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ABSTRACT: Pulsed laser deposited Au-BFO-Pt/Ti/Sapphire MIM
structures offer excellent bipolar resistive switching performance,
including electroforming free, long retention time at 358 K, and
highly stable endurance. Here we develop a model on modifiable
Schottky barrier heights and elucidate the physical origin underlying .
resistive switching in BiFeO; memristors containing mobile oxygen RiI o0 .e. ""'ln;:..,__ f J
vacancies. Increased switching speed is possible by applying a large

amplitude writing pulse as the resistive switching is tunable by both
the amplitude and length of the writing pulse. The local resistive
switching has been investigated by conductive atomic force
microscopy and exhibits the capability of down-scaling the resistive

switching cell to the grain size.
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1. INTRODUCTION

As the conventional semiconductor memory technologies are
expected to approach their physical limits in the near future,
nonvolatile memories with high-density, high-speed, and low-
power that can replace flash memories and dynamic random
access memories (DRAM) are required."” Reversible resistive
switching devices, known as “ReRAM” or “Memristors”, are
considered as one of the most promising candidates for the
next generation of highly scalable nonvolatile memories.”*
Additionally, these simple structures consisting only of a
metal—semiconductor (or insulator)—metal sandwich stack
(MIM) have the Eotential to be used in reconfigurable
nonvolatile logics,”*® cognitive computing”® and data
encryption.” Resistive switching characteristics with different
switching behaviors, including bigolar resistive switching,2’4_6
and unipolar resistive switching,'”'" have been investigated in
many materials, e.g., binary transition metal oxides,2’4_6’10’11
ternary and multicomponent perovskite-type oxides,'”"> and
some other materials.”'* A number of chemical and physical
models have also been proposed to explain the resistive
switching behaviors, including formation and rupture of
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nanoscale conduction paths within insulator layers by either
thermochemical processes or valence change,>>'" modification
of the Schottky barrier height'>'>'>'® and electron trapping/
detrapping.'” Tt is possible that several different mechanisms
may coexist, and different mechanisms could be dominant in
different material systems.

BiFeO, (BFO) is a well-known multiferroic material and has
attracted considerable attention because of its fascinating
physical properties, e.g., its photovoltaic effect,"®'® which offers
the potential to develop radical new concepts for resistive
switching devices. In recent years, the resistive switching
behavior has been also observed in BFO thin films in MIM
structures.'>'®'*7* Most of the observed resistive switching
behavior is attributed to the switching of ferroelectric
polarization'>'?~? or the migration of oxygen vacancies'®**~*°

under applied electric field. However, the ferroelectric
polarization fatigue would limit the endurance'”** and the
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migration of oxygen vacancies under low electric field with
longer time constant’® might cause the resistive switching
degradation by the small reading bias which limits the retention
time. Therefore, the challenges still remain to achieve excellent
resistive switching performance, including long retention time,
good endurance, fast switching activity, and large storage
window.?”?® In this work, we present an Au-BFO-Pt/Ti/
Sapphire MIM structure with excellent bipolar resistive
switching, which is caused by the modulation of the Schottky
barrier forming at the BFO-Pt bottom interface by the bias-
driven forward—backward migration of mobile oxygen
vacancies. Stable endurance and retention are obtained by the
enhanced local electric field and the trapping of mobile oxygen
vacancies. The resistive switching is tunable by the amplitude
and length of the writing bias pulse and it is possible to scale
down the size of resistive switching cells to the grain size.

