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Ferroelectric memories experienced a revival in the last decade due to the discovery of ferroelectricity in
HfO,-based nanometer-thick thin films. These films exhibit exceptional silicon compatibility, overcoming the
scaling and integration obstacles that impeded perovskite ferroelectrics’ use in high-density integrated circuits.
The exact phase responsible for ferroelectricity in hafnia films remains debated with no single factor identified
that could stabilize the ferroelectric phase thermodynamically. Here, supported by density functional theory
(DFT) high-throughput (HT) calculations that screen a broad range of epitaxial conditions, we demonstrate
conclusively that specific epitaxial conditions achievable with common substrates such as yttria-stabilized
zirconia (YSZ) and SrTiO; can favor the polar Pca2; phase thermodynamically over other polar phases such as
R3m and Pmn2, and nonpolar P2, /c phase. The substrate’s symmetry constraint-induced shear strain is crucial
for the preference of Pca2;. The strain-stability phase diagrams resolve experiment-theory discrepancies and
can guide the improvement of ferroelectric properties of epitaxial hafnia thin films.
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The fluorite-structured binary oxide HfO, is known to
form many nonpolar polymorphs including the monoclinic
(M) P2, /c, tetragonal (T') P4, /nmc, orthorhombic Pbca, and
cubic Fm3m phases, among which the most stable phase is
the M phase [1]. The observed ferroelectricity in HfO,-based
thin films has been attributed to the polar orthorhombic Pca2,
phase [2-10], while other polar phases such as rhombohe-
dral R3m and R3 phases [11-13] and orthorhombic Pmn2,
phase [14,15] have also been proposed (see Fig. S1 within the
Supplemental Material [16]). The T phase is commonly
viewed as a precursor phase for the formation of low-
temperature phases such as M and Pca2;. It is noted that
though the antipolar-like orthorhombic Pbca phase has energy
lower than Pca2;, a recent DFT study suggested that the
transition of T — Pbca phase is unlikely due to the large
kinetic barrier [17]. One of the controversies surrounding fer-
roelectric HfO, stems from the fact that all these polar phases
are higher in energy than the nonpolar M phase (see Table
S1 within the Supplemental Material [16]). Several extrinsic
factors have been suggested to explain the stabilization of the
polar phases in thin films. Among them, the surface energy
effect has been commonly cited as the primary mechanism
that favors Pca2; and T phases thermodynamically over the
M phase in nanocrystals with a high surface-to-volume ratio
[18]. However, comprehensive surface energy calculations in-
volving multiple major crystallographic orientations revealed
that the M phase actually possesses lower surface energy than
Pca2; [19,20]. The impact of defects such as dopants and
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oxygen vacancy has been considered. DFT studies predicted
that even a high concentration of dopants is not enough to
reverse the relative stability between the M and polar phases
[21,22]. More recently, it was proposed that charged oxygen
vacancies could promote nonpolar-polar phase transitions of
HfO,, offering an explanation for the origin of ferroelectricity
from the perspective of polymorphism kinetics [17]. We aim
to identify a single, readily-tunable parameter that can stabi-
lize the polar phases thermodynamically over the M phase.
Polycrystalline films of hafnia often exhibit a mixture
of polar and nonpolar phases, which poses a challenge in
isolating the individual contributions of various factors that
influence the ferroelectricity. Thin film epitaxy with precisely
controlled substrate-ferroelectric interfaces and microstruc-
tures serves as an ideal platform to understand the ferroelectric
behavior of hafnia [23]. By leveraging the lattice mismatch
between the film and substrate [24], as well as the substrate
symmetry and vicinality, it is possible to control the phase
stability of hafnia polymorphs for optimal ferroelectric prop-
erties and device prototyping. Ferroelectric Y-doped HfO,
(YHO) thin films with various orientations ({001}, {110},
and {111}) were grown through Ilattice-matching epitaxy
(LME), each coherently matching the ITO/YSZ substrates
(where ITO refers to the indium-tin oxide electrode) [4-8],
and the resulting polar phase was identified as Pca2;.
However, Wei et al. reported the formation of a compres-
sively strained rhombohedral R3m phase in (111)-oriented
Hf 571950, (HZO) thin films deposited on a (001)-oriented
(La,Sr)MnOj3 (LSMO) electrode and SrTiO3 (STO) substrate
[11], while another polar rhombohedral R3 phase was sug-
gested in HZO thin films grown on the GaN(0001)/Si(111)
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substrate [12]. Yun et al. instead demonstrated a rhombohe-
drally distorted Pca2, phase in YHO(111) thin films on both
LSMO/STO(001) and LSMO/STO(110) substrates [10]. Re-
cently, Liu et al. suggested both R3m and Pca2; phases in
HZO(111) on LSMO(110) [25]. Because of the large lat-
tice mismatch between LSMO and HZO, HZO films grown
on LSMO/STO likely adopt the domain-matching epitaxy
(DME) where m lattices of film match n lattices of sub-
strate (see Fig. S2 and Table S2 within the Supplemental
Material [16]).

