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In this work, the resistive switching behaviors of ferroelectrictric BaTiOs/Lag 67519.33MnO3 heterostructures de-
posited by pulsed laser deposition are investigated. The BaTiO3 films show both well-established P—E hysteresis loops,
and asymmetric reversible diode-like resistive switching behaviors, involving no forming process. It is found that both the
ON/OFF ratio and the stability of resistive switching are substantially dependent on operation voltage (Vinax ). At a Vipax of
15 V, a large ON/OFF resistance ratio above 1000 is obtained at a Vipax of 15 V, which is able to maintain stability up to
70-switching cycles. The above resistive switching behaviors can be understood by modulating interface Schottky barriers

as demonstrated by /-V curve fitting.
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1. Introduction

In the past decade, resistive random access memory
(RRAM) devices have been the focus of intensively investigat-
ing a great variety of superior properties, such as nonvolatility,
high speed, low energy, and high density, and considered as an
ideal candidate for immerging nonvolatile memory.!'="1 The
memory effect in RRAM relies on resistive switching material
in which a resistance switching between high resistive (HRS)
and low resistive state (LRS) can be reversibly triggered by
applying an electric field. Recently, there has been an upsurge
of research interest in ferroelectrically-related resistive switch-
ing effects.l”~1% In contrast to conventional chemically-related
(e.g. redox) effects,!!3! the variations of resistivity in ferro-
electrics can be induced via the modulation of a ferroelectric
conduction band by polarization reversal. This has the advan-
tage of not being based on voltage-induced ion or defect mi-
gration, but on a purely electronic mechanism, which not only
enables the fast and nondestructive read-out of the polariza-
tion states and enhances the stability and uniformity, but also
avoids the undesirable forming process. Ferroelectric resistive
switching behaviors in ultrathin ferroelectric films of BaTiO3
(BTO),P-14 Pb(Zr, Ti)O3 (PZT),['3 and BiFeO3(BFO)!°!
have been widely studied, and are mainly attributed to the elec-
tronic quantum tunneling effects. In a recent study, large resis-
tance variations exceeding two orders of magnitude, together
with excellent retention of up to a few months and cycling en-
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durance of more than 10° switching cycles, can be obtained
in few nanometer-thick BaTiOs films.!'%13] More recently, a
unique switchable diode effect was observed in thicker films or

U5-19] which has been

single crystalline ferroelectric BiFeOs,
explained by the polarization-dependent Schottky junction in
ferroelectrics. By appropriately adjusting electrode-film in-
terfaces or charge carrier concentrations, the resistive behav-
iors can be further tailored to have excellent stability and
anti-fatigue properties, which is promising for applications in
memory devices. 2021

However, there are still very few investigations into
ferroelectric resistive switching in relatively thicker BaTiO3
films, though the diode-like transport has been observed in

(221 1 this work, the resis-

its oxygen-deficient single crystal.
tive and ferroelectric behaviors in BaTiO3/Lag ¢7Srg.33MnO3
(BTO/LSMO) heterostructured thin films deposited by pulsed
The BTO films

show both well-established ferroelectric hysteresis loops, and

laser deposition (PLD) are examined.

unique forming free reversible diode-like resistive switching
behaviors, which are related to the modulation of interface po-
tential profile by polarization switching.

2. Experiment

The resistive device structure is schematically shown in
Fig. 1(a), which consists of an LSMO bottom electrode on sili-
con substrate, a BTO active layer, and Au top electrodes. Here,
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Fig. 1. (color online) (a) Schematic diagram for the resistive switching cells consisting of BTO-based multilayer capacitor structures; (b) SEM cross-section
image for the BTO heterostructure deposited at 700 °C on LSMO/SiO,/Si substrate; (c) AFM surface topographic micrograph for the as-deposited BTO
film; and (d) X-ray diffraction patterns for BTO thin films deposited at three different temperatures.

