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Enabling ultra-low-voltage switching in BaTiO,

Y. Jiang®'2, E. Parsonnet®3, A. Qualls©3, W. Zhao', S. Susarla®#, D. Pesquera®'5, A. Dasgupta’,
M. Acharya'?, H. Zhang ®1, T. Gosavi®, C.-C. Lin%, D. E. Nikonov®5, H. Li®¢, I. A. Young®¢,
R. Ramesh®"23 and L. W. Martin ®"22<

Single crystals of BaTiO, exhibit small switching fields and energies, but thin-film performance is considerably worse, thus
precluding their use in next-generation devices. Here, we demonstrate high-quality BaTiO, thin films with nearly bulk-like
properties. Thickness scaling provides access to the coercive voltages (<100 mV) and fields (<10 kV cm~) required for future
applications and results in a switching energy of <2Jcm~— (corresponding to <2 aJ per bit in a 10 X 10 X 10 nm? device). While
reduction in film thickness reduces coercive voltage, it does so at the expense of remanent polarization. Depolarization fields
impact polar state stability in thicker films but fortunately suppress the coercive field, thus driving a deviation from Janovec-
Kay-Dunn scaling and enabling a constant coercive field for films <150 nm in thickness. Switching studies reveal fast speeds
(switching times of ~2ns for 25-nm-thick films with 5-um-diameter capacitors) and a pathway to subnanosecond switching.
Finally, integration of BaTiO; thin films onto silicon substrates is shown. We also discuss what remains to be demonstrated to
enable the use of these materials for next-generation devices.

Ferroelectrics for computing beyond complementary metal oxide
semiconductors. The scaling (that is, reduction in size or increase
in total number') of bipolar, and then complementary metal oxide
semiconductor (CMOS) transistors has been tremendously suc-
cessful but becomes harder with every generation of the semicon-
ductor process as devices approach fundamental size limits’. While
Moore’s law of scaling has continued, it does so with a much slower
reduction in operating voltage since adherence to Dennard’s scaling
scenario’ was maintained only until around 2003. Researchers are
now exploring alternative approaches to continuing with Moore’s
law in regard to devices with low operating voltage (<100mV) and
correspondingly low operating energy (1-10a] per bit) while main-
taining acceptable device switching delay (<0.1ns). This is driving
research on a range of alternative, beyond-CMOS computing path-
ways (for example, those based on spin, polarization, strain and so
on)*’. Ferroelectrics, which could enable both non-volatility and
low-read/write energies, are drawing increasing interest for mem-
ory (for example, ferroelectric random access memory), logic or
logic-in-memory (for example, ferroelectric field-effect transistor
(FeFET) applications®’, and negative-capacitance field-effect tran-
sistors)®’. Despite this interest, the problem is that most ferroelectric
devices operate at large voltages®” (>1V) and are thus incompatible
with lower power operation®. Solving this problem would mark an
important step forward and potentially open a pathway for ferro-
electric materials in the advent of beyond-CMOS devices.

From BaTiO, single crystals to thin films. BaTiO, is a prototype
ferroelectric and, in its single-crystal form, ferroelectric switching
can be accomplished with small fields (coercive field~1kVcm™)
and energies (~0.1]cm™) while maintaining relatively large rema-
nent polarization (~26pCcm™)". It is also a chemically simple
and environmentally benign material that should be under con-
sideration as a candidate for novel low-voltage, non-volatile,
ferroelectric-based devices. Such devices, however, require both

scaling down of sample thickness (transitioning to ultra-thin films)
and (potentially) integration of these materials with existing CMOS
technologies. BaTiOj, thin films have been studied widely since the
1970s", are readily grown via a variety of methods'*'**', and con-
siderable effort has focused on integration of BaTiO, with silicon
platforms®-*°. The properties of BaTiOj thin films, however, exhibit
large variations and deviations from values measured in single
crystals, including larger coercive fields'®'»!4!>171922242 increased
switching energies (that is, the energy required to cycle through
the ferroelectric hysteresis loop), and diminished remanent polar-
ization'>'®1520212¢ - Alternative approaches, such as machining of
BaTiO, lamellae from single crystals?*, have been explored but,
while the resulting lamellae provide properties more comparable to
bulk, there are limitations as to how thin they can be made and chal-
lenges in regard to their integration into nanoscale devices. Today,
there is still a need to realize direct methods to grow such materi-
als with the desired properties (that is, small coercive field, large
polarization).

