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Hafnia-based ferroelectric materials, like Hf0.5Zr0.5O2 (HZO), have received tremendous attention owing to their
potentials for building ultra-thin ferroelectric devices. The orthorhombic(O)-phase of HZO is ferroelectric but metastable in
its bulk form under ambient conditions, which poses a considerable challenge to maintaining the operation performance of
HZO-based ferroelectric devices. Here, we theoretically addressed this issue that provides parameter spaces for stabilizing
the O-phase of HZO thin-films under various conditions. Three mechanisms were found to be capable of lowering the
relative energy of the O-phase, namely, more significant surface-bulk portion of (111) surfaces, compressive c-axis strain,
and positive electric fields. Considering these mechanisms, we plotted two ternary phase diagrams for HZO thin-films
where the strain was applied along the in-plane uniaxial and biaxial, respectively. These diagrams indicate the O-phase
could be stabilized by solely shrinking the film-thickness below 12.26 nm, ascribed to its lower surface energies. All these
results shed considerable light on designing more robust and higher-performance ferroelectric devices.
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1. Introduction
Ultra-thin ferroelectric films are usually required to build

miniaturized nonvolatile memories[1,2] such as ferroelectric
random access memories (FeRAM)[3,4] and ferroelectric field
effect transistors (FeFET)[5–8] However, downsizing conven-
tional perovskite-based ferroelectric films is always difficult
because of strong depolarization fields in perovskite-based
thin-films.[9–11] Zirconium-doped hafnia (Hf0.5Zr0.5O2, HZO)
thin-films have attracted substantial research interests recently,
ascribed to their advantages of stable ferroelectricity in the
nanoscale thickness,[12,13] strong remnant polarization,[14–16]

and exceptional complementary metal–oxide–semiconductor
(CMOS) compatibility.[17,18] HZO has various polymorphs in
the bulk phase depending on temperature and pressure con-
ditions, the most stable phase is the monoclinic phase (M-
phase, space group P21/c),[19,20] transition to the tetragonal
phase (T-phase, space group P42/nmc)[21] occurs at 1973 K,
and further transition to the cubic phase (C-phase, space
group Fm3̄m)[22] occurs at 2773 K.[23] At room tempera-
ture, applying hydrostatic pressure exceeding 4.3 GPa re-
sults in a transformation to a centrosymmetric orthorhom-
bic phase (space group Pbca).[24] However, all of these bulk
phases possess inversion symmetry and cannot exhibit fer-

roelectric behavior, the origin of the ferroelectricity in HZO
is attributed to another metastable non-centrosymmetric or-
thorhombic phase (O-phase, space group Pca21).[25,26] In gen-
eral, the M- and O-phases are more commonly observed in
experiments.[5,14,27–29] These two phases compete with each
other in energy and/or growth kinetics,[30,31] giving rise to
coexisted M- and O-phases in HZO thin-films grown us-
ing either the atomic layer deposition (ALD),[32–35] or the
pulsed laser deposition (PLD),[36] or the magnetron sputter-
ing technique.[37] Relatively small portion of the O-phase is a
major issue for the performance far less than the ideal in fer-
roelectric devices built with HZO thin-films.[9,28,38,39] There-
fore, further stabilizing the O-phase to increase its portion in
prepared HZO thin-films becomes the primary challenge to
improve the performance of HZO ferroelectric devices.[4,8]

Many attempts have been used to stabilize the ferroelec-
tric O-phase in the past decades, including dopants,[27,33,40,41]

oxygen vacancies,[42–44] mechanical stress,[45–50] electric
field,[51–54] crystallographic orientation,[46,55] and annealing
or depositing temperature.[56–59] All these routes essentially
tune the relative free energy of the two phases.[20,30,43] In
ferroelectric devices, HZO is prepared in thin-films of spe-
cific thicknesses, with the increase of HZO thickness, phase
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transition from the O-phase to the M-phase occurs. This
thickness-dependent behavior has been observed in many
experiments,[15,47,60] but a comprehensive theoretical expla-
nation for this behavior is yet to be unveiled. An interesting
question additionally arises whether the thin-film thickness,
together with these external fields, could efficiently affect the
relative stabilities of those phases in HZO films.

