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Using density functional theory, we find that tailoring the surface composition provides a route to stabilize the
polar phases of the promising ferroelectric material, HfxZr1-xO2. First, we show that for pure HfO2, controlling
the positively polarized surface to be relatively oxygen rich adequately screens the ferroelectric surface charges
and stabilizes the polar orthorhombic phase. We then demonstrate that the ferroelectric polarization, as measured
by the structural polar displacements, increases with decreasing thickness, leading to the emergence of a polar
rhombohedral-like phase at the ultrathin limit (1.5 unit cells). Our findings extend to the cases of Hf0.5Zr0.5O2

and ZrO2, both of which have surface energy landscapes similar to that of HfO2. These findings are consistent
with and offer insights into the observed absence of a ferroelectric thickness limit in HfxZr1-xO2-based thin films.
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I. INTRODUCTION

Over the last decade, the discovery of ferroelectric hafnia
(HfO2) [1] has garnered great interest due to its intriguing
and robust ferroelectricity at the nanoscale [2–5]. Its estab-
lished compatibility with silicon semiconductor devices also
makes HfO2-based materials more promising for novel fer-
roelectric applications (e.g., ferroelectric memory and logic
devices [6–9]) than perovskite oxides, which suffer from
integration difficulties and chemical incompatibility with sil-
icon [10–13]. Despite a plethora of studies on ferroelectric
HfO2, investigations to understand fully the factors that in-
fluence the stability of the polar phases (particularly the
orthorhombic, Pca21) versus nonpolar tetragonal (P42/nmc)
and monoclinic (P21/c) phases are still ongoing [14–17].

Extensive prior work on perovskite ferroelectrics probed
the influence of ferroelectric polarization on the stability
of their surfaces, with several studies also pointing to the
reciprocal effect: that one can tailor the structure of the in-
terface or surface itself to stabilize the polarization strength
or direction [18–22]. Here, we extend our prior work [23]
characterizing the stability of ferroelectric HfO2 surfaces, in
order to study this reverse effect: specifically, to determine
whether the surface composition can be tailored to stabilize
the ferroelectric polarization of HfO2 thin films.

Indeed, recent experiments have demonstrated that in-
terfacial chemistry during deposition and crystallization of
HfO2-based thin films strongly influences their ferroelectric
strength and performance [24–36]. We highlight in partic-
ular a recent study by Kelley et al. [37] that was able to
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decouple the effect of the electrostatic potential and electro-
chemical surface states of HfO2 by controlling the external
environment (oxygen partial pressure and temperature). Their
observations using piezoresponse force microscopy confirmed
that the stability of the ferroelectric phase is inseparable from
the electrochemical state of the surface of HfO2.

In terms of theoretical efforts to gain insight into the
ferroelectric stability of HfO2 thin films, Batra et al. [38]
used density functional theory (DFT) with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation (XC) functional to
study the stability of ferroelectric phases in stoichiometric
O-terminated HfO2 slabs at small dimensions relative to non-
polar phases, based on their surface energies. They noted,
however, that some models required the middle layers to be
fixed during ionic relaxation to avoid phase transformations.
Similarly, DFT-PBE simulations by Lee et al. [3] suggested
ferroelectric polarization would remain stable in ∼one-unit-
cell-thick Hf-terminated HfO2 slabs. However, their model
fixed the Hf atoms to their bulk orthorhombic positions during
ionic relaxation. Here, we show that the approximations made
in these prior studies should not be assumed; these authors
also did not explore whether the surface termination influ-
ences the stability of the bulklike ferroelectric polarization of
freestanding HfO2 slabs. Since the surface or interface plays
an outsized role in the stability of ferroelectric polarization
at small dimensions, here we also seek to understand the
influence of the thickness of HfO2 thin films on the stability
of its ferroelectric polarization.

HfxZr1-xO2 also exhibits ferroelectricity at reduced di-
mensions. In general, the polar orthorhombic phase of
Hf0.5Zr0.5O2 thin films (particularly at a 1:1 ratio of Hf:Zr)
is experimentally easier to stabilize than that phase of polar
HfO2, e.g., under a wider range of conditions or with-
out need for additional dopants [17,39–43]. Additionally,
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ferroelectricity also has been reported to emerge at ultrathin
thicknesses in ZrO2 thin films [44]. Thus, given the structural
similarities of the fluorite Hf0.5Zr0.5O2 and ZrO2 to that of
HfO2, we also explore the influence of the surface composi-
tion and thickness effects in Hf0.5Zr0.5O2 and ZrO2.

Christensen and Carter used DFT within the local density
approximation to characterize the surfaces of tetragonal and
monoclinic phases of ZrO2 [45]. The authors found the (111)
and (1̄11) surfaces to be the most stable for the tetragonal
and monoclinic phases, respectively, leading to an explanation
of observed phase transitions at the nanoscale being driven
by relative surface energies. Not surprisingly, the most sta-
ble surfaces exhibited stoichiometric numbers of Zr and O,
i.e., 1:2, as they achieve the best electrostatic stability. The
authors, however, did not consider the polar orthorhombic
phase. While other studies have looked at the influence of
various factors (e.g., strain, oxygen vacancies, and surface
energy [46–48]) on the bulk polar phases of ZrO2, those
studies did not examine the effect of surface composition on
the surface energy as a means to stabilize its ferroelectric
polarization, as we do here.

