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Supplementary Notes

I. Literature Review on Electrical and Structural Properties of Ferroelectric Thin Films
An extensive literature review was made for BaTiO3 films synthesized in the past 50 years with

various techniques, including sputtering'"®, molecular-beam epitaxy®'?, pulsed-laser deposition'*-

40 41-43

, activated reactive evaporation*'* sol-gel process*, hydrothermal reaction* and polymer
precursor method*®. The following describes the different summary figures as noted and how they
were produced:

Figure la. This plot shows a summary of remanent polarization vs. coercive voltage. For
any polarization-electric field (voltage) loop reported in previous studies, the coercive field
(voltage), Ec (Vc) was extracted via taking average of the absolute values of positive Ec* (Vc™)
and negative Ec (V) [ie., Ec = ([ECTHEC))/2, Ve = ([Vc'|+HVE])/2)] while the remanent
polarization was extracted via taking average of the absolute values of positive P, and negative
Py [i.e., P, = (|P,|+|P/])/2] after the correction of the loop for any horizontal bias, (E¢"+E¢)/2 or
(Vc™+V)/2. The ferroelectric properties of a BaTiOs single crystal'® are also shown.

Figure Ic. This plot shows a summary plot of the out-of-plane lattice expansion vs.
coercive field. The out-of-plane lattice expansion was calculated using A4/// x 100% where / is the
theoretical out-of-plane lattice parameter, lineoreticar (i.€., | = lincorerical), While Al is the difference
between the measured out-of-plane lattice parameter, lneasured, and the theoretical out-of-plane
lattice parameter (i.e., Al = lneasured - lieoreiical). For an epitaxially strained BaTiOs film on any
substrate, lneasured 1S directly obtained from 0-26 X-ray diffraction scans. lieorerical 1S calculated from
bulk BaTiO; lattice parameters'® (i.e., apur = 3.992 A, cpur =4.036 A), substrate lattice parameter?’

and a BaTiO; Poisson’s ratio of 0.35%, under the condition of a biaxial stress state. For a relaxed

BaTiOs film with (001) orientation, lyeasured 18 directly obtained from 6-26 X-ray diffraction scans.



liheorerical takes the value of the c-axis lattice parameter in bulk BaTiOs3 (i.e., lineoreticat = Chuik). For a
polycrystalline or highly-textured BaTiO3 film with different grain orientations, Jneasures takes the

value of measured pseudocubic cell parameter, apcmeasured, calculated from the measured lattice

. . 3 .
parameters of a tetragonal unit cell* (i.e., ncasured = Gpe,measured = \/ A2 oqsured X Cmeasured), While

Iineoreiical takes the value of theoretical pseudocubic cell parameter, apc meorericar, calculated from bulk

BaT103 lattlce parameters (l e., ltheoretical = apc,[heore[ical = 3’\[ a%ulk X Cbulk = 4006 A)
Figure 2f. This plot summarizes the energy of switching vs. coercive voltage. The energy
of switching is calculated from the area enclosed by the saturated polarization-electric field

hysteresis loop. Data for PbZr«Ti1xO3 thin films®->

are also shown as comparisons.

I1. Coercive Field in BaTiO3 Thin Films Grown on SrTiOs3/Si Substrates

Here, we rationalize why the coercive field remains relatively small in BaTiO3 films grown on
SrTi03/Si (001) substrate. The relaxed, bulk-like portions in these BaTiOs films (specifically the
¢ domains, which are the domains oriented in the direction of the device) would, intrinsically, have
a lower coercive field'® (e.g., the coercive field for single crystal BaTiOs is ~1 kV cm™) as their
strain is relaxed. However, the formation of these relaxed phases are often accompanied by
dislocation formation’®, therefore they also contain a certain amount of defects which can increase
the coercive field. Moreover, some portion of the films remains strained (thus likely exhibiting a
large coercive field'>7). This combination, in turn, manifests as having a similar, but slightly
larger coercive field (~16.5 kV cm™) than the coherently strained films (~16.0 kV cm™) which is

still advantageous.



