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The critical size limit of voltage-switchable electric dipoles has extensive implications for energy-efficient
electronics, underlying the importance of ferroelectric order stabilized at reduced dimensionality.
We report on the thickness-dependent antiferroelectric-to-ferroelectric phase transition in zirconium
dioxide (ZrO2) thin films on silicon. The emergent ferroelectricity and hysteretic polarization switching in
ultrathin ZrO2, conventionally a paraelectric material, notably persists down to a film thickness
of 5 angstroms, the fluorite-structure unit-cell size. This approach to exploit three-dimensional
centrosymmetric materials deposited down to the two-dimensional thickness limit, particularly within
this model fluorite-structure system that possesses unconventional ferroelectric size effects, offers
substantial promise for electronics, demonstrated by proof-of-principle atomic-scale nonvolatile
ferroelectric memory on silicon. Additionally, it is also indicative of hidden electronic phenomena that are
achievable across a wide class of simple binary materials.

T
he evolution of ferroic order at reduced
dimensions—inparticular, two-dimensional
(2D) ferroelectricity—has long been in-
triguing for scaledenergy-efficient electron-
ics (1) because of the inherent ability to

control electric polarization with an applied
voltage (2). Since the discovery of ferroelectricity
and antiferroelectricity in HfO2-ZrO2–based
thin films (3, 4), fluorite-structure binary oxides
have reignited such interest (5) because they
overcome many of the thickness-scaling (6, 7)
and silicon-compatibility issues (8) that afflict
their perovskite and van derWaals ferroelectric
counterparts. Early studies into fluorite-
structure systems examined the ferroelectric-
antiferroelectric phase competition in HfO2-ZrO2

solid solutions as a function of composition
(9), typically in the 10-nm regime (8); meanwhile,
recent works demonstrated ferroelectricity
down to a sub-2-nm thickness in epitaxial (10)
and polycrystalline (11) Zr:HfO2 films.
Considering the implicationsof voltage-driven

polarization switching formemory applications
(8), the fundamental size limit of ferroelectric
order in fluorite-structure systems is of critical
importance. First-principles calculations have
shown that 2D HfO2 layers in their polar

orthorhombic structure (Pca21) have minimal
electrostatic penalty—that is, depolarizing
field—enabling unsuppressed polarization
down to the unit-cell limit (12, 13). Further-
more, monolayer ZrO2 was predicted to support
switchable polarization on an atomically ab-
rupt structure with Si (14). These predictions
of scale-free fluorite-structure ferroelectricity
(12, 14) strongly motivate experimental dem-
onstration of subnanometer polarization switch-
ing in this binary oxide systemon silicon toward
realizing highly scaled low-power nonvolatile
memories (8, 12).
Our strategy to achieve atomic-scale ferro-

electricity aims to convert the conventionally
antiferroelectric tetragonal phase (t-phase) of
ZrO2 (t-ZrO2: P42/nmc) to the ferroelectric
orthorhombic phase (o-phase) of ZrO2 (o-ZrO2:
Pca21) through reduced dimensionality (Fig. 1A).
The reduced dimensionality stabilizes the
pressure-induced ferroelectric o-phase in fluorite-
based oxides—conventionally achieved through
hydrostatic pressure (15), chemical pressure (9),
or epitaxial strain (16)—in the ultrathin re-
gime, akin to size-driven antiferroelectric-
to-ferroelectric phase transitions observed in
prototypical perovskite ferroelectrics (17). We
demonstrate the emergence of atomic-scale
ferroelectricity in conventionally paraelectric
ZrO2 filmsdown toa thickness of 5Å, correspond-
ing to the fluorite-structure unit-cell size.
ZrO2 films with thicknesses from 10 nm to

5 Å (Fig. 1B), which we confirmed with synchro-
tron x-ray and transmission electron micros-
copy (TEM) analysis (figs. S1 and S2), are grown
by atomic layer deposition on SiO2-buffered Si
(Fig. 1C) (18). To study the thickness-dependent
antiferroelectric-ferroelectric evolution in ZrO2,
we examined the structural signatures of the
respective t- and o-phases (Fig. 1). Synchrotron
in-plane grazing incidence diffraction (IP-GID)

spectra confirm the expected t-phase (101)
reflection in thicker (3 to 10 nm) ZrO2 films
and the emergence of the o-phase (111) reflec-
tions for ultrathin (≤2 nm) films down to a
thickness of 5 Å (Fig. 1B), concurrent with the
emergence of highly oriented films (fig. S3)
and supported by detailed IP-GID indexing
(fig. S4) (18).
Distinguishing the nearly identical polar