2. EXPERIMENTAL SECTION

Polycrystalline BFO thin films with R3c space group (see Figure S1 in
the Supporting Information) were deposited by pulsed laser
deposition (PLD) on Pt/Ti/Sapphire substrates. The nominal laser
energy density, laser repetition rate, oxygen ambient pressure, and
growth temperature are 2.6 J/cm?, 10 Hz, 0.013 mbar, and 650 °C,
respectively. After the PLD process, the BFO thin films were in situ
annealed at 390 °C with the oxygen ambient pressure of 200 mbar for
60 min. The nominal thickness of BFO thin films is 600 nm. Following
the deposition, circular Au top contacts with an area of 0.045 mm? and
a thickness of 30 nm were fabricated by DC magnetron sputtering at
room temperature using a metal shadow mask. The schematic sketch
of the Au-BFO-Pt/Ti/Sapphire MIM structure is displayed in the inset
of Figure 1b.
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Figure 1. (a) Sequence of applied ramping voltages; (b) current—
voltage (I-V) curves of the Au-BFO-Pt/Ti/Sapphire MIM structure.
The numbers 1—16 label successive ramping voltages and correspond-
ing current branches on a logarithmic scale, and the arrows indicate
the scanning direction of the applied ramping voltages. The inset in
(b) exhibits the schematic setup for the electric measurements.

The X-ray diffraction measurement was characterized by a Bruker
D8 Advance diffractometer with paralle] beam geometry using Cu Ka
radiation at a fixed angle of incidence of 7°. The electric measurements
were carried out using a Keithley 2400 source meter. The high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and the energy-dispersive X-ray spectroscopy
(EDX) measurements were performed with a JEOL JEM 2200FS,
double Cs-corrected scanning transmission electron microscope. The
conductive AFM measurements were carried out with an Agilent
Technologies 5420 scanning probe microscope.

3. RESULTS AND DISCUSSION

3.1. Resistive Switching Characteristics. The current—
voltage (I-V) measurements were carried out with a Keithley
2400 source meter. The schematic sketch of the electrical
measurement configuration is indicated by the inset in Figure
1b, in which the bias voltage was applied between Au top
electrode and Pt bottom electrode. The Pt bottom electrode
was grounded. Figure 1a shows a sequence of ramping voltages,
namely two negative triangular voltage sweeps followed by two
positive triangular voltage sweeps. The voltage step is 0.4 V
with the step time of 0.1 s. Figure 1b shows the obtained I-V
curves from the Au-BFO-Pt/Ti/Sapphire MIM structure. The
numbers 1—16 label successive ramping voltages and the
corresponding current branches in the I-V curves, and the
arrows indicate the scanning direction of the applied ramping
voltages. A distinct resistive switching behavior is observed at
the positive bias range. After a positive ramping voltage (branch
S or 13), the MIM structure exhibits a low resistance state
(LRS) in the following positive ramping bias (branch 6, 7, 8 or
14, 15, 16). While the MIM structure shows high resistance
state (HRS) in negative ramping bias. This suggests the
nonvolatile resistive switching. Note that the I-V character-
istics does not depend on the bias sweeping direction and no
electroforming process is needed as indicated by Figure S2 in
the Supporting Information. First-time switching of MIM
structure reveals that pristine MIM structure is always in HRS,
and the LRS is set by a positive bias (+8 V), whereas the MIM
structure is reset to HRS by a negative bias (-8 V). It suggests
that an as-prepared BFO-based MIM structure shows bipolar
resistive switching behavior without an electroforming process.

