T- to M-phases. However, in this study, the fraction transi-
tioned from the T- to M-phases (CT→M) was calculated prior to
that from the T- to PO phases (CT→PO) because the high Ea,nuc(T
→ M) allows for the M-phase formation only during annealing,
not during cooling. Nonetheless, the calculation sequence does
not significantly affect the overall phase fractions because the
transition from the T- to PO-phases is suppressed at high anneal-
ing temperatures due to the higher stability of the T-phase than
the PO-phase. At low annealing temperatures, the transition to
M-phase is small from both T- and PO-phases due to low thermal
energy. Therefore, the total phase fractions are negligibly affected
even if the PO-phase forms before the M-phase.

The equilibrium fraction of the M-phase transformed from
the T-phase (CBoltzmann

T!M ) is described by the Boltzmann distri-
bution of Fi,grain.

CBoltzmann
T!M ðTÞ ¼

CT;crystn

exp � FM;grain

kBT

� �

exp � FM;grain

kBT

� �
þ exp � FPO;grain

kBT

� �
þ exp � FT;grain

kBT

� �

ð3Þ

This equation is valid only when the thermal energy is
sufficient to overcome the Ea,nuc(T → M), which is generally

Fig. 4 (a) Schematics of Ea,nuc from the T- to M or PO-phase. The ε{111}-dependent Ea,nuc(T → M) and Ea,nuc(T → PO) of (b) Hf0.5Zr0.5O2 and (c) ZrO2.
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not the case at moderate annealing temperatures (∼700K), ren-
dering the kinetically formed fraction smaller than the
CBoltzmann
T!M . To address the kinetic effect, the kinetically limited

fraction of the M-phase transformed from the T-phase (CJMA
T!M)

was calculated based on the Johnson–Mehl–Avrami (JMA)
equation:

CJMA
T!MðTÞ ¼ CT;crystn½1� expð�ðkT!MðTÞ � tannealingÞnÞ�; ð4Þ

where tannealing and n denote the annealing time and Avrami
exponent with values of 30 s and 0.25, estimated from a pre-
vious experiment.39 kT→i(T ) is the temperature-dependent rate
constant of transition from the T- to i-phase, given as eqn (5):

kT!iðTÞ ¼ ν0 exp
�Ea;nucðT ! iÞ

kBT

� �
ð5Þ

where ν0 is the atomic vibration frequency, assumed to be 1013

s−1. As a result, CT→M is determined by the smaller factor
between the thermodynamic and kinetic effects, represented
by eqn (3) and eqn (4), respectively. Therefore, the Tannealing-
dependent CT→M is calculated by using eqn (6):

CT!M¼ CJMA
T!MðTannealingÞ ðTannealing , Tequil:MÞ ð6‐1Þ

CBoltzmann
T!M ðTequil;MÞ ðTannealing � Tequil:MÞ ð6‐2Þ

�
:

In eqn (6), the equilibrium temperature of the M-phase
(Tequil,M) is the temperature where CBoltzmann

T!M (T ) and CJMA
T!M(T )

are equal. Thus, CT→M is determined as CBoltzmann
T!M (Tequil,M) or

CJMA
T!M(Tannealing) if the heat treatment is conducted at Tannealing

higher or lower than Tequil,M. Fig. 5(a) shows the variations in
CBoltzmann
T!M and CJMA

T!M of Hf0.5Zr0.5O2 as a function of Tannealing
when ε{111} = 0.00. Below 1160 K, CJMA

T!M is lower than CBoltzmann
T!M ,

indicating that thermal energy is insufficient to achieve
thermal equilibrium. Hence, the CT→M is determined by CJMA

T!M

following eqn (6-1). Above 1160 K, in contrast, CJMA
T!M is greater

than CBoltzmann
T!M , representing that thermal energy is enough to

establish thermal equilibrium. Therefore, CT→M is saturated to
CBoltzmann
T!M (Tequil,M) following eqn (6-2).

Meanwhile, the PO-phase transition from the T-phase
(CT→PO) is also determined similarly to CT→M. Due to the
much lower Ea,nuc(T → PO) than Ea,nuc(T → M) for all ε{111}
shown in Fig. 4, the transition from the T- to the PO-phases is
expected to occur during both annealing and cooling. This fact
manifests that thermal equilibrium between the T- and PO-
phases is maintained at a specific cooling temperature. In
other words, the equilibrium temperature of the PO-phase
(Tequil,PO), where CBoltzmann

T!PO (T ) and CJMA
T!PO(T ) are equal, is lower

than the usual annealing temperatures. After annealing, the
equilibrium phase fraction of the PO-phase was also calculated
by the Boltzmann distribution of Fi,grain as shown in eqn (7).

