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Materials and Methods

Synthesis and Processing
All thin film synthesis was performed at U.C. Berkeley; all device processing was performed at
the U.C. Berkeley Marvell Nanofabrication Laboratory.

Film deposition Thin films of ZrO, were grown by atomic layer deposition (ALD) in a Fiji
Ultratech/Cambridge Nanotech tool at 300°C in which tetrakis (ethylmethylamino) zirconium
precursors are heated to 75°C and water vapor is used as the oxidant. The ALD growth technique
facilitates atomic-level thickness control and conformal deposition for highly-scaled
semiconductor applications (35). For metal-ferroelectric-insulator-semiconductor (MFIS)
capacitor structures, 1 nm chemically-grown SiO2 on Si was prepared by the standard clean (SC-
1) solution (5:1:1 H20:H202:NH4OH at 80°C for 10 minutes) after the Si wafer was cleaned in
Piranha (120°C for 10 minutes) to remove organics and HF (50:1 H>O:HF at room temperature
for 30 s) to remove any native oxide. For interdigitated electrode (IDE) structures, 100 nm of
SiOzis grown by thermal oxidation on Si. For metal-insulator-metal (MI1M) capacitor structures,
the bottom metal (TiN) is deposited by sputtering at room temperature on Si. Subsequently, ZrO;
is deposited at 300°C by ALD in which 10 ALD cycles corresponds to one nanometer of ZrO>
film, as confirmed by X-ray reflectivity and out-of-plane grain size analysis (fig. S1). Finally, for
MFIS and MFM structures, the top metal (TiN and/or W) is deposited by sputtering at room
temperature. For bare ferroelectric films (structural and optical studies), the top metal is not
deposited.

Capacitor fabrication For MFIS and MFM capacitor structures (P-V, C-V and I-V
characterization), micron-sized top electrodes of various areas are defined by photolithography
and selective etching of the top TiN and/or W metal layer.

Interdigitated electrode fabrication For in-plane interdigitated electrode (IDE) device
structures, 1-5 um spaced IDEs are patterned by lift-off photolithography on bare ZrO; films
grown on 100 nm of thermal SiO>. The metal electrodes (Ti(5 nm)/Au(120 nm)) are then
deposited with e-beam evaporation.

Transmission Electron Microscopy

HR-TEM Electron microscopy was performed at the National Center for Electron
Microscopy (NCEM) facility of the Molecular Foundry at Lawrence Berkeley National
Laboratory (LBNL). High-resolution transmission electron microscopy (HR-TEM) images of 5
nm and 2 nm ZrO, were performed by aberration-corrected FEI ThemlIS 60-300 STEM/TEM
microscope operated at 300 kV using a TEM mode for atomic scale imaging. In order to
precisely identify the fluorite-structure in ultrathin ZrO; films, the NCSI technique was employed
to probe not only the zirconium sublattice, but also the oxygen sublattice. The cross-sectional
TEM samples of 5 nm and 2 nm ZrO. were mechanically polished using an Allied High Tech
Multiprep at a 0.5° wedge. After thinning the total thickness of samples down to 10 pum, the
specimens were Ar ion milled using a Gatan Precision lon Milling System to an electron-
transparent specimen starting from 4 keV down to 200 eV as the final cleaning energy.



NCSI and HR-TEM Simulations For the NCSI technique, the oxygen atoms are expected to
be visible for specimen thicknesses below ~ 10 nm (36); therefore, the experimental HR-TEM
data was acquired at similarly thin specimen thicknesses. From HR-TEM imaging, the oxygen
atoms became apparent under the following experimental conditions: tuning the defocus (C) at
spherical aberration (Cs) values of C3=-16 pum and Cs = 6.8 mm. The HR-TEM image
simulations were calculated using the Prismatic method (37,38) under the specified experimental
conditions. After tuning the defocus (~ 2 to 4 nm) in tandem with the slice thickness (~ 20 A)
and specimen thickness (below 12.5 nm) (fig. S6), the oxygen atoms were clearly visible within
the zirconium sublattice. In general, the grain size along the beam direction is comparable to the
grain width parallel to the interface for the same image, which is ~ 5-15 nm (fig. S3); therefore,
it is reasonable for the specimen thickness to range around the ZrO2 grain size. Based on these
experiment-guided conditions, the HR-TEM simulations for the tetragonal P4./nmc (specimen
thickness = 9.8 nm and defocus = 4 nm) and orthorhombic Pca2; (specimen thickness = 9.81 nm
and defocus = 4 nm) were found to match well with the experimental data for 5 nm and 2 nm
ZrO, films, respectively (Fig. 1E,G).

HAADEFE-STEM Wide field-of-view and local imaging of 5 ALD cycle (~ 0.5 nm) ZrO; thin
films were performed by high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) at 300kV to confirm the wide-area stability and thickness of
ultrathin ZrOg, respectively (fig. S2). The ultrathin ZrO; layer was surrounded by high contrast
neighboring layers (low-Z SiO, underlayer and low-Z Al>Oz capping layer) to aid in layer
delineation.

Scanning Probe Microscopy

Atomic force microscopy (AFM) and piezoresponse force microscopy (PFM) measurements
were performed using a commercial scanning probe microscope (Asylum MFP-3D) at UC
Berkeley. Dual-frequency resonance-tracking PFM (39) was conducted using a conductive Pt/Ir-
coated probe tip (NanoSensor PPP-EFM) to measure switching-spectroscopy (SS) (40)
piezoresponse hysteresis loops (fig. S14C) and image written domain structures (fig. S13).
Resonance-enhanced PFM increases the signal to noise ratio for the detection of out-of-plane
electric polarization, critical for ultrathin films. Contact was made to the bottom TiN electrode or
heavily doped Si electrode for all PFM studies. For bare imaging studies, contact was made to
the bare ZrO- surface. Switching spectroscopy hysteresis loops were measured on capacitor
structures to help eliminate electrostatic artifacts from the tip (41), mitigate possible
electromechanical contributions (42), and to yield more confined electric fields.

Optical Characterization

The second harmonic generation (SHG) measurement geometries are sensitive to in-plane
inversion symmetry breaking in the ferroelectric ZrO thin films (see Supplementary Text
section “SHG sensitivity to in-plane polarization™).

SHG mapping Second harmonic generation (SHG) spatial mapping measurements (Fig. 2C)
were performed with a Ti:sapphire femtosecond laser (Tsunami, Spectra Physics, 2 ~ 800 nm,
frequency ~ 80 MHz). The linearly polarized femtosecond laser beam was focused through 50X
objective lens (NA ~ 0.42) which results in a focal spot size of 2 um. The generated SHG signal
was collected through the same objective lens and separated from the fundamental beam by the



harmonic separator. After passing through the optical bandpass filter, the SHG signals were
registered to the photon multiplier tube (PMT) without a polarizer. The fundamental beam was
mechanically chopped, and the signal collected by the PMT was filtered by a lock-in amplifier to
reduce the background noise. For SHG spatial mapping, a two-axis piezo stage was utilized and
the coordinate was synchronized with the PMT signal (fig. S12A). The SHG intensity was
obtained by averaging the mapping signals across a 100 pum x 100 um sample area.

SHG spectrum For SHG emission spectrum measurement, the optical beam path was the
same as the setup for SHG mapping, except for the laser wavelength, optical filter, and photon
detection components (fig. S12B). SHG spectrum measurements were performed with a
Ti:sapphire femtosecond laser with 810 nm of wavelength (Tsunami, Spectra Physics, f ~ 80
MHz, pulse duration ~100 fs). The generated SHG signal was collected by a spectrometer (Pl
Max, Princeton Instrument) without signal demodulation after filtering by a 700 nm short-pass
filter to block the fundamental laser beam at 810 nm.

X-ray Characterization

Accounting for different X-ray wavelengths XRR, OOP-GIiD, and IP-GiD data is plotted in
terms of Q (1/A) rather than 26 (°) such that X-ray data measured at various synchrotron
beamlines are plotted on a consistent scale, where Q is defined as

4t 260
Q = 7 sin 7
where 26 refers to the detector angle at a given X-ray wavelength A, which varies across the

different synchrotron measurement setups.

X-ray reflectivity Synchrotron X-ray reflectivity (XRR) — performed at Sector 33-BM-C
beamline of the Advanced Photon Source, Argonne National Laboratory and at Beamline 2-1 of
the Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory —
confirmed the thickness of ultrathin ZrO; films (fig. S1A). Fitting analysis (fig. S1B) was
performed with the python package GenX (43).