To check the nonvolatility and reliability of the resistive
switching in Au-BFO-Pt/Ti/Sapphire MIM structure, we
performed pulse retention and endurance tests. The retention
tests were carried out by first applying a writing bias pulse of +8
V or —8 V for 100 ms at room temperature to switch the MIM
structures to LRS or HRS, respectively, and followed by
detecting the resistance state with a small reading bias pulse of
+2 V every 2 min at room temperature, 328 and 358 K, as
shown in Figure 2a. The HRS is quite stable at room
temperature, while the HRS at 328 and 358 K initially exhibits
decreasing resistance (increase in the detected current) and
becomes stable within 24 h. However, a degradation exists in all
LRS tests. A stable LRS was obtained after around S h at room
temperature and at 328 K, but the LRS at 358 K did not
stabilize until around 40 h later. The stable LRS and HRS
within the retention test time are more visible with the linear
scale on the time axis (see Figure S3 in the Supporting
Information). After 24 h, the resistance ratio Ryps/Rirs Was
around 100 at each test temperature. As indicated by the
dashed lines in Figure 2a, the resistance ratio Ryg/R; s can be
well-kept after 10 years at room temperature, 328 and 358 K.
The endurance tests were carried out at room temperature by
repeating the set/read/reset/read process for more than 3 X
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Figure 2. (a) Retention test results at room temperature (RT), 328 and 358 K. The extrapolated 10-year HRS/LRS retention time can be expressed
by the dashed lines. (b) Endurance test result at RT. The inset in (b) indicates a statistics histograms of LRS/HRS. The LRS/HRS are set/reset by a
writing bias of +8 V/—8 V with pulse length of 100 ms. The resistance states were read at +2 V.
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Figure 3. (a) Schematic presentation of the distribution of mobile V,* (black circles) and fixed Ti** (orange circles) donors in the BFO thin film for
HRS and LRS. The band diagrams of the Schottky barriers and the corresponding equivalent circuits are indicated in the left side of the schematic for
each resistance state. Schematics of the potential profile for mobile V,* donors are shown in the right side of the schematic for each resistance state.
(b) Cross-section high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image and the energy-dispersive X-ray
spectroscopy (EDX) mapping images of Ti (blue) and Pt (red) in BFO-Pt/Ti/Sapphire.

10* times. As shown in Figure 2b, highly stable LRS and HRS
reading currents with the resistance ratio Ryggs/R;gs more than
300 were recorded. The statistical data is given by the inset in
Figure 2b, which indicates a narrow distribution of the
resistance values in LRS and in HRS. The relative fluctuations
(standard deviation divided by mean value) of LRS and HRS
are 1.89% and 0.56%, respectively. However, the LRS and HRS
reading currents of a reference sample of Au-BFO-Pt/Ti/SiO,/
Si MIM structure are fluctuant during the endurance test with
the relative fluctuations of 12.27% and 19.42% for LRS and
HRS, respectively, even though the I-V characteristic and
retention test results of the reference sample are similar to that
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of Au-BFO-Pt/Ti/Sapphire MIM structure (see Figure S4 in
the Supporting Information). The retention and endurance test
results suggest that the bipolar resistive switching in Au-BFO-
Pt/Ti/Sapphire MIM structure is nonvolatile and stable.

3.2. Resistive Switching Mechanism. As a gradually
changing current is observed from the I—-V characteristics, the
mechanism of the resistive switching is interface-mediated
instead of filament-related.>'' As shown in Figure 3a, the
mechanism of the bipolar resistive switching observed in BFO
thin films can be explained by the modification of the Schottky
barrier at the BFO-Pt bottom interface by the drift of charged
oxygen vacancies (V,") under applied large electric fields during
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Figure 4. (a) I-V curves (ramped from —2 V to +2 V) measured after applying different magnitudes of writing bias with the pulse length of 100 ms;
(b) I-V curves (ramped from —2 V to +2 V) measured after applying different lengths of writing bias with the magnitude of 8 V.

