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Electrochemically Driven Giant Resistive Switching in

Perovskite Nickelates Heterostructures

Le Wang, Qinghua Zhang, Lei Chang, Lu You, Xu He, Kuijuan Jin, Lin Gu,

Haizhong Guo, Chen Ge, Yaqing Feng, and Junling Wang*

The rich phase diagrams and peculiar physical properties of rare earth
perovskite nickelates (RNiO3) have recently attracted much attention. Their
electronic structures are highly sensitive to carrier density and bandwidth due
to Mott physics. Here, the electrochemically driven giant resistive switching
in Pt/RNiO;3/Nb-SrTiO; heterostructures is reported. Systematic investigation
confirms that oxygen vacancies migration modifies the interfacial barrier at
the RNiO;/Nb-SrTiO; interface and causes the resistive switching behavior.
An ON/OFF ratio of about 10° at room temperature is observed, which can
be modulated by controlling the oxygen vacancies during sample fabrica-

tion or by varying the rare earth element in RNiO3. The findings provide an
important step forward toward the development of multifunctional electronic

into the corner-shared NiOg octahedra
network (Figure 1a) modifies the Ni—O
bond length and angle, affecting the elec-
tronic bandwidth and physical properties
of RNiO;. Furthermore, Ni** is reduced

1
to Ni%* (ZNi” + 0% < 2Ni* + V& + EOZ)

and electrons are doped into RNiO; via
oxygen vacancies.>!% Previous works
have shown that oxygen vacancies play
an important role in perovskite hetero-
structures.'%15]  External electric field
could induce the migration of the oxygen

devices based on perovskite nickelates.

Perovskite rare earth nickelates (RNiO;) sit right at the
boundary between charge-transfer and Mott insulators,
attracting much interest recently. Researchers can tune certain
parameters, such as the on-site Coulomb repulsion energy U,
charge transfer energy A, or bandwidth W, to investigate the
transition between these two types of insulators and engineer
exotic phenomena.'7! It is known that the properties of RNiO3
depend on the rare earth element. A smaller R decreases the
tolerance factor and subsequently the Ni—O—Ni bond angle,
leading to a reduction of W, which drives the system deeper
into the insulating state.l®!

Another unique property of RNiOj; that is usually overlooked
is the weak Ni—O bond and small oxygen vacancy formation
energy,’ making them very susceptible to the formation and
migration of oxygen vacancies. Introducing oxygen vacancies
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vacancy in the perovskite films and then
change the interfacial barrier in hetero-
structures, leading resistive switching (RS)
behavior. We expect such effect to be more
prominent in nickelates-based ones due to their smaller oxygen
vacancy formation energy. This motivates us to explore the pos-
sibility of electrochemically driven RS in nickelates systems.
Our finding reveals giant bipolar RS behavior in Pt/RNiO;/
Nb-SrTiO; heterostructures with ON/OFF ratio of about 10° at
room temperature. The effect is tunable by varying the oxygen
content or changing the rare earth element in the sample.

A set of GdNiO;_, films on NDb-SrTiO; substrates were
grown under different deposition oxygen pressures (P(O,))
of 100, 20, 2, and 0.2 mTorr, respectively. The film thickness
was fixed at 10 nm. The samples are labeled as D1-D4, in the
order of decreasing P(O,) from 100 to 0.2 mTorr. The influ-
ence of P(O,) on our samples can be seen in Figure 1 (also see
Figure S1 in the Supporting Information). Figure 1b displays
the typical current-voltage (I-V) characteristics of the samples,
and the inset is the schematic setup for the measurements. The
arrows in Figure 1Db represent the sequence of voltage sweeps.
Sample D1 shows nonlinear -V characteristics with negligible
RS effect. In contrast, sample D4 shows obvious “counter-
clockwise” bipolar RS behavior. Here, we define the upper and
lower branches of the -V curves as low resistance state (LRS
or ON) and high resistance state (HRS or OFF), respectively.
Sample D4 switches from HRS (LRS) to LRS (HRS) when a
forward (reverse) bias is applied to Pt, and this is defined as the
set (reset) process. It should be pointed out that this counter-
clockwise I-V hysteresis in our asymmetrical devices is dif-
ferent from ferroelectric switchable diode behavior,1%-18 which
is mainly controlled by the ferroelectric polarization. Since
the formation energy of oxygen vacancy is low in nikelates,!
we expect more oxygen vacancies in the GdNiO;_, film than
in the Nb-SrTiO; substrate. Scanning transmission electron
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Figure 1. |-V characteristics of the devices. a) The distorted perovskite
structure of the RNiOjs crystal. b) I-V curves of samples D1 and D4 plotted
on semilogarithmic scale. The direction of bias sweeping is indicated by
arrows. The inset shows the schematic of the testing device. c) HAADF
image of sample D1. d) HAADF image of sample D4. Red arrows in
panel (d) show poor crystallinity induced by local oxygen vacancies.