Grazing incidence diffraction: out-of-plane Synchrotron out-of-plane grazing-incidence
diffraction (GID) was performed at Beamline 2-1 of the Stanford Synchrotron Radiation
Lightsource, SLAC National Accelerator Laboratory with grazing angles 6 < 0.2° (fig. S1C). The
X-ray source was fixed at 17 keV (1 = 0.729 A). The high flux from the synchrotron source
enabled collection of sufficient diffraction intensity from the few crystallographic planes present
in ultrathin ZrO; films.

Grazing incidence diffraction: in-plane Synchrotron in-plane grazing-incidence diffraction
(GID) (Fig. 1B, fig. S4) was performed at Sector 33-1D-D beamline of the Advanced Photon
Source, Argonne National Laboratory. A Pilatus-11 100K Area Detector mounted on the del-arm
was used to collect diffraction signal with a grazing incidence geometry. The region-of-interest
on the detector was set such that the ring-like signal was fully integrated. In-plane GID was
collected by sweeping the in-plane angle v (8-50°) with a fixed out-of-plane grazing angle ¢ (6 =
0.9°); the corrected Bragg angle (26) over which the data is plotted and indexed is determined
from the relationship cos(26) = cos(v)-cos(o) set by the geometry of the diffractometer. The X-




ray source was fixed at 16 keV (1 = 0.775 A). In-plane diffraction yields more diffraction peaks
with better defined width, likely due to the preferred orientation and disc-shape domains in the
film. Therefore, in-plane GID enables clear indexing to the ferroelectric orthorhombic (Pca21)
and antiferroelectric tetragonal (P42/nmc) fluorite structure in the ultrathin HfO>-ZrO- films, as
the presence of many reflections from the in-plane GID spectra (fig. S4) allow for clear
distinction from other nonpolar fluorite-structure polymorphs. Such diffraction spectra would be
otherwise prohibited in typical out-of-plane geometry due to the lack of vertical diffraction
planes and the large linewidth inherent to ultrathin films.

Two-dimensional diffraction Two-dimensional reciprocal space maps (fig. S3C-F) were
measured at Beamline 11-3 of the Stanford Synchrotron Radiation Lightsource, SLAC National
Accelerator Laboratory. Rayonix MX225 CCD area detector collected diffraction flux in the
grazing incidence (6 < 0.20°) geometry; the X-ray source (50 microns vertical x 150 microns
horizontal beam size) was fixed at 12.7 keV. The sample-detector work distance was set to 80
mm to enable detection of a wide region of reciprocal space (Q-range 0.2 to 5 A) at the expense
of reciprocal space resolution, set by the pixel size. The two-dimensional diffraction scans — in
which a wide portion of the entire reciprocal space was collected simultaneously, rather than at
discrete regions in Qx-Qy space — were averaged over data collection time and for repeated scans.
These measurement features, in tandem with the high X-ray flux afforded by the synchrotron
source, enabled sufficient diffraction signal detection and contrast in films just 1 nm in thickness.
Data analysis was performed Nika, an Igor Pro package for correction, calibration and reduction
of two-dimensional areal maps into one-dimensional data (44). Two-dimensional reciprocal
space maps on bare ZrO; heterostructures confirm the presence of crystalline ultrathin films
despite the low deposition temperature, afforded by the low crystallization temperature of ZrO»
on Si (45).

X-ray absorption spectroscopy and X-ray linear dichroism Hard and soft synchrotron Xray
spectroscopy (Fig. 2B, fig. S8) was measured at beamline 4-1D-D of the Advanced Photon
Source, Argonne National Laboratory and Beamline 4.0.2. of the Advanced Light Source,
Lawrence Berkeley National Laboratory, respectively. Spectroscopy measurements were taken at
the oxygen K-edge (520-550 eV), zirconium Ms2-edge (325-355 eV) and zirconium Ls2-edge
(2200-2350 eV). X-rays were incident at 20° off grazing. XAS (XLD) was obtained from the
average (difference) of horizontal and vertical linearly polarized X-rays. To eliminate systematic
artifacts in the signal that drift with time, spectra measured at ALS were captured with the order
of polarization rotation reversed (e.g., horizontal, vertical, vertical, and horizontal) in successive
scans, in which an elliptically polarizing undulator tuned the polarization and photon energy of
the synchrotron X-ray source (46). Spectra measured at APS were recorded under various
modes: total electron yield (TEY), fluorescence yield (FY), and reflectivity (REF).

Dielectric and electrical measurements

Metal-oxide-semiconductor (MOS) capacitance Capacitance-voltage (C-V) measurements
(fig. S9) were performed using a commercial Semiconductor Device Analyzer (Agilent B1500)
with a multi-frequency capacitance measuring unit (MFCMU). 19 micron W tips (d.c.P-HTR
154001, FormFactor) made electrical contact within a commercial probe station (Cascade
Microtech); voltage was applied to the top electrode and the lightly-doped Si bottom electrode




was grounded. To eliminate contributions from series and parallel parasitic resistances,
frequency-dependent C-V measurements were performed. In particular, C-V data was analyzed at
two frequencies (100 kHz-1 MHz) to allow for the extraction of accurate frequency-independent
C-V via a three-element circuit model consisting of the capacitor and the series and parallel
resistors (47). The frequency-independent capacitance is given by,

c ffC:(1+D?) — f7(1+ D3)

f12 _ f22

where Cjand Direfer to the measured capacitance in parallel mode (Cp-Rp) and dissipation values
at frequency fi. The dissipation factor is given by D = —cot(8), where & is the phase angle. In
order to maximize the accuracy of this method, it is important the dissipation factors are small
(<1) at the frequencies chosen; therefore, high frequencies (100 kHz-1 MHz) were selected.

Metal-insulator-metal (M1M) polarization Polarization-voltage (P-V) measurements on MIM
capacitors (Fig. 3A) were performed using a Agilent 81150A Pulse Function Arbitrary Noise
Generator/InfiniiVision DSOX3024A oscilloscope setup. 19 micron W tips (d.c.P-HTR 154001,
FormFactor) made electrical contact within a commercial probe station (Cascade Microtech);
voltage was applied to the top electrode and the bottom TiN electrode was grounded. A bipolar
triangular waveform was applied at frequencies ~ 10 kHz to obtain P-V loops for relatively thick
(5, 10 nm) antiferroelectric ZrO films (Fig. 3B).

Interdigitated electrode (IDE) polarization Polarization-voltage (P-V) measurements on IDE
structures (Fig. 3D) were performed using a Radiant ferroelectric tester, which enables the
application of high voltages (up to 100 V) required to measure micron-spaced IDE devices. A
bipolar triangular waveform was applied at frequencies ~10 kHz to obtain P-V loops for
relatively thick antiferroelectric ZrO and ultrathin ferroelectric ZrO; films (Fig. 3E,F, fig. S10).
In-plane P-V loops were measured on ZrO» samples deposited on thick (100 nm) SiO»-buffered
Si to minimize parasitic capacitance contributions from the underlying Si substrate.

Temperature-dependent polarization In-plane P-V loops were measured for 0.5 nm ZrO» IDE
structures as a function of temperature (fig. S15) using a Neocera heating stage attached to a
probe station equipped with a Radiant ferroelectric tester. The IDE sample was pasted to
thermally-conductive, electrically-insulating AIN to eliminate charge contributions from the
heating coils during P-V measurements. P-V loops were collected ranging from 25°C to 175°C in
25°C increments across 60 V bipolar hysteresis sweeps.

Metal-ferroelectric-insulator-semiconductor (MFIS) pulsed I-V measurements Pulsed tunnel
current measurements were performed on MFIS capacitors (Fig. 3A) using a commercial
Semiconductor Device Analyzer (Agilent B1500). Pulsed I-Vwrite hysteresis maps (Fig. 3C, fig.
S14D) were constructed using an arbitrary linear waveform generator (ALWG) to apply write
voltages with progressively different amplitudes, followed by a read pulse at 200 mV (fig. 14B).
Voltage was applied to the top electrode and the heavily-doped Si bottom electrode was
grounded (fig. 14A).