Several DFT studies have attempted to reveal the impact
of epitaxial strains on the relative stability of various haf-
nia polymorphs, but the findings have been inconsistent. Qi
et al. proposed that an in-plane shear strain could promote
T — Pmn2, transition and attributed the ferroelectricity of
HZO(111) on LSMO/STO(001) to the kinetically stabilized
Pmn2, phase [15]. Zheng et al. suggested that the trigonal
symmetry constraint imposed by the ZnO(0001) substrate
renders the R3m phase energetically competitive with the
M phase [13], although the possibility of a distorted Pca2,
phase cannot be ruled out. Furthermore, different studies have
argued that compressive [26] and tensile strains [27] may be
responsible for stabilizing the Pca2, phase. To summarize,
there is currently no consensus either experimentally or theo-
retically on the following key questions: (i) Which polar phase
or phases (Pca2;, Pmn2,, R3m, and R3) are responsible for
the ferroelectricity in epitaxial thin films? (ii) What types of
strains, tensile or compressive, can stabilize the polar phase?
(iii) Can a single factor stabilize the ferroelectric phase ther-
modynamically in hafnia thin films?

In this paper, we address the aforementioned questions by
performing DFT-based high-throughput (HT) calculations on
~3500 configurations to quantitatively assess the influence of
a broad range of isotropic and anisotropic epitaxial strains, as
well as substrate symmetry, on the phase competitions in thin
films of HfO,. We show that instead of focusing on the type
of stain, either compressive or tensile, applied to the ground
state of a polymorph (as commonly done in prior studies),
a more conceptually straightforward and experimentally rele-
vant approach is to examine the influence of a given substrate
on the relative phase stability in the film. Our results provide
definitive proof that the Pca2, phase can be intentionally en-
gineered as the most stable phase across an extensive range of
epitaxial conditions that impose orthogonal in-plane lattices,
thereby resolving multiple discrepancies between experimen-
tal and theoretical observations.

We start by emphasizing that the epitaxial constraints ex-
perienced by a film grown on a given substrate depends on
the film-substrate matching plane (o) represented by Miller
indices (hkl) and the crystal symmetry (¢) of the polymorph
(see discussions below). o labels the growth orientation while
¢ determines the number of unique growth orientations within
the same family of {hkl} (referred to as “general orienta-
tion”). As shown in Fig. 1, in the case of {110}-oriented
thin films, there exist four unique growth orientations for M
but only three for Pca2;. For convenience, we introduce the
method of lattice normalization for polymorphs in films (f),
Ly = Ly/vu? + v} + w?, where L; (L = X, Y) is the length
of an in-plane lattice vector [u;vywy] € (hkl) that is aligned
along the measurement axis X or Y (see Table S3 within the
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FIG. 1. Epitaxial matching of different HfO,{110} films with a
generic substrate and resulted strain conditions. The left panel shows
the in-plane lattices for four P2, /c and three Pca2, unique growth
orientations, each of which is characterized by a set of lattice param-
eters (Xy, Yy, 67). By normalizing the in-plane lattice parameters as
(5(}, ?f, 0y), the strain conditions (ex, &y, y) of these films imposed
by a generic substrate (5(;, f/;, 6;) depend on both growth orientation
and crystal symmetry.