II. METHODS

To model the nature of HfO2, Hf0.5Zr0.5O2, and ZrO2 thin
films, we carried out spin-polarized DFT calculations under
periodic boundary conditions using the Vienna Ab initio Sim-
ulation Package (VASP) version 5.4.4 [49]. We employed the
PBE XC [50] generalized gradient approximation functional
and the all-electron, frozen-core, projector augmented-wave
(PAW) formalism, with the standard VASP PAW projectors
accounting for electron-ion interactions, treating the 2s and
2p valence electrons for O; the 5s, 5p, 6s, and 5d outer core
and valence electrons for Hf; and the 4s, 4p, 5s, and 4d outer
core and valence electrons for Zr self-consistently [51]. We
used Monkhorst-Pack meshes [52] for k-point sampling of the
Brillouin zone and a kinetic energy (KE) cutoff of 800 eV for
the plane wave (PW) basis expansion of the (smooth pseudo-)
wave functions, which corresponds to (22×800 eV =) 3200
eV and (1.52×800 eV =) 1800 eV to represent the (smooth)
electron densities of the bulk phases and slabs, respectively
(the number of fast Fourier transform (FFT) grid points along
each direction increased by 2.0 and 1.5 times, respectively).
Because all the above-mentioned compounds are wide-band-
gap semiconductors (insulators), we used Gaussian electronic
smearing with a width of 0.01 eV to aid in electronic conver-
gence.

We maintained the bulk optimized lattice vectors of HfO2

(determined in a prior work [23]), Hf0.5Zr0.5O2, and ZrO2

(the latter two optimized in this work) for the in-plane
vectors when constructing the surfaces (vide infra). The op-
timized lattice parameters for bulk orthorhombic HfO2 are
a = 5.27 Å, b = 5.06 Å, c = 5.09 Å; for Hf0.5Zr0.5O2 they
are a = 5.29 Å, b = 5.07 Å, c = 5.10 Å; and for ZrO2, they
are a = 5.32 Å, b = 5.10 Å, c = 5.13 Å, with α = β = γ =
90.0◦ for all compositions (see Table S1 in the Supplemental
Material (SM) [53] (also see Refs. [35,54,55]) for a summary
of the calculated lattice parameters, which are compared to
experiment and the PBEsol XC functional [56]). The bulk or-
thorhombic structures of Hf0.5Zr0.5O2 and ZrO2 were initially

constructed by incrementally replacing Hf with Zr in the four-
formula-unit bulk orthorhombic structure of HfO2 optimized
in our prior work [23]. We used a 4×4×4 k-point mesh for
the bulk Hf0.5Zr0.5O2 and ZrO2 models. With these settings of
PW KE cutoff and k-point sampling, the total energies were
converged to within 1 meV/atom. For the bulk lattice-vector
and atomic-coordinate optimization, we relaxed all atoms
until the absolute atomic force components decreased to
<0.001 eV/Å.

We modeled orthorhombic (Pca21) HfO2(001),
Hf0.5Zr0.5O2(001), and ZrO2(001) thin films with thicknesses
ranging from three to 11 layers (vide infra) constructed
from the bulk orthorhombic structure with their polarization
parallel to the surface normal. Except for the outermost
surface layers (the composition of which we vary), each
layer in the supercell models consist of two half layers: for
the case of HfO2, the half layers consist of either two Hf
atoms or four O atoms; for the case of Hf0.5Zr0.5O2, the half
layers consist of either one Hf and one Zr atom or four O
atoms; for the case of ZrO2, the half layers consist of either
two Zr atoms or four O atoms. This ordering produces an
alternating positive (cationic) and negative (anionic) stacking
pattern along the surface normal. As alluded to above, the
supercell slab surfaces of HfO2, Hf0.5Zr0.5O2(001), and ZrO2

have in-plane lattice vectors corresponding to the optimized
a and b lattice vectors of their respective bulk orthorhombic
cells. We introduced an initial vacuum width of 15 Å along
the surface normal. We used a 4×4×1 k-point mesh for the
supercell slabs.

For all the slab structure optimizations, we kept the in-
plane lattice vectors of the cell fixed to their equilibrium
bulk values. We then allowed all atoms to relax freely in all
directions until the absolute atomic force components on each
decreased to <0.01 eV/Å. Only when evaluating the surface
energy of the different compositions for a given bulk phase
did we fix the middle five half layers during relaxation of
the supercell slabs, in order to simulate a bulklike interior
boundary condition for the surfaces and prevent phase trans-
formation. We introduced dipole corrections (both energy and
potential) to eliminate spurious interactions between periodic
images across the vacuum space. For the energy convergence
quality of the chosen computational parameters, please refer
to Ref. [23]. To generate the figures in this paper, we used
VESTA to visualize crystal structures and VASPKIT to calculate
the plane-averaged electrostatic potential and electron density
profiles [57,58].

