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The recent observation of ferroelectricity in the metastable phases of binary metal oxides, such as HfO2, ZrO2,
Hf0.5Zr0.5O2, and Ga2O3, has garnered a lot of attention. These metastable ferroelectric phases are typically
stabilized using epitaxial strain, alloying, or defect engineering. Here, we propose that hole doping plays a key
role in the stabilization of polar phases in binary metal oxides. Using first-principles density-functional-theory
calculations, we show that holes in these oxides mainly occupy one of the two oxygen sublattices. This hole
localization, which is more pronounced in the polar phase than in the nonpolar phase, lowers the electrostatic
energy of the system, and makes the polar phase more stable at sufficiently large concentrations. We demonstrate
that this electrostatic mechanism is responsible for stabilization of the ferroelectric phase of HfO2 aliovalently
doped with elements that introduce holes to the system, such as La and N. Finally, we show that spontaneous
polarization in HfO2 is robust to hole doping, and a large polarization persists even under a high concentration
of holes.

DOI: 10.1103/PhysRevMaterials.7.044412

I. INTRODUCTION

Binary metal oxides (BMOs) with wide band gaps and
large dielectric constants, such as SiO2 and HfO2, are used as
gate dielectrics in transistors [1,2]. Recently, ferroelectricity
has been reported in various BMOs such as HfO2, ZrO2,
and Ga2O3 [3–9]. Their ferroelectric phases are, however,
metastable compared to a nonpolar phase that is most stable
under ambient conditions [10–14]. There are several strate-
gies to stabilize the metastable ferroelectric phases: doping
[7,10,11,15–23], alloying [18,20,24,25], defect engineering
[26–32], and strain engineering through epitaxy with sub-
strates [33–42], with the doping being the most common
approach to be used experimentally. For example, the intro-
duction of Al into Ga2O3 stabilizes its ferroelectric ε phase
[10]. For HfO2, there are even more experimental explo-
rations of polarization and stability of its ferroelectric phase.
For example, Lu et al. have systematically investigated the
effect of cation and anion dopants on the polarization of
HfO2, and conclude that hole dopants increased the volume
fraction of the ferroelectric phase over its nonpolar phases
[43]. Furthermore, by analyzing phase transitions between
cubic, tetragonal, and monoclinic HfO2, they summarize that
phase transitions of HfO2 polymorphs could follow Ost-
wald’s rule [44]. M. H. Park and co-workers [45] and Hwang
and colleagues [46] have also systematically investigated the
formation of the ferroelectric phase of HfO2 from various as-
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pects. Their main contributions related to hole dopants are that
the HfO0.61N0.72 hole-rich interface promotes the formation of
the ferroelectric phase of HfO2. The ferroelectric endurance
of HfO2-ZrO2 is also enhanced by La doping [47]. Apart
from all the above work, various other experimental studies
also show that Si, Zr, La, Sc, Y, and N facilitate the formation
of the orthorhombic ferroelectric phase of HfO2 [18,20,25].
Oxygen vacancies, especially in ordered form, have also been
proposed to stabilize the orthorhombic phase of HfO2 [48].
Finally, these oxides are regularly grown as thin films on
carefully selected substrates that can impose adequate strain
for the stabilization of the ferroelectric phase [14,33].

All the above strategies to stabilize metastable ferroelectric
phases involve the transfer of charges. For instance, dopants
donate or accept electrons, and oxygen vacancies typically
act as electron donors. If there is a mismatch in the work
function of the substrate and the film, or if the substrate has a
different polarity, it can result in the transfer of charges to the
film [49,50]. There are a handful of theoretical reports that
have explored the presence of charges and their impact on
the crystal structure and electronic properties [51–54]. Espe-
cially for hole doping, the large electronegativity difference
between the metal and oxygen ions in BMOs can localize
holes spatially in all oxygen sublattices. Even oxygen vacancy
may locally neutralize hole states in a BMO matrix. Extra
holes spreading in the remaining oxygen lattices could impact
the structure and electronic properties of metal oxides. For
example, McKenna et al. [52], have shown, using electronic
structure calculations, that extra holes in HfO2 or ZrO2 could
arrange as two-dimensional (2D) conductive sheets. Muñoz
Ramo et al. [51] have predicted that holes exist as polaronic
states in monoclinic HfO2 by distorting the lattice locally.
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Free carriers either in the form of holes or electrons have
been applied to stabilize metastable phases. For example,
the introduction of charge carriers screens the polarization
and suppresses the associated polar distortions in prototypi-
cal displacive perovskite ferroelectric BaTiO3, and induces a
phase transition from the ferroelectric phase to the paraelectric
one [55]. Conversely, one recent work on hybrid-improper
ferroelectrics shows that free carriers can strengthen polar
distortions and facilitate the formation of ferroelectric phases
[56]. Various mechanisms have been proposed to explain the
effect of doping on the polarization in traditional ferroelectrics
including metascreening and second-order Jahn-Teller effects
of traditional ferroelectrics. However, compared to these tra-
ditional perovskite ferroelectrics, the effect of charge doping,
especially holes, on the phase stability of newly discovered
polar phases in binary metal oxides remain poorly understood.
Especially for polar metal oxides, extra charges could not only
arrange into specific patterns that partially break metal-oxide
bonds, but also couple with polar displacements and modulate
their structures and phase stabilities. Therefore, whether elec-
tron or hole doping can stabilize a metastable polar phase and
permit ferroelectric switching remains an open question.