Here, we investigated the relative stability and critical
conditions of different phases of HZO films by considering
film-thickness, strain, and electric field using DFT calcula-
tions. We first plotted binary phase diagrams as functions of
lattice constant and electric field to illustrate the phase stabil-
ity between the M- and O-phases. Our findings indicated that
the ferroelectric O-phase is preferred under c-axis compressive
strains and positive electric fields. Next, we systematically
calculated the surface energy for various low-index surfaces of
the O- and M-phases to explore the thickness-dependent phase
stability. The results indicate that a thinner (111) slab could
further stabilize the O-phase. Given these results, we depicted
ternary phase diagrams by incorporating the film-thickness as
the third dimension into our binary phase diagrams, providing
a more intuitive representation of the critical conditions for the
O-phase.

2. Methods
2.1. Density functional theory calculations

Density functional theory (DFT) calculations were
performed using the generalized gradient approximation
(GGA) for the exchange–correlation potential, the projector
augmented-wave (PAW) method[61,62] and a plane-wave basis
set as implemented in the Vienna ab-initio simulation pack-
age (VASP).[63,64] Dispersion correction was made at the van
der Waals density functional (vdW-DF) level,[65,66] using the
optB86b functional for the exchange potential, which was
proven to be accurate in describing the structural properties
of the layered materials[67–71] and was adopted for structure-
related and electric polarization calculations. The kinetic en-
ergy cut-off for the plane-wave basis sets was set to 700 eV for
the geometry relaxations and 600 eV for electric polarization
and energy calculations. The shapes and volumes of each cell
were fully relaxed until the residual force per atom was less
than 0.005 eV/Å. An 8×8×8 k-mesh was used for sampling
the Brillouin zone (BZ) for the Hf0.5Zr0.5O2 bulk phases. The
relative permittivity is calculated using density functional per-
turbation theory (DFPT)[72–74] while the electric polarization
P is calculated using the Berry phase method as implemented
in VASP,[75–77] which is defined as P = Pion +Pelec, where Pion

and Pelec refer to the ionic and electronic contributions, respec-
tively. In surface energy calculations, a vacuum layer was used
to reduce interactions among adjacent image layers and we

found that a vacuum layer of 20 Å was sufficient to ensure the
surface energy convergence within 0.001 eV/Å2.[78] A dipole
correction along the z direction is considered to correct the ar-
tificial electric polarization introduced by the periodic bound-
ary condition and to balance the vacuum level differences on
the different sides of the Hf0.5Zr0.5O2 slabs.[79,80] A series of
strains were applied in the range of −8.0% to 8.0% in a step
of 1.0%. An electric field was applied along the c axis in the
range of −0.80 V/nm to +0.80 V/nm in a step of 0.05 V/nm.

2.2. Surface energy

The surface energy (Esurf) was calculated as[81,82]

Esurf=
(Eslab−NHfE

HfZrO4
bulk −(NOxygen−4NHf)µOxygen)

2A
, (1)

where Eslab represents the total energy of the HZO slab,
EHfZrO4

bulk is the energy for bulk HfZrO4 per formula unit, and A
is the surface area. NOxygen and NHf are numbers of oxygen and
Hf atoms in the HZO slab, thus NOxygen−4NHf equals exces-
sive oxygen beyond stoichiometric HfZrO4 units in the slab.
µOxygen is the chemical potential of the oxygen, which is in a
range estimated using µOxygen = µO +∆µOxygen where µO is
the half of the total energy of one O2 gas-phase molecule, and
∆µOxygen is thus the formation energy per O of HfZrO4. There-
fore, the surface energy of either phase has two extremes:
∆µOxygen = 0 and ∆µOxygen = 1/4∆µtot, which correspond to
the oxygen-rich and oxygen-deficient conditions, respectively,
where ∆µtot represents the formation energy of bulk HfZrO4.