Supplementary Figures

I. Structural Characterization of BaTiO3 Thin Films Grown at Different Pressures

Reciprocal space mapping (RSM) studies of heterostructures of the form 30 nm SrRuO3/100 nm
BaTiO3/30 nm SrRuO3/GdScOs (110) were completed using X-ray diffraction. The BaTiO3 layer
was grown at varying pressures (as noted in the main text): 20 mTorr, 40 mTorr, 60 mTorr, and
70 mTorr and RSMs are shown for the heterostructures at each condition (Supplementary Fig. 1a-
d). The BaTiOs films grown at 20 mTorr, 40 mTorr, and 60 mTorr were found to be fully strained
on the SrRuO;s-buffered GdScO3 substrates while the BaTiO3 heterostructures grown at 70 mTorr
are partially relaxed. Increasing the growth pressure from 20 to 60 mTorr leads to a decrease in
the out-of-plane lattice parameter (i.e., A1/, or the c-axis-lattice expansion, Ac/c, goes from 1.33%
to 0.32% to almost 0% for growth at 20, 40, and 60 mTorr, respectively). X-ray rocking curve
studies were done about the 002-diffraction condition for the BaTiO; and the 220-diffraction
condition for the GdScO3 (Supplementary Fig. 1e-h). The full-width-at-half-maximum (FWHM)
values of the BaTiOs films grown at 20 mTorr, 40 mTorr, and 60 mTorr are similar and the FWHM
of the 70 mTorr BaTiOs3 films is somewhat larger indicating the crystallinity decrease introduced

by partial relaxation.

I1. Polarization-Electric Field Hysteresis Loops of BaTiO3 Films
Polarization-electric field hysteresis loops were measured on heterostructures of the form 30 nm
SrRu03/100 nm BaTiO3/30 nm SrRuO3/GdScO; (110) (Supplementary Fig. 2a) and 30 nm

SrRu03/50 nm BaTiO3/30 nm SrRuO3/GdScOsz (110) films (Supplementary Fig. 2b), at a
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Supplementary Fig. 1. Off-axis reciprocal space mapping studies about the 103- and 332-diffraction
conditions of the a, 20 mTorr-, b, 40 mTorr-, ¢, 60 mTorr-, and d, 70 mTorr-grown BaTiO; films and
SrRuOs-buffered-GdScO; substrate, respectively. Rocking curves about the 002- and 220-diffraction
conditions of the e, 20 mTorr-, f, 40 mTorr-, g, 60 mTorr-, and h, 70 mTorr-grown BaTiO; films and
GdScOs substrate, respectively.

frequency of 1 kHz. Again, the BaTiO; layers were grown at 20 mTorr, 40 mTorr, 60 mTorr, and
70 mTorr. While in all cases robust saturation polarization is observed, the loops for
heterostructures grown at 60 mTorr show the best combination of large remanent polarization and
small coercive field/voltage. Supplementary Fig. 2c summarizes the coercive field and remanent
polarization as a function of growth pressure, indicating the optimal growth pressure of 60 mTorr

for the BaTiOs3 thin films.
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Supplementary Fig. 2. Polarization-electric field hysteresis loops for a, 100-nm- and b, 50-nm-thick
BaTiOs thin-film heterostructures as a function of growth pressure, measured at a frequency of 1 kHz.
¢, Coercive field (squares, left axis) and remanent polarization (circles, right axis) as a function of
growth pressure for 100-nm- and 50-nm-thick BaTiOs thin film heterostructures.

II1. Stoichiometry Characterization

Rutherford backscattering spectrometry (RBS) studies were completed to probe the chemistry of

as-grown BaTiOs; heterostructures. A representative set of a data for a 150-nm-thick BaTiOs3 thin

film grown at 60 mTorr is provided
(Supplementary Fig. 3). The orange dotted
curve is the experimental data from the
Rutherford backscattering spectrum while the
black solid curve is the simulation result from
the software. The overlap between the orange
curve and black curve indicates a good fitting,
where the ratio between Ba®" and Ti*' cations

is 1:1, indicating near ideal stoichiometry for

these films.
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Supplementary Fig. 3. Rutherford backscattering
spectrometry of 150 nm BaTiO; thin film grown
at 60 mTorr. The ratio between Ba*" and Ti*"
cations is 1:1.