In this work, we analyze the effect of charge doping on
the stability of the metastable polar phase in BMOs and the
evolution of their electronic properties. We find that holes
can stabilize a metastable polar phase in BMOs having two
different oxygen sublattices and a nonpolar ground state such
as HfO2, Hf0.5Zr0.5O2, ZrO2, and Ga2O3. This hole-doping-
induced ferroelectric stability arises from the localization of
holes, which reduces the long-range electrostatic interactions.
Specifically, holes are found to preferentially localize at triply
coordinated oxygen sites (O3) favoring them over oxygen
sites having four nearest cation neighbors (O4). The holes
can even arrange into two-dimensional (2D) sheets within
the three-dimensional structure. This spatial arrangement into
2D sheets formed by the O3 ions reduces the electrostatic
energy of the doped polar phase with respect to the nonpolar
phase. We also find that spontaneous polarization persists in
the presence of localized holes. It results in a small decrease
in the height of the ferroelectric double-well barrier, which is
often associated with the switching field or the ferroelectric-
paraelectric transition temperature. In the case of HfO2, we
find that a hole concentration of 3.86 × 1021 cm–3 can stabi-
lize the polar orthorhombic phase. Such hole concentrations
can come either through doping or ionic gating, especially
during the initial growth of HfO2. Our work suggests that hole

doping, either intentionally through ionic gating, or uninten-
tionally through doping and alloying, plays an important role
in the stabilization of the metastable polar phases.

II. METHODS

We carried out density-functional-theory (DFT) calcula-
tions using the Vienna ab initio simulation package (VASP)
[57]. The energy cutoff for the plane waves was set at
500 eV. The threshold for energy convergence for the
self-consistent loops was set at 10−6 eV. For structural opti-
mization, the convergence of forces was set to 0.001 eV Å−1.
We used projector augmented-wave (PAW) potentials [58]
and the generalized gradient approximation (GGA) within
the Perdew-Burke-Ernzerhof (PBE) [59] parametrization to
describe the electron-ion and electronic exchange-correlation
interactions, respectively. The Brillouin zone was sampled
using the Monkhorst-Pack method with the smallest allowed
spacing between k points set to 0.1 Å−1 [60]. The optimized
in-plane lattice parameters of the ferroelectric and the non-
polar phases of HfO2, Hf0.5Zr0.5O2, ZrO2, Ga2O3, and their
space groups are given in Tables S1 and S6 (Supplemental
Material [70], and Refs. [1–10] therein). To simulate charge
doping, we changed the total number of electrons in the BMO
unit cells and optimized the charged structures under a homo-
geneous charge background. Cation or anion alloying effects
in HfO2 were simulated using the virtual crystal approxima-
tion method [61,62], where La was chosen as a cation and N,
P, and Sb as anions.

The electrostatic interactions between doped charges in
HfO2, Hf1–xLaxO2, and Ga2O3 were simulated using a core-
shell model [63]. We used the atomic structures of HfO2,
Hf1–xLaxO2, and Ga2O3 that were fully optimized with DFT
and imposed periodic boundary conditions. In the core shell,
each atomic site encompassed an ionic charge Qi fixed to
the equilibrium position and an electronic charge qi bound
to its ionic site. The ionic charges were represented by point
charges. The electronic charges qi were adjusted to simulate
hole distributions on oxygen sublattices and broadened by a
Gaussian distribution of width σi. All the parameters were
fitted to reproduce the dielectric constants and energetics
of polar and nonpolar phases of HfO2 and Ga2O3 in the
charge-neutral optimized states and are given in Table S9
(Supplemental Material [70], and Refs. [1–10] therein). The
electrostatic energy was calculated using the Ewald method
[63]:
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FIG. 1. (a) Crystal structures of o-HfO2, m-HfO2, ε-Ga2O3, and β-Ga2O3. Here filled circles in olive green and light green are Hf and Ga
atoms, and circles in yellow and red are O3 and O4 atoms, respectively. (b) Energy difference between polar and nonpolar phases for different
binary metal oxides as a function of charge carrier density.