microscope (STEM) results confirm that the concentration of
oxygen vacancies is higher in GANiO;_, films deposited under
lower P(O,). High-angle annular dark-field (HAADF) images
of samples D1 and D4 along the [110] projection are shown
in Figure 1lc,d, where the image contrast is approximately
proportional to Z? (Z is the atomic number of element). The
good epitaxial relationship between GdNiO;_, and Nb-SrTiO;
can be observed in both films. The uniform atomic columns
in Figure lc demonstrate the high crystallinity of sample D1.
In comparison, clear contrast as indicated by two red arrows
in Figure 1d suggests poor crystallinity of sample D4 induced
by local oxygen vacancies. Oxygen vacancy induced dark con-
trast can also be found in the low-magnification image (see
Figure S2 in the Supporting Information). The fact that low
P(O,) leads to more oxygen vacancies has also been reported
for other oxide materials.l'*1%?2 Figure 1b and Figure S3
(Supporting Information) clearly show more pronounced -V
hysteresis for GANiO;_, films grown under lower P(O,), sug-
gesting that oxygen vacancies in GANiO;_, films play a crucial
role in the RS behavior. Our subsequent analysis thus focuses
on sample D4.

Based on the [-V curves, a large ON/OFF ratio of about 10°
in resistance change is achieved, as shown in Figure 2a. Accom-
panying the resistance change, a forward scan to +5 V also
switches the device to a high capacitance state (HCS), while a
reverse scan to —5 V drives the device to a low capacitance state
(LCS). The concurrent resistance and capacitance switching
behaviors suggest that bias modified interfacial barrier is likely
the origin.'> Unlike unipolar RS memories, this bipolar RS
does not require an initial forming step and show continu-
ously tunable resistance, which are advantages for practical
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applications.?>?* For nonvolatile memories, large ON/OFF

ratio, high writing speed, long data retention, and good fatigue
property are important. We have measured about 60 randomly
selected Pt/GdNiO;_,(0.2 mTorr)/Nb-SrTiO; devices. As shown
in Figure 2b, the ON/OFF ratios fall in the range of 10*-10°,
showing good reproducibility and uniformity.

To investigate the operation speed of the RS-based nonvola-
tile memory, we have measured the influence of pulse width on
the switching from HRS (LRS) to LRS (HRS). Before the meas-
urements, the device was first set to HRS (LRS) by applying a
voltage pulse of -5 V (+5 V) with duration of 1 s. Then, square
pulses (£ 5V) from 1 us to 1 s were applied, and the resistance
of the device was subsequently recorded at a bias of —0.2 V.
As shown in Figure 2¢,d, the transition from LRS to HRS is
slower than from HRS to LRS, while both cases can be com-
pleted using 100 us pulses. Note that the switching time can be
reduced to around 1 us by using higher voltage.

Figure 2e shows the retention characteristic of the device at
a reading bias of —0.2 V. An ON/OFF ratio of over three orders
of magnitude can still be retained after ten years by extrapo-
lating the retention data. The fatigue performance was tested
by switching the device repeatedly using +5 and -5 V pulses
of 150 ps. The write (from HRS to LRS) and erase (from LRS
to HRS) operations exhibit good endurance. As shown in
Figure 2f, no significant change in the ON/OFF is observed
after more than 10* write/read cycles.