Supplementary Text

Thickness Analysis

Local and global probes At the ultrathin thickness regime, the global nature of X-ray analysis
can lead to more representative thickness determination than the local nature of TEM. In
particular, X-rays at the grazing angles of 4 = 0.1-0.2° employed for XRR and GiD studies (fig.
S1) have a sample footprint over 50 mm for the 200 um X-ray spot sizes used at the respective
synchrotron beamlines. Considering the sample sizes used for synchrotron X-ray studies were ~
25 mm long (cut from 6 wafers), the entire sample area, along the beam direction, was covered
by the grazing incident X-rays. Meanwhile, TEM images only probe ~ hundreds of nanometers
in its widest field-of-view (fig. S2A). Therefore, the global-nature of the grazing-angle X-ray
measurements probes orders of magnitude larger sample area, enabling a more representative
determination of the thickness.

Wide area uniformity ALD is renowned for its wafer-scale uniformity and angstrom-level
thickness precision derived from its self-limiting reaction (35). Therefore, as expected, wide
field-of-view TEM of 0.5 nm ZrO; (fig. S2A) illustrates the ultrathin ZrO, layer is continuous
across a large area (~ 350 nm). Furthermore, as mentioned in the previous section, the X-ray
beam footprint in the grazing incidence XRR and OOP diffraction experiments (tens of
millimeters) provide additional thickness verification across a much wider area (Fig. S1)
compared to the TEM imaging (hundreds of nanometers).

XRR X-ray reflectivity (XRR) fitting analysis (fig. S1B) was performed with the python
package GenX (43), in which the underlying SiO2 buffer layer and top ZrO: layer thicknesses
were fitting parameters for ZrO> films ranging from 5 to 100 ALD cycles in thickness. The
extracted growth rate from XRR is 0.97 A ZrO, per ALD cycle (fig. S1B), which is close to the
commonly reported ~ 1 A/cycle growth rate for ALD-grown HfO,- ZrO, (11). Furthermore, the
growth rate is consistent with that extracted from out-of-plane (OOP) grain size analysis (fig.
S1D).

Grain Size The out-of-plane (OOP) grain sizes (D) were determined via Scherrer’s equation
(62),

p==2
AQ

where AQ = , @ corresponds to either the (101): peak or the (111), peak, and A(26)

is the full width at half maximum (FWHM). The above equation was applied to the OOP-GID
spectra for the ZrO; thickness series (fig. S1C). For ZrO2 films below 10 nm (<7 nm), the OOP
grain size is constrained by the ZrO. physical thickness (fig. S1D); therefore, OOP grain size in
the ultrathin limit serves as a gauge of the ZrO; thickness. The growth rate determined from this
analysis (0.93 A ZrO; per ALD cycle) is consistent with that determined from XRR (fig. S1B).

41 cos(0)A(20)

TEM The confirm the thickness of the 5 ALD cycle thick ZrO- layer, local cross-section HR-
STEM images (fig. S2) were analyzed with DigitalMicrograph software using a line profile ~ 3
nm with integration width ~ 30 nm. Due to the angstrom-level roughness, the red boundary lines
are determined by eye based on layer color contrast; the ultrathin ZrO> layer was surrounded by




high contrast neighboring layers (low-Z SiO. underlayer and low-Z Al>Os capping layer) to aid
in layer delineation. Slight roughness is expected due to the non-sharp interfaces present in non-
epitaxial ALD-grown films on non-crystalline templates (e.g. amorphous SiO,). Furthermore,
beam damage from milling during TEM sample preparation could potentially introduce another
source of roughness. On the other hand, no sample preparation is required for XRR and X-ray
based measurements, just the uncapped ZrO: film is necessary. These contributions help explain
why the thickness extracted from the local TEM imaging (fig. S2C, 0.58 nm) is slightly thicker
than the thickness extracted from the grazing X-ray techniques (fig. S1, ~ 0.5 nm).

Structural Analysis

Oxygen imaging analysis Original atomic-resolution studies of HfO>-ZrO>-based
ferroelectrics employed high-angle annular dark-field scanning transmission electron microscopy
(HAADF STEM) to identify various fluorite-structural polymorphs (48). While this technique
can successfully identify various fluorite-structure polymorphs in HfO2-ZrO3 thin films (10, 49,
50), it is not sensitive to subtle oxygen acentric displacements; HAADF STEM contrast
preferentially highlights the more strongly scattering cation atoms relative to the more weakly
scattering oxygen anions. Other works aimed to distinguish the different orthorhombic space
groups based on mirror symmetry-breaking employed the position-averaged convergent beam
electron diffraction (PACBED) method (51), which implies the existence of non-
centrosymmetric orthorhombic Pca2; structure in doped-HfO- thin films (49); however, this
technique still does not provide definitive evidence of the polar Pca2; phase.

To address this limitation, electron microscopy work shifted to oxygen-sensitive techniques
to more directly identify the ferroelectric phases in this material system, which included
integrated differential phase contrast (iDPC) STEM (19,52), aberration-corrected STEM-ABF
(53) and negative spherical aberration imaging (NCSI) (20). In this work, we employ the NCSI
technique for oxygen imaging analysis (54, 55), in which the oxygen atoms can become visible
under certain experimental conditions. The HR-TEM image simulations (37, 38) were calculated
close to the experimental imaging conditions (Materials and Methods, fig. S6) along various
zone axes for the tetragonal P4>/nmc structure and the orthorhombic Pca2; structure (fig. S5) to
match with the experimental HR-TEM imaging of 5 nm ZrO2and 2 nm ZrO: (Fig. 1),
respectively. In particular, the HR-TEM simulation of the orthorhombic Pca2; along the [110]
zone axis under the experimental NCSI conditions clearly demonstrate alternating rows of zig-
zag and blurred oxygen arrangements, which match well with the experimental data for 2 nm
ZrOo films (Fig. 1G, fig. S6).

Cation imaging analysis Beyond oxygen imaging analysis, traditional cation imaging can
also provide supplemental confirmation of the crystal structures indexed by NCSI. In particular,
the cation-cation bond angle between neighboring Zr atoms demonstrate a very close match to
HRTEM simulations (fig. S7) for both the tetragonal P4>/nmc structure (5 nm ZrO; films) and
the orthorhombic Pca2; structure (2 nm ZrO: films) along the [001] and [110] zone axes,
respectively.

Ferroic phase identification via diffraction analysis For fluorite-structure thin films, the main
structural polymorphs to consider are the dielectric monoclinic (P21/c), antiferroelectric
tetragonal (P4./nmc), and ferroelectric orthorhombic (Pca21) phases. Various diffraction




reflections from the wide-angle GiD spectra enable indexing to the orthorhombic Pca2; and
tetragonal P4>/nmc phases. Lattice parameters (a, b, ¢) — determined via Bragg’s law from the

d200 family of reflections — are self-consistently checked against the (111) (dilu = % + biz + ciz
and (101) (dilm = % + Ciz) lattice spacings, as well as other higher-order reflections, for the
ferroelectric o-phase and antiferroelectric t-phase, respectively (fig. S4). The presence of
monoclinic phase fraction is ruled out based on the lack of its characteristic split {111}
reflections in the diffraction spectra, which would have been sufficiently separated from the
(111)oand (101): reflections. The tetragonal (101): reflection is distinguished from the
orthorhombic (111), reflection in ultrathin (2 nm and below) films (Fig. S4D-F) based on the
self-consistent indexing methodology detailed above. From the indexing analysis, we find the
tetragonal (101); reflection has a smaller d-spacing than the orthorhombic (111), reflection,
consistent with results in thicker HfO»-ZrO»-based films (56,57).

Structural distortion analysis: aspect ratio The aspect ratios (Fig. 2A) of the antiferroelectric
t-phase (c/a) and the ferroelectric o-phase (2c/(a + b)) provide an indication of the degree of
lattice distortion present in their respective structures, as recently investigated for ALD-grown
ferroelectric Zr:HfO; films (11) and ALD-grown antiferroelectric ZrO> films (58). The aspect
ratios were computed from the extracted lattice parameters based on the self-consistent indexing
methodology detailed above. In particular, the aspect ratio of the o-phase exceeds that of the t-
phase for fluorite-structure oxides (56,59). Notably, the lattice distortion present in ZrOz is
enhanced in the ultrathin regime — opposite to the typical tetragonal distortion trend in perovskite
ferroelectrics (60) — indicative of the "reverse" size effects present in fluorite-structure
ferroelectrics. For example, the tetragonal aspect ratio was shown to decrease with decreasing
thickness in ferroelectric PbTiOs films (60), while the orthorhombic aspect ratio is substantially
enhanced in the ultrathin regime for fluorite-structure Zr:HfO> films (11).