the writing step. Note that the bipolar resistive switching may
also be caused by the electron trapping/detrapping® or by the
ferroelectric switching.'> However, these two possibilities can
be excluded by the fact that the bipolar resistive switching from
the electron trapping/ detrapging mechanisms result in intrinsi-
cally low retention time,””*° and by the fact that the obvious
ferroelectricity was not observed from the samples and the
resistive switching can be tuned by the magnitude and length of
the writing bias pulse which will be discussed later. As BFO can
be considered as a n-type semiconductor due to the naturally
formed V", a Schottky-like barrier is formed at the interface of
Au-BFO and BFO-Pt.*! The Ti diffusion from the Ti layer in
the substrate causes the formation of a TiO, layer on the Pt
surface,*> which can be incorporated into the BFO film as in
the case of PbZrTiO,.>* The Ti in BFO thin film was observed
by the EDX mapping images as shown in Figure 3b. Note that
there is no distinct resistive switching behavior in Au-BFO-Pt/
Sapphire MIM structure without a Ti layer in the bottom
electrode (see Figure S2 in the Supporting Information), which
suggests that the Ti diffusing from the Pt/Ti bottom electrode
plays a critical role on the resistive switching behaviors of BFO-
based MIM structures. Compared to the V7, it is more difficult
for Ti** to migrate in perovskite materials due to the larger
ionic radius of Ti** (0.68 nm) and the larger Ti migration
energy.34 Therefore, under moderate bias pulses, V," acts as
mobile donor while Ti*" acts as fixed donor in BFO. In the
pristine state, the donors evenly distribute between the Au top
electrode and Pt/Ti bottom electrode, and most of the fixed
Ti*" donors are accumulated near the BFO-Pt/Ti bottom
interface because of a Ti diffusion from the Pt/Ti bottom
electrode into BFO during the BFO growth at elevated
temperature. As shown in Figure 3a, the equivalent circuit of
HRS is a head-to-head rectifier which consists of two
antiserially connected diodes (D, and D,) due to the
Schottky-like contact (¢, and ¢,) at both top (t) and bottom
(b) interface and one resistor R; denoting the bulk resistance of
the BFO thin film. When a positive reading bias is applied, the
current is blocked by the reversed bottom diode Dy, thus the
MIM structure is in HRS. Due to the negative writing bias, the
mobile V,* donors drift toward the Au-BFO top interface,
which sets up a small concentration gradient of donors. The
resulting small concentration gradient of donors is stable at
room temperature, while some of the mobile V,* donors may
diffuse toward the BFO-Pt bottom interface at 328 K and at
358 K due to the increasing diffusivity of the mobile V" donors
with increasing temperature and the low potential barrier as
indicated in Figure 3a. This diffusion mildly decreases the
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Schottky barrier height at the bottom interface (¢y,) and further
increases the detected current. Therefore, a degradation of HRS
was observed in the retention tests at 328 K and at 358 K. After
applying a positive writing bias, most of the mobile V,* donors
drift toward the BFO-Pt bottom interface. The distribution of
mobile V,* donors is tunable by the defects in perovskite
materials.>>*® As shown in Figure 3a, close to the bottom
interface several large potential barriers are formed on the
atomic scale by the fixed Ti*" donors. Once being drifted into
the deep potential wells most of the mobile V" donors are
trapped and can leave only the potential wells within an
external electric field. The Schottky-like barrier at the BFO-Pt
bottom interface is reduced resulting in an Ohmic contact (R;,),
whereas the Schottky-like barrier at the Au-BFO top interface
(/) is increased because of the accumulation of donors at the
bottom interface.'>*® By applying a positive reading bias, the
diode D, is forward biased and the MIM structure exhibits
LRS. The increasing resistance of LRS observed in the
retention tests may be due to the weak diffusion of mobile
V," donors away from the BFO-Pt bottom interface which
slightly increases the Schottky-like barrier at the bottom
interface as there is a strong V,' concentration gradient
between top and bottom contact. After applying a negative
writing bias, the mobile V" donors are released from the deep
potential wells and drift toward the top electrode. Thus, the
Schottky-like barrier at the BFO-Pt bottom interface is
recovered and the MIM structure is reset to HRS.

Figure 3b shows the HAADF-STEM image and the EDX
mapping images of Ti and Pt in BFO-Pt/Ti/Sapphire MIM
structures. The Pt/Ti interface is not visible in the cross-section
HAADF-STEM image due to the serious interdiffusion of Pt
and Ti as indicated by the EDX mapping images. The cross-
section HAADF-STEM image shows a rough BFO-Pt bottom
interface in Au-BFO-Pt/Ti/Sapphire MIM structures; however,
the BFO-Pt interface is smooth in the reference sample of Au-
BFO-Pt/Ti/SiO,/Si MIM structure (Figure S4 in the
Supporting Information). With this rough BFO-Pt bottom
interface, the local electric field is enhanced around the
protrusions and directs the drift of mobile V,,* donors.>”*® The
randomness of the paths for the V" drift is reduced as in the
case of ZnO resistive switching devices with Ag-nanoclusters.*®
Therefore, Au-BFO-Pt/Ti/Sapphire MIM structures with a
rough BFO-Pt bottom interface possess much more stable
endurance test results than the reference sample of Au-BFO-
Pt/Ti/SiO,/Si MIM structure with a smooth BFO-Pt bottom
interface. This suggests that the development of structured
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electrodes can solve the issue of nonuniformity for future
ReRAM.*"*®