where V is the volume of the supercell, n and Rn are indices
and the corresponding lattice vector of the direct space of the
supercells, G is a vector in the reciprocal space, ri is a vector
representing the position of charge qi, S(G) is the structure
factor, σew is the parameter controlling convergence of the
Ewald sums, and �si is the distance between an ion and
the respective electronic charge. The first sum excludes the
interactions between ions and electronic charges belonging to
the same site, and the fourth sum is used to eliminate these
same interactions from the sum in the reciprocal space. The
electrostatic energy variation due to the extra holes is cal-
culated using Es = Es(h) − Es(n), where Es(h) and Es(n) are
the electrostatic energies of the hole-doped and charge-neutral
states, respectively.

To obtain the hole charges at a given site for different
levels of doping, we used the difference in the Bader charges
[10] between the charge-doped and charge-neutral systems.
We calculated the deformation energy from the difference in
the DFT total energy between the deformed structure and the
most stable structure in the charge-neutral state. The deformed
structure was obtained by a full optimization of the lattice
and the atomic positions under different charge doping levels.
We then kept the optimized structure and removed the extra
charge in the matrix to calculate its energy with respect to the
most stable structure in the charge-neutral state. All energies
are calculated with reference to the energy of the most stable
monoclinic structure. We used group-theoretical techniques
implemented in the PSEUDO program of the Bilbao Crystal-
lographic Server [64] to identify �−

3 , a polar phonon mode
[65], that transforms the Pcca centrosymmetric space group
of HfO2 to its polar orthorhombic Pca21 space group with
minimal atomic distortions. We calculated the polarization
along this distortion mode using the Berry phase method [66]
and obtained a value of 51.4 µC/cm2, which is consistent with
previous theoretical results [43].

III. RESULTS

The structures of HfO2 and Ga2O3, both in their metastable
orthorhombic polar phase (o-HfO2 and ε-Ga2O3) and their
ground-state monoclinic phase (m-HfO2 and β-Ga2O3), are
shown in Fig. 1(a). The polar and most stable nonpolar crystal
structures of Hf0.5Zr0.5O2 and ZrO2 are the same as those of
HfO2. All these structures have two symmetry inequivalent
oxygen sublattices. The oxygen sublattices with fourfold and
threefold coordination are shown in red and yellow, respec-
tively. The lattice parameters, space group, and formation
enthalpy of nonpolar and polar phases are given in Tables S1
and S6 (Supplemental Material [70]; see, also, Refs. [1–10]
therein), respectively. Those nonequivalent atomic sites for
each polar and nonpolar phase are shown in Tables S3 and S8
(Supplemental Material [70]; see, also, Refs. [1–10] therein).
For comparison, lattice parameters and atom coordinates of
polar and nonpolar phases from available experimental re-
sults are also exhibited in the Supplemental Material (Tables
S2, S4, S7, and S8 in the Supplemental Material [70], and
Refs. [1–10] therein).

The energy difference between HfO2, Hf0.5Zr0.5O2, ZrO2,
and Ga2O3 in their polar phase and their ground-state nonpo-
lar phase is plotted in Fig 1(b), as a function of carrier doping
ranging from −0.24 to 0.36 h/f.u., which corresponds to dop-
ing concentration from –7.14 × 1021 to 0.11 × 1023 h/cm−3.
In the charge-neutral optimized state, the energy of the po-
lar phase of o-HfO2 is 0.082 eV/f.u. higher than nonpolar
m-HfO2. The energy of polar o-Hf0.5Zr0.5O2 is 0.081 eV/f.u.
higher than that of m-Hf0.5Zr0.5O2, and the energy of the polar
structure of ε-Ga2O3 is 0.15 eV/f.u. higher than that of non-
polar β-Ga2O3. These results are consistent with the values
reported in the literature [12,14]. They are also consistent
with the experimental observations, which show that large-
area pure polar phases of HfO2, Hf0.5Zr0.5O2, and Ga2O3

can hardly be achieved, and proper substrates, doping, and
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FIG. 2. (a)–(d) Projected density of states (DOS) on O3 and O4 atoms in charge-neutral and 0.2 h/f.u. hole-doped state for o-HfO2 (a),
m-HfO2 (b), ε-Ga2O3 (c), and β-Ga2O3 (d). (e)–(f) Real-space distribution of the hole density (0.2 h/f.u.) in o-, m-HfO2 (e) and ε-, β-Ga2O3

(f). The isosurface of the hole density is at 10% of its maximum.

specific growing conditions are prerequisites to stabilize the
polar phase [8,18,23,67].