III. RESULTS

A. Influence of the surface composition
on polarization in pure HfO2

Before examining how thickness affects the stability of
polarization in orthorhombic HfxZr1-xO2 thin films, we first
established the polarization response to the surface compo-
sition, beginning with pure HfO2 using an 11-Hf-half-layer
thick slab. We compared the stability of the out-of-plane dis-
placements within the slab for two surface compositions on
the polar supercell slab structure of HfO2: (1) a stoichiometric
slab with O-terminated surfaces and symmetric compositions
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FIG. 1. (a) Profile views (after ionic relaxation) of the 11-Hf-half-layer-thick HfO2 supercell slabs constructed with symmetric (1.0-O/1.0-
O) or asymmetric (P+:1.5-O/P−:1.0-O) surface terminations. Green spheres are Hf; red spheres are O. Plane-averaged electrostatic potential
(top panel) and plane-averaged electron density (ρplane-avg, bottom panel) are shown for (b) symmetrically and (c) asymmetrically terminated
slabs along the direction of the surface normal, before and after ionic relaxation. The z coordinate starts from the middle of the vacuum (set to
z = 0 Å) through the oxide from the P− surface [z ∼ 5 Å, bottom of slabs in (a)] to the P+ surface [ z ∼ 33 Å, top of slabs in (a)] and back to
the middle of the vacuum (z = 43.52 Å). The plane-averaged potentials and electron densities (ρplane−avg) are plotted from z = 2.5 to 37.5 Å to
ensure small details remain visible in the composite figure. The potentials in the top panels are referenced to the Fermi level (set to 0), depicted
with the dashed horizontal orange line. (d) Interlayer spacing from one Hf half layer to the next for asymmetrically terminated slabs along the
direction of the surface normal. The Nth Hf half layer begins at the P− surface and ends at the P+ surface [as labeled in (a)]. Dashed purple
line shows the bulk value for reference. (e) Intralayer spacing between O planes within each O half layer for asymmetrically terminated slabs
along the direction of the surface normal. Each O half layer partitions into two O planes of two O atoms each and we use the distance of the
average z coordinate of the two O in each plane. Illustration of the measure for this displacement is shown via dashed lines for N = 1 and
N = 2 in (a). The N th O half layer begins at the P− surface and ends at the P+ surface [as labeled in (a)]. Dashed purple line shows the bulk
value for reference.

across the positive (P+) and negative (P−) polarized surfaces,
and (2) a nonstoichiometric slab with asymmetric composi-
tion across the P+ and P− surfaces. The choice of these two
surface compositions stems from our prior work systemat-
ically evaluating various possible O and Hf coverages and
terminations of nonpolar tetragonal and polar orthorhombic
HfO2 surfaces [23]. Therein we found that although a com-
positionally symmetric surface (with outer layers consisting
of one oxygen atom per surface formula unit on both sur-
faces, denoted 1.0-O/1.0-O) is the most stable for a nonpolar
tetragonal slab, the same composition is unstable for a polar
orthorhombic slab [23]. For the latter, an asymmetric termi-
nation of 1.5-O and 1.0-O per surface formula unit on the P+
and P− surface, respectively (denoted P+:1.5-O/P−:1.0-O),
is more stable above 680 K for an O2 pressure of 1 bar.
We showed that the greater stability of the latter arises from
its ability to screen the surface polarization charges more
effectively [23]. We illustrate in further detail the structures
of these surfaces and the corresponding nomenclature used
throughout the text in Fig. S1 in the SM [53]. Thus, given the

intimate relationship between ferroelectric polarization and
surface stability, these two compositions provide contrasting
cases to study the influence of the surface composition on
ferroelectric stability. We will show later in this work that
the surface energy landscape found in this prior study on pure
HfO2 also extends to Hf0.5Zr0.5O2 and ZrO2.

After full ionic relaxation with no fixed inner layers, the
stoichiometric slab with symmetric surface composition 1.0-
O/1.0-O (initialized with a bulk polar orthorhombic structure)
transitions to a monocliniclike phase [Fig. 1(a), left] which
is nonpolar in its bulk ground state [39,59]. Figure 1(a), left,
highlights the repeating four HfO2 formula units resembling
a conventional monoclinic unit cell with its [001] axis normal
to the surface. We include a profile view of the slabs in
Fig. 1(a) with a depth perspective that also shows the vacuum
within the supercell boundary in Fig. S1 of the SM [53].
For a comparison of the structural similarity, Fig. S2(a) in
the SM presents two views of the optimized bulk monoclinic
phase while Fig. S2(b) in the SM displays related views of
the relaxed symmetric slab. Additionally, we compare the
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interlayer Hf and intralayer O spacings for the bulk mono-
clinic and orthorhombic phases versus the symmetric HfO2

slab in Fig. S2(c) in the SM [53]. Note that because the
11-Hf-half-layer-thick slab contains 5.5 formula units of the
conventional monoclinic unit cell, the center of the slab ac-
commodates the remaining layer (0.5 formula units out of
plane) to one that retains resemblance to the higher symmetry
orthorhombic unit cell, which in turn contributes a residual
polarization that we discuss later.

