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Reliable Accessibility of Intermediate Polarization States in
Textured Ferroelectric Aly (Scy ;4N Thin Film

Tae Yoon Lee, Myeong Seop Song, Jung Woo Cho, In Hyeok Choi, Chihwan An,

Jong Seok Lee, and Seung Chul Chae*

Ferroelectric materials are promising candidates for neuromorphic computing
synaptic devices due to the nonvolatile multiplicity of spontaneous
polarization. To ensure a sufficient memory window, ferroelectric materials
with a large coercivity are urgently required for practical applications in highly
scaled multi-bit memory devices. Herein, a remarkable reliability of
intermediate ferroelectric polarization states is demonstrated in a textured
Aly¢:Sc 34N thin film with a coercive field of 2.4 MV cm~'. Al (.Sc, ;,N thin
films are prepared at 300 °C on Pt (111)/Ti/SiO,/Si substrates using a radio
frequency reactive sputtering method. Al ¢.Sc, ;4N thin films exhibit viable
ferroelectricity with a large remanent polarization value of >100 uC cm=2.
Through the conventional current—voltage characteristics, polarization
switching kinetics, and temperature dependence of coercivity, the
reproducibility of multiple polarization states with apparent accuracy is

neuromorphic applications have been
studied with many order parameters
spanning from resistive switching mate-
rials to ferroelectrics.>'!l Among these
candidates, the ferroelectric spontaneous
polarization has been considered a
promising candidate for the robust ther-
mal stability and reproducibility of the
analog device.’] Synaptic devices based
on ferroelectrics were demonstrated
in the form of a metal-ferroelectric-
metal, ferroelectric tunnel junction,
and ferroelectric field effect transistor
using various ferroelectric materials,
such as Pb(Zr, Ti)O; (PZT), BaTiO,,
and HfO,.*® Owing to its compati-

attributed to a small critical volume (3.7 X 1072 m?) and a large activation
energy (3.3 X 10?7 eV m~3) for nucleation of the ferroelectric domain. This
study demonstrates the potential of ferroelectric Al, ,Sc,N for synaptic weight

elements in neural network hardware.

1. Introduction

The demand for neuromorphic devices has dramatically in-
creased according to rapid developments in artificial intel-
ligence applications.'™ In light of the emergence of data-
centric processing rather than arithmetic-logic-centric process-
ing for next-generation device applications, not only the tradi-
tional memory device architecture but also analog devices for
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bility with the complementary metal
oxide semiconductor process and scal-
ability in the ultimate thickness limit
of ferroelectricity, ferroelectric HfO,
has attracted particular interest.[!213]
Nevertheless, the development of new
materials with higher yet viable remanent
polarization (P,) and coercive field (E,) for the current electronic
device operation scheme is essential to improve the resolution of
multilevel memory devices and ensure the memory window.1*13]
The ferroelectric Al,,Sc,N has attracted attention with the
emergence of switchable ferroelectric polarization under a pos-
sible electric stimulus for industrial application.l!®! Due to its
superior thermal stability and high mechanical quality factor,
the wurtzite AIN or Al, Sc,N has been investigated as a piezo-
electric and optoelectronic material.['”18] Recently, Fitchner et al.
demonstrated ferroelectricity in Al,,Sc,N under a viable opera-
tion scheme with a P, value of 100 uC cm™? and an E_ value
of 2-5 MV cm™1."% Extensive research revealed that the Sc in
Al . Sc,N can cause the flattening of the ionic potential toward
the metastable hexagonal structure with a decrease in the aspect
ratio of the lattice constant, i.e., the c/a value.[?*-22] The Sc dop-
ing, therefore, can induce the reduction of coercivity below the di-
electric breakdown field. In addition, the alternative modulation
of the coercivity of Al, ,Sc,N was reported through mechanical
strain engineering without compositional variation.[****] How-
ever, Yazawa et al.[?’] argued that the modulation of coercivity in
ferroelectric Al, ,Sc,N could be attributed to the Sc content ratio,
not the c/a ratio through the detailed crystallographic analysis
using X-ray diffraction (XRD). The origin and mechanism of fer-
roelectricity in wurtzite nitrides remains a topic of controversy.
Elucidation of the underlying physics governing the ferroelectric
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properties of Al Sc,N is highly needed prior to the ferroelectric
device application.