o-phase and nonpolar t-phase structural poly-
morphs can be further clarified by local oxygen
atomic imaging (19, 20). We used oxygen-
sensitive negative spherical aberration imaging
(20) and high-resolution TEM (HR-TEM) to
identify the expected nonpolar t-phase in 5-nm
ZrO2 films (Fig. 1, D and E), aided by oxygen
analysis (fig. S5) and HR-TEM simulations
(fig. S6). Notably, this technique indicates
that the polar o-phase emerges in 2-nm ZrO2

films (Fig. 1, F and G), which x-ray analysis
(Fig. 1B) pinpoints as the onset of ferroelectric
o-ZrO2 stabilization, as identified by its char-
acteristic zigzag-like oxygen arrangement that
is visible along the [110] projection (Fig. 1G).
Additionally, lattice-angle analysis from tradi-
tional cation imaging matches P42/nmc and
Pca21 HR-TEM simulations for 5- and 2-nm
ZrO2 films, respectively (fig. S7), consistent
with oxygen imaging.
To further examine this thickness-dependent

antiferroelectric-to-ferroelectric transition, we
used additional synchrotron x-ray studies to
detect structural signatures of the respec-
tive ferroic phases (Fig. 2). From thickness-
dependent GID, we found that the interplanar
lattice spacing (o-d111 or t-d101) and aspect ratio
[2c/(a + b) or c/a], which are structural barom-
eters of lattice distortion established for
fluorite-structure films (18), sharply rise at
thicknesses less than 3 nm (Fig. 2A). These
observations indicate increased polar o-ZrO2

stabilization in the atomic-scale limit (Fig. 1B).
Along with diffraction, x-ray spectroscopy pro-
vides another gauge of the fluorite-structure
symmetry. Thickness-dependent x-ray absorp-
tion spectra at the oxygen K-edge (fig. S8)
demonstrate larger crystal field splitting (Fig.
2B) below 3 nm, suggesting more pronounced
polar distortion (18). Indeed, secondary crystal
field splitting that arises from the polar rhombic
distortion, a fingerprint of the ferroelectric
o-phase (fig. S8), emerges for 5- and 10-Å ZrO2.
Furthermore, x-ray linear dichroism from zir-
coniumM3,2- and L3,2-edges (fig. S8) indicates
more pronounced orbital polarization, linked
to electric polarization that arises from ferro-
electric polar distortions (11, 18), in the ultrathin
regime (Fig. 2B). These thickness-dependent
diffraction and spectroscopy trends support
the ultrathin-amplified emergence of ferro-
electric o-ZrO2 in typically antiferroelectric
t-ZrO2 films.
Optical microscopy observations also sup-

port the size-dependent ferroic phase evolution,
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because the increase in the second-harmonic
generation (SHG) signal, which is related to
macroscopic polarization (18), with decreasing
ZrO2 thickness (Fig. 2C) is consistent with the
ultrathin-enhanced polar distortion trends.

Additionally, thickness-dependent capacitance-
voltage (C-V) measurements of metal-oxide-
semiconductor capacitors (fig. S9) indicate a
crossover from an antiferroelectric-like t-phase
permittivity (k), k ∼ 40 (4), toward a more

ferroelectric-like o-phase permittivity, k ∼ 30
(4, 21), for ultrathin ZrO2 films, again con-
sistent with structural characterization.
To further characterize the electrical behav-

ior, we fabricated metal-insulator-metal (MIM)
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Fig. 1. Atomic-scale emergence of ferroelectricity in ZrO2. (A) Pressure-driven
pathways to ferroelectricity in fluorite-structure binary oxides; dimensionality—
that is, atomic-scale thickness scaling—can induce ferroelectric o-ZrO2

stabilization in conventionally antiferroelectric t-ZrO2. (B) Thickness-dependent
IP-GID demonstrating the tetragonal-to-orthorhombic phase transition in the
ultrathin (5 Å to 2 nm) regime (fig. S4). a.u., arbitrary units; Q, scattering vector.
(C) Schematic of the Si/SiO2(1 nm)/ZrO2(0.5 to 10 nm) films grown by atomic
layer deposition. (D to G) Cross-sectional HR-TEM images of 5-nm ZrO2 (D)