Supplemental Material [16]), and the intrinsic lattice angle is
denoted as ;. Similarly, the mechanical boundary conditions
of a generic substrate (s) can be specified with normalized
in-plane lattice constants (X; and Y;) and lattice angle 6.

A key aspect of hafnia epitaxy, which is often underap-
preciated, is that a given substrate (X;, Y, 6;) can impose
drastically different strain conditions depending on the values
of o and ¢ associated with the crystallized polymorph in the
film. This can be understood by examining the ground-state
epitaxial conditions of unstrained hafnia polymorphs. We de-
fine an anisotropic parameter Ay = X;/Y; and a distortion
angle A6y = 0y — 0, (with 6; = 90° for simplicity). The de-
gree of in-plane anisotropy for a polymorph is quantified by
the deviation of A; from unity and the amount of in-plane
shear strain experienced by the film scales with the value
of Afy. The four parameters, Xy, Yr, Ay, and Aff, hence
collectively characterize the strain-free epitaxial condition for
a specific phase and growth orientation. Figure 2 plots the
values of ground-state epitaxial conditions for a number of
phases of HfO, with {001}, {110}, and {111} orientations,
respectively, revealing several important characteristics. First,
using the HfO,/YSZ heterostructure grown by LME as an
example, the normal strain &, = (L; — Ly)/Ly clearly de-
pends on both ¢ and ¢ of the polymorph. Specifically, YSZ
(aysz = 5.15 10\) with identical {110} orientations induces a
non-equibiaxial compressive strain in the (101)-oriented M
phase but results in ex = —0.8% and ey = +7.9% for the
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FIG. 2. Ground-state epitaxial conditions of unstrained HfO, polymorphs of different growth orientations. The top panels show the
normalized lattice lengths ()7_ fs )7f) of (a) {001}, (b) {110}, and (c) {111}-oriented polymorphs. Different phases and growth orientations are
denoted by different colored and shaped markers, respectively. Note that for the strain-induced polar rhombohedral R3m phase, the unstrained
state is considered as the nonpolar cubic P43m phase (see Fig. S1 and Table S1 within the Supplemental Material [16]). The red dashed lines
mark the experimental lattice constant (5.15 /OX) of the YSZ substrate [35]. The bottom panels show the distortion angle Af; = 6, — 90° and
the anisotropic parameter Ay = )?f / )7} of (d) {001}, (e) {110}, and (f) {111}-oriented polymorphs. The grey dashed lines in all panels denote
the epitaxial conditions of isotropic substrates with )?3 = IZ and 6, = 90°.

(101)-oriented M phase. Second, the T phase and Pca2,
phase of the same orientation always have similar ground-
state epitaxial conditions that are close to be isotropic as
characterized by Ay = 1 and A9y = 0. In contrast, the values
of Ay and A6y for M and Pmn2; (blue and green markers
in Fig. 2) deviate more from the isotropic condition. Finally,
for {111}-oriented films, the ground-state epitaxial conditions
of Pca2;, T, R3m, and R3 phases are comparably close to
those of the isotropic YSZ substrate. This could make it chal-
lenging to distinguish between these phases in experimental
settings.

Because the same substrate can cause varying strains in
the film, it is essential to thoroughly consider all possible
growth orientations of competing polymorphs to establish
the correct thermodynamic stability order. Our HT DFT cal-
culations are performed by computing phase energetics for
an expansive range of (X, Y;) values with 6, = 90° for
three general orientations: {001}, {110}, and {111}, respec-
tively. Given a substrate and general orientation, we optimize
the supercell structures for all possible o and ¢ values.
During the structural optimization, the in-plane lattice param-
eters remain fixed to those of the substrate (X;, Y;) while
the atomic coordinates and out-of-plane lattice parameters
are allowed to relax. DFT calculations are performed using
the Vienna ab initio simulation package (VASP) [28] with
the projector augmented-wave (PAW) method [29,30] and the
Perdew-Burke-Ernzerhof (PBE) exchange correlation func-
tional [31]. The plane-wave cutoff energy is set to 600 eV.
The Brillouin zones of the {001}, {110}, and {111} super-
cells are sampled by I'-centered (4 x 4 x 4), (4 x 3 x 3),
and (3 x 2 x 3) Monkhorst-Pack [32] k-point meshes, re-
spectively. The atomic coordinates and out-of-plane lattices

are fully optimized with a force convergence threshold of
0.01 eV/A with fixed in-plane lattices. The polarization val-
ues are calculated by using the Berry phase method [33,34].