The stability of intermediate partial polarization in ferro-
electrics is of interest for the ferroelectric switching dynamics
and the critical parameters for the multiplicity of the analog-
memory architecture. Analog device development requires an
understanding of the stability and reproducibility of intermedi-
ate states.'*] The study of the kinetics of ferroelectric polariza-
tion switching reveals not only the underlying mechanism of
domain growth but also the types and roles of defects involved
in polarization reversal.[?*?’] For example, due to the presence
of dipole defects, ferroelectric polycrystalline PZT films exhibit
nucleation-limited ferroelectric switching (NLS) with Lorentzian
distribution for the characteristic switching time.[®! In addition,
the change of the characteristic switching time under the re-
peated external electric stimulus, known as the wake-up process
revealed that the gradual increase of P, is attributed to the anni-
hilation of a localized built-in field.[?] In this study, we examined
the dynamics of polarization switching and the reproducibility of
intermediate polarization states in ferroelectric Al ;;Sc,;,N and
its underlying physical causes.

2. Results and Discussion

A textured Al Scy;,N thin film of the wurtzite structure was
grown on a Pt (111)/Ti/SiO, /Si substrate. Figure 1a shows the 6—
260 XRD scans of Al Sc, 3, N thin films grown on a Pt (111)/Si
substrate. The peaks at approximately 36.4° and 40.0° corre-
spond to the wurtzite Al,.,Scy;,N (002) and Pt (111) reflec-
tions, respectively. For samples with various thicknesses rang-
ing from 52 to 120 nm, the XRD patterns of the Al Sc,:,N
thin films exhibit (002) reflection of the wurtzite structure with-
out any secondary phases. The thicknesses of the Al ,Sc,;,N
thin films were confirmed through the cross-section scanning
electron microscope (SEM) images, as shown in Figure S1 (see
details in Section 1, Supporting Information). The highly c-axis
oriented Al ,Sc, 44N thin films, however, exhibited random in-
plane crystallinity confirmed by the X-ray pole figure for (103)
reflection. Figure 1b shows the X-ray pole figure for the (103)
peak of the wurtzite AljSc,,N thin films on the Pt (111)
layer without a six-fold symmetric diffraction pattern. It indi-
cates that these thin films are c-oriented textured structures with-
out any preferential in-plane orientation. The nature of broken
inversion symmetry in Al,Sc,,N thin films was confirmed
through the second-harmonic generation (SHG) measurements,
as shown in Figure S2 (see details in Section 2, Supporting
Information).

The textured Al (,Sc,;,N thin film exhibited ferroelectric be-
havior along an external electric stimulus. To characterize the fer-
roelectric polarization switching, the current density versus the
applied electric field (J-E) loops of Al ¢;Sc ;4N thin film were
measured by using positive-up-negative-down (PUND) electrical
measurements for leakage current compensation (see details in
Section 3, Supporting Information). The amplitudes of PUND
pulses are 31 and —34 V, respectively, where the asymmetry of
applied voltage corresponded to the ferroelectric imprint of the
as-grown specimen.?"! Figure 2a shows the film thickness de-
pendence of the J-E loop in ferroelectric Al Sc,;,N. The fer-
roelectric polarization switching current increased rapidly as the
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Figure 1. a) X-ray diffraction 6—20 scan patterns of wurtzite Aly gcScq 34N
with various film thicknesses ranging from 52 to 120 nm. b) X-ray pole
figure of Al g6Scy34N film with a thickness of 120 nm. The inset shows
the XRD y scan patterns at ¢p = 270°.

thickness of the thin film increased, indicating the increase in the
volume ratio of the ferroelectric phase, which is consistent with
the results of the SHG analysis. By the integration of ferroelectric
polarization switching current, we estimated the P-E hysteresis
as shown in Figure 2b. The ferroelectric Al Sc,;,N thin film
exhibited robust E, and P, of 2.42 MV cm™! and >100 uC cm™2,
respectively. In addition, the ferroelectric Al 4 Sc, 34N thin films
exhibited a feasible endurance of up to 10° cycles and P, reten-
tion of over 10* s, as shown in Figure S4 (see details in Section 4,
Supporting Information).