Ionic relaxation to a nonpolar monocliniclike phase is
a consequence of the otherwise unscreened dipole of the
polar orthorhombic phase. This depolarization manifests in
the plane-averaged electrostatic potential and plane-averaged
electron density (ρplane-avg) plotted along the direction normal
to the slab in Fig. 1(b). Before ionic relaxation, an electro-
static potential builds up across the slab and results in a net
difference in electrostatic potential between the P− and P+
surfaces of 3.01 V. Ionic relaxation does not eliminate entirely
but reduces this electrostatic potential difference to 0.46 V.
Layer-by-layer projected densities of states (pDOS) in Fig. S3
in the SM [53] presents additional evidence of the necessity
of ionic relaxation to avoid dielectric breakdown due to the
initially unscreened electrostatic potential. Furthermore, note
the asymmetric accumulation of electron density at the P+
surface compared to the P− surface before ionic relaxation
[Fig. 1(b)]. This is a result of the need to screen the ferroelec-
tric polarization in the absence of other charge compensating
mechanisms. The charge balances more evenly between sur-
faces after ionic relaxation.

In contrast to the stoichiometric HfO2 slab with sym-
metrically terminated surfaces, the nonstoichiometric HfO2

slab with asymmetric surface composition maintains a bulk-
like orthorhombic phase after ionic relaxation [Fig. 1(a),
right]. Figure S2(d) provides additional viewing angles of the
slab to visually compare with the bulk orthorhombic phase
(Fig. S2(e) [53]). The ionic charge from additional O on the
P+ surface compared to the stoichiometric symmetric HfO2

slab appears to provide sufficient charge screening needed to
sustain polarization.

As further evidence of the stable ferroelectric polarization
in the asymmetric HfO2 slab, note that before ionic relaxation
(initialized with a bulk orthorhombic structure), the net elec-
trostatic potential difference between the P− and P+ surfaces
is only −0.09 V [Fig. 1(c), top panel]. A perfectly screened
polarization would have zero difference in the electrostatic
potential between surfaces, but a slightly negative value arises
from the excess O concentration at the P+ surface. After ionic
relaxation, the net electrostatic potential reverses and its mag-
nitude increases to 0.35 V. Later, we will show that thinner
HfO2 slabs can sustain a stronger polarization than the bulk
orthorhombic phase. Lastly, unlike the symmetric HfO2 slab,
we observe in the bottom panel of Fig. 1(c) that the excess
electron density that accumulates near the P+ surface does
not redistribute toward the P− surface after ionic relaxation
and in fact grows.

To show how the orthorhombic phase persists across the
entire asymmetric HfO2 slab, we plot in Fig. 1(d) the in-
terlayer spacings between each Hf half layer to the next,
starting at the P− surface and moving toward the P+ surface.
The spacings remain close to the bulk orthorhombic value of

2.54 Å. The asymmetric profile of the Hf spacings between
the top and bottom surfaces stems from the difference in the
composition of the two surfaces. Of note, the inward relax-
ation of the Hf atoms on the P+ surface (∼2.7% relative to the
bulk) likely serves to reduce the positive polarization charge
on this surface. Additionally, to compare the polarization of
the supercell slabs to the bulk polarization, we plotted in
Fig. 1(e) the intralayer displacement between the two planes
of O atoms within each O half layer, along the surface-normal
coordinate. The polar displacements near the center lie close
to the bulk value (0.55 Å) with larger deviations occurring
toward the surface (an indication of enhanced polarization
near the surface).

B. Influence of the thickness on polarization in pure HfO2

Given that only the thick slab with asymmetric termination
supports permanent polarization, we focus on this compo-
sition henceforth. We therefore next explore the influence
of thickness on the ferroelectric stability of asymmetrically
terminated (P+:1.5-O/P–:1.0-O) orthorhombic HfO2 slabs by
constructing additional models with nine, seven, five, and
three Hf half layers. The displacements near the center re-
semble the bulk polar displacement O with larger deviations
occurring near the surface. Figure 2(a) plots the average val-
ues of the polar displacements across the asymmetric slabs,
which increase from ∼10.3% to ∼26.3% larger than the bulk
going from an 11-Hf-half-layer thickness down to a five-Hf-
half-layer thickness (Fig. S4 [53] shows the layer-by-layer
displacements for all thicknesses). Conversely, we expect
that as the slab thickness increases, this value will approach
the bulk limit. Similar behavior of increasing polarization in
HfO2-based thin films with decreasing thickness has been
observed—e.g., by Cheema et al. in Hf0.8Zr0.2O2 and Lyu
et al. in Hf0.5Zr0.5O2 thin films [2,4].

We omitted a comparison for the asymmetric three-Hf-
half-layer-thick slab from Fig. 2(a) because the structure
undergoes a phase transition that no longer resembles the
orthorhombic phase [see Fig. 2(c), bottom] and the character-
istic intralayer polar displacements of O in the orthorhombic
phase no longer apply. However, the symmetric three-Hf-half-
layer-thick slab retains a strong bulklike polarization with an
average polar displacement of ∼40.5% larger than the bulk.
We discuss these special cases for both the symmetric and
asymmetric three-Hf-half-layer-thick slabs further below.