Structural distortion analysis: interplanar lattice spacing Another structural marker, the
interplanar lattice spacing (dioi-, di11-0), also indicates ultrathin-amplified distortions in the
ZrOa films (Fig. 2A). The origin of the left-shift in the (111), ((101):) reflection with decreasing
thickness is typically attributed to the phase fraction distribution from the antiferroelectric t-
phase towards the ferroelectric o-phase; the left-shift of the peak in reciprocal space corresponds
to an increase in real-space lattice spacing. In particular, the ferroelectric o-phase di11-spacing
(>3.03 A) for ZrO2 in the ultrathin regime (< 2 nm) is larger than typical values for thick
ferroelectric HZO films (2.95 A) (21), demonstrating that ZrO is in fact strained i.e. increased
rhombic distortion. This is consistent with the ultrathin-enhanced lattice distortions trend
observed in previous ALD-grown highly-oriented orthorhombic ferroelectric Zr:HfO> films (11)
as well as PLD-grown epitaxial orthorhombic ferroelectric Zr:HfO, films (26). On the other
hand, we observe that the t-phase dio1 spacing (2.91-2.95 A) in thicker ZrO; films (~4-10 nm) is
nearly the same as is expected for prototypical antiferroelectric t-ZrOz (2.94 A) (21). This is
expected: when the tetragonal phase is strained with decreasing thickness, it transitions to the
lower symmetry orthorhombic phase as opposed to remaining in the tetragonal phase, as it does
not have the same tolerance of the FE o-phase to maintain its symmetry when strained.
Consequently, the larger d-spacing is attributed to the FE o-phase (56), as confirmed by self-
consistent indexing to higher-order reflections (fig. S4). These results, along with the findings
reported in previous ALD-grown highly-oriented orthorhombic ferroelectric Zr:HfO- films (11),




ALD-grown polycrystalline antiferroelectric ZrO: films (58,61), as well as PLD-grown epitaxial
orthorhombic ferroelectric Zr:HfO- films (26), indicate ultrathin-enhanced lattice distortions
might be inherent to the symmetry present in fluorite-structure oxides, in stark contrast to the
size effects typically present in the prototypical perovskite-structure oxide ferroelectrics (6,7).

Crystal field splitting X-ray spectroscopy provides various signatures to distinguish the
competing ferroelectric o-phase and antiferroelectric t-phase in fluorite-structure thin films
(11,63). Simulated XAS spectra for ZrO2 in the various fluorite-structure polymorphs
(orthorhombic Pca2: and tetragonal P4>/nmc) were computed through the Materials Project (64)
open-source database for XAS spectrum (65); previous work on ultrathin ferroelectric Zr:HfO>
films (11) provides additional details on the symmetry-specific spectroscopic signatures. The t-
phase (P42/nmc) nonpolar distortion (Dan, 4-fold prismatic symmetry) from regular tetrahedral
(Tq, full tetrahedral symmetry) fluorite-structure symmetry does not split the degenerate e-bands
(dy2_y2, d3,2_,2), as confirmed by experiment (63) and the aforementioned XAS simulations.
Meanwhile, the o-phase (Pca2:) polar rhombic pyramidal distortion (Cay, 2-fold pyramidal
symmetry) does split the e manifold based on crystal field symmetry, providing a spectroscopic
means to distinguish the tand o-phases i.e. the additional spectroscopic feature present between
the main e- and t2- absorption features due to this additional symmetry-lowering distortion. The
O K-edge XAS spectra demonstrates tetrahedral and rhombic splitting features closely matching
the polar o-phase (Pca21) emerging for ZrOz in the sub-2 nm range, indicative of the ultrathin-
enhanced emergence of the ferroelectric o-phase. This demonstrates a spectroscopic fingerprint
for phase identification beyond diffraction which can often be ambiguous due to the nearly
identical t- and o-phase lattice parameters (56). The symmetry-specific crystal field distortions
in ZrO; films also evolve with thickness; the tetrahedral (rhombic) crystal field At (Ar) arising
from the Tq (C2v) Ssymmetry in ultrathin ZrO> films sharply increases below 3 nm thickness (Fig.
2B), suggesting the increased emergence of ferroelectric 0-ZrO; in ultrathin films, consistent
with thickness-dependent diffraction trends (Fig. 2A)

Orbital polarization In conjunction with XAS, x-ray linear dichroism (XLD) can also probe
structural distortions due to its sensitivity to orbital asymmetry, which can arise from inversion
symmetry breaking. For example, in perovskite ferroelectrics PbTiOz and BaTiOs, the Ti 3d - O
2p orbital hybridization is essential for stabilizing the noncentrosymmetric ferroelectric structure
(66). Particularly at the 3d cation Lz edge, orbital polarization extracted from XLD is used as a
measure of the oxygen octahedral distortion in perovskites due to the anisotropic hybridization
between cation 3d and O 2p orbitals (67). Accordingly, in fluorite-structure ferroelectrics, the
magnitude of XLD present at the Zr Mz and Zr L3 edges can be a gauge of the degree of
polyhedral distortion — in this case distortion of oxygen tetrahedron — and the oxygen atomic
asymmetry (11). Indeed, the orbital polarization at these Zr edges is enhanced as the thickness is
reduced from the thick (10 nm) to ultrathin (5 A) regime (fig. S8D), consistent with diffraction
results also demonstrating amplified structural distortions in the ultrathin limit.

Optical Analysis

Polarization insights from SHG Nonlinear optical microscopy also supports the size-
dependent ferroic phase evolution, as the observed increase in second harmonic generation
(SHG) signal with decreasing ZrO- thickness (Fig. 2C, fig. S11) is consistent with the structural




trends indicating the ultrathin-enhanced FE polarization (Fig. 2A,B). Indeed, SHG intensity has
been shown to directly map to the polarization across the composition space in 20 nm thick
HfO»-ZrO> solid solutions (68). The exception to the ultrathin-enhanced polarization trend from
SHG spatial mapping measurements (Fig. 2C) occurs for 5 A ZrO», which can be potentially
attributed to an amorphous phase fraction expected in such ultrathin films deposited at low
temperature (300°C). The SHG spot size can engulf both crystalline regions in the polar o-phase
and amorphous regions, so the averaged SHG signal can be weighed down by this amorphous
fraction; meanwhile, the other structural signatures (Fig. 2A,B) are only sensitive to the
crystalline regions.

SHG sensitivity to in-plane polarization In the SHG measurement configuration (fig. S12), a
linearly polarized femtosecond laser beam impinges on the sample surface in the normal direction,
which results in in-plane polarization electric field. According to the assigned physical coordinate
with respect to the lab coordinate for in-plane polarized regions of sample, the electric field of
fundamental light has components E®(6) = (—E,sin8, 0, Eycos6). Here, 0 is the azimuthal angle
of the fundamental light polarization, and the o subscript denotes the frequency of the fundamental
light.

The light-induced nonlinear polarization in the in-plane polarized regions of the Pca2;
structure (2mm point group) can be obtained as follows:
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And our experimental configuration collects in-plane electric field components of SHG light as
follows:
129 o« |P - A, |? < |d3q sin? 6 + d33 cos? 02
129 o |P- Ay|2 & |2d,5 sin 6 cos 02

where Ai corresponds to the orientation of the output analyzer in position i (expressed, 4, =
(0,0,1) and A, = (0,0, 1). The SHG experimental setup does not use a polarizer; therefore, the
total SHG emission measured by its configuration is I7“+I;®. The non-zero dij components
indicate that in-plane polarized regions of this thin film can produce non-zero SHG light captured
by this measurement configuration.

Meanwhile, for out-of-plane polarization, the electric field of fundamental light has
components E®(6) = (Eycos8,—E,sin6,0). Then, the nonlinear polarization is

0
P=FE? ( 0 )
d3; cos? 6 + d3,sin?

Applying A, = (1,0,0) and 4, = (0,1, 0), both I7* and I} become zero.

Thus, this result indicates that our SHG measurement configuration is exclusively sensitive
to in-plane polarizability of the Pca2; structure (2mm point group). Indeed, an in-plane projection
of the polarization is expected in the ultrathin ferroelectric ZrO2 films based on its predominant
orientation (fig. S3, Main Text).