IV. Study of Different Electrode Synthesis and Fabrication Processes



Different top electrode synthesis and fabrication processes were used to produce the 30 nm

SrRu03/100-150 nm BaTiO3/30 nm SrRuOs capacitor heterostructures, on which frequency-

dependent polarization-electric field/voltage hysteresis loops were measured at 1 Hz, 1 kHz, and

10 kHz (Supplementary Fig. 4a-d). With the ex situ MgO hard mask process (wherein the top

SrRuOs layer is grown in a separate growth after the BaTiO3; and the bottom SrRuOs; layer), we

observe imprint in the hysteresis loops, indicating an asymmetry between the top and bottom

SrRu03-BaTiOs3 interfaces. With the in situ top SrRuOj3 fabrication process (wherein the top and

bottom SrRuOs3 are grown during the same growth as the BaTiO3), the imprint is much smaller,
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Supplementary Fig. 4. Frequency dependent polarization-voltage/electric field loops of a,b, 100-nm-
and c,d, 150-nm-thick BaTiOs thin films with top SrRuOs electrode fabricated with a,c¢, ex situ MgO

hard mask process and b,d, in situ growth and etch process.



indicating much more symmetry in top and bottom interfaces. Identification of these tendencies
and routes to produce materials with these more idealized interfaces was found to be essential to
produce the combination of properties (low coercive field/voltage, robust polarization) desired in

this work.

V. Scanning Transmission Electron Microscopy Studies

High angle annular dark field diffraction (HAADF)- Scanning transmission electron microscopy
(STEM) studies were completed to probe the structural and interface quality of the BaTiO3
heterostructures (Methods). Representative data is provided for a 30 nm SrRuO3/25 nm BaTiOs/
30 nm SrRuO3/GdScOs (110) heterostructure (Supplementary Fig. 5). Low-resolution, wide area
scans show films with sharp interfaces, uniform contrast, and no evidence of extended defects,
dislocations, etc.
(Supplementary Fig. 5a). A
zoom-in of the same area
reveals the presence of
atomically sharp interfaces
and nearly ideal epitaxy.
Together with the X-ray
diffraction data and RBS

data, this helps confirm the

high-quality nature of the Supplementary Fig. 5. Z-contrast STEM imaging of a 30 nm
SrRu03/25 nm BaTiO3/30 nm SrRuO3/GdScO; (110) heterostructure
showing a, materials free of defects, dislocations, etc. across large
areas of the film in the low-resolution imaging. b, High-resolution
image of a typical/representative portion of the films showing pristine
interfaces in the heterostructures.

heterostructures and

provides a guide for the



production of the optimized materials — nearly ideal structure, chemistry, interfaces, etc. Such films
can likely be accomplished via any growth process, but one must pay close attention to achieving

these specific metrics to achieve the desired properties.

VI. Structural Characterization of 125-225 nm BaTiO3 Thin Films

The crystal structure of the 30 nm
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Supplementary Fig. 6. 0-20 X-ray diffraction scan of 30
the SrRuQOs-buffered GdScO3 substrate nm SrRuOs3/125-225 nm BaTiO3/30 nm SrRu0;/GdScOs
(110) heterostructures. The vertical dotted line indicates
the theoretical peak position for BaTiOs film strained on
the GdScOs substrate. The vertical dashed line indicates
the peak position for bulk c-oriented BaTiOs.

SrRu03/GdScO3 (110) heterostructures
was  characterized using  X-ray
diffraction (Supplementary Fig. 6). The

BaTiO; films were all grown at the

Intensity (Arb. units)

optimized growth condition at 60

mTorr. The resulting §-26 scans indicate

that all films are epitaxially strained on

with nearly zero out-of-plane lattice
expansion (as small as ~0.16% at film

thickness above 200 nm).