Here, we synthesize epitaxial BaTiO, films and demonstrate
ferroelectric properties that approach those of BaTiO, single crys-
tals. Structural, chemical, and device fabrication requirements
reveal that the best performance is directly correlated to films with
an ‘idealized’ structure. Thickness-scaling studies produce films
that exhibit the desired coercive voltages (<100mV) and fields
(<10kV cm™). While further reduction in film thickness reduces
coercive voltage, it does so at the expense of remanent polarization.
Depolarization fields play an important role in regard to proper-
ties, but have the fortunate consequence that they suppress the
coercive field, leading to deviation from Janovec-Kay-Dunn (JKD)
scaling and thickness-independent evolution of coercive field for
films <150nm in thickness. Films also exhibit switching times as
short as ~2ns (25-nm-thick films, 5-pm-diameter capacitors), with
lateral-scaling studies revealing a route to subnanosecond switching
in devices as large as 10 um® Finally, a pathway to integration on
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Fig. 1| Summary of ferroelectric and structural properties of BaTiO, thin films. a, Comparison of ferroelectricity in BaTiO, thin films between the
current work and that previously reported, via a number of deposition techniques, over the past 50 years. Half-filled symbols represent the ferroelectric
properties of 100-nm-thick BaTiO; thin films at the corresponding growth pressures shown in b. b, 0-20 X-ray diffraction scans of 30 nm SrRuO,/100 nm
BaTiO,/30 nm SrRu0,/GdScO; (110) heterostructures with different BaTiO; growth pressures. Vertical dotted line indicates the theoretical peak position
for a BaTiO, film strained to the GdScO; substrate, and vertical dashed line indicates the peak position for bulk c-oriented BaTiO,. €, Comparison of
out-of-plane lattice expansion Al/l and coercive field in BaTiO; thin films between the current work and previously reported ones—those with the least
expansion were found to have the lowest coercive fields (and, correspondingly, voltage). au, Arbitrary units.

silicon is shown. We close by discussing what remains to be realized
regarding the use of these materials at the length, time, and energy
scales required for next-generation devices.

Properties of BaTiO, films, and metrics requiring consideration.
To contextualize this work we review the literature on epitaxial
BaTiO, thin films and demonstrate variability in growth, material
quality, structure, and properties reported over the past 50years
(Fig. 1a; see Supplementary Note 1 for references). An important
internal calibration is single-crystal BaTiO; (Fig. 1a), which has
small coercive fields (~1kV cm™) but relatively large coercive volt-
age (generally in the range 1-10V) simply due to the thickness of
samples (>10um). In part, small coercive fields arise from the fact
that electrode—ferroelectric interfaces play a minor role in the over-
all manifestation of switching behaviour. The same is not true for
thin films where interfaces play an increasingly important role as
the ferroelectric layer thickness is reduced. An ‘ideal’ BaTiO, film
would have small coercive voltage and sufficient remanent polariza-
tion (that is, <100 mV coercive voltage and 5-10 uC cm™ remanent
polarization®). Achieving this combination is challenging, and the
opposite is often observed in BaTiO, thin films (Fig. 1a). The films
utilized in the current work provide this sought-after combination.