the LSMO bottom layers and the BTO films were sequentially
deposited on SiO,/Si substrates by pulsed laser deposition us-
ing a KrF excimer laser with a wavelength of 248 nm. Both
LSMO layers and BTO layers were deposited at various am-
bient temperatures (from 650 °C to 750 °C) using the same
deposition parameters (e.g. pulse energy = 1.99 J/cm? and
repetition = 5 Hz). For electrical measurements, Au top elec-
trodes with 140 pm in diameter were deposited on the top of
BTO film through a shadow mask using a dc sputtering coater.
The thickness of the LSMO layer is ~ 30 nm, and that of the
BTO film is ~ 300 nm, both of which were determined by
a scanning electron microscope (SEM) cross-sectional image
(Fig. 1(b)).

The surface topography for the BTO film deposited at
700 °C was monitored by atomic force microscopy (AFM,
Asylum Research, Cypher), which clearly shows spherical
grains of ~ 40 nm in diameter and an average roughness of
~ 3.95 nm (Fig. 1(c)). The crystallization features of BTO
films deposited at three different ambient temperatures were
confirmed by X-ray diffraction (X’Pert PRO, PANalytical) us-
ing the thin film diffraction mode in order to suppress the
diffraction signals from both substrate and bottom electrode
layer. As shown in Fig. 1(d), all the diffraction peaks from
the films can be indexed by various BTO planes without a de-
tectable impurity phase. The current—voltage (I-V') character-
istics were measured by a Keithley 6430 low resistive source
meter at room temperature, using a staircase voltage in steps
of 0.1 V and a duration delay of 0.1 s/step. As the delay time
for each step is considerably longer than that of fast transient

current from polarization switching, the /-V curve should ex-
hibit a quasi-static behavior. The ferroelectric hysteresis loops
were obtained using a Precision Materials Analyzer (Multifer-
roic, Radiant) at a frequency of 1 kHz.

3. Results and discussion

Figure 2(a) shows the room temperature ferroelectric hys-
teresis loops for the BTO thin films deposited at 700 °C, in
which well-established hysteresis loops can be observed. The
remnant polarization (7) for the BTO film increases grad-
ually with the rising of operation bias voltage (Vinax). The
remnant polarization (P;) for the BTO film is measured to
be ~ 8.5 uC/cm2 at Vinax of 15 V. Although this value is
smaller than that of perfectly strained epitaxial BTO films, >
it is still considerably large compared with those reported val-
ues for polycrystalline BTO films or unstrained epitaxial BTO
films,[?*?3] wherein only slim hysteresis loops can be ob-
tained, owing to their severe depolarizations.

The resistive switching properties at various values of
operation bias voltage (Vinax) for the BTO film deposited at
700 °C are illustrated in Fig. 2(b). All the I-V curves show
apparent asymmetric current rectification behaviors, as well
as well-recognized resistive switching loops in a positive bias
voltage range. To further reveal the low current /-V behavior,
a semi-logarithmic /-V curve at a Vjpux of 18 V was plotted
in Fig. 2(c). It is found that resistive switching characteris-
tics can be well identified in both positive and negative bias
ranges, although the variation of resistance in a negative bias
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range is much smaller than that at positive bias, which is likely
to be due to the significant current rectification. More inter-
estingly, unlike the typical bipolar resistive switching, which
shows the remaining HRS—HRS (or LRS-LRS) when applied
bias sweeps forwards (or backwards) through the zero volt-
age point, the resistive states in our BTO film show apparent
HRS-LRS (or HRS-LRS) as the bias crosses the zero voltage,
showing a characteristic of so-called switchable diode effect.
To further verify this, we measured the /-V curves after poling
by different voltages (18 V) in the voltage range as shown in
the inset of Fig. 2(c). Both I-V curves exhibit typical charac-
teristics of diode effect. The up state (+18 V, HRS) displays
a forward diode-like behavior, whereas the down state (18 V,
LRS) exhibits a backward diode effect, further confirming the
switchable diode-like resistive switching behaviors. A similar
phenomenon (though not so asymmetric) has been previously
reported in BFO thin film!'*?%! and single crystal BFO and
BTO, 722 which has been considered as an important feature
for ferroelectrically-related resistive switching.
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Fig. 2. (color online) (a) P-V hysteresis loops and (b) I-V hysteresis
curves at different values of operation bias voltage (Vinax) for the BTO
film deposited at 700 °C, (c) semi-logarithmic plot of an /-V hysteresis
loop at Vinax 18 V. The inset shows the low field -V curves for two
different polarization states.