VII. Reciprocal Space Mapping of 12.5-100 nm BaTiO3 Thin Films Grown at 60 mTorr
Reciprocal space mapping (RSM) studies of heterostructures of the form 30 nm SrRu0O3/12.5-100
nm BaTi03/30 nm SrRuO3/GdScO3 (110) were conducted using X-ray diffraction (Supplementary

Fig. 7). The BaTiOs films were all grown at the optimized growth conditions at 60 mTorr. The
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Supplementary Fig. 7. Off-axis reciprocal space mapping studies about the 103- and 332-diffraction
conditions of the BaTiOs films and SrRuOs-buffered-GdScO; substrate, respectively, for
heterostructures with BaTiOs layer thickness of a, 100 nm, b, 80 nm, ¢, 50 nm, d, 25 nm and e, 12.5
nm.

RSM studies indicate all films are epitaxially strained on the SrRuOs-buffered GdScO3 substrates
with the BaTiOsz peaks at their theoretical strained positions, with negligible c-axis-lattice

expansion (<0.02%).

VIII. Polarization-Voltage/Electric Field Hysteresis Loops of BaTiO3s Thin Films
Frequency-dependent polarization-electric field/voltage hysteresis loops were measured on the 30
nm SrRuQ3/12.5-225 nm BaTi03/30 nm SrRuO3/GdScOs3 (110) heterostructures in the frequency

range from 1 Hz to 10 kHz (Supplementary Fig. 8a-j). The BaTiOs films were all grown at 60

mTorr.

IX. Piezoresponse Force Microscopy Scans of 25-nm-thick BaTiO3 Thin Films
Piezoresponse force microscopy (PFM) scans were conducted on the 25 nm BaTiO3/30 nm
SrRu03/GdScO3 (110) heterostructures using an atomic force microscope (MFP-3D, Asylum

Research). Direct imaging of the as-grown domain state is challenging, likely because of the small
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size of domains and only weak contrast was observed. Furthermore, we poled the film in a box-
in-a-box pattern, where the outer box (edge length of 800 nm) was subjected to an applied voltage
of -2 V and the inner box (edge length of 400 nm) was subjected to an applied voltage of +2 V
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(Supplementary Fig. 9a-d). After poling, we completed the imaging (scanning from the bottom to
the top of the image) and each scan took ~5 minutes. Because of the strong depolarization field in
the film, and the small size of the domain structures, the phase contrast is still weak, consistent
with previous studies reporting unstable polarization in poled ultrathin BaTiO; films’. Moreover,
the contrast becomes weaker and weaker even during a single bottom-to-top scan (Supplementary
Fig. 9a,c). During the second bottom-to-top scan (finishing after ~10 minutes), the phase and
amplitude contrast has almost disappeared (Supplementary Fig. 9b,d), indicating the strong

depolarization behavior of the switched area.

S 2‘001:|m LIS

Cvmese 2% . e 1 BT e - TR A EI

Supplementary Fig. 9. PFM data for poled 25-nm-thick BaTiO; thin films including phase images after
a, ~5 minutes and b, ~10 minutes and amplitude images after ¢, ~5 minutes and d, ~10 minutes after
poling a box-in-a-box pattern. The total scan area of all images is 1 um, and the outer and the inner
poled boxes are 800 nm and 400 nm, respectively, across.

X. Fatigue and Retention Measurements
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To further probe the performance of the BaTiO3 thin films within ferroelectric-device structures,
fatigue measurements were done for heterostructures of the form 30 nm SrRuOs;/100 nm
BaTiO3/30 nm SrRuOs /GdScOs (110) (Supplementary Fig. 10a). The inset shows the Positive-
Up-Negative-Down (PUND) pulse sequence applied to the heterostructures to measure the
remanent polarization. Each pulse has an amplitude of V» =1 V and a width of zp = 0.15 ms. The
delay time between pulses is #p = 1 ms. The cycling fatigue stress applied is the same as the
waveform used in the normal polarization-voltage/electric field hysteresis measurement (bipolar
triangle signal with an amplitude of 1 V, at a frequency of 10 kHz). The PUND pulse sequence
was applied between cycles. The fatigue measurements showed almost no remanent polarization
reduction up to 10° cycles when the experiment was terminated.