The new in-plane lattice vectors 𝑢 and 𝑣 of the (111) sur-
face are along the [11̄0] and [101̄] directions, respectively. The
projected angle θ between the original lattice vector 𝑎 and the
new lattice vector 𝑢 is calculated by cosθ = (𝑎 ·𝑢)/(|𝑎| · |𝑢|).

2.3. Temperature-dependent free energy

The temperature-dependent free energy, F , of each phase
was derived using the formula following a previously devel-
oped approach:[83,84]

F =U +∑
i

{
1
2

h̄ωi + kBT ln
[

1− exp
(
− h̄ωi

kBT

)]}
, (2)

where the first term U represents the total energy calculated us-
ing DFT. The zero-point energy and the vibrational entropy are
the second and third terms, respectively, which are derived us-
ing the quasi-harmonic vibrational frequencies calculated us-
ing density functional perturbation theory (DFPT). Here ωi,
kB, and T are the vibrational frequency, Boltzmann constant,
and temperature, respectively.

3. Results and discussion
3.1. Crystal structure and uniaxial-, biaxial-strain effects

We modeled the HZO bulk structures by replacing two Hf
atoms with two Zr atoms in the unit cell of the M (Figs. 1(a)–
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1(c)) or O (Figs. 1(d)–1(f)) phase of bulk HfO2. We con-
sidered different inequivalent substituting sites for the two Zr
atoms, among which the shown two are the energetically most
stable. Details of the energy comparison are available in sup-
porting information of Fig. S1 and Table S1. The M-phase
exhibits higher structural symmetry, larger volume, and bet-
ter stability (0.17 eV/u.c.) than the O-phase. Details of the
comparisons are documented in Table 1. Their fully relaxed
lattice constants are a = 5.12 Å, b = 5.21 Å, and c = 5.29 Å
for the M-phase, and a = 5.05 Å, b = 5.27 Å, and c = 5.07 Å
for the O-phase. All these values are comparable to previ-

ously reported theoretical[20,85] and experimental[14,19,20,85,86]

values. Although the values for constant a (or b) differ within

1% between the two phases, lattice constant c of the M-phase

is 4.3% larger than that the O-phase, namely 5.29 Å (M) ver-

sus 5.07 Å (O). We thus infer that a compressive strain applied

along the c axis could, most likely, lead to a phase transition

from the M-phase to the O-phase. In other words, it is ex-

pected that the metastable O-phase (ferroelectric phase) could

be stabilized by a compressive strain applied along the c axis,

which deserves further clarification.

Table 1. Calculated parameters for HZO phases. a, b, and c are the lattice constants as denoted in Fig. 1, α , β , and γ are the angle between lattice
vectors b and c, a and c, a and b, respectively. V , ∆U , εr, P, and Eg represent the cell volume, total energy difference per unit cell, relative permittivity,
spontaneous polarization, and bandgaps, respectively.

Phase a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦) V (Å3) ∆U (eV) εr P (µC/cm2) Eg (eV)

M 5.12 5.21 5.29 90.00 99.30 90.00 139.60 0.00 17.91 0.00 5.18
O 5.05 5.27 5.07 90.00 90.00 90.00 135.02 0.17 21.01 54.00 5.15
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Fig. 1. Schematic models of bulk HZO. (a)–(c) Perspective, side, and top views of the M-phase. (d)–(f) Perspective, side, and top views of the
O-phase. Blue, light green, and red balls represent Hf, Zr, and O atoms, respectively. The direction of the spontaneous polarization (polar-axis)
of the O-phase is denoted by the grey arrow, which is almost along the c axis.