We first investigate the effects of isotropic epitaxial
constraints (X; = ¥y = a, and 6; = 90°) on the phase com-
petitions in differently-oriented hafnia thin films. Note that
most of previous theoretical studies only considered equibi-
axial strains, which involve equal scaling lattice vectors along
X and Y while conserving the in-plane lattice angle at the
ground-state value of 6. That is, the in-plane shear strain is
not considered as A6y = 0. Here, closely resembling LME
on isotropic substrates such as YSZ, each hafnia polymorph
has in-plane lattice vectors being orthogonal and the lengths
fixed to a;. Depending on the values of o and ¢, a haf-
nia polymorph could be subjected to in-plane shear strain
characterized by A6y as discussed above. The value of a;
varies from 4.9 to 5.4 A. Figure 3 shows the calculated
phase energetics for M, Pca2,, Pmn2;, T, R3m, and R3
with different growth orientations as functions of a,. For a
specific ay, only the lowest energy value of each phase is
plotted.

In the case of {001}-oriented polymorphs, as shown in
Fig. 3(a), the most stable phase on YSZ(001) is the M phase
with the same orientation, consistent with the report by Tor-
rejon et al., which demonstrated the formation of a slightly
distorted M phase with equal in-plane lattice constants in
HZO/YSZ(001) [35]. This is expected because the strain-free
epitaxial condition of M(001) is close to that of YSZ(001)
as shown in Fig. 2(a). In addition, a critical value of ay
5.0 A is identified below which Pca2, (001) becomes most sta-
ble. However, this film will only exhibit in-plane polarization
(Pca2, has polarization along [010]) that is not convenient for
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FIG. 3. Thermodynamic stability of HfO, thin films under
isotropic epitaxial conditions. The left panels show the energy of the
most stable orientation of a given phase as a function of the substrate
lattice constant a; in (a) {001}, (b) {110}, and (c) {111}-oriented
films. Different phases and growth orientations are denoted by differ-
ent colored and shaped markers, respectively. The red dashed lines
mark the YSZ lattice constant (ayszy = 5.15 A). The right panels
display the energy as a function of the substrate distortion angle
|AGs| = |6, — 90°| when qj is fixed as aysz. The grey shaded regions
mark the ranges of epitaxial conditions where the polar Pca2; phase
is the most stable phase. The energy of the unstrained M phase is set
to zero as reference.

device lateral downscaling. Overall, M(001) is the most stable
polymorph over a wide range of isotropic epitaxial conditions.

For {110}-oriented polymorphs, as shown in Fig. 3(b),
Pca2; becomes more stable than M within a specific strain
range of 5.10 < a; < 5.23 A, and the energies of two orienta-
tions of Pca2, (101) and (011), are almost equal, indicating
a degenerate energy landscape. This is supported by ex-
perimentally observed coexistence of Pca2;(101) and (011)
domains in YHO/YSZ(110) [6]. Specifically, when grown on
YSZ(110), our calculations indicate that the energy of Pca2,
is 22 meV per formula unit (f.u.) lower than M, and a larger
a; =520 A can further increase this energy difference to

35 meV/f.u. Outside the strain range that stabilize Pca2,, a
larger a, favors the formation of M(101), while a smaller a;
promotes M (101).