We find that charge doping has a large effect on the relative
stability of the polar phase with respect to the nonpolar phase
for all four BMOs, as shown in Fig. 1(b). While electron
doping makes the nonpolar phase more stable, hole doping
stabilizes the polar phase of all the four BMOs. To understand
the mechanism for stabilization of the polar phase with hole
doping, we first analyze the electronic structure and determine
whether there is any localization of the added holes in both
phases. Here, we use HfO2 and Ga2O3 as representative ex-
amples as Hf0.5Zr0.5O2 and ZrO2 show similar behavior. We
focus on the O 2p states as they make up the valence band.
In Figs. 2(a) and 2(b), we show the O 2p density of states
(DOS) in o-HfO2 and m-HfO2, both in their neutral state
and at a hole-doping level of 0.2 h/f.u., where polar o-HfO2

becomes more stable. As mentioned above, there are two
types of oxygen sublattices in these BMOs, comprising the
triply coordinated O3 sites and the fourfold coordinated O4
sites. In both o-HfO2 and m-HfO2, holes preferably occupy
the 2p states of the O3 sublattice, as can be seen in Figs. 2(a)
and 2(b). A comparison of the O 2p DOS for o-HfO2 and
m-HfO2 shows that the added holes are more localized in
energy in the polar o-HfO2. We observe this by the sharp
edge in o-HfO2 at the Fermi energy [Fig. 2(a)], whereas in
nonpolar m-HfO2, the hole states span a larger energy range
[Fig. 2(b)]. Therefore, at the same level of hole doping, the
Fermi energy shift with respect to the valence band edge of
the charge-neutral HfO2 is larger in m-HfO2 than in o-HfO2.
We observe a similar tendency in Ga2O3. Figures 2(c) and
2(d) show the O 2p DOS for ε-Ga2O3 and β-Ga2O3 in the
charge-neutral state and at a hole-doping level of 0.2 h/f.u.,
where polar ε-Ga2O3 becomes more stable. It is seen that the
holes preferentially occupy the O3 sublattice, and the 2p states

of oxygen in polar ε-Ga2O3 are more localized in energy than
in β-Ga2O3.

The differences in the degree of hole localization in the po-
lar and nonpolar phases of HfO2 and Ga2O3 are evident from
the isosurface plots of the hole density, shown in Figs. 2(e)
and 2(f). In both compounds, the hole density is more spatially
localized in the polar phase than in the nonpolar. Specifically,
in the case of HfO2, the added holes arrange themselves in
parallel, quasi-2D hole sheets formed by the O3 sublattice
in both m-HfO2 and o-HfO2 [Fig. 2(e)]. However, while the
hole density is continuous in m-HfO2 along the z axis, it
is discontinuous in o-HfO2. Also, along the y axis, the spa-
tial separation between the hole sheets in m-HfO2 is 2.26 Å,
which is shorter than 2.35 Å in o-HfO2. The more delocalized
distribution of the holes in m-HfO2 manifests itself in a larger
dispersion of the valence band edge, both in energy and in the
reciprocal space along the �-M and �-A directions, as shown
in Fig. S2 (Supplemental Material [70], and Refs. [1–10]
therein). A similar tendency is observed in Ga2O3, where
the hole density is localized in a large hollow site of polar
ε-Ga2O3, whereas it is more uniformly distributed in nonpolar
β-Ga2O3 [Fig. 2(f)].

These different hole distributions in the polar and nonpo-
lar phases of HfO2 and Ga2O3 affect their relative stability
and eventually stabilize the polar phase at sufficiently high
hole doping. We analyze the structural deformation and the
electrostatic energy variation to validate this argument. We
first evaluate the effect of structural distortions associated
with the additional holes on the relative stability of the polar
and nonpolar phases using HfO2 and Ga2O3 as examples.
To do this, we fully optimize the structure (both lattice and
ions) under each doping level; then we remove the extra
charges and calculate the energy of the optimized structure
(obtained under charge doping) in the charge-neutral state.
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FIG. 3. (a)–(b) The deformation energy for o-HfO2, m-HfO2 (a), and ε-Ga2O3, β-Ga2O3 (b) as a function of hole density. (c),(d) The
electrostatic energy variation and electrostatic energy difference between nonpolar and polar phases in HfO2 and Ga2O3 as a function of the
hole density.

These structures have been deformed by extra charges in their
matrices with respect to the fully optimized charge-neutral
structure, so we use the deformation energy to show the ef-
fect of structural distortions on the relative stability of the
polar and nonpolar phases. The results shown in Figs. 3(a)
and 3(b) clearly indicate that, for both polar and nonpolar
phases, their energies increase with the structure deforma-
tions. However, the relative stability of the polar and nonpolar
phases does not change, and the nonpolar monoclinic struc-
ture of both HfO2 and Ga2O3 remains the lower energy
state.