Figure 2(a) plots the free energies of the M- and O-phases
as a function of the lattice constant c. Under compressive uni-
axial strain along the c axis, the M-phase, as we expected, un-
dergoes a first-order transition to the O-phase at approximately
−3.0% c-strain. A collapse occurs for the c axis of the M-
phase that lattice constant c decreases from 5.13 Å (−3.0%)
of the M-phase to 4.97 Å (−2.0%) of the O-phase. Such com-
pressive strain could be achieved in experiments through den-
sification upon crystallizing,[60,87] or lattice mismatch,[88,89]

or difference in the thermal expansion coefficients[90,91] be-
tween the HZO thin-films and its substrates or electrodes. It
is important to note that the c axis here does not necessarily
align with the out-of-plane (OOP) direction of the films, its

orientation depends on the specific growth conditions in the
experiments.[29] The a-axis or b-axis uniaxial strain, however,
does not show a phase transition in a reasonable strain range
as plotted in Fig. S2 of supporting information. For the biax-
ial strain, crossover of free energies was also found for the ac
(see Fig. S2(b)) or bc plane (see Fig. S2(d)), but was not in the
ab-plane case (see Fig. S2(c)).

3.2. The influence of external electric field

The O-phase is electrically polarized, and electric fields
are applied in operating devices containing HZO films. It is
thus straightforward to consider the role of external electric
fields in determining the relative stability of the O-phase in
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HZO films. An experiment[28] shows that the O-phase grad-
ually transformed to the M-phase under an electric field of at
least 0.3 V/nm applied along the negative c axis (the [001̄] di-
rection) in HZO films grown along the [001] direction on a
monocrystalline silicon substrate. This transition leads to a
decreased (increased) percentage of the ferroelectric O-phase
(non-polar M-phase), resulting in a degradation of the ferro-
electric performances of HZO thin-films.

To further clarify the role of electric fields, we have noted
that in a system with charged defects, electric fields can in-
duce the redistribution of these defects, thereby influencing the
phase stability.[92,93] However, in the case of this study with-
out defects, the primary effect of the electric field is to alter
the potential energy of electric dipole moment.[94,95] There-
fore, we only included an electric field term[30,96] in our free
energy. It reads as

F =U−V (εrε0𝐸+𝑃 ) ·𝐸, (3)

where U is the total energy calculated by DFT, V is the bulk
volume, 𝐸 is the electric field, 𝑃 is the spontaneous polariza-
tion, εr (ε0) is the relative (vacuum) permittivity (see Table 1
for more details).

Figure 2(c) plots the free energies of the M- (blue) and
O-phases (red) in their strain-free geometries as a function

of the electric field applied parallel (positive values) or anti-
parallel (negative values) to the c axis. The free energy of
the M-phase decreases under electric fields in either direc-
tion, ascribed to its non-polar character. The spontaneous
electric polarization of the O-phase was set to be parallel
to the c direction in the free energy plot (Fig. 2(c)). Its
free energy initially increases and subsequently decreases un-
der the electric field anti-parallel to the c direction (negative
fields), clearly identifying its non-zero spontaneous polariza-
tion (𝑃 ≈ 54 µC/cm2 · 𝑐, where 𝑃ion ≈ 16 µC/cm2 · 𝑐 and
𝑃elec ≈ 38 µC/cm2 ·𝑐). This value is comparable to the spon-
taneous polarization reported for the HfO2 O-phase, namely
𝑃 = 52 µC/cm2 · 𝑐.[85] Notably, the O-phase becomes more
stable than the M-phase under a positive electric field beyond
0.39 V/nm. These results indicate that under the action of
a negative electric field, the polarization direction of the O-
phase has not been reversed before it has been transformed
into the M-phase, thus losing its ferroelectricity. Therefore,
the O-phase of bulk HZO is fragile under negative external
electric fields, which appears to be one of the major issues
leading to the failure of HZO layers in ferroelectric devices.
Thus, it poses a challenge to the community, to find a strategy
for remedying this failure.
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Fig. 2. Free energy curves and binary phase diagrams of the HZO phases. (a)–(b) Free energy differences vary with the lattice constant c and
the ac-plane area, respectively. The black dashed lines represent the common tangent lines. (c) Free energy differences vary with applying an
external electric field along the c axis in strain-free states. For M-phase and O-phase, the free energy of the equilibrium bulk is shown as blue
triangle and red circle lines, respectively. The energy of the M-phase in ground state was set to be the reference. (d)–(f) Binary phase diagrams
for the c-axis electric field and the lattice constant c (d), ac-plane area (e), and bc-plane area (f), respectively. The colors show the difference in
free energy between the M- and O-phases, the blue (negative) region denotes the favored M-phase (non-polar phase), the red (positive) region
denotes the favored O-phase (ferroelectric phase), the white region denotes the phase transition region, the black dashed lines represent the
boundaries of the phase transition.

