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Abstract

Sol-gel derived perovskite oxide ion conductor thin films with a nominal composition
of Nag 5Big 5Tip.0sMJ0 0203.5 (NBTM) were fabricated on the In,O3-doped SnO, (ITO) glass
substrates. Bipolar resistive switching requiring no “electroforming” process and
exhibiting ultrahigh resistance ON/OFF (Ron,off) ratio (>104) were observed in the ITO/
NBTM/Au capacitor. A model concerning the oxygen ion migration induced ionic
conduction variation was proposed for the observed resistive switching (RS) effect,
evidencing by a voltage-polarity dependent rectification switching behaviour, and the
I-V behaviour in high purity argon atmosphere. Our model demonstrates that the
migration of oxygen ions can reverse the resistance just by modulating the oxygen ionic
conduction, which is different from those previously proposed ones relating to oxygen-
ions, e.g. the chemical redox reactions of the oxides or active electrodes, the composition
changing of the RS materials, or the Schottky-barrier height modulating of the metal/
oxide interfaces.
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Introduction

Perovskite sodium bismuth titanate NagsBigsTiO3 (NBT) is a well-known lead-free
piezoelectric material, which has potentials to replace the Pb(Zr,Ti,)Os-based
piezoelectrics for the development of environmentally-friendly ceramic-based capacitors.
The electrical properties of perovskite metal oxides are susceptible to doping by a
variety of defects and impurities. Many are intrinsically “self-doped"” by native interstitials
or vacancy point defects [1]. Li et al. [2] have recently reported that the doped-NBT
materials are not only good piezoelectrics but also a new family of oxide ion conductors,
in which the oxygen ionic conduction rather than the electronic conduction (electrons
or holes) is dominant. They have demonstrated that the NBT lattice is a good structural
host for oxygen ionic conductivity because of the highly polarized Bi3+ as well as the
weak Bi-O bonds. They have also pointed out that the nominal composition tuning of
NBT will lead to the conductivity variation, eg. Mg-doping in the Ti-site of NBT increases
the oxygen ionic conductivity by enlarging the concentration of oxygen vacancies. Their
work has provided a concept of preparing electronic devices ranging from dielectric-
based to conductor-based devices with the NBT system by adjusting the nominal
composition of NBT.

Resistive switching (RS) is a large, reversible and nonvolatile change in the resistance
after the applications of voltage or current pulses [3]. A typical RS memory unit has a
capacitor-like structure composed of an insulating or semiconducting material sandwiched
between two metal electrodes [4]. Among the materials exhibiting RS phenomena, oxides
have been studied intensively, due to their potentials for using as new types nonvolatile
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memories. Oxides reported to exhibit RS effects include
complex perovskite oxides [5,6], binary transition metal oxides
[7-10] and some main oxides [11] as well. Up to now, the details
for the RS effects in oxides have not been well understood,
various theoretical models have been suggested. Among them,
models concerning the oxygen vacancies or oxygen ions have
been the mostly proposed ones [12]. These models mainly
concern the effects brought by the migration of oxygen ions,
which indirectly influence the conductivity of the RS cells. The
effects include: chemical redox reactions at the oxide/electrode
interface, in which the involved electrodes are often
electrochemically active and can be easily oxidized like Al, Ti, Ir,
etc. [13-17]; chemical redox reactions at the bilayer oxide films
interface with different initial oxygen ion or oxygen vacancy
distributions in each film [18]; stoichiometric changes causing
the formation and rupture of conductive filaments [10,19];
stoichiometric changes introducing different compositions of
the switching materials with different conductivities to
dominate the reversible resistance states [20]; valence changes
of the switching materials changing the local electronic
conductivity [21]; Mott-transition of the switching materials
relating to the electronic effect [22]; oxygen deficiency defects
introduced at the metal (often Pt)/oxides interface changing
the Schottky-barrier height at the interface [15]; formation of
the interface oxide layer at the electrode/oxide interface,
modulating the Schottky barrier height [23]; etc. Among these
oxides with RS phenomena, some are either highly intrinsic
insulating which needs an “electroforming” process to change
the resistance behaviours [10,13,20,24,25] or semiconducting
(p-type or n-type) relying mainly on electronic conduction
rather than ionic conduction.

To the best of our knowledge, few papers have reported
the RS effects of the newly reported doped-NBT oxide ion
conductors (electrolytes), and many of the ever reported RS
effects concerning the electrolytes have been suggested to be
related to the chemical redox reactions of the metal electrodes
like Ag, Cu, Ni, etc. [26-32]. In this paper, we reported a RS
effect in the sol-gel derived NagsBigsTig9sMdo0203.5 (NBTM)
oxide ion conductor thin films. It is proposed that the migration
of oxygen ions can reverse the resistance just by modulating
the oxygen ionic conduction, which is different from those
previously proposed ones relating to oxygen-ions, eg. the
chemical redox reactions of the oxides or active electrodes, the
composition changing of the RS materials, or the Schottky-
barrier height modulating of the metal/oxide interfaces.