Heterostructures of the form 30nm SrRuO,/12.5-225nm
BaTiO,/30nm SrRuO,/GdScO, (110) and 30nm SrRuO,/100nm
BaTiO,/30nm SrRuO,/20nm SrTiO,/Si (001) were produced via
pulsed-laser deposition (Methods), and revealed at least three
important materials metrics that are required to produce the desired
properties: idealized structure, defect chemistry, and electrode
interfaces. Previous studies of ferroelectric films have shown that
structural defects (for example, isolated point defects, complexes, or
clusters) induced by synthesis can pin domain-wall motion during
switching, thus increasing coercivity'**>*. Such defects can also lead
to an expansion of the out-of-plane lattice parameter. Defect con-
centration in pulsed-laser-deposited films is influenced by both the
knock-on damage of high-energy adatoms and non-stoichiometric
transfer from the target, which are related to laser fluence'** and
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growth pressure®. Increasing growth pressure can enhance the
number of scattering events undergone by adatoms as they tran-
sit to the substrate, thereby reducing their kinetic energy**' and
the potential for knock-on damage. This reduces structural defects
(and lattice expansion) and should reduce coercivity (assuming that
nucleation is not limited)'**-*'. We explored the effect of manipu-
lating the grown-in defect level in BaTiO, by varying the pressure
at which the films are grown, from 20 to 70 mTorr. X-ray diffrac-
tion studies revealed changes in structure with this relatively small
change in growth pressure (Fig. 1b and Supplementary Fig. 1). For
coherently strained films of the same thickness (100 nm), increas-
ing growth pressure from 20 to 60 mTorr led to a decrease in the
out-of-plane lattice parameter and, correspondingly, to a decrease
in coercive field (for example, the coercive field measured at 1kHz
decreased from 49 to 30 to 16kVcm™ for growth at 20, 40, and
60 mTorr, respectively; Supplementary Fig. 2). Further increase in
growth pressure did not result in further improvement and, for
growth at 70 mTorr, the films were partially relaxed (as indicated
by two distinct peaks, one related to the strained BaTiO; and the
other to the relaxed, bulk-like BaTiO,; Fig. 1b and Supplementary
Fig. 1). This relaxation layer probably produced additional defects
within BaTiO, (ref. **) that increased coercive field (17kVcm™)
and decreased remanent polarization® (Fig. 1a and Supplementary
Fig. 2). Structural ideality was found to be an important metric
for material performance, and can be quantified as the percent-
age of out-of-plane lattice expansion (Al/Ix100%) as compared
with the theoretical peak position'**. The films here showed the
lowest lattice expansion and smallest coercive field (Fig. 1c; see
Supplementary Note 1 for references).

In addition to having a nearly ideal structure, the optimized films
(grown at 60 mTorr) also exhibited nearly ideal stoichiometry (that
is, 1Ba**:1 Ti**; Supplementary Fig. 3) as measured by Rutherford
backscattering spectrometry (RBS; Methods). Previous studies
have shown that off-stoichiometry induced by purposeful variation
of laser fluence during BaTiO, growth will produce defect-dipole
complexes” that can not only pin domain-wall motion, causing
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Fig. 2 | Size scaling of BaTiO; thin films grown at 60 mTorr. a, 6-20 X-ray diffraction scans of 30 nm SrRu0,/12.5-100 nm BaTiO,/30 nm SrRu0,/GdScO,
(110) heterostructures. The vertical dotted line indicates the theoretical peak position for a BaTiO; film strained to the GdScO, substrate, and the vertical
dashed line indicates the peak position for bulk c-oriented BaTiO,. b, Polarization-electric field hysteresis loops measured at 1kHz as a function of BaTiO,
thickness. ¢, Coercive field (squares, left yaxis) and voltage (circles, right y axis) as a function of BaTiO, thickness, at frequencies ranging from THz to

10 kHz. Dashed lines are linear fits for thick films (>150 nm) at different frequencies. The grey dashed line marks the coercive voltage value of 100 mV.

d, Coercive field (at 10kHz) as a function of BaTiO; thickness before (solid squares) and after (hollow squares) depolarization field correction. The dashed
line is fit to the traditional JKD scaling law. e, Dielectric constant as a function of temperature for BaTiO; films of thickness 12.5-100 nm. Vertical dashed
lines denote the Curie temperature for each film thickness. f, Comparison of switching energies between BaTiO, thin films in the current work and other
common ferroelectric materials in the literature. Dark purple triangles, green circles, orange squares, and blue triangles represent BaTiO; films in the
current work grown at 20, 40, 60, and 70 mTorr, respectively; the red star represents BaTiO, single crystals, light purple diamonds and brown hexagons
represent BaTiO; films and PbZr,Ti, O, films from other previous studies, respectively.

larger coercivity, but also align in the out-of-plane direction, giv-  in films with expanded out-of-plane lattice parameters, increased
ing rise to an imprint'**>*. Furthermore, it is noted that optimiza-  coercive fields, and imprinted hysteresis loops. Films grown using
tion for layer-by-layer growth using reflection high-energy electron  these optimized conditions exhibited rather unimpressive RHEED
diffraction (RHEED) is not required to achieve the desired proper-  oscillations. This is promising, since such exacting control will not
ties. As seen for related materials’, optimization to achieve opti- be required and thus further supports the potential translation of
mal RHEED oscillations in BaTiO; did not match the idealized this work.