It is difficult to directly and nondestructively characterize the
physical changes responsible for the resistive switching, because
the active regions of the devices are extremely small and buried
under a metal contact.”® In order to obtain further insight into
the modification of the interface barrier by the redistribution of
mobile V¥ donors, the I-V curves in the small voltage range
from —2 V to +2 V were measured after applying a writing bias
pulse with different magnitude and length. Note that the MIM
structure was fully reset to HRS by —8 V for 100 ms before
applying every single positive writing bias pulse (+8, +7, +6, +4
V), whereas it was fully set to LRS by +8 V for 100 ms before
applying every single negative writing bias pulse (-8, —7 —6,
—4V). Figure 4a shows the I-V curves measured after applying
a writing bias with the pulse length of 100 ms and with different
amplitudes on Au-BFO-Pt/Ti/Sapphire MIM structure. It is
clear that the current is small in both positive and negative
voltage ranges when the MIM structure was fully reset to HRS
(—8 V, 100 ms) which suggests a head-to-head rectifier
behavior, whereas a forward rectification characteristic is
observed when the MIM structure is fully set to LRS (+8 V,
100 ms), which suggests a forward rectifier behavior. This is in
agreement with the equivalent circuits presented in Figure 3a.
Under the assumption that the drift length of mobile V" is 600
nm with the writing bias of +8 V for 100 ms, the mobility of V,,*
is calculated to be 4.5 X 107 cm® V™! 57! (drift length L = vt,
drift velocity v = uE, where t, g, and E denote the drift time,
mobility and electric field, respectively), which is in the
agreement with the reported mobility of V" in the range
between 1 X 107 and 1 X 10™® cm® V™! s™! in perovskite-type
materials.**~*' The behavior of the MIM structure as a forward
rectifier or as a head-to-head rectifier becomes less pronounced
with decreasing the magnitude of the writing bias. As the drift
length of mobile V,* decreases with decreasing electric fields,
the MIM strture cannot be fully set/reset to LRS/HRS with a
small writing bias. With the writing bias pulse length of 100 ms,
the MIM structure cannot be set to LRS by the writing bias
amplitude smaller than +7 V; however, the MIM structure
cannot be reset to HRS by the writing bias amplitude below —4
V. The writing bias pulse length also influences the drift length
of V,*. Figure 4b shows the -V curves measured after applying
writing bias pulses of different length with the magnitude of 8
V. The head-to-head rectifier or forward rectifier behavior
becomes less pronounced with decreasing length of the writing
bias pulse. The MIM structure cannot be set to LRS with the
writing bias pulse length smaller than 10 ms, whereas the MIM
structure cannot be reset to HRS when the pulse length is
smaller than 1 us. It is easier to reset to HRS from LRS than to
set to LRS from HRS, i.e., the HRS can be reset by the writing
bias pulse with smaller magnitude and smaller length. This is
because of the concentration gradient of V," in LRS and the
asymmetric potential well introduced by Ti*' as shown in
Figure 3a (a larger potential barrier has to be overcome for the
migration of mobile V" from top interface to bottom interface
than for the migration from bottom interface to top interface).
With large magnitude of the writing bias, a resistive switching
device with fast speed can be realized, e.g. the MIM structure
can be fully set/reset to LRS/HRS within 500 ns by a writing
pulse magnitude of 20 V/—12 V (see Figure SS in the
Supporting Information), which further confirms that the
resistive switching is not attributed to the ferroelectric
switching. Note that the writing pulse length can be greatly

reduced by a minor increase of the writing bias amplitude
because the drift velocity of V," nonlinearly increases with
increasing electric field,** which can be used to overcome the
voltage—time dilemma.”® By tuning the magnitude and length
of the writing bias pulse, the resistive switching device can be
continuously configured between the two fully switched LRS/
HRS states for the multilevel nonvolatile memory applications.