Regarding the nonpolar P42/nmc tetragonal phase (4/m point group) present in thicker ZrO»
films, the piezoelectric matrix is empty; therefore, no light-induced nonlinear polarization is
expected for these nonpolar structures.

Electrical Analysis

Dielectric permittivity extraction from MOS capacitors The permittivity of ZrO, was
extracted from thickness-dependence MOS C-V measurements (fig. S9) on lightly-doped p-type
substrates. In the accumulation region of the MOS C-V measurements, the MOS capacitor can be
modelled as three capacitors (ZrO: layer, SiOz layer, and Si space charge layer) in series using
the following equation,

1__1 phys __ LeL€sios

c €0€zro, tzroz T 0€sio, [tSiOZ €si
where tz,, is the thickness of the ZrO layer, t5>, is the physical SiO thickness, and t., is the
charge layer thickness in silicon. The physical SiOz thickness is constant across all ZrO- film
thicknesses. Additionally, the capacitance values were extracted at a fixed charge of Q = -1
pC/cm?which ensures that the charge-layer thickness is constant across all thicknesses and in the
accumulation region. Therefore, from Equation 3, the inverse capacitance at a fixed charge as a
function of ZrO. thickness should result in a line and the permittivity of the ZrO; layer can be
extracted from the slope.

Polarization switching via tunnel junctions I-V measurements in tunnel junctions overcome
shortcomings faced by conventional ferroelectric P-V and C-V, piezoresponse, and synchrotron
X-ray techniques by leveraging tunnel currents, disentangling competing hysteretic mechanisms,
and demonstrating polarization switching, respectively. For example, hysteresis loops from
polarization-voltage (P-V) and capacitance-voltage (C-V) measurements — the traditionally-
demonstrated smoking-gun evidence of polarization switching — become obsolete in the ultrathin
regime once leakage currents dominate switching current and distort the extracted behavior (69).
Meanwhile, tunnel junctions exploit the tunnel current via its polarization-dependence, allowing
for ferroelectric measurements in the sub-5 nm regime. Tunnel junctions I-V measurements also
overcome the key limitation of synchrotron X-ray characterization, which can bypass leakage to
examine polar symmetry in ultrathin films, but fail to demonstrate polarization switching
(70,71). Piezoresponse measurements can also eliminate leakage and demonstrate polarization
switching, but its electrically-modulated tip deflection can be confounded by various
electrochemical, electromechanical, and electrostatic artefacts which can give rise to hysteretic
piezoresponse (42,72). Therefore, characterizing ultrathin ferroics via tunnel junctions (Fig. 3C,
fig. S14) present a complementary I-V methodology for disentangling confounding hysteretic
mechanisms from polarization switching, serving as a promising metrology tool for advanced
nanoelectronics (73) in tandem with scanning probe microscopy (74). Indeed, I-V measurements
have been previously employed to demonstrate ultrafast polarization switching in thicker ALD-
grown HfO,-ZrO; thin films (75-79). Furthermore, in other ferroelectric material systems, FTJ I-
V measurements have been used to pinpoint ferroelectric origins in both ultrathin oxides (80, 81)
and emerging two-dimensional systems exhibiting hysteretic resistive switching (82).

Distinguishing polarization switching via electrical measurements It is worth noting that
oxygen-vacancy-based contributions can be intertwined with polarization switching in oxide




ferroelectrics; indeed, some degree of influence of electrochemical phenomena intertwined with
ferroelectric polarization switching has been observed for both perovskite-based (83-88) and
fluorite-based (19, 89-93) FTJs. In particular, voltage-driven oxygen vacancy migration is the
commonly employed resistive switching mechanism in resistive random access memaories
(RRAMS) (94,95), in which oxygen vacancies form conductive-filaments within the dielectric
barrier layer. Therefore, to examine potentially confounding ionic and electrochemical
contributions in the ultrathin ZrO, FTJs, further I-V measurements were performed.

In particular, voltage polarity-dependent pulsed I-Vwrite hysteresis measurements (fig. S14D)
are able to rule out filamentary-type resistive switching mediated by electrochemical ionic-
driven mechanisms. For typical bipolar filamentary-mediated resistive switching, the filament
formation set by the first polarity results in the high-current state; therefore, the sense of
hysteresis is dependent on the direction of the voltage sweep (96). Meanwhile, for polarization-
mediated switching, the polarization-induced band modulation sets the current states; the
polarization direction in the ferroelectric barrier is set by the polarity of the voltage pulse,
independent of the sweep direction. Therefore, for polarization-driven switching, the same I-
Vurite hysteresis sense should be observed independent of the sweep direction, consistent with the
behavior observed in the ultrathin ZrO, FTJs (fig. S14D). Additionally, the measured pulsed-1-V
hysteresis loops for ultrathin ZrO> (Fig. 3C, fig. S14D), which shows two stable resistance states
— corresponding to the two remnant polarization states — match piezoresponse hysteresis loops
(fig. S14C), also strongly suggestive of polarization-driven switching (97). Furthermore, the
observed counter-clockwise hysteresis sense (Fig. 3C, fig. S14D) is consistent with polarization-
induced barrier height modulation as depicted in the electron band diagrams (fig. S14E) —
positive voltage applied to the top electrode results in a lower average barrier height, and
therefore, operates as the high current state. Moreover, the presence of closed hysteresis loops
likely preclude ionic-driven mechanisms, which have been shown to result in open resistive
hysteresis loops in HfO2-based junctions (89, 92), likely due to irreversible oxygen vacancy
migration. The lack of a forming step at high voltage required to observe resistive hysteretic
switching also renders ionic-driven filamentary-based mechanisms unlikely.

All of the aforementioned behaviors to eliminate effects related to charge injection and
demonstrate polarization-driven resistive switching have been established in previous works on
similar ultrathin FTJs integrating ALD-grown 1 nm Zr:HfO; barriers on SiO»-buffered Si
(11,23). Therefore, although the co-existing, and often synergistic (19,89) influence of various
electrochemical and ionic phenomena intertwined with polarization switching cannot be
completely eliminated, multiple 1-V signatures in these ultrathin ZrO2 FTJs indicate minimal
contributions from various ionic-driven mechanisms and indicate the observed resistive
switching behavior is consistent with ferroelectric polarization switching.

Such charge injection concerns are even less likely for the in-plane IDE P-V
measurements (Fig. 3, fig. S10,15) considering IDE structures (~ 1 um oxide barrier) possess
significantly lower leakage current compared to that present in out-of-plane tunnel junctions
(~ 1 nm oxide barrier).

Distinguishing polarization switching via scanning probe microscopy Regarding scanning
probe microscopy (SPM) images (fig. S13), measures were taken to eliminate non-polarization-
driven mechanisms of PFM contrast. AFM topography images before and after voltage poling
ultrathin (0.5 nm, 1 nm) ZrO> films demonstrate no surface morphology changes to the films due
to poling (fig. S13A,B), which indicate the strong PFM amplitude and phase contrast in ultrathin




ZrO» present after poling (fig. S13 C,D) are not artifacts from charge injection or other
electrochemical origins. This also rules the possibility of cross-talk between topography and
phase retraces leading to false phase contrast. Furthermore, PFM phase contrast for ultrathin (0.5
nm, 1 nm) ZrO- films persists after 2 hours; such long-term retention significantly suppresses
shorter-scale effects such as charge injection, further suggesting that the PFM contrast is due to
ferroelectric polarization behavior. Furthermore, the presence of spontaneous as-grown
polarization further indicates that the observed PFM contrast upon voltage application is inherent
to the film’s polar nature, and not an extrinsic tip-induced artifact.

Origin of as-grown spontaneous polarization Notably, unpoled regions of ultrathin (0.5, 1
nm) ZrO> films demonstrate the same PFM phase contrast as positively poled regions (fig.
S13D), indicating that ultrathin ZrO> exhibits spontaneous polarization. Regarding the origin of
this spontaneous polarization, the spectroscopic signatures of ultrathin-enhanced polar distortion
(Fig. 2) indicate the presence of a polarization and the highly-oriented nature of the ultrathin
films (fig. S3) requires the presence of an out-of-plane (OOP) projection of the Pca2; polar axis;
therefore, this OOP polarization would be detected by the PFM measurement. These reasons
establish why a spontaneous OOP polarization is expected to be present. To explain why one
polarization state over the other is preferred, the nature of the SiO,/ZrO; interface must be
considered. The high-k oxide and semiconductor device community has extensively
characterized interface traps states (Dit) at SiO2-HfO2 and SiO,-ZrO> interfaces, inherent to low-
temperature ALD deposition on amorphous (SiO2) templates; these states can serve as bound
charges at the interface, which would in turn, prefer a specific (up or down) polarization state.
The preferred polarization in ultrathin (0.5, 1 nm) ZrO: films points toward silicon, consistent
with negatively charged bound charges at the SiO2-ZrO interface.