To gain further insight into the stability of polarization, we
plot in Fig. 2(b) the net electrostatic potential of the HfO2

slabs before and after ionic relaxation for varying thicknesses,
calculated by subtracting the electrostatic potential in the
vacuum near the P+ surface from that of the P− surface.
Figure S5 in the SM displays the full electrostatic potential
profiles [53]. The 1.0-O/1.0-O-terminated HfO2 slabs (at five-
to 11-Hf-half-layer thickness) undergo ionic relaxation that
depolarizes the structure to eliminate the otherwise strong,
unscreened electrostatic potential [Fig. 2(b), open squares].
Note that a residual polarization exists for all the symmetric
slabs, even after relaxation. For the five- to 11-layer slabs with
an odd number of Hf half layers, we attribute this to the fact
that a residual single layer of the polar orthorhombic phase is
accommodated in the center of the slab instead of half of a
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FIG. 2. (a) Average value of the polar displacements of O [as defined in Fig. 1(a)] for asymmetrically terminated orthorhombic HfO2

slabs with varying thickness (the layer-by-layer displacement profiles, as was plotted for the case of 11 Hf half layers in Fig. 1(c), are shown
in Fig. S4 in the SM [53]). Inset figures show the 11- and seven-Hf-half-layer-thick slabs (green spheres are Hf; red spheres are O) and the
dashed purple line provides a comparison to the bulk polar displacement. At three Hf layers (labeled “critical thickness”) the asymmetric HfO2

structure [shown in bottom panel (c)] deviates significantly from the bulk orthorhombic phase. Consequently, we do not plot its average O
displacement. In its place, we plot the average polar displacement for the symmetric slab [top panel (c)]. (b) Net electrostatic potential as a
function of total slab thickness for symmetrically and asymmetrically terminated orthorhombic HfO2 slabs, before (dark cyan) and after (pink)
ionic relaxation. (c) Optimized structures for the symmetric (top panel) and asymmetric (bottom panel) HfO2 slabs at a thickness of three Hf
half layers.

monocliniclike unit cell after relaxation [e.g., see Fig. 1(b)].
By contrast, for a four-Hf-half-layer-thick slab (which has
the same number of atoms in a monoclinic unit cell), the
electrostatic potential drop between the two surfaces reaches
∼0 V after relaxation (not shown).

Even before relaxation, all the asymmetric P+:1.5-
O/P−:1.0-O-terminated HfO2 slabs maintain only a small net
electrostatic potential due to the successful screening of the
polarization via a nonstoichiometric construction [Fig. 2(b),
filled dark cyan circles]. With fewer layers, the accumulated
dipole moment and associated net electrostatic potential from
the ionically screened ferroelectric displacements in each
layer becomes more negative. As a result, prior to relaxation,
the magnitude of the net electrostatic potential strengthens
from −0.07 to −0.16 V going from 11- to three-Hf-half-layer
thickness. After relaxation, the direction of the polarization
reverses, and as in the unrelaxed case, the slabs retain an
increasingly stronger unscreened net electrostatic potential
with decreasing thickness (although opposite in direction).

We next examine the behavior of symmetric and asymmet-
ric HfO2 slabs at a three-Hf-half-layer thickness [Fig. 2(c)
displays the profiles]. At this critical thickness, a symmet-
ric HfO2 slab retains an orthorhombic bulklike phase after
ionic relaxation while supporting a strong, unscreened net
electrostatic potential [2.14 V, Fig. 2(b)], in contrast to
thicker symmetric slabs. An unscreened stable ferroelectric
polarization can in principle be stable without the need for
compensating surface charges to avoid electrostatic diver-
gence, as long as the electrostatic potential energy is smaller
than the band gap to avoid dielectric breakdown. This has been
predicted to be the case for polar binary oxides below a critical
thickness of several layers [60,61]. Thus, despite the pres-
ence of the unscreened electrostatic potential, the symmetric
three Hf half layer thick slab has a calculated band gap of
∼2.0 eV (Fig. S6(b) [53]) and remains insulating throughout

its thickness. Note that the lowering of the band gap compared
to the bulk orthorhombic HfO2 phase (∼4.3 eV [23]) as the
slab becomes thinner is due to increased covalency and po-
larization (leading to stronger band bending) near and at the
surface, which consequently eases charge transfer between the
valence and conduction of bands of the P− and P+ outermost
layers, respectively, further enhancing charge screening. De-
spite the reduction in band gap, it remains relatively large.
Note also that our DFT bulk value [23] is lower than the
measured values (5.25–5.95 eV) from x-ray photoelectron
spectroscopy and spectroscopic ellipsometry for thin films, as
also expected [62–65].