In the following, we will discuss the variation of the Schottky
barrier heights at top interface and at bottom interface in LRS
and HRS. We expect that the Schottky barrier height at top
interface in LRS (¢,) is larger than the Schottky barrier height
at top interface in HRS (¢,) because of the different V,*
distribution in LRS and HRS (Figure 3a). Furthermore, due to
the rather homogeneous distribution of V,* in HRS, we expect
that the Schottky barrier height at top interface in HRS (¢,) is
comparable to the Schottky barrier height at bottom interface
in HRS (¢,). The temperature-dependent I—V characteristics
(from —2 V to +2 V) were measured after the MIM structure
was fully switched to HRS and LRS at room temperature (see
Figure S6 in the Supporting Information). The current
increases with the increasing temperature from 253 to 348 K.
In HRS, the current is small in both the positive and negative
bias range due to the Schottky-like barrier formed at both top
and bottom interface, so the Schottky emission dominates the
conduction. In the case of materials with low charge carriers’
mobility, the I-V characteristics can be described by the
modified Richardson-Schottky equation:*

/2
2wm gk T } q qE
J q( W ) HEeP kT v 4re e, 1)

where ] is the current density, E is the electric field, m.g is the
effective mass, y is the electron mobility, ¢ is the potential
barrier at zero bias, €, is the dielectric constant, and the other
symbols have their usual meaning. According to eq 1, the
Schottky-Simmons graphic representation can be obtained at a
constant voltage as follows

s KT\
ln( Tsj/z) = In(ZQ(W%) ﬂE]
_ 1((,, _ [aE )
kT 4re e, )

The representation In(J/T*?) ~ 1/T should give a straight line,
and the apparent potential barrier for the respective constant
voltage can be estimated from the slope. Figure 5a,b show the
an/T3/ %) ~ 1000/T plot together with the linear fitting in
negative and positive bias range, respectively. Further on,
representing the obtained apparent potential barrier value (¢,
in inset of Figure Sa and ¢, in inset of Figure Sb) as a function
of V2 the potential barrier at zero bias (¢ and @) can be
extracted from the intercept at ¢, and ¢, axes. In HRS, the
current is blocked by the Schottky-like barrier at top interface
() in negative bias range, while the current is blocked by the
Schottky-like barrier at bottom interface (¢,) in positive bias
range. Therefore, the zero bias Schottky barrier height in HRS
at top and bottom interface (¢ and ¢y,) can be extracted from
the plot in negative and positive bias range, respectively, which
are deduced to be 0.16 eV (¢,) and 0.13 eV (¢y,), respectively.

In LRS, the current is mainly dominated by the Schottky-like
barrier at top interface. As shown in Figure Sc, the temperature
dependent zero bias Schottky barrier height and ideality factor
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Figure S. Schottky—Simmons representation of the (a) negative bias
range and (b) positive bias range for HRS. The insets indicate the zero
bias Schottky barrier heights formed on top (¢,) and bottom ()
interface in Au-BFO-Pt/Ti/Sapphire MIM structure. (c) Temper-
ature-dependent zero bias Schottky barrier height and ideality factor
for LRS in Au-BFO-Pt/Ti/Sapphire.