Fluorite-Structure Ferroelectric Considerations

ZrO, versus HfO2 To help unravel these curious size effects, key fluorite-structure insights
can be derived from the competing symmetries inherent to its rich polymorphic nature (15),
particularly surface energy (98) contributions. Thermodynamic (99,100) and kinetic (99)
contributions help explain why ZrO: is preferred to its sister fluorite-structure binary oxide HfO>
for stabilizing the ferroelectric o-phase in the ultrathin regime. In particular, the low temperature
of crystallization for ZrO- relative to HfO2 (101) eliminates potential reversion back to the bulk-
stable paraelectric monoclinic formation, which has been observed upon cooling after the typical
high-temperature post-deposition annealing usually required for phase crystallization in HfO>-
based thin films (102). Crystallizing ZrO: at low temperatures during the ALD deposition itself
avoids such kinetic effects (99), which allows dimensionality-driven size effects (discussed in
Main Text) to maintain as the major energy driving force, thereby keeping the metastable
ferroelectric o-phase trapped.

Fluorite-structure antiferroelectricity We note here that the original Kittel view of an
"antipolar” crystal structure with two sublattices of opposite polarization (103) does not seem to
apply to the nonpolar P4>/nmc tetragonal lattice attributed to fluorite-structure antiferroelectricity
(104). Instead, the more inclusive definition of antiferroelectricity put forth in recent years (105)
—i.e. reversible field-dependent first-order nonpolar-to-polar phase transition without explicitly
requiring an anti-polar phase — more accurately describes this fluorite-structure system. The




expected field-induced nonpolar-to-polar (tetragonal P4./nmc to orthorhombic Pca2;) phase
transition for fluorite-structure antiferroelectrics (104) was first theoretically established (24) and
later experimentally demonstrated via field-dependent diffraction (106), electron microscopy
(107,108), scanning probe microscopy (61) and electrical measurements (109) in Hf:ZrOz and
ZrO2 thin films. In this work, the relatively thick ZrO. films indeed index to the nonpolar
tetragonal P4>/nmc (Fig. 1, S4, S5, S8) and exhibit the characteristic antiferroelectric-like
double-hysteresis behavior (Fig. 3B, E); therefore, our results are consistent with the more recent
picture of antiferroelectricity (105) — i.e. field-induced ferroelectric state — that has been ascribed
to the HfO2-ZrO, family (104).

The distinguishing feature of this work is we instead focus on the thickness-driven — rather
than field-driven — nonpolar t-phase to polar o-phase transition driven by reduced dimensionality
in ZrOz thin films. Original studies into fluorite-structure systems examined the ferroelectric-
antiferroelectric phase competition as a function of temperature and composition in thick (> 10
nm) films (4,110-112). More recent studies have examined antiferroelectricity down to the 4-5
nm regime in ALD-grown Hf:ZrO> (76) and ZrO> (58,61,113,114), but to date, the ultrathin (< 2
nm) regime has yet to be examined for fluorite-structure antiferroelectrics. Therefore, the size-
driven antiferroelectric-to-ferroelectric phase transition has yet to be observed due to the
unconventional size effects intrinsic to fluorite-structure ferroelectrics (discussed in Main Text),
e.g. the sensitivity of t-phase and o-phase relative free energies to reduced size and surface
energy effects (21,115).

Depolarization field considerations Besides the unique piezoelectric origins, unconventional
ferroelectric origins have also been attributed to the fluorite-structure binary oxides (12,13).
First-principles calculations suggest improper origins (12) may facilitate the persistence of
atomic-scale ferroelectricity, as 2D fluorite-structure Pca2: layers have minimal depolarizing
field associated with its structure, enabling unsuppressed polarization down to the u.c. thickness
limit (12,13). Depolarization fields are the electrostatic penalty for electric dipoles at the
ultrathin scale; accordingly, ferroelectricity in conventional perovskite oxides is typically
suppressed at the few nanometer scale (29), as metals with finite screening cannot completely
compensate the surface dipole charges (2). The ultrathin 0-ZrO> films in this work are able to
overcome depolarization effects, which would otherwise prohibit sustained polarization in the
atomic-scale regime, due to its in-plane polarization, as evidenced by SHG mapping (Fig. 2C)
and in-plane polarization switching (Fig. 3). For these films, the dominant out-of-plane
orientation is the (111) (fig. S3); this close-packed plane is expected to be favored in the ultrathin
regime due to the enhanced importance of surface energies at reduced dimensions. Considering
the polar axis for the Pca2; structure is along a principal lattice direction, 0-ZrO- films
demonstrate a significant in-plane polarization component. Therefore, the highly-oriented nature
of the ultrathin ZrO; films also contribute to the sustained atomic-scale electric polarization. In
fact, van der Waals (vdW) chalcogenides have recently emerged to overcome ultrathin
ferroelectric limitations via in-plane polarization (116); for perovskite-based ferroelectrics,
exploiting epitaxial strain to stabilize in-plane polarization (117) could similarly help bypass
these depolarization concerns in the ultrathin regime. Furthermore, the improper origin of
fluorite-structure ferroelectricity (12,13) helps make it secondary polar distortion impervious to
depolarization effects (28).




System Material ~ Thickness (A) Dipole  Polarization switching? Ref.

vdW h-BN 6.6 OO0P BL: I-V loop, PFM loop  (118,119)
vdwW Graphene 6.7 OOP BL: I-V loop (120)
vdwW SnTe 6*(12) IP *ML.: no (BL: I-V loop) (121)
vdwW SnS 6 IP ML.: I-V loop (122)
vdw MoTe: 8 OOP ML: PFM loop, no I-V (82)
vdw WTe> 14 OOP BL: I-V loop (123)
vdw In2Ses 12 OOP/IP ML: PFM loop (124)
vdw BA2PbCl4 17* IP *No switching loops (125)
vdwW CulnP2Se 40 OOP PFM loop (126)
Polymer P(VDF-TrFE) 10 OOP BL: I-V loop (Pyro) (127)
Perovskite  BaTiOs 10* OOP  *2-3 uc: No switching loop  (81)
Perovskite ~ PbTiO3 12* OOP  *3uc: No switching loop (70)
Perovskite  BiFeOs 4*(8) OOP *1 uc: No (2 uc: PFM loop)  (80)
Perovskite  BiFeOs 8 OOP 2 uc: PFM loop, no I-V (128)
Perovskite Pb(Zr,Ti)Os 6* OOP *1.5 uc: No (129)
Fluorite Zr:HfO> 25 OOP PFM loops (130)
Fluorite Zr:HfO; <20 OOP PFM loops (131)
Fluorite Zr:HfO> 15 OOP P-V loops (132)
Fluorite Zr:HfO> 15*(50) OOP  *No switching (P-V loops) (10)
Fluorite Zr:HfO> 10 OOP C-V & I-V loops (11,23)
Fluorite ZrO; 5-6 OOP/IP P-V & I-V loops this work