Furthermore, we find that the asymmetric three Hf half
layer thick HfO2 slab remains polar [Fig. 2(b)] but undergoes
a structural phase change that is accompanied by a change
in composition at the top (P+) of the slab from 1.5-O to
1.0-O (3-O to 2-O per unit cell) and vice versa for the bottom
(P−) of the slab. This structural transformation resembles the
polar rhombohedral phase observed in several other studies of
HfO2-based thin films. For example, Cheema et al. pointed
out an increasingly rhombic distortion of the Hf1−xZrxO2

polyhedra in their ferroelectric Hf0.8Zr0.2O2 thin films with
decreasing thickness [2] and several studies specifically iden-
tified the R3 and R3m phases as the rhombohedral polar
phase [66,67]. Figure S7 in the SM [53] provides evidence
of the structural resemblance of the asymmetric slab at a
thickness of three Hf half layers to the bulk R3 phase.

C. Hf0.5Zr0.5O2 and ZrO2

As with the pure HfO2, we first calculate the surface
energies as we vary the composition of the orthorhom-
bic Hf0.5Zr0.5O2(001) surfaces, where the polarization is
normal to the surface. We limited our calculations to
O-terminated surfaces because in our prior study on
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FIG. 3. (a) Profile views of the relaxed structures for orthorhombic Hf0.5Zr0.5O2 supercell slabs. The compositions of the outermost layers
in terms of atoms per formula unit (p.f.u.) of the surface are labeled for the top and bottom layer above each structure (see Sec. III A and
Fig. S1 [53] for the explanation of the nomenclature). The middle three Hf/Zr and two O half layers for all slabs are fixed to their bulklike
arrangement with the polarization direction normal to the surface as labeled. The fainter atoms are farther away from the viewer. Plots of the
surface energy as a function of (b) temperature from 100 to 1100 K at 1 bar O2 and (c) pressure from 10−12 to 102 bar at 900 K corresponding
to the slabs in (a).

orthorhombic HfO2(001) surfaces we showed Hf-terminated
surfaces (1.0-Hf and 0.5-Hf) to be energetically unstable due
to the larger loss of coordination for the cation than for O if
they were the terminal atoms [23]. Profile views of the slab
models with varying O-terminated compositions are shown in
Fig. 3(a).

Appendix B of the SM [53] presents the derivation of the
thermodynamic expressions we used to calculate the surface
free energies as a function of temperature and partial pressure
of O2.

The surface energies as a function of temperature and pres-
sure are plotted in Figs. 3(b) and 3(c). We find that the surface
energy landscape of orthorhombic Hf0.5Zr0.5O2(001) surfaces
is indeed similar to that of polar orthorhombic HfO2(001)
surfaces that we previously calculated [23]. At 1 bar, the
most stable surface composition is the 1.5-O/1.5-O surface
at low temperatures and the compositionally asymmetric
P+:1.5-O/P−:1.0-O at high temperatures. Although 1.5-
O/1.5-O is compositionally symmetric, its P+ and P−
surfaces are structurally asymmetric not just because of the
polarization displacements being opposite but because their
respective terminal O atoms are in different oxidation states.
The O atoms on the P+ surface are all closer to being bulklike
oxide dianions whereas on the P− surface, some of the termi-
nal O atoms form a superoxidelike species, i.e., are oxidized
[Fig. 3(a)]. This behavior is consistent with the ionic charge
passivation mechanism, as we also noted and observed for

pure HfO2 in Ref. [23], where the P+ requires excess negative
ions whereas the P− requires reduced negative charge accu-
mulation, hence the oxidation of the surface O atoms on P–.
The transition between 1.5-O/1.5-O and P+:1.5-O/P–:1.0-O
occurs at 800 K for Hf0.5Zr0.5O2 whereas it occurs at 680
K (at 1 bar) for HfO2 [23]. A further difference between the
Hf0.5Zr0.5O2(001) and HfO2(001) surface energies is that they
are lower by ∼3%−6% for Hf0.5Zr0.5O2 compared to HfO2

(calculated by comparing the lowest surface energies across
the temperature range of 100–1100 K and 1 bar).

The surface energies calculated here for the ferroelectric
orthorhombic phase of Hf0.5Zr0.5O2 are lower than those cal-
culated by Materlik et al. [68]. For example, they report a
calculated value of 2.58 J/m2 whereas we find the surface en-
ergy for the most stable surface composition to be 2.12 J/m2

at 900 K and 1 bar and to not exceed 2.28 J/m2 at the highest
temperature range of 1100 K. In addition to conceptual dif-
ficulties with the phenomenological model used by Materlik
et al. that have been pointed out by Park et al. [69], we can ex-
pect differences from our calculations reported here because
they did not perform direct experimental measurements or
obtain the values from first principles, but rather extrapolated
from the experimental surface energies of nonpolar mono-
clinic and tetragonal phases of HfO2 and ZrO2 phases [68].