can be fitted from the temperature dependent I-V curves by
using the Shockley equation** as follows

q%) q(V - IR))
I=AAxT? - — -1
o ( kT {e’q’[ nkT

+ (V- IRS)
R, (3)

where A is the area of the diodes, A* is the effective Richardson
constant, @, is the zero bias barrier height, R, is the series
resistance, R, is the parallel resistance, n is the ideality factor,
and the other symbols have their usual meaning. With the
increasing temperature from 253 to 348 K, the ideality factor
decreases from 4.42 to 3.22 and the zero bias Schottky barrier
height in LRS at top interface (¢y,’) increases from 0.81 to 1.09
eV. This suggests that the zero bias Schottky barrier height at
top interface is greatly increased when the MIM structure is set
to LRS with V_* drifting toward the bottom interface. The

relatively large ideality factor indicates the deviation of I-V
characteristics from thermionic emission theory. This may be
due to the large series resistance in the order of megaohm and
the lateral inhomogeneity of the Schottky barrier height, which
becomes more pronounced as the temperature decreases.
Because electrons possess a small kinetic energy at low
temperature, they prefer to pass through the lowest barrier.

3.3. Local Resistive Switching. The lateral inhomogeneity
of the Schottky barrier height is evidenced by conductive AFM
measurements shown in Figure 6. The AFM topography of the
as-grown BFO thin film with a scanning size of 2 X 2 ym? is
shown in Figure 6a, which indicates a surface roughness of 12.5
nm. Figure 6b shows the local I-V characteristics which were
measured by putting the top conductive tip on the surface of
BFO thin film. An obvious resistive switching is observed in the
negative bias range. Note that the bias polarity is opposite to
the I—V measurements shown in Figure 1, because the voltage
bias is applied on the Pt bottom electrode as indicated by the
inset in Figure 6b. The size of the top conductive tip is 20 nm.
The local area with the size of 2 X 2 um? can be switched to
LRS or HRS by scanning the conductive tip with a voltage bias
of —10 V or +10 V on the Pt bottom electrode (see Figure S7
in the Supporting Information). Figure 6¢c, d show the current
images in LRS and HRS, respectively. The reading bias was —4
V, as the difference between LRS and HRS is not visible in
linear scale until —4 V in the local I-V characteristic as shown
in Figure 6b. In HRS, only some small leakage current is
observed, while in LRS some conductive areas appear in some
grains. The local resistive switching suggests the possibility to
scale down the resistive switching cell to the grain size. The
grain size is a function of film thickness and thermal budget of
the deposition and post processing. Lateral and vertical
dimensions have to be scaled and thermal treatments have to
be tuned accordingly. Recently, it was shown that excellent
switching data can be achieved for scaled electrodes and
significantly reduced film thickness.*> Even though Figure 6c¢, d
show the inhomogeneous distribution of the current, the
resistive switching does not come from the formation and
rupture of filaments as discussed in section 3.2, it indicates the
lateral inhomogeneity of the Schottky barrier height and the
conductive shunts formed by the defects existing in the BFO
bulk.*>*” Possibly, a larger writing voltage is required to switch
the highly resistive locations with high Schottky barrier height
or without the conductive shunts.

4. CONCLUSIONS

In summary, polycrystalline BFO thin films on Pt/Ti/Sapphire
have been prepared by the PLD process and show excellent
nonvolatile bipolar resistive switching behavior. Both mobile
and fixed donors contribute to the nonvolatile bipolar resistive
switching, ie. the trapping and detrapping of mobile V,*
donors by the fixed Ti*" donors under the writing bias changes
the Schottky barrier heights at top and bottom interface. The
resistive switching can be continuously configured by tuning
the amplitude and length of the writing bias pulse, which makes
it possible to realize the multilevel resistive switching and to
increase the switching speed. The local resistive switching
suggests the possibility to scale down the resistive switching cell
to the grain size.
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Figure 6. (a) AFM topography image of as-prepared BFO thin film with a scanned size of 2 X 2 ym? The inset in b shows the schematic of the
conductive AFM measurements on BFO-Pt/Ti/Sapphire. The voltage is applied on the Pt bottom electrode, and the top conductive tip is grounded,
which is opposite to the I-V measurements shown in Figure 1. (b) Local I-V characteristics measured with the conductive tip on the surface of
BFO thin film. The current images measured from (c) LRS and (d) HRS with a reading bias of —4 V applied on the Pt bottom electrode.
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