growth conditions required to obtain the desired structure and Different electrode fabrication processes and configurations can
stoichiometry—instead requiring higher growth temperatures and  also affect properties. We focus on ‘symmetric’ SrRuO,/BaTiO,/
laser fluence and lower growth pressures. Such conditions resulted ~ SrRuO, heterostructures, which are known to give some of the best
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Fig. 3 | Switching-dynamics studies on BaTiO; thin films grown at 60 mTorr. a, Polarization-transient curves as a function of applied field, measured on
5-um-diameter circular capacitors. b, Extracted characteristic switching time as a function of applied electric field on 5-um-diameter circular capacitors
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switching time between 25-nm-thick BaTiO; films in the current work and other common ferroelectric thin films. Dashed lines are linear fits to the data.
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properties. Even in such heterostructures, care must be taken in
approaching optimal performance. While in most work the SrRuO,
bottom electrode is grown in situ and before the BaTiO; layer, there
is much greater variability in synthesis of the top electrodes (that is,
often not SrRuO;, SrRuO; grown ex situ and then patterned*, or
SrRuO, grown in situ and then patterned™). Here, both ex situ and
in situ growth of the SrRuO; top electrode were explored. With these
different processes, although coercive field and remanent polariza-
tion are minimally affected the imprint of the hysteresis loop is much
larger for ex situ-grown SrRuO; (Supplementary Fig. 4). For symmet-
ric, in situ-synthesized BaTiO, heterostructures, high-angle annular
dark field diffraction-scanning transmission electron microscopy
(STEM) images show pristine interfaces between BaTiO, and SrRuO,
layers (Supplementary Fig. 5). Despite having identical top and bot-
tom electrode materials, both ex situ and in situ approaches yielded
dramatically different results. The ultimate reason for this is a mat-
ter for additional study, but it is likely that exposure of the ferroelec-
tric surface to the environment results in chemical and/or structural
changes that even a subsequent high-temperature deposition of the
top electrode cannot heal. Thus, care must be taken to produce as
pristine an interface as is possible to achieve the desired function.

Depolarization fields in thickness scaling. Having established the
optimized material and device geometries, we explored the lim-
its of switching and coercive voltage by studying thickness evolu-
tion in films of thickness 12.5-225nm. X-ray diffraction data for
BaTiO, films of thickness 12.5-100nm (Fig. 2a) and 125-225nm
(Supplementary Fig. 6) revealed that, for all thicknesses, the
002-diffraction condition for these films is located at the posi-
tion expected for a fully strained film. Furthermore, Laue fringes
were observed and provide evidence of high crystallinity and
order. Reciprocal space-mapping studies (Supplementary Fig. 7)
confirmed that all films were coherently strained to the substrate.
Measurement of polarization—-electric field hysteresis loops revealed
robust polarization. For brevity, data at a single frequency (1kHz)
and for films of thickness 12.5-100nm are provided (Fig. 2b), but
additional frequency-dependent data for all thicknesses are also
included (Supplementary Fig. 8). All thicknesses studied exhibit
robust saturation polarization (>25uCcm™), but remanent polar-
ization reduced as films became thinner (from >25 to <5uCcm™
for films of thickness <25 nm).

The thickness evolution of coercive field/voltage (as a function of
frequency from 1 to 10,000 Hz; Fig. 2¢) reveals a difference between
thick and thin films. For thicker films (>150nm), the thickness
dependence of coercive field (slope of 0.556) matches that expected
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itching time can be achieved. b,¢, Data for other materials are adapted from

for JKD scaling wherein the coercive field Ec cd™** (where d is film
thickness)*. In thinner films (<150 nm), the coercive field is essen-
tially independent of thickness. Although JKD scaling happens in
many ferroelectrics”?*”, there are cases where deviations can exist.
For example, interfacial ‘dead layers’ can give rise to an extra volt-
age drop and scaling larger than expected (for example, Ecxd™")*,
structural changes arising from epitaxial constraints can reduce
the energy barrier for switching, producing sub-JKD scaling”, and
changes in the shape of critical nuclei can result in a lack of thick-
ness dependence in ultra-thin films (d < 15nm,; this is not the case,
however, in these BaTiO, films)*. More often than not, however,
deviations from JKD scaling can be attributed to the presence of
depolarization fields resulting from incomplete screening®-*,
which can lead to a reduction in the measured coercive field””. One
can correct for such effects and estimate the actual electric field
within the ferroelectric film* (Methods), leading to classic JKD
scaling (with a slope of 0.668; Fig. 2d).