To elucidate the RS mechanism, it is first necessary to
clarify the major contribution to the observed resistance. The
work function of Pt is =5.3 eV, while the work function of
GdNiOs_, is =4.3 eV (Figure 3). Since perovskite nickelates usu-
ally behave like p-type semiconductors,*>?%l an Ohmic contact
at the Pt/GdNiO;_, interface is expected and indeed observed
(see Figure S4 in the Supporting Information). Furthermore,
the I-V curves for a Pt/GdNiO;_,/SrRuO; heterostructure show
negligible RS effect (see Figure S4 in the Supporting Informa-
tion), even though the GdNiOs_, films were grown under the
same P(O,) of 0.2 mTorr. Therefore, we can conclude that it is
not the bulk of GdNiO;_, but the GdNiO;_,/NDb-SrTiO; inter-
face that plays an important role in the observed RS. As an
n-type semiconductor, Ex of Nb-SrTiO; is close to the bottom
of the conduction band and the difference is merely 0.01 eV.[?]
Thus, the GdNiOs_,/Nb-SrTiO; interface can be treated as a
p—n heterojunction. Noted that the RS behavior in our device
comes from this p-n heterojunction, not from the metal/Nb-
StTiO; Schottky barrier.?$%°l To study the switching behavior
of this p—n heterojunction, the conduction property during the
whole RS should be investigated.

Figure 3a shows the I-V curves of sample D4 on a linear
scale. Clear RS is observed with the forward (reverse) bias
leading to LRS (HRS). During the measurement, the current
undergoes a gradual change, suggesting that the RS process is
not related to filaments (also see Figure S5 in the Supporting
Information).*®! A compliance current of 10 mA was applied
to the set operation to prevent the device from permanent
breakdown. I-V curve in HRS shows good rectifying behavior.
The rectification ratio at £1.5 V is 5.5 x 10 for HRS, and it
decreases to 2 for LRS. Both LRS and HRS show nonlinear -V
curves. Three main conduction mechanisms, including space
charge limited conduction (SCLC), Schottky emission, and

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC

www.advancedsciencenews.com

(@) (€)

MATERIALS

www.advelectronicmat.de

(d)

1010
r .».-P-E-E-m-. 1 08 "y 1 08
10% R \ 3 SR o6 o © 1
~f . ; Lo f - o HRS 5
g106[ \\ l\\ 107 L # : : : : : 107 L 9 LRS . o IE ?
“10% O Sl e o4t
jo . TON 10k N e [ i A
~ ! ) 0 | ' et 1 | ; | 1
! ' | ! I ) | )
otj[?} 0:105 3 : : : 1 1 m 105 3 : : : : :
‘ ! | : : | : | i ! !
|:|C_\ 1 M@%/ﬁ% 104-E| HRS : ; : i : 104_ : i : E i
E 197 3 o LRS M "
O g 10°L b 10°L2 i . : . . .
01 E it} g l.3 1_2 |_1 Tl 5 l : 1 z 1 3 —+ - = 0 ; 2 .
OFF —* 10° 10° 100 10" 10 10" 10 10® 10° 10" 10" 10 10° 10
6 4 2 0 2z 4 6 Pulse width (ms) Pulse width (ms)
V (V)
(b) (e) (f)
i 10° 10°
sl G T — - - - - - - - - - - - 8[
68- 10 10 [0 0OOmon goooo0 Mmool oo
e 7 o 7
g 10" o HRS g _10°¢ rs
i ~ >0 o
£ ! ° RS o ‘C:’106— o LRS
84l 14 |
3 10%F 10°t
™ | 10&00“1/"/— : 10*h 000n®e 000000 @R 0g00 2°°°
0 I 3 R G Gy P P P 10°k ‘ . . s
10° ¥ 10° T [ ETs 10*  10°  10° 10° 10" 10° 10° 10
ON/OFF ratio Time (s) Cycles

Figure 2. Device performance. a) Resistance (R) and capacitance (C) of sample D4 as functions of applied voltage. The C-V curve is extracted from
impedance measurements with a 10 mV, 25 kHz AC signal imposed on a continuous DC bias sweep. b) ON/OFF ratios measured on about 60 devices.
R evolution of the device after c) writing or d) erasing with decreasing voltage pulse width from 1 s to 1 us. Before the writing (erasing) operations,
voltage pulses of =5 V (+5 V) with a pulse width of 1 s are used to set the device to the HRS (LRS). ) HRS and LRS retention characteristic of the
device recorded at —0.2 V after a forward and reverse bias sweep, respectively. f) Fatigue performance of the device.