Experimental

The NBTM polycrystalline thin films with thickness of 150
nm were deposited on the commercial In,03-doped SnO,
(ITO) glass substrates by a two-step chemical solution
deposition (CSD) method as reported in our previous work
[33]. The 0.3 mol/L precursor solutions were synthesized
starting from tetrabutyltitanate (Ti [O(CH,);CHsl,), sodium
nitrate (NaNOs), bismuth nitrate (Bi(NOs)3-5H,0), and magnesium
nitrate (Mg(NO3),-6H,0). Acetylacetone (CH;COCH,COCH,)
was adopted as ligand. 2-methoxyethanol (HOCH,CH,0OCH5)

and acetic acid (CH;COOH) were chosen as co-solvents. The
precursor films were spin coated on the ITO glass substrates at
1000 rpm for 10 s and then 3000 rpm for 30 s. After coating
each layer, the thin films were dried at 150 °C for 3 min, pre-fired
at 350 °C for 5 min in air, and then rapidly thermal annealed
at 650 °C for 5 min in oxygen atmosphere. These steps were
repeated eight times.

The crystallographic structures of the films were
characterized by X-ray diffraction (XRD) analysis (Rigaku
D/max-2550/PC with Cu Ka radiation) with a scan speed of
5 °/min. The Au top electrodes were deposited on NBTM films
by ion-sputtering though rectangular masks (1 mm x 0.5 mm)
to fabricate the ITO/NBTM/Au capacitors for electrical
measurements. In order to determine the contribution of
oxygen for the RS effect, the current-voltage (/-V)
characteristics of the NBTM thin film RS memory devices was
measured using a Keithley 2400 source meter in air or in glove
box with high purity argon, respectively. The piezoelectric
force microscopy (PFM) (Asylum Research/Cypher) was used
to study the domain back-switching behaviours of the NBTM
thin films. The films were poled through the PFM tip by
scanning the film surface with a positive +9 V voltage in a
TumxTum area and a negative -9 V one in a 3pm x 3um
area. The piezoelectric phase image was carried out by
applying an ac voltage (frequency 2.44 Hz, amplitude 2 V) to
the PFM tip in a square area of 5um x 5Spm.

Results and Discussions

Figure 1 shows the XRD patterns of the as-prepared
NBTM thin films grown on the ITO glass substrates. No other
peaks are detected except those coming from the substrates
for In,O3, SnO,, and the perovskite. All the peaks can be
indexed according to the standard powder diffraction data of
NaOASBiOASTiO& indicating that the Nao_r,BiolsTiolggMgvozo}s
thin films were polycrystalline with pure perovskite phase.
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Figure 1. XRD patterns of the as-prepared NBT and NBTM thin films
grown on glass ITO substrates.