The intermediate ferroelectric polarization states of the
Al 46S¢g 34N thin film demonstrated reliable reproducibility dur-
ing repeated writing/erasing processes. Before inducing vari-
ous intermediate states, the ferroelectric polarization was poled
downward by a triangular pulse with the amplitude and width
of =34 V and 200 ps, respectively. Subsequently, the ferro-
electric polarization was partially switched upward from the
negatively poled state by a 1 us-width square pulse with ampli-
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Figure 2. a) Leakage current compensated J—E loops of Alg ¢6Sco 34N films
with different thicknesses measured using a positive-up-negative-down
pulse. b) Leakage current compensated P-E hysteresis estimated by the
integration of ferroelectric polarization switching current in the specimen
with a thickness of 120 nm.

tudes varying from 26 to 33 V at 1 V intervals, as shown in Figure
S5 (see details in Section 5, Supporting Information). The in-
termediate ferroelectric polarization states were measured with
leakage current compensation. Figure 3a shows the inherent
multiplicity of Aly¢;Sc,3,N ferroelectric polarization states ob-
tained by adjusting the applied pulse voltage from 26 to 33 V. AP
represents the amount of polarization flipped by an external 1 ps-
width square voltage pulse with varying amplitude. As shown in
Figure 3b, we obtained a histogram of each subloop state corre-
sponding to AP/2P, through 30 repeated experiments, where the
intermediate states of the ferroelectric Al (. Sc, ;,N films were re-
produced with apparent accuracy. All the intermediate polariza-
tion state measurements were conducted on an identical single
electrode.

The intermediate states of Al 4;Sc,,N demonstrated high re-
producibility for the neuromorphic applications within the sta-
tistical acceptance for the practical application. We analyzed the
reproducibility of intermediate states through the Weibull analy-
sis by the following equation F(x) = 1 — exp[— ( ) ] where F(x)

is the cumulative probability of a randomly dlstrlbuted variable
(AP/2P, in this work), and x, x,, and k are the random vari-
able, scaling constant, and Weibull exponent, respectively. The
correlation between k and the ratio of the standard deviation to
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the mean value in the Weibull distribution is as follows, A/u =
[C(+2/k)-T2(1+1/k) "/
T(1+1/k)
general, the larger the value of k, the higher the reproducibil-
ity. As shown in Figure S6 (Supporting Information), the cu-
mulative probabilities of AP/2P, are well-fitted to the Weibull
function. In addition, the cumulative probabilities for various
writing pulses are nearly vertical, indicating the reliable repro-
ducibility of the subloop states. Based on the probability dis-
tributions of the Weibull function from the fitting results, the
margins of absolute error for each subloop state range from
0.8% to 1.3% of the 2P, value with a probability of 99.5% (see
details in Section 7, Supporting Information). As illustrated in
Figure 3c, as the voltage of the write pulse increased from 26 to
33 V, the value of A/u decreased from 0.0547 to 0.0037 and the
value of k increased from 23 to 349. Regarding the reproducibil-
ity of previously reported resistive switching materials with the
ratio of standard deviation to mean value and the value of k
range from ~0.67 to 0.02 and from 1 to 50, respectively,>~1]
the obtained reproducibility of the intermediate states of
Al ¢ Sc, 34N demonstrates high feasibility for the neuromorphic
application.

The subloop properties of Al 4,Sc,;,N exhibited gradual po-
larization reversal during the potentiation and depression pro-
cess with three types of programming pulse trains. Due to their
nonvolatile intermediate polarization states, thin ferroelectric
films have been considered for synaptic weights.3!l By apply-
ing a voltage pulse train with a constant or incremental am-
plitude and width, it is possible to achieve intermediate po-
larization states in ferroelectrics.®?] To investigate the synap-
tic behavior of the ferroelectric Al ¢;Sc, 44N thin film, we con-
ducted potentiation and depression experiments using vari-
ous programming pulse trains.?!33] As shown in Figure 4a,
three types of pulse trains commonly used in neuromorphic
devices were applied for potentiation and depression, and
AP/2P, values were monitored. Each intermediate state was
measured using the 2.5 kHz triangular pulse with amplitudes
of =34 and 31 V. As shown in Figure 4b,c, all three pulses
were used for long-term potentiation and depression, and ana-
log behavior was observed until the saturation of polarization
reversal.

The high linearity of the partial switching of the spontaneous
polarization during the potentiation and depression processes
was observed using a programming pulse train with gradually in-
creasing amplitudes. The linearity of weight updates during the
long-term potentiation and depression process is crucial to the ef-
fectiveness and precision of neuromorphic computing.3*34 The
linearity of the weight update can be quantified as follows,*°!