Regarding {111}-oriented polymorphs, as shown in
Fig. 3(c), the Pca2, phase can be stabilized by isotropic
substrates with a; in a wide range of 5.00-5.23 A, outside
which the M phase is more stable. Importantly, we find that the
energies of polar R3m and R3 phases are considerably higher
than the other phases. Although R3m becomes competitive
with Pca2, under large compressive strains (a; < 4.9 A), the
nonpolar M phase remains the most stable at these epitaxial
conditions. As pointed out by Fina and Sadnchez [36], the
assumption of the R3m phase in (111)-oriented HZO films
leads to an important mismatch between DFT calculations
and experiments on the required strain for the measured po-
larization. The strain state can be related to the out-of-plane
interplanar spacing d;;; in (111)-oriented films. We calcu-
late the energy and polarization of four polar phases (Pca2;,
Pmn2,, R3m, and R3) as a function of dj;; (Fig. 4). It is
found that when d;;; < 3.06 A, Pca2, is most stable with
an out-of-plane polarization of ~30 uC/cm?, comparable to
experimental values of ~4—23 uC/cm? considering the depo-
larization effect. In contrast, a giant value of d;; of 3.4 Ain
the R3m phase is needed to induce a polarization of the same
magnitude. Since the experimental values of dj;; fall within
the range of 2.96-3.05 A as reported in a few HZO(111) films
grown on different substrates, we believe Pca2; is responsi-
ble for the ferroelectricity in (111)-oriented epitaxial hafnia
thin films.

Our extensive investigations on all growth orientations in
the family of {001}, {110}, and {111} demonstrate that the
epitaxial strain can serve as the sole factor that thermody-
namically stabilizes Pca2, over M, offering a straightforward
explanation to the origin of ferroelectricity in epitaxial HfO,-
based thin films on YSZ substrates reported in experiments.
This strain effect has been elusive because previous DFT
studies either overlooked certain low-energy orientations [26]
or disregarded the in-plane shear strain that results from the
orthogonal lattice vectors of isotropic substrates [37]. We
now prove that the in-plane shear strain is crucial for the
stabilization of Pca2; by performing a series of model cal-
culations that estimate the phase energetics on (hypothetical)
substrates with a; fixed to YSZ lattice constant but varying
0,. This enables the isolation of the shear strain contribution,
i.e., the (110)-oriented M phase (6y = 96.8°) grown on a
substrate with 6; = 92° has Afy = 4.8°, thereby experienc-
ing a smaller shear strain compared to that on a substrate
of 6; = 90°.

The energies of representative polymorphs as a function of
|AG;| = |6; — 90°| are presented in the right panels of Fig. 3.
In {001}-oriented films, most polymorphs show increasing
energy with increasing |A6;| as their values of 6, are already
close to 90°, matching well to a substrate of 6, = 90°. For
Ab; < 3.0°, Pca2;(010) is lower in energy than M(010) but
still higher in energy than M(001). It may be feasible to
obtain ferroelectric (010)-oriented films on YSZ by finding a
way to prevent the formation of M(001). For {110}-oriented
polymorphs, when Af; < 1.9°, Pca2, is preferred over M.
Furthermore, as A6, increases and substrate 6; approaches
the value of 6y = 83.1° of M(011), the energy of M(011)
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reduces considerably. This implies that in the absence of shear similar to the isotropic case presented in Fig. 3(a). For {110}
strain applied to M(011), the nonpolar M phase will be highly orientations, the energy difference AE is typically more re-
favored over Pca2;, as is the case in bulk, underscoring the sponsive to the strain applied along the Y (110) direction. A
substantial impact of shear strain on the stability of the M uniaxial tensile strain along X (001) can further facilitate the
phase. Another finding is that at A, = 0°, M(101) having formation of Pca2;(110). In {111} orientations, the Pca2,
0y = 90° is higher in energy than Pca2;, mainly due to its phase is stabilized when the normalized lattice lengths X;
large strain-free anisotropy (A = 1.09). Regarding {111} ori- and Y, range from 5.05 to 5.25 A. Notably, both isotropic
entations, Pca2; is most stable when A6, values are below YSZ(111) and anisotropic STO(001)/(110) epitaxial condi-
1.7°. Decreasing shear strain by increasing A6, leads to a tions fall within this range, as shown in Fig. 5(c). Moreover,
significant reduction in energy for M(111). Our results also the effect of shear strain combined with anisotropic normal
reveal that on a substrate of 6; = 90°, the T phase is more strain on the phase stability is further examined. We map
stable than Pmn2, challenging the hypothesis of spontaneous out the phase diagrams for {110}- and {111}-oriented poly-
transition of T — Pmn2; [15]. morphs with Af; = 1.5° and Af; = 1.0°, respectively (see