Poole-Frenkel (P-F) emission were used to fit the nonlinear
-V curves.B132 For SCLC, the -V curve follow the Child’s
lawt®3!

8 E?
o< —E.EU—

5 . (1)

J

where | is the current density, &, is the relative dielectric con-
stant, & is the permittivity of free space, u is the mobility of
charge carriers, E is the electric field, and d is the film thick-
ness. For Schottky emission, the [-V relationship could be
expressed as following!34]

(2)

I(xTzexp[e (eV)/(47r£r£0d)}

ks T

where e is the electronic charge, kg is the Boltzmann constant,
T is the measured temperature. If the leakage is controlled by
P-F emission, the I-V relationship is as following*¥

I/Vxexp[e ‘”,;Q‘;M’]
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where r is a coefficient ranging between 1 and 2, depending
on the exact position of the Fermi level.’® -V curves of
both HRS and LRS are plotted in double-logarithmic scales
in Figure 3b. The fitting results are also highlighted by color
lines. The LRS follows the SCLC mechanism (slope should be
around 2 according to Child’s low).**l On the other hand, the
I-V characteristics of HRS are complicated and can be divided
into two regions. It is dominated by Schottky emission under
low electric field and P-F emission under high electric field.
These fitting results are consistent with the interfacial effect on
RS,B13637] where the migration of oxygen vacancies at the inter-
face drives RS.

Figure 3c illustrates the RS behavior at the GdNiO;_,/Nb-
SrTiO; interface. When a low forward bias is applied to the
device, the positively charged oxygen vacancies are gradually
driven from the GANiO;_, films into the Nb-SrTiO; substrates,
thus inducing the change of oxygen vacancy concentration in
GdNiOs_, films. The decrease of oxygen vacancies concentra-
tion reduces both E, and Ep of GdNiO;_, films (Figure 3d;
Figure S6, Supporting Information). A reduction of potential
barrier for electron or hole injection and depletion region width
(Wy) could be expected, which leads to LRS and HCS of the
heterostructure (Figure 2a). On the other hand, when a reverse
bias pushes these oxygen vacancies back to the GANiO;_, films,

(3 of 7) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Resistive switching mechanism. a) Linear scale -V switching characteristics of sample D4 as the voltage sweeps from —5 to 0, +5 V, and then
back to —5 V. b) Fittings for the nonlinear I-V curves of the GdNiO;_,/Nb-SrTiO; p—n heterojunction: SCLC conduction at LRS; Schottky emission and
P—F emission at HRS. c) Migration of oxygen vacancies in GdNiO3_,/Nb-SrTiO; p—n heterojunction under electric field. Vo denotes oxygen vacancy.
d) Dependence of P(O,) on the band structural of GdNiOs_, films. Energy levels and work functions of the various components in the devices. The
dashed dotted lines denote the Fermi level (E¢). When we apply the forward bias on sample D4, the electrons and holes movement direction is noted

by the black and red arrow, respectively.

the potential barrier recovers and the device returns to HRS
(LCS) (Figure 2a). The small-signal current of LRS decays with
time following a power law (I ~t ) (Figure 2e; Figure S7, Sup-
porting Information), consistent with oxygen vacancy diffusion
model.[29:38]

To further verify that migration of oxygen vacancies indeed
occurs in our devices, we performed TEM measurements and
electron energy loss spectroscopy (EELS) analysis for both LRS
and HRS of sample D4 (Figure 4). Compared with the as-grown
state (Figure 1d), the HAADF image of LRS (Figure 4a) shows
perfect crystallinity with less defects (i.e., oxygen vacancies)
in the GdNiOs_, layer. Conversely, the HAADF image of HRS
(Figure 4b) shows much worse crystallinity with more defects in
the GANiO;_, layer. More evidence comes from EELS measure-
ments, which reveal the valence state of Ni. The measurements
were performed along the direction indicated by the arrows,
and spectra were recorded every =5 A (Figure 4c for LRS and
Figure 4d for HRS). For both the LRS and HRS samples, there
were essentially no changes in either O K-edge or Ni L-edge
EELS along the scanning pathway. However, compared with
LRS, the main peak (marked by the red arrow) in HRS O K-edge
EELS shifts a little to the right, implying lower Ni valence in
HRS. The small pre-peak in the O K-edge (labeled by a blue
arrow in Figure 4e) almost disappears in HRS, suggesting the
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existence of large amount of oxygen vacancies.'*% Moreover,