Thus, depolarization fields play an important role even in films
that are nearly 100nm in thickness. At first glance this is surpris-
ing, because seminal theoretical work on related heterostructures
showed that ferroelectric order can be maintained down to a thick-
ness of ~2.4 nm®, and subsequent experiments showed that (given
adequate screening of polarization) ferroelectricity could be main-
tained in films of just a few unit cells in thickness*>**. While these
works are remembered for setting the ultimate size limits for fer-
roelectric polarization, they also provide context for these observa-
tions and portend challenges in utilization of ultra-thin films. For
example, theoretical work also suggested that even under a com-
pressive strain larger than that studied herein, polarization magni-
tude begins to decrease in films as thick as 15nm (~38unit cells)
and that polarization is reduced by ~50% in films ~6nm (~15 unit
cells) in thickness®. In other words, even well above the critical
thickness, depolarization fields reduce the amplitude of polariza-
tion and it gradually approaches zero with decreasing thickness, but
not in a step-wise manner. Experimentally, the presence of polariza-
tion in ultra-thin films was determined (indirectly) by the presence
of periodic up- and down-polarized domains“—which form to
address the large depolarization fields. Thus, in a real electrode/fer-
roelectric/electrode device with imperfectly screening electrodes,
the existence of a depolarization field is likely to be felt even with
relatively thick films* (that is, >10nm) and we expect to see effects
on polarization, coercive field, and Curie temperature (T;).

To investigate this, dielectric permittivity was measured as a
function of temperature for BaTiO, thin films of thickness 12.5-
100nm (Fig. 2e). Although the T, of 100nm BaTiO;, films grown
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Fig. 4 | Integration of BaTiO, thin films onto SrTiO,/Si substrates. a, Full-range 6-20 X-ray diffraction scan of a 30 nm SrRuO,/100 nm BaTiO,/30 nm
SrRuO5/20 nm SrTiO,/Si (001) heterostructure. b, Polarization-voltage/electric field hysteresis loops of the heterostructure. ¢,d, Fatigue (c) and

retention measurements (d) of the heterostructure. Insets, pulse sequences used to probe remanent polarization in fatigue and retention measurements,
respectively. The heterostructure is biased at 0.15V to compensate voltage imprint in the hysteresis loop where t; is the width of the pulses and is set to be
0.15 ms and t,, tp,, and t, are the delay times between pulses in corresponding measurements wherein ty and t, are set to be 1 ms while t,, varies.

on GdScO, substrates (which approaches 400 °C) is similar to that
in previously reported values'***, as thickness decreases there is
a systematic decrease in T¢. In 12.5-nm-thick BaTiO, films, T is
reduced to 150 °C (close to that expected for bulk and almost elimi-
nating T, enhancement induced by —1.0% compressive strain from
the substrate'’), revealing the dramatic effect of depolarization fields
on polarization stability and consistent with previous studies®. This
field also induces polarization reversal after poling, leading to a
reduction in remanent polarization (Fig. 2b) consistent with previ-
ous studies'**. Piezoresponse force microscopy scans conducted on
BaTiO, thin films confirm the existence of a strong depolarization
field (Supplementary Fig. 9) that is directly related to how well the
electrodes can screen polarization. While metal oxide electrodes
have been shown to be advantageous in alleviating issues of imprint
and fatigue®, ‘workhorse’ materials like SrRuO;, are, compared with
platinum and gold, relatively poor metals. The depolarization field is
afunction of the quality of the electrode materials (how good a metal
they are) and includes aspects of Thomas-Fermi screening length,
carrier density/type and so on. Just as there was a concerted effort
in the 1990s to identify candidate metal oxide electrodes to enable
ferroelectric memories, we may need to revisit a range of materials
in this realm of ultra-thin films to identify the materials that best
address concerns arising in modern nanoscale devices. Pathways to
address these concerns may already be known, including explora-
tion of complex-oxide electrodes with higher carrier densities (thus
allowing for better screening) such as certain vanadates, niobates,
and molybdates (SrVO,, StINbO,, and SrMoO,)". Furthermore,
computational approaches suggest that smartly designed inter-
faces can improve ferroelectric stability, including careful control
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of interface atomic structure and bonding***’ and even insertion of
interfacial-buffer layers™. Ultimately, the time has come to explore
these approaches experimentally in ultra-thin films.