and 2-nm ZrO2 (F) indexed by oxygen-sensitive negative spherical aberration
imaging and inverted contrast HR-TEM simulations (figs. S5 and S6), fit to
the t-phase (E) and o-phase (G) lattice along the [001] and [110] zone axes,
respectively. For inverted contrast images [(E) and (G)], light (dark) atoms
represent O (Zr) atoms. Note the faint zigzag oxygen arrangements expected
for the o-phase [110] projection (G). (H) Dimensionality-driven antiferroelectric-
to-ferroelectric evolution of ZrO2 demonstrated through oxygen imaging,
sensitive to the anion distortion present in fluorite-structure binary oxides.
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capacitors with varying ZrO2 thicknesses
(Fig. 3A). Considering that antiferroelectrics
are defined based on their field-induced tran-
sition to a proximal polar phase and not simply
their parent crystal structure (17), voltage-
dependent hysteretic behavior is required to
probe the underlying ferroic order, beyond
crystallographic signatures of their parent struc-
ture. MIM polarization-voltage (P-V) loops for
5- and 10-nm-thick ZrO2, the typical t-ZrO2

thickness regime (4, 8), demonstrate a sig-
nature antiferroelectric-like double hystere-
sis (17) (Fig. 3B). Importantly, conventional
P-V probes of the signature behavior cannot
be applied to the ultrathin regime (18), in
which nonpolarization-dependent leakage cur-
rentmasks polarization-dependent switching
current.
To directly probe the polarization switching

properties of ultrathin ZrO2 films while sup-
pressing leakage current, we fabricated inter-
digitated electrodes (IDEs) to facilitate in-plane
(IP) polarization switching (Fig. 3D). In IDE
structures, leakage is no longer limited by the
ZrO2 thickness (∼5 Å to 10 nm) but rather by
the IP electrode spacing (∼1 mm). The expected
field-induced nonpolar-to-polar phase transi-
tion for fluorite-structure antiferroelectrics
(8, 18), illustrated by double-switching P-V
behavior in the IDE structures, is observed for

thick (5 and 10 nm) t-ZrO2 films (Fig. 3E and
fig. S10). As ZrO2 drops below the critical 2-nm
thickness, P-V behavior for 1-nm and 5-Å ZrO2

displays ferroelectric-like counterclockwisepolar-
ization switching (Fig. 3F and fig. S10). The
polarization switching in this IP geometry is
consistent with SHG imaging (Fig. 2C) and
SHG spectra (fig. S11), whose geometry (fig. S12)
is sensitive to IP inversion symmetry breaking
(18) rather than out-of-plane (OOP) inversion
symmetry breaking mapped by piezoresponse
force microscopy imaging (fig. S13).
Pulsed current-voltage (I-V) measurements in

metal-ferroelectric-insulator-semiconductor
(MFIS) tunnel junction structures (Fig. 3C)
provide additional ferroic phase insights into
ZrO2, in which tunnel electroresistance re-
flects the ferroelectric polarization evolution
with field (18). For ultrathin (1 and 0.5 nm)
ZrO2 tunnel barriers (Fig. 3C), abrupt bistable
resistance states exhibit counterclockwise hys-
teresis, consistent with ferroelectric polariza-
tion switching in the MFIS geometry and
voltage polarity–independent hysteretic behav-
ior (fig. S14). Similar tunnel electroresistance
hysteresis maps have been shown for ferro-
electric tunnel junctions that integrate ultra-
thin Zr:HfO2 barriers (11, 22, 23), but until this
point, fluorite-based ferroelectric tunnel junc-
tions have not been demonstrated below 1 nm.

To unravel these anomalous size effects,
specifically the emergent 2D ferroelectricity
in a conventionally paraelectric material, sur-
face energies, which take on an amplified
role in the ultrasmall and ultrathin regime
(21), can provide key insights into fluorite
polymorphic phase stability (15). First-principles
calculations that consider surface-energy con-
tributions predict lower o-phase Gibbs free
energy relative to the t-phase at ultrasmall
sizes (<4 nm) and large pressures for the
HfO2-ZrO2 system (21). Indeed, pressure-
driven stabilization of the o-phase in ZrO2