CBoltzmann
T!PO ðTÞ ¼ ðCT;crystn � CT!MÞ

�
exp � FPO;grain

kBT

� �

exp � FPO;grain
kBT

� �
þ exp � FT;grain

kBT

� � ð7Þ

The M-phase formed during annealing was assumed not to
participate in the cooling process due to the high Ea,nuc(T →
M). Thus, the CT→PO was determined from the T-phase remain-
ing in the annealing process (CT,crystn–CT→M). The kinetically
limited fraction of the PO-phase transformed from the T-phase
(CJMA

T!PO) during cooling was calculated based on the JMA
equation shown in eqn (8).

CJMA
T!POðTÞ ¼ ðCT;crystn � CT!MÞ 1� expð�ðkT!POðTÞ � tcoolingÞnÞ

� �
ð8Þ

Eqn (8) is similar to eqn (4), but a cooling time (tcooling) of
0.5 s (according to the moderate cooling rate of 2 K s−1)40 was
used instead of tannealing, meaning that CJMA

T!PO was calculated
for Hf0.5Zr0.5O2 annealed at each T for 0.5 s.

Fig. 5(b) shows the CBoltzmann
T!PO and CJMA

T!PO of Hf0.5Zr0.5O2 at
ε{111} = 0.00 when annealed at 700 K and then cooled to room
temperature. Tequil,PO was determined to be 570 K, and, hence,
the thermal equilibrium is achieved above 570 K and the PO-
phase forms with a fraction of CBoltzmann

T!PO . Below 570 K,

Fig. 5 (a) Tannealing-dependent CBoltzmann
T!M and CJMA

T!M in Hf0.5Zr0.5O2 at ε{111} = 0.00. (b) T-dependent CBoltzmann
T!PO and CJMA

T!PO when annealed at 700 K
and cooled down to 300 K in Hf0.5Zr0.5O2 at ε{111} = 0.00. The solid and dash-dotted lines represent the phase fractions calculated by the Boltzmann
distribution and the Johnson–Mehl–Avrami equation, respectively. The vertical dashed lines in (a) and (b) present Tequil,M and Tequil,PO, respectively.
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however, the PO-phase is no longer formed due to insufficient
thermal energy to overcome the kinetic energy barrier.
Therefore, the CT→PO in the cooling process converges to
CBoltzmann
T!PO (Tequil,PO). Fig. S10† shows the ε{111}-dependent

Tequil,M and Tequil,PO in Hf0.5Zr0.5O2 and ZrO2, respectively.
Overall, Tequil,M exceeds the normal Tannealing of polycrystalline
films (= 700–800 K), but Tequil,PO is much lower than Tannealing
regardless of ε{111}. These facts indicate that the M-phase for-
mation is kinetically suppressed. At the same time, the
thermodynamic driving force and facile kinetic route at the
normal crystallization, annealing, and cooling temperatures
support the PO-phase formation.

Fig. 6 shows the overall calculation procedure for the
sequential crystallization, annealing, and cooling processes.
The total fractions of the M-, PO-, and T-phases were calcu-
lated as CM = CM,crystn + CT→M, CPO = CT→PO, and CT = 1 − CM −
CPO, respectively.

Fig. 7(a) and (b) show the effects of ε{111} on the phase frac-
tions formed after the cooling when the Hf0.5Zr0.5O2 film was
crystallized at Tannealing of 700 K and 1000 K with a dT of
10 nm. The red, blue, and gray colors represent the fractions
of the T-(111), PO-(111), and M-{111} grains, respectively. The
hatch and cross patterns in the PO- and M-phases indicate
that the formation of the corresponding phases is governed by
thermodynamic factors (i.e., controlled by the Boltzmann dis-
tribution) and kinetic factors (i.e., controlled by the JMA
equation), respectively. As discussed above, CT→PO is solely
determined by the thermodynamic factors; all the CT→PO

regions have the hatch pattern. In contrast, CT→M is deter-
mined by either thermodynamic or kinetic factors, so it has a
hatch or cross pattern, depending on the detailed formation
conditions.

At Tannealing = 700 K shown in Fig. 7(a), the CT→PO has a
maximum value at ε{111} = 0.02 and diminishes with decreas-
ing ε{111} due to the increase of FPO,grain. Meanwhile, the PO-
(111) is thermodynamically stable at ε{111} = 0.025 and T =
700 K in Fig. 3(a), but the CT→PO at ε{111} = 0.025 is lower than
those at ε{111} = 0.01 and 0.015 where the PO-phase is not the

ground state. This behavior is due to the abrupt increase of
CT→M along with ε{111}, caused by a significant decrease in
Ea,nuc(T → M) shown in Fig. 4(b).