[ = BB 8ol for = 1 to 23, where AP, (n) and AP, (n)
2P, P

are the amount of flipped ferroelectric polarization following the
nth potentiation pulse and nth depression pulse, respectively. As
the neuromorphic device exhibits a linear characteristic, the lin-
earity value L converges to zero. As shown in Figure S8 (Sup-
porting Information), the linearity of the potentiation and depres-
sion processes is dependent on the programming pulse scheme,
with linearities 0f 0.87, 0.77, and 0.13 for pulse schemes 1, 2, and
3, respectively. Note that the linearity values reported previously
for weight update in ferroelectric-based neuromorphic devices

, where I' represents the Gamma function. In
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Figure 3. a) Subloop states of Al ¢6Scg 34N using 1 us-width voltage pulses, b) histogram of each subloop state corresponding to AP/2P, through 30
repeated experiments, and c) the Weibull slope k versus the standard deviation to the mean ratio of Weibull distribution as a function of the external
voltage.
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Figure 4. a) Schematic diagrams of the three kinds of programming pulses, b) potentiation, and c) depression behavior of the ferroelectric polarization
in the Al ¢6Sco 34N thin film using the three kinds of programming pulses.

Adv. Electron. Mater. 2024, 10, 2300591 2300591 (4 of 7) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

1Y) SUORIPUOD PUe SWB L 8} 885 *[5202/80/70] U0 AReiqiT8uIUO AB|1M ‘(1S19) ABOjoULPR L puY 80USI0S JO @Imiisu| niBuemo Aq TS00EZ02 W Be/200T 0T/I0P/LI0D" A8 | IM"AReid) 1)U [UO"peoRAPe//SANY 01} papeojumod ' 'HZ0Z *X09T66TZ

fopm A

35UBD| T SUOWILLOD dA[IRID a|qedi|dde a3 Aq pausenob ae sajoie YO ‘sn Jo SNl 1oy Akeiqiauluo AS[IM Uo


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC
MATERIALS

L Open Access]

www.advancedsciencenews.com

www.advelectronicmat.de

log t(s-)

1/E (cm/MV)

¥ T T ! T T F T T T (C) 3 T T T T
Epi-PZT 1 3.0 o™ T 7]o Exp. data
| AIScN (This work)/ 7 MHVq/EWWT i JE t o I - - Fitting oy 1y |
Poly-PZ < 2.8 % -
39.2 Mviem 14MViem | ~ |37 & |
}'3 1 QE: 0 26 Q\ -
/| E1t F o .
of S 240 280
/ = Temperature (K)
J/ S 0r 1
] © — 300K
3.7 MV/cm Si:HfO, —— 280K
o = 260 K A
4.8 MV/cm Epi-Y:HfO
8 MV/cm Epi , a0k
B 9 — 220K
L | L | L | L | L I - 1 1 1 1
1 8 12 16 20 -40 -20 0 20 40

Voltage (V)

Figure5. a) Time-dependence of polarization reversal AP(t) as a function of the external voltage V.,; at room temperature. b) The external field-dependent
characteristic switching time of Al ¢6Scg 34N (this work), typical perovskite and fluorite ferroelectric materials for comparison. Experimental results of
epitaxial and polycrystalline PZT, epitaxial and polycrystalline Y doped HfO,, and polycrystalline Si doped HfO, are from Refs. [28] and [43—45]. The solid
lines represent fitting results by using Merz’s law. c) Temperature dependence of the ferroelectric I-V loops. The inset shows the experimental coercive
field values at various temperatures and a fitting result obtained using the analytical thermodynamic model.

ranged from 0.25 to 0.6 due to the nonlinearity of ferroelectric
polarization switching.[3%35-39]