Table S1. Atomic-scale demonstrations of ferroelectricity. Note some works prove inversion
symmetry-breaking, but do not demonstrate hysteretic polarization switching (indicated by "*"
symbols). Abbreviations: van der Waals (vdW); out-of plane (OOP); in-plane (IP); current-
voltage (I-V); capacitance-voltage (C-V); polarization-voltage (P-V); unit cell (uc); monolayer
(ML); bilayer (BL).
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Fig. S1. Thickness verification of ALD-grown ZrO> via X-ray analysis. (A) Synchrotron X-ray
reflectivity (XRR) of the ZrO; thickness series from 10 nm down to 0.5 nm thickness. The dotted
black lines overlayed on the data are XRR simulations from which the thickness values reported
in panel (B) are determined. (B) The extracted growth rate (~ 10 ALD cycles = 1 nm thickness)
is consistent with Zr:HfO> films extensively characterized in previous work on ultrathin Zr:HfO>
films (11). (C) Out-of-plane grazing incidence diffraction (OOP-GIiD) of the ZrO> thickness
series. (D) Extracted growth rate from the OOP-GiD grain size analysis (Supplementary Text).
Note for 10 nm (100 ALD cycles) films, the grain size is no longer limited by the thickness of
the film, so this data point is not used for the thickness analysis.
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Fig. S2. Thickness verification of ALD-grown ZrO» via TEM analysis. (A) Wide field-of-view
(FoV) HAADF-STEM image for a 5 ALD cycle ZrO» thin film on SiO.-buffered silicon
substrate illustrating the wide-area stability of ultrathin ZrO: layer (lighter contrast layer
delineated by the faint red dotted lines) across ~ 350 nm FoV. (B) Zoomed-in HAADF-STEM
image of the ultrathin ZrO> film from (A). (C) The ZrO: layer thickness is determined by line
profile analysis. The ZrO film (light contrast) examined here is capped with Al>Os (dark
contrast) to provide maximize Z-contrast in the dark field imaging mode to aid in layer
delineation. The red boundary lines are determined by eye based on the color contrast. The
blurred interfaces inherent to non-epitaxial ALD-grown films on amorphous underlayers (SiO5)
and capped with amorphous top layers (Al203) complicates TEM-based thickness extraction;
therefore, X-ray based methodologies (fig. S1) are preferred for ultrathin thickness determination
(Supplementary Text). Nonetheless. the extracted thickness of ~ 0.58 nm is close to the ~ 0.5 nm
thickness determined from X-ray based techniques (fig. S1) for 5 ALD cycle ZrO- films.
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Fig. S3. Crystalline ultrathin ZrO; films. (A,B) Wide field-of-view cross-sectional TEM images of
5nm (A) and 2 nm (B) ZrO2 on SiOz2-buffered Si, used for the phase identification analysis (Fig. 1D-
G) based on HR-TEM simulations (fig. S5). Note the Si substrate is tilted off its zone axis to image
the crystallinity present more clearly in the 2 nm ZrOz2 layer. (C,D,E,F) 2D RSMs for 5 nm (C), 3
nm (D), 2 nm (E), and 1 nm (F) ZrOz on SiO2-buffered Si, demonstrating the presence of
crystalline films. Furthermore, the 2D maps indicate the emergence of enhanced texturing in
ultrathin films (< 3 nm) — consistent with previous work on ALD-grown ultrathin Zr:HfO; films
(11, 131) — illustrated by concentrated intensity spots rather than polycrystalline rings. The
integrated 1D spectra also are consistent with the P4>/nmc and Pca2; indexing in thick and
ultrathin films, respectively; in particular, the splitting of the reflection around Qx~ 2 A~ for
films < 2 nm suggests a symmetry-lowering transition from the P4,/nmc T-phase, consistent with
the Pca2; O-phase. However, we note that the IP-GiD spectra (fig. S4) are used for more
rigorous indexing analysis to the respective phases (Materials and Methods). These qualitative
2D diffraction maps are primarily meant to highlight the highly-oriented crystalline nature of the
ultrathin ZrO> films. (G) Dimensionality-driven evolution of ZrO, from the antiferroelectric
tetragonal phase to the ferroelectric orthorhombic phase illustrated through qualitative
crystallinity features.
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Fig. S4. Ferroic phase identification from synchrotron X-ray diffraction. (A,B,C,D,E,F)
Synchrotron in-plane grazing incidence diffraction (IP-GiD) for the ZrO> thickness series in the
relatively thick (10 nm, 5 nm, 3 nm) and ultrathin (2 nm, 1 nm, 5 A) regime. In-plane GID
indicates the presence of the antiferroelectric t-phase in relatively thick (> 2 nm) ZrOz films,
while in-plane GID indicates an emergence of the ferroelectric o-phase for ZrO; films below 2
nm. 2 nm ZrO2 marks the critical thickness for the symmetry-lowering tetragonal-to-
orthorhombic structural phase transition, as illustrated by the increased number of reflections in
ultrathin films, some of which are forbidden in the higher-symmetry t-phase. The detailed self-
consistent indexing analysis considering multiple reflections is described in the Supplementary
Text. (G) Dimensionality-driven evolution of ZrO from the antiferroelectric tetragonal phase to
the ferroelectric orthorhombic phase demonstrated through structural signatures from diffraction.
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Fig. S5. Ferroic phase identification from oxygen imaging analysis. (A,B,C,D) Crystal structure
projections (top) and HR-TEM simulations (bottom) along the 100 (A), 010 (B), 001 (C), and
110 (D) zone axes for the tetragonal P42/nmc structure. The experimental HR-TEM imaging of 5
nm ZrO- (Fig. 1D,E) matches with the [001] projection of crystal structure and TEM simulation
for the tetragonal P4»/nmc structure. (E,F,G,H) Crystal structure projections (top) and HR-TEM
simulations (bottom) along the 100 (E), 010 (F), 001 (G), and 110 (H) zone axes for the
orthorhombic Pca2; structure. The experimental HR-TEM imaging of 2 nm ZrO> (Fig. 1F,G)
matches with the [110] projection of crystal structure and TEM simulation for the orthorhombic
Pca2; structure. Note all HR-TEM simulations are provided in inverted contrast to better
accentuate the oxygen atoms under the following conditions: specimen thickness ~ 10 nm and
defocus = 4 nm (Materials and Methods).
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Fig. S6. Determining oxygen imaging conditions from HR-TEM simulations. Tetragonal
P4,/nmc ZrO2 HR-TEM simulations as a function of defocus value and TEM specimen thickness
under the following experimental conditions: Cs=-16 um, Cs = 6.8 mm, slice thickness = 20 A,
and 300 kV accelerating voltage. The simulations indicate that the oxygen atoms become visible
at appropriate defocus values (~ 2 to 4 nm) and reasonable specimen thicknesses (below 12.25
nm), which is similar to the experimental oxygen imaging conditions (Materials and Methods).
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Fig. S7. Ferroic phase identification from lattice angle analysis. (A) Experimental HR-TEM
imaging of 5 nm ZrO; (top) matches the expected cation-cation bond angle along the [001]
projection of the tetragonal P42/nmc structure (bottom). (B) Experimental HR-TEM imaging of 2
nm ZrO- (top) matches the expected cation-cation bond angle along the [110] projection of the
orthorhombic Pca2; structure (bottom). The slight angle deviation may be possibly due to
distorted regions present in the thin sample specimen. The simulations in (A) and (B)
implemented the following conditions: specimen thickness ~ 9.8 nm and defocus = 4 nm
(Materials and Methods).
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Fig. S8. Ferroic phase insights from synchrotron X-ray spectroscopy. (A) Crystal field splitting
diagram for tetragonal and orthorhombic phases. Symmetry-induced e-manifold splitting can
provide a spectroscopic signature of polar orthorhombic phase (Supplementary Text). (B)
Thickness dependent XAS spectra at the oxygen K-edge, indicating the pronounced presence of
the polar rhombic distortion, indicative of the ferroelectric o-phase, in ultrathin ZrO, films. (C)
Thickness-dependent XAS spectra at the Zr M3 »>-edge; the crystal field features present underlie
the presence of crystalline ZrO- films down to the atomic-scale limit. (D) Extracted orbital
polarization — indicative of polarization (Supplementary Text) — from XLD measurements at the
Zr M3 »-edge and Zr Ls»-edge as a function of ZrO thickness; the ultrathin-enhanced orbital
polarization is likely due to the increased ferroelectric phase emergence and polar distortion
present in thinner ZrO- films (Fig. 1, 2). Inset: linear polarization-dependent XAS (red, blue) and
XLD (black) of 5 A ZrO; at the Zr-Ls,-edge. (E) Dimensionality-driven evolution of ZrO, from
the antiferroelectric tetragonal phase to the ferroelectric orthorhombic phase demonstrated
through structural signatures in X-ray spectroscopy.