Figure 2 shows the /-V curves of the ITO/NBTM/Au
capacitor under the bias voltage sweep of 0OV — +2V -0V
— -2V — 0 V. Herein, the positive forward bias is defined
when a positive bias voltage applied to the Au top electrode.
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A typical I-V hysteresis of the ITO/NBTM/Au capacitor was
observed without any “electroforming” process, indicating a
large bipolar resistive switching with bistable resistance
states. The Ronyor ratio (defined as the ratio of ON state
current divided by OFF state one at a voltage) is larger than
four orders of magnitude in the positive diode, and the
maximum value of the Ron,off ratio is 30,159 at the reading
voltage of +0.3 V. The RS behaviours are repeatable and each
state persists in the low voltage regime. When discussing the
origin of the RS effect, we firstly rule out the possibility that
the chemical redox reactions of the electrodes are responsible
for the RS effect, because no electrochemically active
electrodes were adopted in our work. Moreover, the interface-
type Schottky-like band modification induced by the electro
migration of oxygen vacancies can also be ruled out, because
this model cannot explain the voltage-polarity dependent
rectification switching of the ITO/NBTM/Au capacitor, which
will be discussed later. The plausible explanation of the /-V
hysteresis is the resistance variation resulted from the
electromigration of oxygen ions, as Li et al have suggested
that a predominance of oxygen ionic conduction rather than
the electronic conduction exhibits in the Mg-doped or Bi-
deficient NBT [2]. The migration of oxygen ions brings in ionic
conduction variation of the NBTM film. In polycrystalline thin
films, there are a lot of grain boundary defects, and the
resistivity of the grain boundaries is much higher than that of
the grains interiors [34]. The fresh NBTM sample is most likely
to be in the high resistance state (HRS) because of the large
grain boundary resistance [35]. Acceptor-doping of Mg
increases the oxygen ion conductivity by increasing the
concentration of oxygen vacancies, which provides the
diffusion paths for the migration of oxygen ions in the lattices.
Oxygen ions are suggested to be highly mobile under an
external electric field in many metal oxides [2,36]. When
applying a voltage sweep from 0 Vto +2 V on the Au electrode,
the current is at first very small until a certain high positive
bias voltage (defined here as the activating voltage) is applied,
which is large enough to activate the oxygen ions to get rid of
the bound of the lattices. The oxygen ions will thus migrate
towards the Au electrode by a hopping mechanism, where
they release two electrons to the electrode to evolve into the
oxygen gas. At the same time, the absence of oxygen ions
introduces oxygen vacancy defects, equivalent to the
redistribution of oxygen vacancies near the ITO electrode.
The oxygen vacancies then absorb the oxygen gas from the
air, taking electrons from the ITO electrode and being reduced
to oxygen ions [10,21]. The migration of oxygen ions
accompanies with the large ionic conductivity, switching the
sample into the low resistance state (LRS). The samples retains
in LRS with the voltage sweeping from +2 V to 0 V. This also
applies to the condition with the negative voltage sweeping
range of 0 V — -2 V— 0 V. That is to say, with the negative
bias voltage sweep from 0 V to -2 V, the sample is in HRS at
first, and when the reverse voltage is large enough, the sample
is switched into LRS. The sample retains in LRS under the
negative bias voltage sweep from -2 V to 0 V. The high
asymmetry of /-V hysteresis (ON state current in the positive

diode is much larger than the one in the negative diode) may
be attributed to the asymmetric distribution of oxygen
vacancies along the ITO/NBTM/Au packing direction, because
the oxygen vacancy density near the top surface of the thin
film is much higher than the equilibrium concentration [21].
And the high oxygen vacancy concentration at the Au/NBTM
interface is beneficial for the oxygen ion diffusion in the
NBTM oxide ion conductor [2]. The asymmetric ITO/NBTM/
Au structure is probably responsible for the unequal activating
voltages in the positive and negative range.
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Figure 2. Resistive switching effects of the ITO/NBTM/Au capacitors:
(a) typical hysteretic I-V curves of the ITO/NBTM/Au capacitors
under the voltage sweep of 0V — +20V -0V —» -20V—>0V
(inset is the Ron,of ratios ~ Voltage curves derived from the
hysteretic I-V curves); (b) Schematic diagrams illustrating the
resistive switching behaviours of the capacitor concerning the
migration of oxygen ions under the voltage sweep of 0V — +2.0V
—-0V—->-20V->0V.
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Figure 3. I-V curves for the ITO/NBTM/ Au capacitors at virgin state
and £5V "programmed” state (the inset images are the schematic
diagrams showing the distributions of oxygen ions and oxygen
vacancies at different states): (a) virgin state; (b) "programmed”
with +5V for 1 min; (c) “programmed” with =5 V for 1 min.

To elucidate the models proposed for explaining the RS
effects in NBTM films, it is necessary to clarify the influence of
the electromigration of oxygen ions to the resistance
variations of the ITO/NBTM/Au capacitors. An effective way to
change the oxygen ion distribution in the film is to apply a
high bias voltage on the capacitor [37], which is defined here
as the "programming” procedure. By measuring the I-V curves
of the "programmed"” samples, the impact of the redistribution
of oxygen ions under bias voltage on the conduction
behaviours can be observed. Figure 3 is the /-V curves with
bias voltage sweeping from -1.5 V to +1.5 V for the ITO/
NBTM/Au capacitors at the virgin and the "programmed”
state. The “programming” procedure was operated by
applying a +5 V (=5 V) bias voltage on the capacitors for
Tmin. Reversible and distinct switchable diode effects were
observed for the samples “programmed” by bias voltage with
reverse polarities. The rectification ratio (defined as the ratio
of the forward current divided by the reverse on at voltages
with the same amplitude) of the +5 V (-5 V) “programmed”
samples is 5 (128) at 1.4 V. The virgin NBTM sample exhibits
asymmetric /-V curves, indicating an asymmetric potential
distribution resulted from the uneven oxygen vacancy
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distribution [21]. When "programming” the sample with +5V
bias voltage for 1 min, oxygen ions will be fully activated and
accumulate near the Au electrode while oxygen vacancies will
pile up near the ITO electrode (The schematic diagram shown
in the inset of Figure 3(b) represents the ideal state of the
distribution of oxygen ions and oxygen vacancies after being
“programmed” with +5 V voltage.). Under the negative
sweeping voltage, oxygen ions will migrate towards the
oxygen vacancies sufficient ITO electrode, where they release
electrons and be oxidized to oxygen gas, whilst oxygen
vacancies migrate towards the Au electrode where they take
the electrons, reducing the absorbed oxygen gas to oxygen
ions, the migration of oxygen ions enhances the ionic
conduction, bringing in high conductivity; while under the
positive sweeping voltage, oxygen ions are difficult to move
due to the oxygen vacancy deficiency near the Au electrode,
hindering their oxidation and resulting in low conductivity.
Similarly, when "programming” the sample with -5 V bias
voltage (The schematic diagram shown in the inset of Figure
3(c) represents the ideal state of the distribution of oxygen
ions and oxygen vacancies after being “programmed” with -5
V voltage.), low conductivity will rise in the negative sweeping
voltage range while high conductivity in the positive sweeping
voltage range.