Retention measurements were also done on the same capacitor structures (Supplementary
Fig. 10b). The inset is the modified PUND pulse sequence (representing the first half of the normal
PUND measurement) applied to the heterostructure. Each measurement cycle consists of three

pulses with same amplitude (Vp =1 V) and width (¢zp = 0.15 ms). The delay time between the first
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Supplementary Fig. 10. a, Fatigue measurement on 100-nm-thick BaTiOs films grown at 60 mTorr
using cyclic bipolar waveform at a frequency of 10 kHz. Inset: Positive-Up-Negative-Down (PUND)
pulse sequence used to measure remanent polarization between fatigue cycles. b, Retention
measurement on 100-nm-thick BaTiOs films grown at 60 mTorr. Inset: Modified PUND sequence used
to measure the retention behavior of the sample.
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pulse and the second pulse, #p,, is a variable representing the retention time in BaTiO3 films, while
the delay time between the second pulse and the third pulse is fixed at zp = 1 ms. In each
measurement cycle, the total (i.e., switching and non-switching) charge measured from the second
pulse is denoted as P> while the non-switching charge measured from the third pulse is denoted as
Ps. In the initial measurement cycle, ¢p, was set at 1 ms (i.e., equivalent to the pulse delay time in
fatigue measurement), and the initial remanent polarization was calculated using P; (initial) = (P>-
P53)/2. In the following measurement cycles, same pulse trains were applied, except that 7p, was set
at larger values. For each different ¢p, value, the remanent polarization was calculated using P, =
P>-Ps-P, (initial). The retention measurements showed nearly zero remanent polarization reduction
for up to 10 hours when the experiment was terminated. Both fatigue and retention measurements
indicate the strong stability of the remanent polarization against cycling stress and retention time.

Same PUND pulse sequences are used for the fatigue and retention measurements on a
heterostructure with an imprinted hysteresis loop, except that an additional voltage bias is applied
to the heterostructure to compensate the imprint - e.g., for the 30 nm SrRuO3/100 nm BaTiO3/30

nm SrRuO3/20 nm SrTi03/Si (001) heterostructure, a bias of 0.15 V is applied (insets, Fig. 4c,d).

XI. Switching-Dynamics Measurements on 25 nm BaTiO3 Thin Films

The switching kinetics of 30 nm SrRuO3/25 nm BaTiO3/30 nm SrRuOs3 capacitor structures were
studied to probe the switching time of the system using pulse measurements. The schematic of the
pulse train>® is shown (Supplementary Fig. 11a). A sequence of three pulses is used to: /. Preset
the ferroelectric polarization to a well-defined state, 2. P>(2) switches the polarization and measures
the corresponding total (i.e., switching and non-switching) current and 3. P3(z) measures the non-

switching dielectric response current through the circuit. By subtracting P> — P3, we

14
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Supplementary Fig. 11. a, Schematic of the pulse train used to study ferroelectric switching dynamics
on 30 nm SrRuO3/25 nm BaTiO3/30 nm SrRuOs capacitor structures. b, Time-dependent displacement
current of switching at low applied electric fields, measured on 5-pm-diameter capacitors and
corresponding to the polarization transient curves in Fig. 3a. Polarization transient curves as a function
of applied field, measured on ¢, 9.5-um-, d, 14-um-, and e, 18.5-um-diameter circular capacitors. f,
Polarization transient curves at high electric fields, measured on 5-pm-diameter capacitors.

disambiguously extract the displacement current associated with ferroelectric switching alone

(Supplementary Fig. 11b). The polarization transient curves are calculated using integration AP =

f0+oo[P2 (t) — P;(t)]dt. Shown here is polarization transient data for various capacitor areas and
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various applied fields (Supplementary Fig. 11c-f). The characteristic switching time®, fy, is
extracted from the polarization transient curve, and is defined as t = ¢ (90% Ps) — ¢ (10% Ps),
where 7 (10% Ps) and ¢ (90% Ps) are the times needed for the switched polarization to reach 10%
and 90% of the its saturation value, respectively. To facilitate comparison amongst polarization
transient curves obtained from different applied fields and capacitor sizes, all saturation
polarization values are normalized to the value measured on 5-pm-diameter capacitors at 140 kV

cm™.