We infer that a combination of strain and electric field

could be a strategy to address this issue, as they play substan-

tial roles in tuning the relative stability of the M and O-phases

(see Figs. 2(a)–2(c)). We plotted binary phase diagrams for

their stability as functions of electric field and lattice constant c

(Fig. 2(d)), ac-plane (Fig. 2(e)), and bc-plane (Fig. 2(f)) areas.
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These phase diagrams show similar trends regardless of the
way of applying strains. In particular, the O-phase favors high
compressive strains and large positive electric fields, whereas
the M-phase prefers low compressive or tensile strain and neg-
ative electric fields. Therefore, an enlarged compressive strain
or/and a reduced negative electric field are more prone to sup-
press the O-to-M phase transition. A striking result lies in that
a sufficiently large compressive strain, e.g., 24.8 Å2 ac-plane
area for the O-phase, whose initial area is 25.6 Å2 (Fig. 2(e)),
could effectively uphold the stability of the O-phase regard-
less being placed under positive or negative electric fields up
to±0.40 V/nm. It has been reported that the coercive field and
breakdown electric field in HZO devices are approximately
0.1 V/nm[97] and 0.4 V/nm,[98] respectively, at room temper-
ature. Therefore, this strain-promoted robustness of ferroelec-
tricity guarantees the feasibility of reversing its spontaneous

polarization direction under applied reasonably large electric
fields.[99,100]

3.3. Thickness dependence

Previous experiments suggested that the relative stability
of the O- and M-phases has thickness dependence that the thin-
ner of the HZO film, the more portion of the O-phase,[101,102]

implying competition among the surface and bulk energies of
the two phases. We thus plotted surface energy differences for
various low-index surfaces with likely surface terminations of
these two phases in Fig. 3(a) (see Fig. S3 for details in support-
ing information). For those surfaces not satisfying the stoi-
chiometric condition, we considered their surface energies un-
der the oxygen-rich and oxygen-deficient extremes (see Sec-
tion 2 for details).
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area energy of the O-phase is plotted for reference. The black arrows are corresponding to the critical thickness of the O-phase.

Among all considered surfaces, three of them, namely

(101)-HfZrO-2 (blue, right), (011)-HfO (purple), and (111)-

HfZrO (red, right) (see Table S2 for details in supporting in-

formation) are energetically more preferred in the O-phase

than in the M-phase, as plotted in Fig. 3(a). Among them,

only the Hf–Zr–O terminated (111) surface [(111)-HfZrO] of

the O-phase is preferred under both oxygen-rich and oxygen-

deficient conditions, the side- and top-views of which were

depicted in Figs. 3(b) and 3(c), respectively. This result sug-

gests that the O-phase could be further stabilized in a thinner

(111) slab, but the critical thicknesses, especially those under
strain and electric field, are yet to be determined. Therefore,
we focus solely on the (111) slabs in comparing the bulk and
surface energies of the two HZO phases.