the area ratio between L3 and L, peaks in the Ni L-edge provides
an estimation of Ni valence state.*”) Higher valence of cation
gives rise to a smaller ratio of L3/L, due to the lower occupancy
of 3d-states.!l The EELS spectra were normalized using the Ni
L-edge and the evolution of the L;/L, ratio was monitored. As
shown in Figure 4f, the L3/L, area ratio of HRS is statistically
higher than that of LRS, confirming that HRS possesses lower
Ni valence, consistent with the O K-edge result. Therefore, we
conclude that oxygen vacancies indeed migrate out of GANiO;_,
films in LRS and re-enter GANiO;_, films in HRS, consistent
with the model proposed in Figure 3c. Further in-suit TEM
measurements can be investigated by directly imaging of
atomic-scale dynamic processes and their real-time impact on
resistance change,*>*¥ which can give us an in-depth under-
standing of oxygen vacancy driven RS behavior observed here.
We have investigated the bipolar RS behavior of Pt/
GdNiO;_,/NDb-SrTiO; heterostructures, and confirmed that
modification of the barrier at the GANiO;_,/Nb-SrTiOj; interface
by the migration of oxygen vacancies is the origin. Moreover, we
also demonstrate that oxygen vacancies cannot be seen merely
as electron donors which shift the Ep of nickelates rigidly, but
strongly modify the electronic structure due to the strong elec-
tron—electron and electron-lattice interactions in nickelates. It

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. EELS analysis. HAADF images of a) LRS and b) HRS of sample D4. O K-edge and Ni L-edge EELS spectra along the scanning direction shown
in panels (a) and (b) for c) LRS and d) HRS. e) Comparison of representative O K-edge and Ni L-edge EELS spectra for HRS and LRS. The pre-peak of
O K-edge is labeled by a blue arrow. f) Comparison of Ni Ls/L, area ratio for HRS and LRS after the Ni L-edge normalization. The error bars are based
on the multiple peak area calculations and the line is to assist visualization. The color arrows in the figure represent the scanning direction.

can be seen that Ef shifts toward Ey with increasing the oxygen
vacancies concentration, and the nominal valence of Ni** tends
to be Ni** with half filled ¢, bands, enlarging the Mott-Hub-
bard splitting and shifting the Ec higher (see Figure 3d). More
oxygen vacancies in GdNiO;_, films induce larger barrier (see
Figure 3d) at the GdNiO; ,/Nb-SrTiO; interface, thus, the
HRS resistance increases with decreasing P(O,) (see Figure 1b;
Figure S3, Supporting Information). Under electric field, a
large modulation of the interfacial barrier can be induced by
the migration of oxygen vacancies, leading to the significant
resistance change of the device prepared under lower P(O,).
Note that the RS behavior is not limited to GdNiO;_, only,
we have also investigated Pt/RNiO;_,/Nb-SrTiO;3 heterostruc-
tures where R varies from Sm, to Gd, Er, and Lu. Generally,
the tolerance factor and the Ni—O—Ni superexchange angle
decrease when the size of rare earth element decreases from
Sm to Lu (Figure 5a).®! Reducing the Ni—O—Ni superexchange
angle leads to a reduction of the bandwidth, hence an increase
of the U/B (where B is initial width of the Ni 3d band), which
drives the system deeper into the insulating state (larger E, or
higher metal-insulator transition temperature Ty;).®! There-
fore, the barrier at the RNiO;_,/Nb-SrTiO; interface could
show larger difference when R changes, even if P(O,)
stays the same. Figure 5b shows the I-V characteristics of
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Pt/RNiO;_,/Nb-SrTiO; devices with R changing from Sm, Gd,
Er, to Lu. Indeed, more pronounced I-V hysteresis character-
istics and larger ON/OFF ratios are observed when we change
R from Sm to Lu (Figure 5b,c). The pseudocubic lattice con-
stants for bulk SmNiO;, GdNiO;, ErNiO;, and LuNiO;
are 3.784, 3.756, 3.70, and 3.67 A, respectively.l*>#?] Noted that
the cubic lattice constant of SrTiO; is 3.905 A. Therefore, larger
lattice mismatch will exist when we change R from Sm to Lu.
The oxygen vacancies are more likely to exist in the LuNiO;
(also ErNiO;) films even we deposited under high oxygen
pressure. That may be the reason why the ON/OFF ratio in
the LuNiO; (also ErNiOs;) sample decreases much slower
than that of GdNiO; sample with the oxygen pressure (shown
in Figure 5c). Moreover, the Ni—O—Ni bond angle could be
affected by the loss of oxygen ions due to the Ni—O octahedral
rotation. Further experimental and theoretical investigations
are needed to address whether the change of Ni—O—Ni bond
angle contributes to the observed resistive switching effect.