We next calculated the surface energies of orthorhombic
ZrO2(001) surfaces. In a similar fashion to Hf0.5Zr0.5O2, the
profile views of the slab models with varying O-terminated
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FIG. 4. (a) Profile views of the relaxed structures for orthorhombic ZrO2 supercell slabs. The composition of the outermost layers in terms
of atoms p.f.u. of the surface is labeled for the top and bottom layer above each structure (see Sec. III A and Fig. S1 [53] for the explanation
of the nomenclature). The middle three Zr and two O half layers for all slabs are fixed to their bulklike arrangement with the polarization
direction normal to the surface as labeled. The fainter atoms are farther away from the viewer. Plots of the surface energy as a function of (b)
temperature from 100 to 1100 K at 1 bar O2 and (c) pressure from 10−12 to 102 bar at 900 K corresponding to the slabs in (a).

compositions are shown in Fig. 4(a) where the polarization is
normal to the surface. The surface energies as a function of
temperature and pressure are plotted in Figs. 4(b) and 4(c)
(see again Appendix B of the SM [53] for the expression
we used to calculate the surface energies). We find that the
surface energy landscape of orthorhombic ZrO2(001) surfaces
is also similar to that of HfO2(001) and Hf0.5Zr0.5O2(001)
where, at 1 bar, the most stable surface composition is the
1.5-O/1.5-O surface at low temperatures (also structurally
asymmetric) and P+:1.5-O/P–:1.0-O at high temperatures. In
this case, the transition between the two occurs at 820 K at
1 bar—higher than for the Hf-containing phases. The surfaces
energies of ZrO2 are also lower by ∼6% − 10% compared
to HfO2 (again calculated by comparing the lowest surface
energies across the temperature range of 100–1100 K and
1 bar). This follows a trend that the surface energies decrease
slightly with increasing Zr content.

After establishing that Hf0.5Zr0.5O2 and ZrO2 slabs that are
O rich at their positively polarized surface (P+:1.5-O/P–:1.0-
O) correspond to the most stable surface composition at high
temperatures and at 1 bar (as is also the case of pure HfO2),
we next examined how the surface composition affects the
stability of the polar orthorhombic phase and the magnitude
of such polarization as a function of thickness for these Zr-
containing phases.

Beginning with Hf0.5Zr0.5O2, we plot the characteristic
polar displacement of O atoms across Hf0.5Zr0.5O2 slabs of
varying total thickness in Fig. 5(a), obtained in a similar

FIG. 5. (a) Average value of the polar displacements of O [see
Fig. 1(a) for definition] for Hf0.5Zr0.5O2. Dashed purple line provides
a comparison to the bulk polar displacement. Inset figures show
profile view of 11- and seven-layer-thick slabs (green spheres are
Hf, dark cyan spheres are Zr, and red spheres are O). At three layers
(labeled “critical thickness”) the asymmetric Hf0.5Zr0.5O2 structure
[shown in bottom panel (b)] deviates significantly from the bulk
orthorhombic phase. Thus, as for the case of HfO2, we do not plot its
average O displacement. In its place, the average polar displacement
is plotted for the symmetric slab [top panel (b)]. (b) Three-layer
optimized structures for the symmetric (top panel) and asymmetric
(bottom panel) Hf0.5Zr0.5O2 slab structures.
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FIG. 6. (a) Average value of the polar displacements of O [see
Fig. 1(a) for definition] for ZrO2. Dashed purple line provides a
comparison to the bulk polar displacement. Inset figures show profile
view of 11- and seven-layer-thick slabs (green spheres are Zr and red
spheres are O). (b) Three-layer optimized structures for the symmet-
ric (top panel) and asymmetric (bottom panel) ZrO2 slab structures.

fashion to the case of HfO2 plotted in Fig. 2(a). Trends
found in HfO2 are also found for Hf0.5Zr0.5O2. The average
polar displacements at 11-layer thickness for an asymmetric
P+:1.5-O/P–:1.0-O slab have a stable polarization larger than
the bulk that increases with decreasing thickness (∼11.8%
at 11-layer thickness to ∼25.6% at five-layer thickness). At
three-layer thickness, as for HfO2, we find that an asym-
metric Hf0.5Zr0.5O2 slab also undergoes a transition to a
rhombohedral-like structure, and polarization for a symmetric
1.0-O/1.0-O-terminated stoichiometric Hf0.5Zr0.5O2 slab is
also stable and retains its structural resemblance to the bulk
orthorhombic phase [Fig. 5(b)].

Likewise, we also plot the characteristic polar displace-
ment of O across pure ZrO2 slabs of varying total thickness
in Fig. 6(a), obtained in a similar fashion to the prior cases
of HfO2 and Hf0.5Zr0.5O2. Trends similar to those of HfO2

and Hf0.5Zr0.5O2 are found for ZrO2. The average polar dis-
placements at 11-layer thickness for an asymmetric P+:1.5-
O/P–:1.0-O slab results in a stable polarization larger than
the bulk that increases with decreasing thickness (∼12.8% at
11-layer thickness to ∼27.1% at five-layer thickness). How-
ever, one difference is that at three-layer thickness, we find
that the asymmetric ZrO2 slab does not undergo a phase
transition and instead both asymmetric and symmetric ZrO2

retain their orthorhombiclike structure [Fig. 5(b)]. Therefore,
unlike for the other two materials, we plot our prediction for
the asymmetric three-layer case in Fig. 6(a). We also confirm
that, due to the greater ionic charge screening, this average
polar displacement value for the three-layer asymmetric ZrO2

slab (∼48%) is larger than the corresponding displacement
(∼39%) in the three-layer symmetric ZrO2 slab.