To elucidate why the ferroelectric Al 4 Sc, 5, N exhibited stabi-
lized partial polarization switching behavior, we investigated the
detailed switching kinetics of ferroelectric polarization, particu-
larly focusing on the nucleation and domain propagation, using
the NLS model. The origin of the characteristic switching time
distribution could lie in the inhomogeneities present in the tex-
tured polycrystalline films. The grain boundary attributed to the
random in-plane crystallinity in c-axis oriented textured Al, , Sc,N
thin films hinders domain wall growth, and its structural disor-
der can induce the variation of nucleation time of the ferroelec-
tric domain. Recently, there have been some reports on the po-
larization switching kinetics of Al;  Sc,N thin films.3%4] Yazawa
et al.l*! introduced the extended model of nucleation and do-
main growth, aiming to circumvent the issue of unreasonably
large domain growth dimensions as obtained from the analysis
using the KAI model. However, our Al 4 Sc, 3, N thin film exhib-
ited small values for dimension of the domain growth in the anal-
ysis using the KAI model, as shown in Figure S9b (see details in
Section 9, Supporting Information). Although analysis using the
KAI model is still valid, we believe that analysis using a model
with the domain growth dimension value of two and an appro-
priate distribution of characteristic switching time attributed to
the nonuniformity of the specimen has more physical meaning.
Thus, due to the inhomogeneous crystallinity and presence of a
nonuniform local field in textured Al;  Sc,N thin films, the NLS
model with a Gaussian distribution for the characteristic switch-
ing time was employed to analyze the polarization switching
kinetics.[*!]

The unprecedentedly large activation field of the ferroelec-
tric Alj g6Sc, 34N has been revealed through analysis of ferroelec-
tric switching dynamics. Figure 5a shows the time-dependent
switched polarization value as a function of external voltage.
All time-dependent switched polarization measurements were
conducted on an identical single electrode. Experimental details
of time-dependent switched polarization measurement are pro-
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vided in Section 10, Supporting Information. The solid lines
correspond to the fitting results using the NLS model with a
Gaussian distribution for the characteristic switching time as
follows:[2841]

2
T, = [l ”{G ) }] F (logt)d (logty) (1)

1 10g to— log by

where F(logt,) = } A, 0,andlog t, are the

—ep(-(

normalization constant, standard deV1at10n, and mean value of
the distribution, respectively. The generic ferroelectric domain
reversal in polycrystalline ferroelectric thin films is denoted by
the nucleation process and is followed by the propagation of
the domain wall with diverse characteristic switching times.[?’]
Figure 5b shows the 1/E dependence of In(t,) obtained from the
analysis of the polarization switching kinetics, where scatters and
solid lines represent the experimental and the fitting results, re-
spectively. The linear relationship between 1/E and In(t,) indi-
cates that the characteristic switching time follows the empirical
Merz’s law, t, = twexp(E—bi‘), where t_, E, and E, are the switching
time under an infinite applied electric field, the applied electric
field, and the activation field, respectively.*?] In the Al 4Sc,3,N
thin film, as shown in Figure 5b, the activation field calculated
using Merz’s equation is approximately 39.2 MV cm™, consider-
ably greater than other ferroelectrics, such as PZT and hafnium-
based thin films.[2843-45]

To understand the robust reproducibility and stability of the
intermediate polarization states, we examined the temperature
dependence of coercivity in Al,¢,Sc,;,N. Figure 5c depicts the
current versus voltage (I-V) loops of Al (,Sc,,N thin film mea-
sured in 20 K intervals from 220 to 300 K. As shown in the inset of
Figure 5c, the temperature-dependent coercivity of Al (,Sc,;,N
thin films exhibited a strong linear behavior along the tempera-
ture gradient. E_ is the mean of |E, | and |E,._ |. The E, and
E__ values represent the peak position of the switching currents

4
for the upward and downward polarizations, respectively. In the
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classical Landau-Devonshire free-energy framework, Vopsaroiu
et al. introduce the analytical relationship between temperature
and E, as follows,*¢]

Wy kT Vot
k=45 ~vop ln<1n(2)> @

N

where Wy, V*, P, v,, k., T, and t represent the energy barrier
per unit volume, critical volume for nucleation, spontaneous po-
larization, phonon frequency, Boltzmann constant, temperature,
and measurement time, respectively. Based on nonequilibrium
statistics of the domain nucleation process, the analytical thermo-
dynamic model has been derived for polarization switching ki-
netics of second-order phase transition ferroelectrics. This equa-
tion can be used to study time and temperature-dependent P-E
loops of ferroelectrics, and in particular to investigate the W;, and
V*, For instance, the W, and V* of various ferroelectric materials
have recently been appraised through this analytical model.[®4748]
To estimate the W, and V* values of Al (.Sc,;,N, we used the
phonon frequency and our experimental P, value (1.81 x 10" Hz
and 113 uC cm™2).1* The energy barrier per unit volume and crit-
ical volume for nucleation were estimated to be 3.3x10” eV m~
and 3.7x1072 m?, respectively.