It appears that it is the electrostatic energy difference be-
tween the polar and the nonpolar phases upon hole doping
that stabilizes the polar phase in HfO2 and Ga2O3. We cal-
culate the electrostatic energy using the core-shell model as
described in the Methods section. In the calculations, we
assume, for simplicity, that the extra holes solely occupy the
O3 sublattice, reflecting qualitatively our DFT results (Fig. 2).
The results are shown in Figs. 3(c) and 3(d), for HfO2 and
Ga2O3, respectively. It is seen that the electrostatic energy
gradually increases with the increasing number of holes for
both phases. However, this increase is greater for the nonpolar
phase than for the polar phase, eventually making the latter
more stable. This behavior of the electrostatic energy as a
function of hole doping is consistent with the hole density
being more localized on the O3 sites in the polar phases com-
pared to the nonpolar (Fig. 2). Thus, our electrostatic model
qualitatively reproduces the tendency derived from the DFT
total energy calculations [Fig. 1(b)].

Experimentally, the extra holes could come from ionic
gating or from the substrate. They could also come from ionic
dopants and aliovalent alloying. Indeed, experimentally, addi-
tions of La, Y, Sc, or N to HfO2 have been reported to stabilize

its ferroelectric phase (o-HfO2) [10,68,69]. All these elements
introduce holes into the system. To analyze whether the mech-
anism discovered above also applies to such p-type dopants
and alloys, we consider the effect of La doping on the relative
phase stability of o- and m-HfO2. We observe that on increas-
ing the La concentration, the energy difference between o-
and m-HfO2 phases gradually decreases, until at xLa > 0.35
in Hf1–xLaxO2, ferroelectric o-HfO2 becomes more stable
than m-HfO2, as shown in Fig. 4(a). The hole distribution at
x = 0.35 is shown in Fig. 4(b). As seen from the DOS plots
in this figure, the holes primarily occupy the O3 sublattice
and are more localized in o-HfO2 than in m-HfO2. This trend
remains for the entire concentration of La considered here, as
seen from the hole occupancy at the O3 and O4 sites for the
two phases as a function of x (0.00–0.40) in Fig. 4(c). Inter-
estingly, the holes from La ions are mainly localized at the
O3 sites, even though the La atoms form chemical bonds with
both O3 and O4. Using the hole distribution in Fig. 4(c), we
calculate the electrostatic energy as a function of x for the two
phases of Hf1–xLaxO2 using the core-shell model. The results
shown in Fig. 4(d) indicate that with increasing x, the elec-
trostatic energy increases more drastically for m-Hf1–xLaxO2

than for o-Hf1–xLaxO2. At x = 0.35, the electrostatic energy
difference becomes ≈0.08 eV/f.u., which is sufficient to sta-
bilize the orthorhombic phase according to our total energy
calculation shown in Fig. 4(a). These results demonstrate that
for dopants introducing holes to HfO2, it is less increase of
electrostatic energy due to the hole localization that stabilizes
the polar phase. Apart from the cation doping, we have also
analyzed the effect of substitution of O by N, which introduces
holes to the system, on the relative stability of the two phases
in HfO2. The results are similar to those observed for La
alloying, as shown in Fig. S3 (Supplemental Material [70],
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FIG. 4. (a) Energy difference between ferroelectric o- and monoclinic m-Hf1–xLaxO2 as a function of La concentration x. (b) The density
of states (DOS) of O3 and O4 in o- and m-Hf0.65La0.35O2. (c) The number of holes at O3 and O4 sites in o- and m-Hf1–xLaxO2. (d) The
electrostatic energy of o- and m-Hf1–xLaxO2 and the electrostatic energy difference as a function of La concentration.

and Refs. [1–10] therein). Together, these results demonstrate
that as long as holes are localized on the O3 sublattice, they
can facilitate the stabilization of the polar phase.