At Tannealing = 1000 K shown in Fig. 7(b), on the other hand,
the CM,crystn is negligibly low irrespective of ε{111}. However,
over the entire ε{111} range, the CT→M significantly increases
compared to that shown in Fig. 7(a), indicating that a very
high annealing temperature is undesirable. Interestingly,
CT→M increases with increasing ε{111} as long as the kinetic
factor governs the M-phase formation. In contrast, it
diminishes with increasing ε{111} once the M-phase formation
is dominated by the thermodynamic factor, as represented by
the hatch pattern. The optimal ε{111} to increase the CT→PO

depends on Tannealing. As the Tannealing increases, the CT→PO

decreases due to the overall increment of CT→M. Therefore, to
maximize CPO while suppressing CM, annealing at moderate
temperatures (∼700 K) and tensile ε{111} is suitable, which is
consistent with the experimental results of polycrystalline
Hf0.5Zr0.5O2 annealed at different temperatures and under
different in-plane strain conditions.7,8,32,35

Fig. 7(c) shows the phase fractions in the extreme case
when sufficient thermal energy is supplied by annealing at
elevated temperatures (i.e., Tannealing is higher than Tequil,M in
all ε{111}), where all the CT→M is saturated to CBoltzmann

T!M (Tequil, M),
represented by the hatch pattern across the entire gray bars.
The CT→PO increases with increasing ε{111}, indicating that the
tensile strain state is favored over the compressive one even
under these extreme temperature conditions. Also, CT→PO at
ε{111} of 0.02–0.025 is higher than CT→M because the difference
between FPO,grain and FM,grain decreases in this ε{111} range.
These calculation results explain the enhanced ferroelectricity
in epitaxial Hf0.5Zr0.5O2 films under in-plane tensile strain and
the reduction of ferroelectricity due to the increase in the
M-phase under in-plane compressive strain in thin films de-
posited at temperatures above 1000 K.9,12,41

Fig. 8 shows similar calculation results for ZrO2 as Fig. 7.
The tendency of the phase fractions depending on ε{111} is
similar to that of Hf0.5Zr0.5O2. In ZrO2, however, the M-phase

Fig. 6 Calculation procedure of the phase transition and phase fractions in the whole thermal processes in HZO.
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formation is more suppressed, and the T-phase is the primary
phase rather than the PO-phase. These results are due to lower
CM,crystn (= ∼0), lower FT,grain, and higher Ea,nuc(T → M) in ZrO2

compared to Hf0.5Zr0.5O2. Nevertheless, CT→PO increases with
tensile ε{111}, suggesting an increase of (field-induced) ferroe-
lectricity through tensile ε{111} engineering.

In-plane strain effects on the ferroelectric polarization

Finally, the effects of ε{111} on the theoretical polarizations of
Hf0.5Zr0.5O2 and ZrO2 were calculated. Fig. 9(a) depicts the two
polarization switching pathways of the shift-inside (SI) and the
shift across (SA) in the PO-phase. Due to the presence of the
two switching paths, Hf0.5Zr0.5O2 exhibits two Ps of 58 and
66 μC cm−2 in the [001] orientation at ε{111} = 0.00 for the SI
and SA pathways, respectively. Early studies often reported a
lower ferroelectric switching barrier for the SI pathway when
calculating the switching barriers in the 1 × 1 × 1 PO-phase
unit cell.42,43 However, recent studies demonstrated that the
SA pathway is more adjustable when computing in the N × 1 × 1
PO-phase supercell.44,45 Thus, this study examines both
switching pathways. Fig. 9(b) and (c) show the ε{111}-dependent
Ps along the [001] orientation in Hf0.5Zr0.5O2 and ZrO2. The Ps

of the SI pathway increases with compressive ε{111}, while the
Ps of the SA pathway increases with tensile ε{111}.

For Pr calculation, the [111] orientation is assumed as an
out-of-plane direction. Hence, the polarization along the [111]
direction was considered as Ps=

ffiffiffi
3

p
. In addition, the CPO was

also considered for calculating the theoretical Pr because only
the PO-phase contributes to the ferroelectric polarization. As a
result, theoretical Pr was calculated as CPO � Ps=

ffiffiffi
3

p
. Fig. 9(d)

shows the Pr of Hf0.5Zr0.5O2 depending on ε{111} when the
Tannealing is 700 K. The Pr of Hf0.5Zr0.5O2 at ε{111} = 0.00–0.025
ranges from 18–21 μC cm−2 by the SI pathway, while 20–28 μC
cm−2 by the SA pathway, consistent with the experimental Pr
values (10–30 μC cm−2) in Hf0.5Zr0.5O2.