Although ferroelectric HfO2-based thin films down to ∼1
nm thickness have been experimentally demonstrated [2,70],
there is variation in experimental reports where the polariza-
tion may increase with decreasing thickness only to a certain
point before decreasing or vanishing entirely, especially be-
low 5 nm [42,43,71–73]. Given the variation in experimental

reports of the ferroelectric polarization and performance with
decreasing thickness, here we emphasize the role that the
surface or interface composition can play at the nanoscale
to stabilize the polarization phase. For example, further com-
plexity is introduced by the presence of the electrodes. Their
work functions may affect screening the electrostatic potential
and the chemical reactivity of the interface with the electrode
may lead to formation of an interfacial layer that can degrade
performance.

Furthermore, because we fixed the in-plane lattice constant
to the bulk orthorhombic value, the stabilization of the or-
thorhombic phase via an asymmetric construction that is O
rich at the P+ surface is not necessarily the only perturba-
tion leading to thermodynamically favoring the orthorhombic
phase over the monoclinic phase at the nanoscale for HfO2,
Hf0.5Zr0.5O2, or ZrO2. Rather, a combination of in-plane
strain and compositional modification can stabilize the polar
orthorhombic over the nonpolar monoclinic phase. Indeed, a
monoclinic slab is still lower in energy than an orthorhombic
slab regardless of the surface composition. This is consistent
with the current understanding of the epitaxial stabilization
of the orthorhombic phase (e.g., see Park et al. [69] and
Schroeder et al. [74]) where it is the suppression of the tran-
sition to the nonpolar monoclinic phase through the optimal
engineering of the synthesis and fabrication of HfO2-based
thin films that can achieve the stabilization of the polar
phases.

We end by further examining one of the trends in the
relative stability of polar phases across the composition of
HfxZr1-xO2. While the surface energy of polar orthorhom-
bic slabs in this work decreases with increasing Zr content
(∼6%−10% lower for ZrO2 than HfO2), we should not expect
the polar orthorhombic phase of ZrO2 thin films to be more
stable than HfO2 or ZrO2. This is because the bulk nonpolar
tetragonal phase of ZrO2 makes a larger gain in relative stabil-
ity than the bulk orthorhombic phase compared to the case of
HfO2, although neither are lower than their respective mono-
clinic phase. Specifically, while the enthalpy difference (at 0
K) between the transition from o-ZrO2 → m-ZrO2 is ∼94%
higher than the transition from o-HfO2 → m-HfO2, the tran-
sition enthalpy for t-ZrO2 → m-ZrO2 is only ∼54% higher
than that of t-HfO2 → m-HfO2 (see Fig. S8 in the SM [53]).
Indeed, this has been previously pointed out as a contribut-
ing factor to the antiferroelectric (arising from the tetragonal
phase) behavior that is typical of ZrO2 thin films [45,75].
Instead, this work serves to describe contributing factors to
the more recent reports of stable polar orthorhombic ZrO2

thin films [44] that have not been previously explored, i.e.,
that a net electrostatic potential that decreases with thickness
can also be more adequately screened at small scales with
additional control of interface composition.

IV. SUMMARY AND OUTLOOK

We find that surface composition plays a critical role
in the ferroelectric stability of orthorhombic HfxZr1-xO2

thin films, which can enable stable polarization without
a critical thickness limit under an open-circuit boundary
condition and epitaxial constraint. At 11-layer thicknesses,
surface polarization for stoichiometric orthorhombic HfO2,
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Hf0.5Zr0.5O2, and ZrO2 slabs with a symmetric surface com-
position (1.0-O/1.0-O) is unstable and they depolarize to a
nonpolar monocliniclike phase. In contrast, nonstoichiometric
slabs with an O-rich positively polarized surface composi-
tion (P+:1.5-O/P−:1.0-O) can retain bulklike ferroelectric
displacements.

We also find that the polarization increases as the thickness
decreases for nonstoichiometric slabs, as calculated by the
average structural polar displacements, with five-layer-thick
slabs achieving a larger polarization than the bulk for HfO2,
Hf0.5Zr0.5O2, and ZrO2. Additionally, at a critical thickness of
three layers, we predict that symmetric stoichiometric HfO2

and Hf0.5Zr0.5O2 slabs can sustain an unscreened ferroelectric
polarization with a stable bulklike orthorhombic phase while
the asymmetric nonstoichiometric slabs undergo a phase tran-
sition to a polar rhombohedral R3-like phase.

The evolution of the polarization and polar distortions
with decreasing thickness found here is consistent with re-
cent experimentally reported behavior of ferroelectricity in

HfxZr1-xO2 thin films [2,44]. These results highlight the
importance of the surface composition which plays a determi-
native role at ultrathin thickness limits. Control of the surface
composition is a critical mechanism for optimizing the fer-
roelectric performance of HfxZr1-xO2 thin films toward next
generation nanoscale applications, e.g., ferroelectric memory
and logic devices.
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