Finally, we analyze the effect of hole doping on the switch-
ing barrier and polarization of o-HfO2, using o-Hf1–xLaxO2

as an example. We calculate the change in the ferroelectric
double-well barrier following transition from the o phase with
the Pca21 space group and polarization pointing one way,
through a centrosymmetric, nonpolar structure with the Pcca
space group, to the Pca21 phase with the polarization reversed
with respect to the initial state, as shown in Fig. 5(c). This
barrier height often correlates well with the coercive field
required for ferroelectric switching and the ferroelectric to
paraelectric transition temperature. As seen from Fig. 5(a),
the height of the barrier between the polar and nonpolar
phases decreases upon hole doping with La addition. For
pure o-HfO2, the switching barrier is 0.29 eV/f.u. It de-
creases to 0.18 eV/f.u. for o-Hf0.9La0.1O2, 0.13 eV/f.u. for
o-Hf0.8La0.2O2, and 0.09 eV/f.u. for o-Hf0.7La0.3O2. We have
also estimated the polarization under each doping level. In the
calculations, o-Hf1–xLaxO2 with any finite concentration of
La exhibits metalliclike properties [Fig. 4(b)], so we cannot
calculate ferroelectric polarization using the Berry-phase ap-
proach [66]. Instead of polarization, we obtain the magnitude
of polar displacement at each doping level, which is known
to correlate with the polarization [43]. We find that the polar
displacement in o-Hf1–xLaxO2 is robust to La addition. Even
under a very high concentration of La, x = 0.3, the polar
displacements remain as large as 0.46 Å, compared to 0.54 Å
in pure o-HfO2. Based on these displacements, we estimate
the ferroelectric polarization of o-HfO2. We find that, for pure
o-HfO2, the polar displacement is 0.54 Å, and its ferroelectric

polarization calculated using the Berry-phase approach is 51.4
µC/cm2. Assuming a linear relationship between the polar
displacements and polarization, we expect the polarization at
x = 0.3 to be as large as 41.2 µC/cm2. Therefore, under hole
doping induced by La dopants, not only the ferroelectric phase
of HfO2 can be stabilized, but its spontaneous ferroelectric
polarization is also preserved.

HfO2 is unique because its ferroelectricity is retained
even in ultrathin films [26,71]. Various cation and anion
dopants, such as La, Sc, Y, and N, have been used to
stabilize the ferroelectric phase of HfO2, and all these
elements donate holes into the HfO2 matrix. Moreover, fer-
roelectric films of Hf0.5Zr0.5O2 have been synthesized on
silicon [26] or La2/3Sr1/3MnO3 substrates [33]. Interestingly
for La2/3Sr1/3MnO3, it is observed that the ferroelectric
phase of Hf0.5Zr0.5O2 could only be synthesized on the
MnO2-terminated surface. We calculated the work function
of different surfaces to analyze possible hole transfer from
substrate to epitaxial Hf0.5Zr0.5O2 film. We find that the work
function of Hf0.5Zr0.5O2 is −3.45 eV. The surface work func-
tion of silicon is in the range from −4.60 to −4.85 eV. The
work function of the MnO2-terminated La2/3Sr1/3MnO3 sur-
face is −5.94 eV. The lower work function of the substrates
with respect to Hf0.5Zr0.5O2 suggests that holes can trans-
fer across the interface to HfO2 and stabilize its metastable
ferroelectric o phase. These experimental results indicate the
stabilizing role of holes in ferroelectric phase formation in
Hf0.5Zr0.5O2. Thus, our findings here provide insights into
these experimental findings as well as give hints to experi-
mentalists for exploring more efficient approaches to stabilize
the polar phases of HfO2 and other binary compounds such as
Ga2O3, HfZrO2, and ZrO2.
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FIG. 5. (a) Energy of the ferroelectric double well for HfO2, Hf0.9La0.1O2, Hf0.8La0.2O2, and Hf0.7La0.3O2. (b) Polar displacement in
HfO2 as a function of La doping concentration. (c) Schematic of the ferroelectric switching transition from the Pca21 phase of HfO2 with the
polarization pointing up (top) to the state with polarization pointing down (bottom) through a centrosymmetric Pcca phase (middle).

IV. SUMMARY

In this work, we have identified a mechanism through
which holes can stabilize polar phases in BMOs using a
combination of DFT calculations and core-shell models. The
injected holes preferentially occupy the O3 sublattice hav-
ing triply coordinated oxygen atoms. This hole localization,
which is more pronounced in the polar phase than in the
nonpolar phase, in turn lowers the electrostatic energy of the
system, and makes the polar phase more stable at sufficiently
large hole concentrations. We find that this behavior is also
observed for aliovalent alloying with elements, such as La and
N, that introduce holes to the system. Furthermore, we find
that the switching barrier of o-Hf1–xLaxO2 is reduced with the
increasing number of holes, but its spontaneous polarization
persists even at such high hole concentrations. Our findings
contribute to the understanding of the ferroelectric phase for-

mation in BMOs and pave the way to stabilize ferroelectric
phases of BMOs.