For substrates like LSMO/STO that have a large lat- Fig. S3 within the Supplemental Material [16]). We find that
tice mismatch with HfO,, DME results in smaller effective a substrate featuring nonorthogonal in-plane lattice vectors

mismatch than LME [38,39], and the effective strain expe- generally constricts the range of epitaxial conditions that can
rienced by the film could be anisotropic. In this regard, we stabilize Pca2;, due to the diminished shear strain applied
further study the phase competitions under anisotropic epi- to M.

taxial conditions characterized by X; # ¥; and 6; = 90°. As The strain-stability phase diagrams established with HT

demonstrated in Fig. 3 that M and Pca2; consistently have DFT calculations provide answers to the three questions
lower energies than the other phases, here we focus on these  raised above. First, our findings indicate that the Pca2; phase
two phases. Figure 5 displays the phase diagrams of HfO, is most likely the ferroelectric phase formed in epitaxial haf-
thin films under anisotropic epitaxial conditions, with color  nia thin films grown by LME and DME. Other polar phases
representing the energy difference (AE) between the most such as R3m, R3, and Pmn2; are all higher in energy than
stable Pca2; phase and the most stable M phase for a given Pca2, across a wide range of epitaxial conditions. The ex-

general orientation. In {001}-oriented films, anisotropic epi- perimentally observed rhombohedral symmetry [11] could
taxial conditions accessible in experiments strongly promote stem from the lattice distortion of Pca2; phase. Second, as
the formation of M in both (001) and (100) orientations, the same substrate can generate varying strain conditions,
—0.15 0.12 0.08
(@) 535 (©) 5 35 Jwciom) (©) 535 M(111)
M(117)
5.25 =010 5.25-
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FIG. 5. Strain-stability phase diagrams of HfO, thin films. The color scales with the energy difference (in unit of eV /f.u.) between the
most stable polar Pca2, phase (labeled as O) and the most stable nonpolar M phase for (a) {001}, (b) {110}, and (c) {111}-oriented films. The
red lines denote the phase boundaries between Pca2, and M phases, while the blue and orange lines separate the M phase and Pca2; phase
of different orientations, respectively. Experimental epitaxial conditions (see Table S2 within the Supplemental Material [16]) of the isotropic
YSZ [35] and anisotropic STO [10] substrates are marked by red and pink circles, respectively.
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classifying the strain type, be it tensile or compressive, that
stabilizes the polar phase is not particularly useful. Instead,
we recommend focusing on the effective epitaxial conditions
of the substrate. Finally, the Pca2; phase can be stabilized
across a broad range of epitaxial conditions in both {110}
and {111} growth orientations by imposing orthogonal lattice
constraints using substrates with orthogonal in-plane lattice
vectors. These epitaxial conditions primarily destabilize the
M phase with a large intrinsic in-plane lattice angle and/or
significant anisotropic ratio. Moreover, our results offer a
potential explanation for the reverse size effect observed
in ferroelectric HfO,-based thin films [40]: With the film
thickness increasing, the relaxation of epitaxial constraints,
particularly the shear strain, restores the thermodynamic sta-
bility of M, leading to a suppressed ferroelectricity in thicker
films.

In summary, this study demonstrates that the epitaxial con-
ditions presented in common substrates such as YSZ and STO
can thermodynamically stabilize {110}- and (111)-oriented
polar Pca2; phase without relying on other extrinsic factors.
The shear strain arising from the symmetry of the substrate
that tends to orthogonalize in-plane lattices plays a crucial
role in destabilizing the nonpolar M phase. By clarifying the
ambiguities surrounding the field of ferroelectric hafnia, we
hope to facilitate the optimization of epitaxial hafnia thin
films, ultimately leading to enhanced functionalities.
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