The authors notice that a similar voltage-polarity
dependent reproducible rectification diode switching
phenomenon has been reported in the Pt/TiO,/Pt trilayer
capacitors [38]. However, the switching materials as TiO, and
NBTM are two different materials in nature. The former is
often considered as an n-type oxide relying on the electronic
conduction due to the naturally produced oxygen vacancies
acting as donors [38], while the latter has been recently
reported to be an oxide ion conductor with a predominance
of oxygen ion conduction [2]. Besides, contradictions would
arise if we consider the NBTM as an n-type oxide concerning
the presence of oxygen vacancies acting as donors, to explain
the observed voltage-polarity dependent reproducible
rectification switching phenomenon. Firstly, for the hypothetic
n-type NBTM thin film at the virgin state, the asymmetry
leakage J-V curve of the ITO/NBTM/Au capacitor might
indicate the formation of asymmetric Schottky barrier contacts
at the ITO/NBTM interface and the Au/NBTM interface due to
work functions variations, and the Schottky barrier height of
the Au/NBTM contact is higher than that of the ITO/NBTM
contact, resulting in a forward diode (Figure 4(a)). As oxygen
vacancies act as effective donors in n-type oxides, the
reduction (increase) in the concentration of oxygen vacancies
may widen (narrow) the depletion region and increase
(decrease) the contact resistance [4]. Thus, when a positive
bias voltage is applied on the capacitor, positively charged
oxygen vacancies (or) will pile up near the ITO/NBTM interface,
leading to an enrichment of or near the ITO/NBTM interface
and an depletion of or near the Au/NBTM interface, which
therefore decreases the barrier height of the ITO/NBTM
contact while increases the barrier height of the Au/NBTM
contact and results in a band bending as shown in Figure 4(b).
Similarly, when a negative bias voltage is applied, a resultant

band bending shown in Figure 4(c) would induce a reverse
diode. Both of which are contradictory to what we have
observed in our work.

10
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Figure 4. Band bending diagrams of the ITO/NBTM/Au capacitors
at virgin state and +5 V "programmed” state if considering the
NBTM as an-type semiconductor: (a) virgin state; (b) “programmed”
with +5V for 1 min; (c) “programmed” with -5 V for 1 min.

Herein, we also reported a very simple method to
disentangle the contribution of electron or ion to the RS
effect. We measured the /-V curve with a Keithley 2400 source
meter in a glove box with high purity argon. Fig.5 shows the
[-V curve for the ITO/NBTM/Au capacitor under the bias
voltage sweep of 0OV —» +2V -0V — -2V — 0 V. The RS
effect disappears and the conductivity significantly decreases.
This discovery confirmed that the oxygen gas is necessary to
get the RS effect in oxygen ion conductor NBTM.
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Figure 5. A typical hysteretic /-V curve of the ITO/NBTM/Au
capacitor under the voltage sweep of 0V — +20V -0V — -2.0
V— 0V measured in high purity argon atmosphere.

To figure out whether or not the voltage-polarity
dependent switchable diode effect is triggered by the
ferroelectric reversal, the piezoelectric force microscopy
(PFM) was used to measure the domain back-switching
behaviours of the NBTM thin film samples. Results suggest
that the switchable diode effect of the samples “programmed”
with +5 V voltage barely has anything to do with the
ferroelectric reversal as the domain back-switching was not
observed for the samples polarized with 9 V (Figure 6).
However, it is possible that ferroelectric reversal plays a part
on the switchable diode effect of the samples “trained” with
higher voltages, eg. £15 V (results are not shown here), which
has been observed in both polycrystalline and epitaxial BiFeO3
thin films [37,39]. It is a pity that the PFM is not capable of
elucidating the impacts of ferroelectric reversal on the
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