ACKNOWLEDGMENTS

T.C. thanks Professor Angelo Bongiorno at the CUNY
College of Staten Island for helpful discussions. The work at
Washington University was supported by the National Science
Foundation (NSF) through Awards No. DMR-1806147, No.
DMR-1931610, and No. DMR-2145797. The work at Univer-
sity of Nebraska-Lincoln was partly supported by the NSF
EPSCoR RII Track-1 program (Award No. OIA-2044049).
Computations were performed at the Extreme Science and
Discovery Environment (XSEDE), supported by Award No.
NSF ACI-1548562, and at the University of Nebraska Holland
Computing Center.

[1] J. Robertson, High dielectric constant gate oxides for metal
oxide Si transistors, Rep. Prog. Phys. 69, 327 (2005).

[2] G. D. Wilk, R. M. Wallace, and J. M. Anthony, High-κ gate di-
electrics: Current status and materials properties considerations,
J. Appl. Phys. 89, 5243 (2001).

[3] T. S. Böscke, J. Müller, D. Bräuhaus, U. Schröder, and U.
Böttger, Ferroelectricity in hafnium oxide thin films, Appl.
Phys. Lett. 99, 102903 (2011).

[4] S. S. Cheema, N. Shanker, S.-L. Hsu, Y. Rho, C.-H. Hsu, V. A.
Stoica, Z. Zhang, J. W. Freeland, P. Shafer, C. P. Grigoropoulos,
J. Ciston, and S. Salahuddin, Emergent ferroelectricity in sub-

nanometer binary oxide films on silicon, Science 376, 648
(2022).

[5] A. Fernandez, M. Acharya, H.-G. Lee, J. Schimpf, Y. Jiang, D.
Lou, Z. Tian, and L. W. Martin, Thin-film Ferroelectrics, Adv.
Mater. 34, 2108841 (2022).

[6] J. Müller, T. S. Böscke, U. Schröder, S. Mueller, D. Bräuhaus,
U. Böttger, L. Frey, and T. Mikolajick, Ferroelectricity
in simple binary ZrO2 and HfO2, Nano Lett. 12, 4318
(2012).

[7] M. H. Park, Y. H. Lee, H. J. Kim, Y. J. Kim, T. Moon, K. D.
Kim, J. Müller, A. Kersch, U. Schroeder, T. Mikolajick, and

044412-7

https://doi.org/10.1088/0034-4885/69/2/R02
https://doi.org/10.1063/1.1361065
https://doi.org/10.1063/1.3634052
https://doi.org/10.1126/science.abm8642
https://doi.org/10.1002/adma.202108841
https://doi.org/10.1021/nl302049k


CAO, REN, SHAO, TSYMBAL, AND MISHRA PHYSICAL REVIEW MATERIALS 7, 044412 (2023)

C. S. Hwang, Ferroelectricity and antiferroelectricity of doped
thin HfO2-based films, Adv. Mater. 27, 1811 (2015).

[8] P. Polakowski and J. Müller, Ferroelectricity in undoped
hafnium oxide, Appl. Phys. Lett. 106, 232905 (2015).

[9] S. Shibayama, J. Nagano, M. Sakashita, and O. Nakatsuka,
Ferroelectric phase formation for undoped ZrO2 thin films
by wet O2 annealing, Jpn. J. Appl. Phys. 59, SMMA04
(2020).

[10] R. Batra, T. D. Huan, J. L. Jones, G. Rossetti, and R.
Ramprasad, Factors favoring ferroelectricity in hafnia: A first-
principles computational study, J. Phys. Chem. C 121, 4139
(2017).

[11] R. Batra, T. D. Huan, G. A. Rossetti, and R. Ramprasad,
Dopants promoting ferroelectricity in hafnia: Insights from a
comprehensive chemical space exploration, Chem. Mater. 29,
9102 (2017).

[12] R. Batra, H. D. Tran, B. Johnson, B. Zoellner, P. A. Maggard,
J. L. Jones, G. A. Rossetti, and R. Ramprasad, Search for
ferroelectric binary oxides: Chemical and structural space ex-
ploration guided by group theory and computations, Chem.
Mater. 32, 3823 (2020).

[13] R. Batra, H. D. Tran, and R. Ramprasad, Stabilization of
metastable phases in hafnia owing to surface energy effects,
Appl. Phys. Lett. 108, 172902 (2016).

[14] S. B. Cho and R. Mishra, Epitaxial engineering of polar
ε-Ga2O3 for tunable two-dimensional electron gas at the het-
erointerface, Appl. Phys. Lett. 112, 162101 (2018).

[15] D. Fischer and A. Kersch, First-principles study on doping and
phase stability of HfO2, J. Appl. Phys. 104, 084104 (2008).

[16] M. Hoffmann, U. Schroeder, T. Schenk, T. Shimizu, H.
Funakubo, O. Sakata, D. Pohl, M. Drescher, C. Adelmann, R.
Materlik, A. Kersch, and T. Mikolajick, Stabilizing the fer-
roelectric phase in doped hafnium oxide, J. Appl. Phys. 118,
072006 (2015).