To determine the critical thickness for stabilizing the O-
phase, we considered the total energy difference (∆E) be-
tween the two phases in specific thicknesses, which reads as
follws:[103,104]

∆E = n
(
EM

bulk−EO
bulk

)
+2A(EM

surf−EO
surf), (4)

in which n represents the number of layers (thickness), A
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is the surface area, Ebulk (Esurf) is bulk (surface) energy per
formula unit. Figure 3(d) plots ∆E per surface area as a
function of the number of layers n for the oxygen-rich and
oxygen-deficient conditions. The critical thicknesses h were
predicted to be approximately 12.26 nm and 32.15 nm for
the oxygen-deficient and oxygen-rich extremes, respectively,
which fully cover most previously reported experimental val-
ues, e.g., 14.5,[105] 20,[47] and 30 nm.[15] It should be noted
that the thickness-induced phase transition we explored here
based on the (111) surface is qualitatively consistent with the
generally accepted experimental conclusion that ferroelectric
properties are altered by changing grain size.[106,107] As we
mentioned earlier that either polar-axis electric field or c strain
can tune the relative stability of the O- and M-phases. They
thus affect the critical thickness of the layer thickness deter-
mined M–O phase transition. We incorporated a third dimen-
sion (thickness) into the previously established binary phase
diagrams, plotting them in ternary phase diagrams in Fig. 4. It
should be noted that the normal vector 𝑛 (OOP direction) of
the HZO films at this time is [111], the real situation in exper-
iments are that substrates or electrodes can provide in-plane
(IP) strain for HZO, while the electric field is applied along
the OOP direction. Therefore, the predicted strain and elec-
tric field values in the above binary phase diagrams need to
be projected onto the new IP lattice vectors (|𝑢|= 7.29 Å and
|𝑣|= 7.16 Å) and the OOP lattice vector (𝑛), respectively (see
Section 2 for details).

Figure 4 depicts the free energy difference per sur-
face area between the M- and O-phases (∆F = (EM−phase−
EO−phase)/A) as functions of the lattice constant v (uv-plane
area were available in Fig. S4 in supporting information), the
electric field applied parallel to the OOP direction, and the
(111) slab thickness. Figures 4(a) and 4(4b) plot the ternary
phase diagram of uniaxial v-axis strain case in the oxygen-
rich (oxygen-deficient) limit. The O-phase is more stable in
the upper left corner of the diagram, which favors compres-
sive strain, positive electric field, and thin thickness. For
example, the data point (v = 6.67 Å, Efield = 0.00 V/nm,
h = 8.25 nm) marked by the yellow dot in Fig. 4(a) indicates
the area-normalized free energy of the O-phase is 0.46 eV/Å2

lower than that of the M-phase. In this specific thickness and
strain, the O-phase persists even under either positive or neg-
ative OOP electric fields up to 0.40 V/nm, allowing to effi-
ciently switch the polarization direction and thereby ensuring
the ferroelectric functions. Oxygen deficiency weakens the ro-
bustness of the pristine O-phase in the HZO slabs during the
growth process. If not considering the formation of likely oxy-
gen vacancies nor breakdown effects, the O-phase thin-film
(the yellow dot in Fig. 4(b), with 6.67-Å lattice constant v
& 8.25-nm thickness) would gradually transform into the M-
phase when the applied electric field approached−0.59 V/nm.

Upon formation of oxygen vacancies,[43] it is noteworthy that
although the total energy of the O-phase remains higher than
that of the M-phase as the concentration of oxygen vacancies
increases (up to 12.5%), the total energy difference between
the O-phase and M-phase notably diminishes (see Fig. S5(c)
in supporting information). At the same time, the forma-
tion energy of the O-phase consistently remains lower than
that of the M-phase (see Fig. S5(d) in supporting informa-
tion). Therefore, if HZO generates oxygen vacancies under
the oxygen-deficient condition, the formation of the O-phase
becomes more feasible under the same conditions.
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Fig. 4. Ternary phase diagrams of the HZO phases as functions of lattice
constant v, electric field, and thickness. The free energy difference per
surface area was calculated for the (111)-HfZrO surface in the oxygen-
rich condition (a) and in the oxygen-deficient condition (b). The colors
indicate the free energy difference per surface area between the M- and
O-phases (∆F = (EM−phase−EO−phase)/A), with the blue (negative) re-
gion denotes the favored M-phase and the red (positive) region denotes
the favored O-phase. The black dashed line represents the boundary
between the M- and O-phases.