A C
3.0 T T T T T T /!'
MOS CAPACITORS 27 i ) i
— o A\ -
T 24 — 2nm ] ) S ont
Top Metal E - — 3nm o ?3\'$’,D‘!/
(TiN+W) 3 Z . —am | F esf T
Ferroic ¢ ‘r -E ) I— — E \\\_:. &
7ZrO, oo B 50 5 0 L5 [ — 6nm ] ,wﬁ *
Dgellv;ct_l)'ic "5 ) ® o g 12 — 8nm ‘—:‘ ol \&9:/;\,”‘
(~1nm Si0,) YO TS g ool — 10nm | > ° x
Semiconductor, A %, E‘ ek =) “ O o
- Si B ¥ R, ;
(p- Si) L] 03 1 0.3 of
o 1 1 1 1 1 < 60
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 . —
o 1 2 3 4 5 6 7 8 9 110
Voltage [V] Thickness [nm]
D ° <2nm 4+nm
FERROELECTRIC ANTIFERROELECTRIC
%°< Orthorhombic (Pcaz,) ZrO, DIMENSIONALITY Tetragonal (P41/me)
©
| Permittivity Dielectric Signatures 1 Permittivity

Fig. S9. Ferroic phase insights from dielectric measurements. (A) Schematic of MOS capacitors
used for accumulation C-V measurements. (B) C-V measurements of ZrO; thickness series in
MOS capacitors. (C) Extracted permittivity (x) from ZrO> thickness-dependent MOS C-V
measurements. The extracted permittivity crosses over from antiferroelectric t-phase permittivity
in relatively thick regime (4+ nm) — x ~ 40 (4) — towards more ferroelectric-like o-phase
permittivity — x ~ 30 (4,21) — for ultrathin ZrO> films. (D) Dimensionality-driven evolution of
ZrO; from the antiferroelectric tetragonal phase to the ferroelectric orthorhombic phase
demonstrated through dielectric measurements.
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Fig. S10. Ferroic phase insights from in-plane polarization-voltage loops. (A) Schematic of the
in-plane device structures used for in-plane polarization-voltage (P-V) loops. (B)
Antiferroelectric-like counter-clockwise double hysteresis P-V behavior for relatively thick (3, 5,
7,10 nm) ZrO.. (C) Ferroelectric-like counter-clockwise hysteresis P-V behavior for ultrathin (2,
1, 0.5 nm) ZrO; films. Note the slightly pinched P-V behavior for 2 nm ZrO is consistent with
the structural trends indicating 2 nm is around the AFE-to-FE phase transition point. (D)
Dimensionality-driven evolution of ZrO from the antiferroelectric-to-ferroelectric phase
demonstrated through polarization switching.
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Fig. S11. Second harmonic generation (SHG) spectra. (A) SHG spectrum for ultrathin (0.5 nm, 1
nm) ferroelectric ZrO; films and relatively thick (5 nm, 10 nm) antiferroelectric ZrO; films,
which demonstrate strong and negligible SHG intensity around 405 nm (810 nm fundamental
laser beam), respectively, consistent with the SHG mapping trends (Fig. 2C). (B)
Dimensionality-driven evolution of ZrO, from the nonpolar antiferroelectric phase to the polar
ferroelectric phase indicated by inversion symmetry breaking.
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Fig. S12. Second harmonic generation (SHG) measurement setups. (A, B) Schematics for the
spatially-resolved SHG (A, Fig. 2C) and emission spectrum SHG (B, fig. S11) setups used to
probe in-plane symmetry breaking (Supplementary Text) in ZrO; films.
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Fig. S13. Ferroic phase insights from scanning probe microscopy. (A, B) AFM topography
before (A) and after (B) poling a box-in-box pattern onto ZrO> films of various thickness,
demonstrating no topographic change to the ZrO. surface due to poling. The inner (outer) box
was poled with positive (negative) bias. (C, D) PFM amplitude (C) and phase (D) images after
poling a box-in-box pattern, demonstrating minimal contrast for relatively thick (5, 10 nm) ZrO-
and strong contrast for ultrathin (0.5, 1 nm) ZrO. (E) Retention of PFM phase contrast. The
weak contrast in relatively thick (5, 10 nm) ZrOz vanishes within 10 minutes; meanwhile, the
strong contrast present in ultrathin (0.5, 1 nm) ZrO, remains after 2 hours, indicating long-term
persistence of the ferroelectric polarization. (F) Dimensionality-driven antiferroelectric-to-
ferroelectric evolution of ZrO- illustrated through polarization mapping.
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Fig. S14. Ferroic phase insights from field-dependent hysteretic measurements. (A) Schematic of
metal-ferroic-insulator-semiconductor (MFIS) ferroic tunnel junction. (B) Voltage waveform
used in pulsed I-V and PFM measurements. (C) PFM spectroscopy hysteresis loops for ultrathin
(5 A and 1 nm) ZrO,; the 180 ° phase hysteretic behavior and butterfly-shaped amplitude loops
are consistent with FE-like polarization switching. (D) Pulsed current-voltage (I-Vurite) hysteresis
map as a function of write voltage measured at 200 mV read voltage for ultrathin (5 A) ZrOx,
consistent with FE-like polarization switching based on the counter-clockwise hysteresis sense
(E). The abrupt hysteretic behavior and saturating tunnelling electroresistance is characteristic of
polarization-driven switching, as opposed to filamentary-based switching mediated by
electrochemical migration (Supplementary Text). The ultrathin FTJ devices demonstrates voltage
polarity-independent I-Vurite hysteresis sense: both negative-positive-negative voltage polarity
(left, blue) and positive-negative-positive voltage polarity (right, green) demonstrate
counterclockwise hysteresis. The voltage polarity-dependent I-V hysteresis measurements further



rule out filamentary-based resistive switching mechanisms and is consistent with polarization-
driven switching (Supplementary Text). Insets: Voltage waveform used in the pulsed I-Vurite
measurements; the alternating sequence — staircase write, fixed read — mimics the PFM
waveform. (E) Electronic band diagrams of the MFIS tunnel junction corresponding to the high-
current (left) and low-current (right) states, depending on the remnant polarization in ZrO,. The
high-current state (positive voltage applied to the W, ZrO, polarization points away from W)
corresponds to a lower average tunneling barrier, and vice-versa for the low-current state. The
uncircled ‘+’ and ‘-” symbols in the metal and semiconductor represent holes and electrons,
respectively, while the circled ‘+’ and ‘-> symbols in the ferroic layer represent the dipole
charges in the ferroic. In the band diagrams it is assumed that the ferroic bound charges at the
metal/ferroic interface are perfectly screened and therefore the barrier height at the metal/ferroic
interface is fixed and independent of polarization direction.



A B
T T T T T T T
Electrodes
(Ti-Au) 3
it " o o =
Ferroic NN =
(0.501mZr0,) _Dhlithpk £
h - i i o
~N
. . -E
Dielectric %
(100 nm Si0,) “% [
Semiconductor h | L L | \ \
(p- Si) 60 -40 -20 o 20 40 60
Voltage [V]
c D E
T T T T T T T T T T T T T T T T T T T T T
" | — 5~ | — 10070 e
o~ L/ e - e P
y » ” -~ Py
- f rd - -
= ¢ ~ = = / o
i ) 24 g g
e / a g A
£ i i 2 / 2 /
| /A o p, o A 7
k= = . = yd
£ 2 - £ i
/ / A // -~
L : P e
L ,'T —_ T T T R T R T 1 1 1
60 40 -20 o 20 40 60 60 40 -20 O 20 40 60 60 -40 -20 O 20 40 6o
Voltage [V] Voltage [V] Voltage [V]
F G
T T T T T T T T T T T T T T
—— 125°C e —— 150°C
K ,/ & )
g a8 =
£ 2 2
5 / 4 / £
z A : g
1 r 1 . L 1 1 1 r 1 1 . 1 . 1 . 1 . L r 1 . 1 r . .
-60 -40 -20 o 20 40 60 -60 -40 -20 o 20 40 60 -60 -40 -20 o 20 40 60
Voltage [V] Voltage [V] Voltage [V]
I Zr0O, 0.5 nm -
>150°C 2 < 150°C
> ANTIFRROELECTRIC TEMPERATURE FERROELECTRIC

*

Fig. S15. Temperature-dependent ferroelectric-antiferroelectric phase transition in 0.5 nm ZrOx.
(A) Schematic of the in-plane device structures used for temperature-dependent in-plane
polarization-voltage (P-V) loops for 0.5 nm ZrO: films. (B,C,D,E,F,G,H) P-V loops from 25°C
to 175°C in 25°C increments, starting with ferroelectric-like hysteresis at 25°C. The P-V loops
become more pinched with increasing temperature until finally demonstrating complete
antiferroelectric-like double hysteresis switching at 175°C. The Curie temperature is ~ 150°C,
well above room temperature. (I) Temperature-dependent antiferroelectric-to-ferroelectric phase
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evolution in 0.5 nm ZrO, demonstrated through polarization switching.
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