It is worth mentioning that our BTO films are rather ro-
bust and able to withstand dc voltages as high as 20 V, thus
enabling the further exploration of high field /-V characteris-
tics. The maximum ON/OFF resistance ratios are extracted at
certain voltages where the largest resistance ratio can be found
(e.g. at Vipax of 18 V, Vieaq 0of 7 V). The ON/OFF ratio is greatly
dependent on Vpnax, Which increases quickly from 688 at Vipax
of 8 V to 2601 at 18 V, which also implies that it is a mul-
tilevel resistive switching. It is noted that the dependence of
ON/OFF resistance ratio is apparently correlated with the rem-
nant polarization, which is also greatly dependent on the max-
imum applied voltage. The large resistance variation is larger
than that of BFO film and that induced by the BTO-based
ferroelectric tunneling effect, which is desirable for memory
applications.!'>!° The operation voltages in our BTO are a
little too large for real application, nevertheless the operation
voltages can further be reduced to meet certain applications by
properly adjusting the film thickness or deposition parameters.
It is also noted that resistive switching phenomena have also
previously been reported in BTO films, 527! but these films
were too leaky too show good ferroelectric hysteresis loops,
and their resistive switching properties are dominated by de-
fect related mechanisms.

To further examine the stability of the resistive switching,
the I-V testing was repeated for about 70-cycles. Figure 3
shows the /-V hysteresis loops versus repeating cycle. At
small bias voltages (e.g. 6 V or 8 V), the resistive switching is
not very stable against repetition cycle, in which the ON/OFF
resistance ratio drops down fast with the elongating of switch-
ing cycle. In comparison, at higher bias voltages (above 12 V),
the resistances become very stable. As shown in the inset of
Fig. 3(d), the BTO film at Vjpux of 15 V demonstrates a sta-
ble ON/OFF resistance ratio of 1024 without apparent fluctu-
ation up to 70-cycles. The reason for the different stabilities
is still not clear. It is likely to be due to the fact that the inter-
face potential profiles are not very stable after applying a low
voltage bias, while for a high voltage bias, rather stable inter-
face potential variation can be induced, consequently leading
to the enhanced repeatability against the switching cycle. As
the resistive switching is closely related to the polarization sta-
tus, at low operation voltages (e.g. 6 V, 8 V), the polarization
state is not saturated, containing lots of movable domain walls
and charge trapping sides, which are rather unstable against
repeated switching cycles. At high operation voltages (e.g.
12 V, 15 V), the polarization states become more or less sat-
urated, and the unstable domain wall or charge trapping sites
have greatly reduced, contributing to the repeatable resistive
switching behaviors.

In metal oxides, the conductive mechanisms are rather
complicated, as defect mediated transport effects, such as

[4.6

grain boundary, ionic or electrochemical effects,*! may also

lead to I-V hysteresis. To further clarify the origin of the
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Fig. 3. (color online) Curves of -V versus resistive switching cycle for the BTO film deposited at 700 °C at different bias voltages: (a) 6 V, (b) 8 V, (c)
12V, and (d) 15 V. The inset in panel (d) shows HRS and LRS resistant values against 70 switching cycles at a Vipax of 15 V.

switching behaviors, we examine the conductive mechanisms
for the four individual states. It is found that the /-V curves
can be well fitted by the Schottky equation, 28301

@ — (& /Aneode) 2V /2
kT ’