In the atomic limit where the thickness of the (111) HZO
slab was minimized to one-unit cell (∼ 0.26 nm), which is
comprised of two surfaces solely. The O-phase predomi-
nates the one-unit-cell slab and exhibits remarkable stability.
Particularly, the strain-free one unit-cell-thick (111) slab of
the O-phase is 0.16 eV/Å2 (oxygen-deficient) to 0.44 eV/Å2

(oxygen-rich) more stable than that of the M-phase, which
are sufficient to prevent the O-to-M transition even in the
presence of an OOP negative electric field up to 0.40 V/nm
solely. Thus, the ternary phase diagrams in Fig. 4 could
provide a suitable selection interval for growing or optimiz-
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ing the high-performance HZO ferroelectric devices. It is
worth noting that HZO films commonly exhibit polycrystalline
structures, and the successful fabrication of single crystal
structures through ALD or PLD techniques in experiments is
rare.[108,109] However, employing epitaxial growth techniques
allows for the acquisition of high-quality ferroelectric single
crystals by selecting suitable substrates[88] or electrodes.[110]

For instance, high-quality ferroelectric HZO (111) films have
been successfully epitaxially stabilized on La2/3Sr1/3MnO3

(001) electrodes.[111] Furthermore, even in cases where HZO
films are polycrystalline, provided that the IP orientation is not
orthogonal to the c axis, the IP strain can still exert an influ-
ence on the c axis.

4. Conclusion

In summary, we theoretically considered surface energies
of various surfaces for the O- and M-phases of Hf0.5Zr0.5O2

thin-films, which enables us to incorporate film-thickness as
a dimension into the phase diagram between the two phases.
Ternary phase diagrams, considering strain, electric field, and
film-thickness, were thus plotted for different ways of apply-
ing strain. These results indicate that a larger portion of (111)-
oriented surfaces and/or biaxial compressive strains stabilize
the O-phase. A one-unit-cell thick (111) slab (∼ 0.26 nm)
without external strain or an A/A0 = 0.97 ac-plane biaxial
strained bulk crystal could maintain the O-phase even under
strong negative electric fields of up to 0.40 V/nm. We also no-
ticed that the (111) surface energy largely varied with respect
to the oxygen chemical potential, which reminds us that the
formation of oxygen vacancies, the presence of oxygen vacan-
cies leads to a reduction in the total energy difference between
the O-phase and M-phase with increasing the oxygen vacancy
concentration, while the formation energy of the O-phase re-
mains lower than that of the M-phase. Consequently, oxygen
vacancy is likely to play a crucial role in tuning the relative
stability of O and M phases. Such a role would help improve
growth strategies for obtaining a larger portion of the O-phase
in HZO thin-films. In short, we uncovered three O–M phase
transition mechanisms, which allows us to provide a theoret-
ical three-dimensional parameter-space for choosing optimal
conditions to obtain the O-phase Hf0.5Zr0.5O2 thin-films. The
stabilized O-phase potentially improves performances of ultra-
thin Hf0.5Zr0.5O2 ferroelectric devices.

Data availability statement

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable request.

Acknowledgements
Project supported by the Fund from the Ministry

of Science and Technology (MOST) of China (Grant
No. 2018YFE0202700), the National Natural Science Foun-
dation of China (Grant Nos. 11974422 and 12104504), the
Strategic Priority Research Program of the Chinese Academy
of Sciences (Grant No. XDB30000000), the Fundamental Re-
search Funds for the Central Universities, and the Research
Funds of Renmin University of China (Grant No. 22XNKJ30).
Calculations were performed at the Physics Lab of High-
Performance Computing of Renmin University of China and
the Shanghai Supercomputer Center.