2,3 Compared to ε{111} =
0.00, the Pr of Hf0.5Zr0.5O2 increases via tensile ε{111} by 19%
and 34% by the SI and SA pathways, respectively. The more
pronounced increase of Pr in the SA pathway is attributed to
the increase of Ps in the SA pathway under tensile ε{111}. On
the other hand, Pr in ZrO2 was lower than that in Hf0.5Zr0.5O2

for all the ε{111} ranges in Fig. 9(e). However, its increase ratios
were 84% (SI pathway) and 106% (SA pathway), much higher
than those in Hf0.5Zr0.5O2. Therefore, in-plane tensile strain
engineering is suitable for applications requiring high Pr in

Fig. 7 Phase fractions formed after the whole thermal processes in Hf0.5Zr0.5O2 as a function of ε{111} at Tannealing of (a) 700 K and (b) 1000 K. (c)
Phase fractions in the extreme case when Tannealing is higher than Tequil,M. The red, blue, and gray colors represent the T-(111), PO-(111), and M-{111}
grains, respectively. The hatch and cross patterns in CT→M and CT→PO indicate the phase formation from the T-phase that is governed by thermo-
dynamics (Boltzmann distribution) and kinetics (JMA equation), respectively.
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Hf0.5Zr0.5O2 and ZrO2, irrespective of the switching pathways.
The in-plane tensile strain can be experimentally realized by
various ways, such as the thermal expansion coefficient mis-
match between the film and electrode,8 lattice parameter mis-
match between the film and substrate,9 and the growth mode
control,29 which will increase the PO-phase fraction.

Conclusion

The in-plane strain-dependent phase fractions were predicted
using density functional theory calculations to understand the
enhanced ferroelectricity in tensile-strained Hf0.5Zr0.5O2 and
ZrO2 thin films in the experiment. The thermodynamic free
energy and kinetic activation barrier for the phase transition
from the tetragonal (T-) phase to monoclinic (M-) or polar ortho-
rhombic (PO-) phases were calculated as a function of in-plane
strain. They were employed for the Boltzmann distribution and
the Johnson–Mehl–Avrami (JMA) equation for the phase fraction
calculations. This methodology enabled the computation of
quantitative phase fractions as a function of in-plane strain with
the 〈111〉 orientation (ε{111}) and annealing temperature. The

JMA equation (kinetic factors) primarily determined the
M-phase fraction at low temperatures due to the high activation
barrier for the transition from the T- to M-phases. The kineti-
cally formed M-phase fraction increases as temperature
increases due to the increment of thermal energy. If tempera-
tures are sufficiently high to overcome this activation barrier,
the M-phase fraction converges to the value obtained from the
Boltzmann distribution (thermodynamic factors).

On the other hand, the activation barrier from the T- to PO-
phases is relatively low, making the thermodynamic factors
mainly control the PO-phase formation. The PO-phase fraction
increases in the tensile ε{111} region, where the PO-phase has
relatively low free energy. Conversely, the T-phase is preferred
in the compressive ε{111} region, where the PO-phase has high
free energy. Therefore, heat treatment at moderate tempera-
tures at 700–800 K and applying in-plane tensile ε{111} are
appropriate for suppressing the M-phase formation and
enhancing the PO-phase formation. These calculation results
are consistent with general experimental observations on the
enhanced ferroelectricity of polycrystalline Hf0.5Zr0.5O2 films
under in-plane tensile strain annealed at approximately
700–800 K. In addition, the abundant PO-phase fraction under

Fig. 8 Phase fractions formed after the whole thermal processes in ZrO2 as a function of ε{111} at Tannealing of (a) 700 K and (b) 1000 K. (c) Phase frac-
tions in the extreme case when Tannealing is higher than Tequil,M. The red, blue, and gray colors represent the T-(111), PO-(111), and M-{111} grains,
respectively. The hatch and cross patterns in CT→M and CT→PO indicate the phase formation from the T-phase that is governed by thermodynamics
(Boltzmann distribution) and kinetics (JMA equation), respectively.
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a tensile ε{111} of 0.02–0.025 in the higher temperature region
(>1000 K) is consistent with the enhanced ferroelectricity in
the epitaxial Hf0.5Zr0.5O2 film when deposited at high tempera-
tures. The polarization values were quantitatively calculated by
taking into account the PO-phase fraction. The remanent
polarization increases by 34% in Hf0.5Zr0.5O2 and 106% in
ZrO2 under tensile strain. This study overcomes the gap
between theoretical predictions and experimental results by
elucidating that in-plane tensile ε{111} is suitable for increasing
the PO-phase fraction and enhancing ferroelectricity.
Furthermore, the strain engineering proposed in this study is
expected to also contribute to optimizing other electrical pro-
perties, such as high-k applications.
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