While depolarization field can have deleterious effects on
remanent polarization and T, there are also unintended benefits,
such as thickness-independent scaling of coercive fields for films
<150nm in thickness, leading to sub-100mV operation in films
<50nm in thickness. The result is that these BaTiO, films, when
compared with previous studies of BaTiO; and PbZr,Ti, O, films,
possess lower switching energies (<2 ] cm™, corresponding to <2 aJ
per bit in a 10x 10X 10nm® device) at all thicknesses while main-
taining lower coercive voltages (Fig. 2f; see Supplementary Note 1
for references). For completeness we also investigated fatigue and
retention behaviour, both of which indicate robust performance
and stability under repeated cycling and time (Supplementary
Fig. 10). Taken together, films of thickness 25-50nm, with their
combination of robust remanent polarization (>10uCcm™%
Fig. 2b and Supplementary Fig. 8) and low coercive voltage
(<100mV; Fig. 2c), are strong candidates to enable low-voltage
FeFETs wherein robust polarization is coupled with the channel
material to manipulate the threshold voltage of the device®*.

Exploring the limit of switching speed in BaTiO;. Besides switch-
ing voltage and switching energy, switching speed is also key for
ferroelectrics as next-generation non-volatile logic and memories.
Since subnanosecond switching has become a target for device
applications®, we explored the limit of switching speed in our
BaTiO, thin films. Switching-dynamics studies were conducted on
25-nm-thick BaTiO, films using pulse measurements (Methods).
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For brevity, here we show the data for polarization-transient curves
on 5-um-diameter capacitors at low applied fields (Fig. 3a), but also
provide polarization-transient data on various capacitor sizes at all
voltages studied (Supplementary Fig. 11). Characteristic switching
times were extracted from polarization-transient curves™ and plot-
ted as a function of applied field (Fig. 3b). The dashed lines are fits
using Merz’s law of ferroelectric switching™, f o< exp (%), where
t,, is the characteristic switching time, «a is the activation field, and
E is the applied electric field. The 25-nm-thick BaTiO, films asymp-
toted to a switching time of ~2ns with increasing electric field, a
value lower than at larger electric fields observed for similar thick-
nesses of BiFeO, (~2.4ns) and BijgLa,,;FeO; (~2.7ns) films with
the same size of capacitors™. As the applied field decreased, BaTiO,
heterostructures showed faster switching than other ferroelectrics.
Moreover, previous studies on lateral size scaling in capacitor heter-
ostructures have provided a pathway towards the intrinsic-switching
regime in ferroelectrics™*. By varying the capacitor diameter (from
5.0 to 18.5um) for 25-nm-thick BaTiO, films, the devices produced
switchingtimessimilar to other common ferroelectrics™butatamuch
lower electric field/voltage (E=140kVcm™, V=0.35V; Fig. 3c).
The fits (dashed lines) show the evolution of switching time with
capacitor area and suggest that 25-nm-thick BaTiO; films will
switch in <1ns for capacitors with an area of ~10 um? (correspond-
ing to a diameter of ~3.5um: orange star, Fig. 3c). Similar lateral
size-scaling data for 50- and 100-nm-thick BaTiO; heterostruc-
tures were also acquired (Supplementary Fig. 12) and show nearly
identical scaling trends. Thus, it is possible to produce high-quality
BaTiO; films and achieve desired functional performance for new
devices (low voltage/power and fast switching).

Integration of BaTiO; films onto silicon. Finally, to illustrate the
potential of this material for applications, we demonstrate a first step
towards integrating these materials with silicon. Previous efforts to
grow BaTiO; on silicon or oxide-buffered silicon substrates'”**-
resulted in films that appeared to be of good quality by TEM but
possessed poor ferroelectric properties (that is, large coercive volt-
age'”*»*** and small remanent polarization®). Here, we explored the
possibility of growing BaTiO; films onto 20-nm-SrTiO;-buffered Si
(001) substrates, which are widely available and manufacturable
with industry-scale, molecular-beam epitaxy>. For brevity, we focus
on 100-nm-thick BaTiO, films (Methods). Because of the large dif-
ference in thermal expansion coefficients between perovskite oxides
and silicon” during cooling after growth, large thermal stresses
were formed which manifested in the formation of what appeared
to be a mixture of strained, out-of-plane oriented cdomains and
relaxed (bulk-like) out-of-plane polarized cdomains, as well as
in-plane polarized a domains (Fig. 4a and Supplementary Fig. 13).
These films were more complex than the coherently strained
films studied throughout and probably possessed a higher con-
centration of defects'***°. Ferroelectric measurements (Fig. 4b),
however, revealed similar switching behaviour albeit with a slightly
larger coercive field (~16.5kVcm™) than heterostrucures of the
same thickness grown on oxide substrates (~16.0kVcm™) and
similar to that of BaTiO; membranes grown on oxide substrates
and transferred to silicon (~13kV cm™)*, while maintaining a rela-
tively large remanent polarization (>10uCcm™2). A rationalization
for these phenomena is provided in Supplementary Note 2. These
defects'>**, together with the inhomogeneous strain due to par-
tial relaxation’’, manifested as an unwanted imprint in ferroelec-
tric hysteresis loops. Furthermore, fatigue (Fig. 4c) and retention
(Fig. 4d) measurements were nearly identical to those observed for
the same thickness of film grown on oxide substrates.