In summary, electrochemically driven nonvolatile bipolar RS
behavior is demonstrated in nickelates-based heterostructures
at room temperature. A clear correlation between the RS effect
and oxygen vacancies in the nickelates films is established.
Large ON/OFF ratio, good retention, and fatigue performance
observed in these heterostructures suggest potential application

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Comparison of ON/OFF ratio of different devices. a) The variation of the metal-insulator transition temperature Ty, as a function of the
Ni—O—Ni superexchange angle in the RNiOj; series. The inset shows the schematic of the decrease of the Ni—O—Ni superexchange angle from Sm
(152.6°) to Lu (143.3°).8 b) |-V characteristics for the Pt/RNiO;_,/Nb-SrTiO; devices with R changing from Sm, Gd, Er, to Lu. All RNiO;_, films were
deposited under 100 mTorr. c) Dependence of the ON/OFF ratio on P(O,) for Pt/RNiO;_,/Nb-SrTiO; heterostructures with R changing from Sm to Lu.

in nonvolatile resistive memory. Moreover, the voltage-con-
trolled continuous change in resistance could also be used in
multilevel computing and neuromorphic devices. Overall, our
finding provides an important step toward the development of
multifunctional electronic devices based on nickelates.

Experimental Section

Sample Preparation: RNiO;_, thin films were grown on the
(001)-oriented SrTiO; (STO), and 0.7 wt% Nb-doped SrTiO; (Nb-STO)
substrates by pulsed laser deposition. The laser pulse (248 nm) energy
density was =2 ] cm™2 and the repetition rate is 5 Hz. The substrates
were heated to 725 °C during deposition. The thickness of RNiO;_, films
was controlled to be about 10 nm. After deposition, the samples were in
situ annealed for 10 min, then cooled down to room temperature. The
surface morphology of the RNiO;_, films was examined using atomic
force microscope.

Structure  Characterization: X-ray diffraction measurement was
conducted to identify the crystal structure by using Rigaku SmartLab
instrument. The high-angle annular-dark-field images of the films were
obtained using an ARM-200F (JEOL, Tokyo, Japan) STEM operated at
200 kV with a CEOS Cs corrector (CEOS GmbH, Heidelberg, Germany)
to cope with the probe-forming objective spherical aberration. HAADF
images were acquired at acceptance angles of 90-250 mrad. The
attainable resolution in HAADF images is better than 0.078 nm.

Electrical ~ Characterizations: For the electrical measurements,
square Pt top electrodes of 70 m x 70 um and a thickness of 30 nm
were deposited on the RNiO;_, films using a metal shadow mask.
The electrical properties of the Pt/RNiO;_,/Nb-SrTiO;3 heterostructures
were measured using a pA metre/direct current (DC) voltage source
(Hewlett Package 4140B) on a low noise probe station under air

Adv. Electron. Mater. 2017, 1700321 1700321

condition at room temperature. A compliance current of 10 mA was
applied to the set operation to prevent the device from permanent
breakdown. Agilent 4294 A was used to measure the capacitance—
voltage in a frequency range from 1 kHz to 1 MHz with a fixed oscillating
voltage of 10 mV. Bias voltages were applied on the Pt top electrodes
with Nb-SrTiO; grounded. Voltage pulses were supplied by an arbitrary
waveform generator (Agilent 33522A). For the fatigue measurements,
the voltage stresses were applied using a Multiferroic tester (Radiant
Technologies).
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