J=A"T?exp (1)
where A** is the Richardson constant, 7 the temperature
(which is set at 295 K), @ the barrier potential arising from
the different work functions between the metal electrodes and
oxide insulator, e the electronic charge, & the permittivity of
free space, d the film thickness, & the optical dielectric con-
stant, V the applied voltage, and k Boltzmann constant. As
shown in Fig. 4(a), I-V curves for the four different states
can be fit by the same equation under the assumption of
A™ =1x10° Am2.K~? and T = 295 K.B!l By fitting, we
are able to extract the four different Schottky barriers for both
film—electrode interfaces at different states, and construct a
schematical diagram for the interface Schottky barriers based
on the extracted Schottky barriers as indicated in Fig. 4(b). It
is found that at the LSMO/BTO interface, the Schottky barrier
is rather high (1.36 eV) at LRS while it becomes much lower
(0.63 eV) at HRS. From the literature,*8! the work function
of LSMO is around 4.8 eV, and the electron affinity of oxide
is around 3.6 eV, which leads to a Schottky barrier of 1.2 eV
(the difference between metal work function and oxide elec-
tron affinity) for BTO/LSMO interface without considering
the modulation of interface potential barriers. It is also in-
teresting to see that there exists a relatively large potential

variation (A® = 0.61 eV) in Schottky barrier height between

Current/pA

—10 0 10
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Fig. 4. (color online) (a) Typical -V curves for the BTO film measured
at 18 V, which is fitted by the Schottky emission equation, from which
four different Schottky barriers can be extracted; (b) schematic diagram
of potential profiles for the BTO-electrode interfaces based on the above
fitting, which illustrates the changes in Schottky barrier.
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in the HRS and LRS at BTO/LSMO interfaces, corresponding
to different potential barriers: 0.75 eV at LRS and 1.36 eV at
HRS, whereas for the BTO/Au interface, a much smaller po-
tential barrier difference (A® = 0.08 eV) is observed at the
BTO/Au interface. These can explain the large ON/OFF re-
sistance ratio for the two resistive states in the positive bias
voltage range and the smaller resistance difference in the neg-
ative bias range well.

The direct evidence for the variation in Schottky barri-
ers has been reported in oxide films recently,3>=4! but the
origin of the variation (A®) is still controversial. There are
some possible explanations, including the migration of oxy-
gen vacancies, ?>=" incomplete screening of ferroelectric po-
larization charge by metal electrodes,*®! and charge trapping
and detrapping process.*>3° In our case, the observed mod-
ulation in interface Schottky barrier is very similar to previ-
ous experimental and theoretical reports on switchable diode-
like resistive switching behaviors in ferroelectric BiFeO3 sin-
gle crystal and thin film as well as in Pb(Zr, Ti)O3 film, which
can be well explained by the ferroelectrically-related incom-
plete screening of polarization charge scenario.!!”-1%211 From
our fitting, the BTO/LSMO interface has a larger A® on polar-
ization reversal due to its longer screening length, whereas the
Au/BTO interface possesses a shorter screening length corre-
sponding to the smaller A®, which is in good agreement with
this scenario. Besides this, other extrinsic effects, e.g. oxygen
vacancies®>*1 and moisture, may also affect the interface po-
tential barrier. Further studies are still needed to accurately
ascertain the respective contributions for the above resistive
switching behaviors.

4. Conclusions

The ferroelectric and resistive switching properties in
BTO/LSMO heterostructrued films are carefully examined.
It is found that the heterostructured films exhibit both well-
established ferroelectric hysteresis loop and switchable diode
like forming free resistive switching behavior, along with ap-
parent current rectification behaviors. By properly adjusting
the testing parameter, a large and stable resistance ON/Off ra-
tio above three orders in magnitude can be obtained, exhibiting
promising properties for RRAM application. The observed
I-V curves can be well-fitted by a Schottky emission equa-
tion, revealing an apparent variation in Schottky barriers in
response to polarization switching, which can account for the
above resistive switching behavior.
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