In summary, we have demonstrated the ability to synthesize
BaTiO, thin films with nearly ‘intrinsic’ ferroelectric properties via
pulsed-laser deposition, overcoming a historical trend of diminished
properties in such films. Thickness-scaling studies revealed access
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to low switching voltages (<100mV) and fields (<10kVcm™), as
well as low switching energies (<2Jcm™). Switching-dynamics
studies revealed fast switching (~2ns) with a pathway to subnano-
second switching. Similarly good properties were also achieved
with integration of BaTiO, thin films onto silicon. These results
show the potential of the use of ferroelectric oxides in low-voltage,
low-power, ultra-fast, non-volatile memory and logic devices, per-
haps enabling beyond-CMOS devices. BaTiO, films of thickness
25-50 nm were found to be good candidates for such applications.
At the same time, this work suggests that depolarization fields (from
incomplete screening with electrodes) still pose a challenge on the
thinnest films (due to collapse of remanent polarization) and need
to be further addressed to achieve real size scaling in electronic
devices. Exploration of oxide electrodes with higher carrier densi-
ties, or designing of interfaces between ferroelectrics and electrodes
to improve ferroelectric stability, is required to enable the incorpo-
ration of ferroelectric materials into next-generation devices.
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Epitaxial thin film synthesis. StRuO,/BaTiO,/SrRu0,/GdScO; (110)
heterostructures were synthesized using pulsed-laser deposition (KrF excimer
laser, 248 nm; LPX 300, Coherent). Before deposition of BaTiOj thin films, a
30-nm-thick SrRuO, thin film was deposited on GdScO; (110) single-crystal
substrate (CrysTech GmBH). The SrRuO, layer serves as a bottom electrode, and
was grown from a SrRuO, ceramic target at a heater temperature of 690°C in

a dynamic-oxygen pressure of 100 mTorr, at a laser repetition rate of 15Hz and
laser fluence of 1.34] cm™2. The distance between the target and substrate was
maintained at 5.5 cm. Various thicknesses (12.5-225nm) of BaTiO, thin films were
then deposited from a BaTiO; ceramic target onto the substrate using the same
laser geometry settings, but at a heater temperature of 600 °C in a dynamic-oxygen
pressure of 20, 40, 60 or 70 mTorr, at a laser repetition rate of 2 Hz and laser fluence
of 1.52] cm™. Finally, a 30-nm-thick top SrRuO, electrode layer was deposited
using the same heater temperature, growth pressure, laser fluence and repetition
rate as the bottom SrRuO; layer. Following growth, the whole heterostructure was
cooled at a rate of 5°C min~" under static-oxygen pressure of 760 Torr.

Structural and stoichiometry characterization. 0-26 X-ray diffraction scans
and reciprocal space mapping were carried out with a Panalytical X’pert Pro3
diffractometer (copper Ka,, 1.540598 A) to extract the in-plane and out-of-plane
lattice parameters. Stoichiometry of the films was measured using RBS (He-ion
beam, National Electrostatics Corp, Model 5SDH pelletron tandem accelerator,
incident energy 3.040 MeV, incident angle 22.5°, exit angle 25.35°, scattering angle
168°). For RBS, the BaTiO, film was grown on an Al O, substrate to prevent peak
overlap between film elements and the rare-earth element from the scandate
substrate. Fitting of RBS data was done with SIMNRA software.