References
[1] Zhang B, Meng K K, Yang M Y, Edmonds K W, Zhang H, Cai K M,

Sheng Y, Zhang N, Ji Y and Zhao J H 2016 Sci. Rep. 6 28458
[2] Cai K, Yang M, Ju H, Wang S, Ji Y, Li B, Edmonds K W, Sheng Y,

Zhang B and Zhang N 2017 Nat. Mater. 16 712
[3] Mikolajick T, Slesazeck S, Park M H and Schroeder U 2018 MRS Bull.

43 340
[4] Schroeder U, Park M H, Mikolajick T and Hwang C S 2022 Nat. Rev.

Mater. 7 653
[5] Park M H, Lee Y H, Kim H J, Kim Y J, Moon T, Kim K D, Müller J,

Kersch A, Schroeder U, Mikolajick T and Hwang C S 2015 Adv. Mater.
27 1811

[6] Yu H, Chung C C, Shewmon N, Ho S, Carpenter J H, Larrabee R, Sun
T, Jones J L, Ade H, O’Connor B T and So F 2017 Adv. Funct. Mater.
27 1700461

[7] Si M, Saha A K, Gao S, Qiu G, Qin J, Duan Y, Jian J, Niu C, Wang H,
Wu W, Gupta S K and Ye P D 2019 Nat. Electron. 2 580

[8] Chen H, Zhou X, Tang L, Chen Y, Luo H, Yuan X, Bowen C R and
Zhang D 2022 Appl. Phys. Rev. 9 011307

[9] Shiraishi T, Katayama K, Yokouchi T, Shimizu T, Oikawa T, Sakata O,
Uchida H, Imai Y, Kiguchi T, Konno T J and Funakubo H 2016 Appl.
Phys. Lett. 108 262904

[10] Sakashita Y, Segawa H, Tominaga K and Okada M 1993 J. Appl. Phys.
73 7857

[11] Mehta R R, Silverman B D and Jacobs J T 1973 J. Appl. Phys. 44 3379
[12] Li Y, Liang R, Wang J, Zhang Y, Tian H, Liu H, Li S, Mao W, Pang Y,

Li Y, Yang Y and Ren T L 2017 IEEE J. Electron. Dev. Soc. 5 378
[13] Cheema S S, Shanker N, Hsu S L, Rho Y, Hsu C H, Stoica V A, Zhang

Z, Freeland J W, Shafer P, Grigoropoulos C P, Ciston J and Salahuddin
S 2022 Science 376 648
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Algarabel P A and Pardo J A 2018 Phys. Rev. Mater. 2 013401

[40] Schroeder U, Yurchuk E, Müller J, Martin D, Schenk T, Polakowski P,
Adelmann C, Popovici M I, Kalinin S V and Mikolajick T 2014 Jpn. J.
Appl. Phys. 53 08LE02
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[66] Klimeš J, Bowler D R and Michaelides A 2011 Phys. Rev. B 83 195131
[67] Qiao J, Kong X, Hu Z X, Yang F and Ji W 2014 Nat. Commun. 5 4475
[68] Hong J, Hu Z, Probert M, Li K, Lv D, Yang X, Gu L, Mao N, Feng

Q, Xie L, Zhang J, Wu D, Zhang Z, Jin C, Ji W, Zhang X, Yuan J and
Zhang Z 2015 Nat. Commun. 6 6293

[69] Qiao J, Pan Y, Yang F, Wang C, Chai Y and Ji W 2018 Sci. Bull. 63 159
[70] Hu Z X, Kong X, Qiao J, Normand B and Ji W 2016 Nanoscale 8 2740
[71] Zhao Y, Qiao J, Yu P, Hu Z, Lin Z, Lau SP, Liu Z, Ji W and Chai Y

2016 Adv. Mater. 28 2399
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