The remarkable reliability of the multi-level polarization states
in the ferroelectric Al (;Sc, ;4N thin films is attributed to the high
energy barrier per unit volume and small critical volume for nu-
cleation. The small critical volume and high energy barrier for
nucleation strongly correspond to the robust accessibility to the
intermediate state and stability of the intermediate state.[®4748]
The domain reversal in ferroelectric materials is initiated by in-
dependent nucleation, followed by domain-wall propagation un-
der the influence of an external electric field. A fine ferroelec-
tric domain nucleation originating from the small critical vol-
ume enables precise control of partial polarization switching.[®]
Furthermore, the high energy barrier indicates the difficulty in
thermal polarization reversal.[*#”8] In this context, the high en-
ergy barrier (3.3x10% eV m~3) for the nucleation of ferroelectric
Aly6S¢o 34N and small critical volume (3.7x102% m?) with re-
spect to conventional perovskite material, for example, PZTI*8
are responsible to its high accessibility and stability of interme-
diate polarization states.

3. Conclusion

In summary, we have investigated the partial switching behavior
of the ferroelectric domain in textured Al ¢;Sc,,N thin films.
The intermediate polarization states of the Al Sc,;,N exhib-
ited remarkable reliability and reproducibility with apparent ac-
curacy. The NLS model explains the polarization switching kinet-
ics of the Al (;Sc, 3, N where the characteristic switching time ex-
hibits the Gaussian distribution. Furthermore, the external field
dependence of the characteristic switching time demonstrated
the unprecedentedly large activation field of 39.2 MV cm™ for
domain growth. The temperature-dependent coercivity of the
Al 66S¢y 34N reveals the small critical volume and the high en-
ergy barrier for the nucleation of ferroelectric domains. The re-
markable reliability of multi-level polarization states is attributed
to the small critical nucleation volume and high energy barrier
of the Al Sc,3.N. In addition, the synaptic properties of the
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Al ¢.Sc, 34N exhibited high linearity in the potentiation and de-
pression process. Our results demonstrate the potential of ferro-
electric Al Sc,N for synaptic device applications enabling neu-
romorphic computing.

4. Experimental Section

Wurtzite Alg g6Scg 34N thin films were deposited on a Pt (111)/Ti/SiO,/Si
substrate by radio frequency (RF) reactive magnetron sputtering with an
Alg ¢Scg 4 metal alloy target of 1-inch diameter. The RF power and deposi-
tion temperature were maintained at 52 W and 300 °C, respectively, and
the sputtering pressure was maintained at 0.85 Pa by introducing a mix-
ture of Ar/N, gas in the ratio of 1:2. The thickness and chemical com-
position of the Aly ¢¢Scg 34N films were determined using SEM and X-ray
photoelectron spectroscopy (XPS). Details of the stoichiometric charac-
terization of specimens using XPS are provided in Section 11, Supporting
Information. For structural analysis, conventional -20 scans of XRD mea-
surements were performed using a Bruker D8 discover with Cu Ka radia-
tion (A = 0.154 nm). The X-ray pole figure measurement for Aly g¢Scg 34N
(103) was conducted to check the in-plane crystallinity. In SHG measure-
ments, an 800 nm pulsed laser beam with 80 MHz repetition (Vitara-T,
Coherent) illuminates the samples with out-of-plane (P) and in-plane (S)
polarization. A second harmonic wave in P- and S- polarization by using a
photomultiplier detector (Hamamatsu) with a current pre-amplifier (SRS)
is monitored. To increase the efficiency of the SHG process, the input laser
beam was tightly focused on the sample with a beam size of 2 uym by us-
ing an objective lens with a power of about 1.5 mW. For electrical mea-
surements, Pt top electrodes with a thickness of 40 nm were deposited
at room temperature using electron beam evaporation. Via photolithogra-
phy, top electrodes were patterned with an area of 120 x 120 um?. All elec-
trical measurements were conducted using a conventional semiconduc-
tor parameter analyzer (4200-SCS, Keithley). Square voltage pulses with
a rise/fall time of 50 ns were used for partial polarization switching. The
sample was cooled down to 220 K with liquid nitrogen for low-temperature
measurements.
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