has been observed through hydrostatic pres-
sure in bulk ZrO2 (15) and epitaxial strain in
thin-film ZrO2 (16, 24). Here, 2D thickness
scaling—that is, confinement in the vertical
dimension (Fig. 1A)—should trigger similar
pressure-driven and surface energy–induced
effects. Accordingly, the ferroelectric o-phase
is stabilized at reduced dimensions, as ex-
pected for ultrasmall crystallite sizes (20) and
nanoscale grain sizes (21) in fluorite binary
oxides. On the other hand, similar size effects
typically destabilize the polar crystal structure
in the conventional perovskite ferroelectrics
(25), marking one key distinction between the
two ferroelectric systems.
Besides simply stabilizing atomic-scale fer-

roelectricity, another puzzling feature lies in
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Fig. 2. Thickness-dependent ferroic phase evolution in ultrathin ZrO2.
(A) Thickness-dependent lattice spacing (t-d101 or o-d111; solid line; left y axis)
and aspect ratio (t-phase c/a or o-phase 2c/(a + b); dashed line; right y axis)
indicating ultrathin-enhanced lattice distortion. The inset shows example
IP-GID spectra for 0.5-nm ZrO2 indexed to the ferroelectric o-phase. The
structural markers for ultrathin (0.5 to 2 nm) and thicker (3 to 10 nm) ZrO2

films are extracted from IP-GID spectra (fig. S4) and OOP-GID spectra,
respectively (18). (B) Thickness-dependent crystal-field splitting (O K-edge
x-ray absorption spectra; solid line; left y axis) and orbital polarization
(Zr-L3,2-edge x-ray linear dichroism (XLD); dashed line; right y axis) indicating

ultrathin-amplified structural and polar distortion (18) (fig. S8). The
inset shows an increase in orbital polarization at the Zr-L2-edge with
decreasing ZrO2 thickness. DCF, crystal field distortion. (C) Averaged SHG
intensity of bare ZrO2 films (0.5 to 10 nm) increases with decreasing
ZrO2 thickness, indicative of ultrathin-enhanced remnant polarization. The
inset shows 2D SHG maps for the entire ZrO2 thickness series. Further
evidence of strong (weak) SHG intensity in ultrathin polar (thick nonpolar)
ZrO2 samples is provided by SHG spectra (fig. S11). (D) Dimensionality-driven
antiferroelectric-to-ferroelectric evolution of ZrO2 demonstrated through
various structural signatures.
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the amplified markers of polar distortion with
decreased thickness (Fig. 2). Indeed, ZrO2 dem-
onstratesmany of the sameultrathin-enhanced
latticedistortion signatures as ferroelectric poly-
crystalline Zr:HfO2 (11) and epitaxial Zr:HfO2

(10, 26) films. Therefore, these “reverse” size
effects relative to its perovskite counterparts,
in which polarization typically decreases with
decreasing thickness (7), may be intrinsic to
fluorites. Recent first-principles calculations
indicate that the fluorite-structure o-phase
(Pca21) displays a negative longitudinal piezo-
electric effect (27), inwhich compression along
the polarization direction leads to a larger polar
distortion. Therefore, the negative longitudinal
piezoelectric effect could provide an atomic-
scale mechanism underlying the observed in-
creased polar distortion as thickness is reduced

to the ultrathin regime (10, 11, 26) in fluorite-
structure ferroelectrics. This would mark
another distinguishing feature fromprototyp-
ical perovskite-based ferroelectric thin films,
which demonstrate positive longitudinal piezo-
electricity and diminished polar distortion at
the atomic scale (7).
Along with the distinct piezoelectric ori-

gins (27), unconventional ferroelectric origins
have also been attributed to fluorite-structure
binary oxides (12, 13). First-principles cal-
culations suggest that 2D fluorite-structure
Pca21 slabsmaintain switchable polarization
because of their improper nature (12); indeed,
for improper ferroelectric transitions, the
primary nonpolar structural distortion, from
which the spontaneous polarization indirect-
ly arises, is impervious to electrostatic de-

polarization effects (28). Therefore, improper
fluorite ferroelectrics should display robust,
switchable electric dipoles with no critical
thickness (12), as we observed for ultrathin
ZrO2 (Fig. 3).
In addition to the depolarization-resistant