XII. Lateral Size-Scaling on 50 nm and 100 nm BaTiO3 Thin Films

The characteristic switching time of 30 nm SrRu0O3/50-100 nm BaTiO3/30 nm SrRuOs; capacitor
structures were studied as a function of capacitor area at an electric field of £ = 140 kV cm™!
(Supplementary Fig. 12). BaTiO3 heterostructures of all thicknesses (i.e., 25, 50, and 100 nm)

follow the same linear scaling law.

E =140 kV cm

©
Moreover, all films with different < ,:‘f'":

g 102 BaTiO; (50 nm) ':Q:' 1
thicknesses have shown similar E) BaTiO, (100 nm) \‘:‘:

— 1 /1: -
switching time at the same electric :Cg 10 \f.r—"’
field, which is expected from the 3 10°k )‘* 4
classic Kolmogorov-Avrami- 2 ]

[&] 10‘ s -

o
Ishibashi (KAI) model®® which is ‘5"

10-2 sy 1 (- 1 1

regularly used to successfully 10" 10° 10’ 102 10°

Capacitor area (um?)

describe olarization  reversal . e
p Supplementary Fig. 12. Characteristic switching time as a

function of capacitor area on 25-, 50-, and 100-nm-thick
BaTiOs films. The dashed lines are linear fits to the data. The

. sl stars are the projected capacitor areas at which sub-ns
ferroelectrics®’*". In the KAI model, switching time can be achieved.

processes in thin-film
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the ferroelectric switching process includes domain nucleation, forward domain growth across the
thickness of the film, and subsequent sideways growth across the capacitor area. The timescale for
forward domain growth in thin films is typically very short (<100 ps), while for sideways domain
growth it takes ~ ns or longer depending on various intrinsic and extrinsic factors®?. Therefore, the
time needed for forward domain growth contributes very little to the total switching time and the
sideways growth of domain is the rate-limiting step in ferroelectric thin film switching®’. As a
result, the BaTiO3 heterostructures with different thicknesses have shown similar switching times
and almost the same projected capacitor area where sub-ns switching can be achieved (green star

vs. blue star vs. orange star, Supplementary Fig. 12).

XIII. Structural Characterization of BaTiO3 Grown on SrTiOz3/Si Substrates
The crystal structure of 30 nm SrRuO3/100 nm BaTiO3/30 nm SrRuOs3/20 nm SrTiOs3/Si (001)
heterostructures was characterized using X-ray diffraction (Supplementary Fig. 13). The BaTiO3

films were grown at the optimized

BaTiO, a-oriented

conditions at 60 mTorr. Short range 6-26 L 002 . ]
c-oriented SrRuO; 220
Strained

X-ray diffraction scan reveals multiple SrTiO; 002
BaTiOs; peaks, including those thought to

arise from strained BaTiOs on SrTiOs/Si

Intensity (Arb. units)

substrate (dashed line), that from bulk c-

oriented BaTiO3 (dash-dotted line), and 1 1 1 1
43 44 45 46 47 48

that from bulk a-oriented BaTiO3 (dotted 26 (°)
Supplementary Fig. 13. Short range 6-20 X-ray
line). The existence of the bulk-like diffraction scan of the 30 nm SrRuOs/100 nm
BaTiO3/30 nm SrRuO3/20 nm SrTiOs/Si (001)

diffraction peaks indicates a partially ~heterostructures.

17



relaxed BaTiO; film due to large thermal stresses induced by the underlying silicon?’ and large

lattice mismatch between bulk BaTiOs and the SrTiOs buffer layer (~2.4%)'>5,

XIV. Dielectric Constant-Voltage Measurements
Dielectric constant-voltage measurements were done on the 30 nm SrRu0s3/12.5-100 nm
BaTi0O3/30 nm SrRuO3/GdScOs (110) heterostructures at a frequency of 10 kHz (Supplementary

Fig. 14). The BaTiOs films were grown at 60 mTorr.

Supplementary Fig. 14. Diclectric constant-voltage measurements on a, 100-nm-, b, 50-nm-, ¢, 25-

nm-, and d, 12.5-nm-thick BaTiOj thin films.
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