Ferroelectric and dielectric measurement. All electrical measurements were
performed on circular capacitors, fabricated from the top SrRuO; electrode via
either the in situ method (that is, in situ growth and wet etching using

0.1 M17! NalO, solution) or the ex situ method (that is, MgO hard-mask process).
Polarization-electric field/voltage loops were measured using a Precision
Multiferroic Tester (Radiant Technologies) at frequencies ranging from 1 Hz to
10kHz. The coercive field (voltage) E. (V) was extracted by taking the average
of the absolute values of positive E.* (V..*) and negative E.~ (V") (that is,
Ec=(|Ec*|+]|Ec])/2, Ve=(| V' | +] Vi |)/2), while remanent polarization was
extracted by taking the average of absolute values of positive P,* and negative

P (that is, P,=(|P,*|+|P,7])/2) after correction of the loop for any horizontal

bias (E.* +E7)/2 or (Vi + V)/2. Dielectric constant was measured using an
impedance analyser (no. E4990A, Keysight Technologies), by applying a small AC
excitation voltage of 5mV with frequencies ranging from 1kHz to 100kHz. BaTiO,
films were pre-poled before dielectric measurement.

STEM. Samples for STEM were mechanically polished at 0.5° and subsequently
argon-ion milled using a Gatan Precision Ion milling system, starting from 3.5keV
at 4° down to 1keV at 1° for the final polish. STEM experiments were carried out
using a double-aberration-corrected TEAM I microscope operating at 300kV,

at the National Center for Electron Microscopy, Lawrence Berkeley National
Laboratory. The probe semi-angle and beam current used for imaging were
30mrad and 70 pA, respectively.

Depolarization field correction. As noted in the text, the depolarization field was
taken into account to recover the expected JKD scaling law. Using the continuity
of electric displacement, we write the actual electric field within the ferroelectric
film as*

b V 4 2P (i)
d+ 2¢ (é)

where V is voltage, P is spontaneous polarization, 4 is the Fermi screening length
of the electrodes, d is film thickness, and ¢, and ¢, are the dielectric constant of the
film and electrodes, respectively. In the case of a perfect electrode, =0, denoting
that there is no depolarization field within the system. Thus, the measured coercive
field is equal to the actual field in the film (that is, E;= V/d). V and P; values at
10kHz can be obtained from the polarization-electric field loops (Fig. 2b and
Supplementary Fig. 8). V ranges in value from 0.026 to 0.355 V, while P (close

to the value of saturation polarization) ranges from 27.8 to 29.9uCcm™2 The
screening length of the SrRuOQ; electrode is set as A=0.5 A, similar in magnitude to
other metal electrodes®. The dielectric constant of the SrRuO; electrode, however,
is larger than that of simple metals due to contributions from ionic displacement.

1)

Here we use €, = 10¢, (within the range of previously reported values***'), where
€, is the permittivity of the free space. The dielectric constant of the BaTiO; film
was determined from dielectric constant-voltage measurements (Supplementary
Fig. 14). &; can vary from 135 to 2,300 depending on the applied electric field.

In our case, because most electrical measurements were performed with a
voltage amplitude of 1V, which corresponds to a large applied field (for example,
>40kV cm™ in 100 nm film, >75kV cm™ in 50 nm film, >150kV cm™ in 25nm
film and >250kV cm™! in 12.5nm film), the dielectric constant of the film was
estimated to be &= 360¢,.

Switching-dynamics measurement. Switching-dynamics measurements were
performed by applying a sequence of three voltage pulses (Supplementary

Fig. 11a) with a pulse generator (Berkeley Nucleonics, no. BN 765) across the
SrRuO,/BaTiO,/SrRuO; capacitor structure. The time-dependent displacement
current during application of each voltage pulse was measured with an
oscilloscope®. The first pulse (with an amplitude of —1V and width of 1ps)
pre-poles the ferroelectric into a negatively polarized state. The second pulse (with
variable amplitude and width of 0.5 us) switches the ferroelectric into a positively
polarized state. The third pulse (identical in form to the second) is applied 100 ns
after the second to measure the dielectric response of the heterostructure without
any switching event. The switching current transient is then obtained by subtracting
the dielectric response current of the third pulse from the total current of the
second. This gives the displacement current derived from ferroelectric switching
alone, which can then be integrated with time to give the polarization transient.

Data availability

All data supporting the findings of this study are available within the article and its
Supplementary Information. Additional data are available from the corresponding
author upon request.
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