[17] C. K. Lee, E. Cho, H. S. Lee, C. S. Hwang, and S. Han, First-
principles study on doping and phase stability of HfO2, Phys.
Rev. B. 78, 012102 (2008).

[18] R. Materlik, C. Künneth, M. Falkowski, T. Mikolajick, and A.
Kersch, Y-, Al-, and La-doping effects favoring intrinsic and
field induced ferroelectricity in HfO2: A first principles study,
J. Appl. Phys. 123, 164101 (2018).

[19] S. Mueller, J. Mueller, A. Singh, S. Riedel, J. Sundqvist, U.
Schroeder, and T. Mikolajick, Incipient ferroelectricity in Al-
doped HfO2 thin films, Adv. Funct. Mater. 22, 2412 (2012).

[20] J. Muller, U. Schroder, T. S. Boscke, I. Muller, U. Bottger, L.
Wilde, J. Sundqvist, M. Lemberger, P. Kucher, T. Mikolajick,
and L. Frey, Ferroelectricity in yttrium-doped hafnium oxide,
J. Appl. Phys. 110, 114113 (2011).

[21] U. Schroeder, E. Yurchuk, J. Müller, D. Martin, T. Schenk, P.
Polakowski, C. Adelmann, M. I. Popovici, S. V. Kalinin, and
T. Mikolajick, Impact of different dopants on the switching
properties of ferroelectric hafnium oxide, Jpn. J. Appl. Phys.
53, 08LE02 (2014).

[22] S. Starschich and U. Boettger, An extensive study of the in-
fluence of dopants on the ferroelectric properties of HfO2,
J. Mater. Chem. C 5, 333 (2017).

[23] X. Xu, F.-T. Huang, Y. Qi, S. Singh, K. M. Rabe, D.
Obeysekera, J. Yang, M.-W. Chu, and S.-W. Cheong, Ki-
netically stabilized ferroelectricity in bulk single-crystalline
HfO2:Y, Nat. Mater. 20, 826 (2021).

[24] R. Materlik, C. Kunneth, and A. Kersch, The origin of ferro-
electricity in Hf1−xZrxO2: A computational investigation and a
surface energy model, J. Appl. Phys. 117, 134109 (2015).

[25] S. Mueller, S. R. Summerfelt, J. Muller, U. Schroeder, and T.
Mikolajick, Ten-nanometer ferroelectric Si:HfO2 films for next-
generation FRAM capacitors, IEEE Electron Device Lett. 33,
1300 (2012).

[26] S. S. Cheema, D. Kwon, N. Shanker, R. dos Reis, S.-L. Hsu, J.
Xiao, H. Zhang, R. Wagner, A. Datar, M. R. McCarter, C. R.
Serrao, A. K. Yadav, G. Karbasian, C.-H. Hsu, A. J. Tan, L.-C.
Wang, V. Thakare, X. Zhang, A. Mehta, E. Karapetrova et al.,
Enhanced ferroelectricity in ultrathin films grown directly on
silicon, Nature (London) 580, 478 (2020).

[27] H. Chen, Y. Chen, L. Tang, H. Luo, K. Zhou, X. Yuan, and
D. Zhang, Obvious ferroelectricity in undoped HfO2 films by
chemical solution deposition, J. Mater. Chem. C 8, 2820 (2020).

[28] D. R. Islamov, T. M. Zalyalov, O. M. Orlov, V. A. Gritsenko,
and G. Y. Krasnikov, Impact of oxygen vacancy on the ferro-
electric properties of lanthanum-doped hafnium oxide, Appl.
Phys. Lett. 117, 162901 (2020).

[29] K. Z. Rushchanskii, S. Blügel, and M. Ležaić, Ordering of Oxy-
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experiments. Table S8: Atom coordinates of polar O-HfO2,
O-Hf0.5Zr0.5O2, O-ZrO2, and ε-Ga2O3 from calculations. Table
S9: Anionic and cationic parameters used in atomistic polariz-
able energy scheme to reproduce dielectric constants of HfO2

and Ga2O3. Figure S1: Ball and stick image of metal oxide
structure. Figure S2: O3 and O4 sublattices in O-HfO2 and
M-HfO2. Figure S3: Energy difference of polar O-HfO2−xAx

and nonpolar M-HfO2−xAx . Figure S4: Difference in DFT-total
energy between polar o-HfO2 and nonpolar m-HfO2 under dif-
ferent Sb concentration, and the electrostatic energy difference
of extra holes introduced by Sb dopants.
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