nature of fluorite ferroelectricity (12, 13), IP
polarization can also helpmitigate depolarization
fields, which typically suppress OOP polariza-
tion in the ultrathin regime (29). Indeed, the
ultrathin o-ZrO2 films demonstrate IP polar-
ization, as evidenced by IP inversion symmetry
breaking (Fig. 2C) and polarization switching
(Fig. 3F). These films exhibit predominant (111)
OOP texture (Fig. 2A and fig. S3); considering
that the Pca21 unit-cell polar axis lies along a
principal lattice direction, o-ZrO2 films project
a substantial IPpolarization.Therefore, thehighly
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Fig. 3. Thickness-dependent polarization switching in ultrathin ZrO2.
(A) Schematic OOP capacitor geometries—MIM capacitors with bottom TiN
and MFIS tunnel junctions with SiO2 interlayer dielectrics—used to investigate
thickness-dependent OOP polarization switching in ZrO2. (B) Antiferro-
electric-like OOP polarization switching observed in relatively thick (5 and
10 nm) ZrO2 from MIM P-V hysteresis loops. (C) Ferroelectric-like OOP
polarization switching observed in ultrathin (5 Å and 1 nm) ZrO2 from
pulsed I-V hysteresis loops measured in MFIS tunnel junctions, demonstrating
two bistable remnant resistive states, consistent with ferroelectric

polarization switching and piezoresponse force microscopy hysteresis
loops (fig. S14). JREAD, read current; VWRITE, write voltage. (D) Schematic
IP device geometry (IDEs) used to investigate thickness-dependent IP
polarization switching in ZrO2. (E and F) Antiferroelectric-like (E) and
ferroelectric-like (F) IP polarization switching observed in relatively thick
(5 and 10 nm) ZrO2 and ultrathin (5 Å and 1 nm) ZrO2, respectively, from
IDE P-V hysteresis loops. (G) Dimensionality-driven antiferroelectric-to-
ferroelectric evolution of ZrO2 demonstrated through OOP and IP polarization
switching. FE, ferroelectric.
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oriented nature of the ultrathin ZrO2 films,
preferentially stacked along their close-packed
(111) planes favored by surface-energy consid-
erations, can also contribute to the sustained
atomic-scale polarization.
Considering that traditional 3D materials

may possess unrealized spontaneous polar-
ization, exemplified here by a conventionally
paraelectric binary oxide developing ferro-
electric order at reduced dimensions, simply
scaling the thickness to the atomic scale offers
a straightforward, yet effective, route to 2D
ferroelectricity by design in intrinsically cen-
trosymmetric materials. Therefore, reduced
dimensionality offers a powerful inversion
symmetry–breaking methodology (30), along
with epitaxial strain (31, 32) and twisted hetero-
structures (33), for materials in proximity to
pressure-induced polar instabilities, such as
other simple binary oxides (34).
Specifically regarding the HfO2-ZrO2 binary

oxide family, the emergence of atomic-scale
ferroelectricity in ZrO2 underscores the dis-
tinct nature of fluorite-structure size effects,
in which reduced dimensionality induces
ferroelectric order even in its conventionally
antiferroelectric endmember, not just Zr:HfO2

(11). Therefore, thickness-scaling alone can
span the fluorite ferroelectric-antiferroelectric
phase diagram, moving beyond the established
HfO2-ZrO2 composition space (4, 8, 9). Further-
more, the observed polarization switching (Fig.
3) to the fluorite-structure unit-cell size, 5 Å,
validates recent predictions of its unorthodox
ferroelectric origins (12, 13), likely marking the
thinnest demonstration of hysteretic polariza-
tion switching in any ferroelectric system
(table S1). Critically, the polarization switching
for 5-Å ZrO2 persists beyond 125°C (fig. S15),
which is promising for electronic applications,
such as nonvolatile ferroelectric memory (Fig.
3C). Therefore, simple fluorite-structure binary
oxides offer a model material system not just
to explore unconventional piezoelectric and
ferroelectric phenomena at the 2D limit but

also for integration into highly scaled next-
generation Si electronics.
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Emergent ferroelectricity in subnanometer binary oxide films on silicon
Suraj S. CheemaNirmaan ShankerShang-Lin HsuYoonsoo RhoCheng-Hsiang HsuVladimir A. StoicaZhan ZhangJohn W.
FreelandPadraic ShaferCostas P. GrigoropoulosJim CistonSayeef Salahuddin
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Ultrathin ferroelectric films
The electrical properties of ferroelectrics can be changed with an electric field, making them attractive materials for
computer hardware applications. Cheema et al. show that extremely thin films of zirconium dioxide on a silica substrate
have ferroelectric order down to the unit cell scale. Whereas in many other materials the ferroelectric behavior is
suppressed at the few-nanometer scale, a ferroelectric phase transition occurs if zirconium dioxide is thinner than
two nanometers. This property might be true for any fluorite-structured binary oxide, making these types of thin films
attractive for next-generation electronics. —BG
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