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Impact of Bi Deficiencies on Ferroelectric Resistive 
Switching Characteristics Observed at p-Type Schottky-Like 
Pt/Bi1–δFeO3 Interfaces
This work reports a resistive switching effect observed at rectifying Pt/
Bi1–δFeO3 interfaces and the impact of Bi deficiencies on its characteristics. 
Since Bi deficiencies provide hole carriers in BiFeO3, Bi-deficient Bi1–δFeO3 
films act as a p-type semiconductor. As the Bi deficiency increased, a leakage 
current at Pt/Bi1–δFeO3 interfaces tended to increase, and finally, rectifying 
and hysteretic current–voltage (I–V) characteristics were observed. In I–V 
characteristics measured at a voltage-sweep frequency of 1 kHz, positive and 
negative current peaks originating from ferroelectric displacement current 
were observed under forward and reverse bias prior to set and reset switching 
processes, respectively, suggesting that polarization reversal is involved in 
the resistive switching effect. The resistive switching measurements in a 
pulse-voltage mode revealed that the switching speed and switching ratio can 
be improved by controlling the Bi deficiency. The resistive switching devices 
showed endurance of >105 cycles and data retention of >105 s at room tem-
perature. Moreover, unlike conventional resistive switching devices made 
of metal oxides, no forming process is needed to obtain a stable resistive 
switching effect in the ferroelectric resistive switching devices. These results 
demonstrate promising prospects for application of the ferroelectric resistive 
switching effect at Pt/Bi1–δFeO3 interfaces to nonvolatile memory.
1. Introduction

Continued advances in information technology rely on high-
speed, large-capacity and low-power-consumption nonvolatile 
memories. However, as contemporary memory technologies 
such as flash memory are approaching their technological and 
physical miniaturization limits, it will be difficult to continue 
to improve the performance. As an alternative to contemporary 
flash memory, resistance random access memory (ReRAM)[1–3] 
based on resistive switching phenomena in metal oxides has 
attracted considerable attention because of its advantages in 
high-speed switching and high-density memory applications. 
The resistive switching phenomena have been observed in 
capacitor-like structures consisting of various metal oxides, 
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such as multielemental perovskite-type 
oxides[4–7] and binary oxides,[8–12] and the 
observed resistive switching behaviors 
differ depending on the material. The 
variety of resistive switching behaviors 
observed suggests that there are some dif-
ferent mechanisms involved in the phe-
nomena, and some possible mechanisms 
have been proposed so far. In terms of 
microscopic physics, the proposed mech-
anisms can be classified into two broad 
types:[1–3] thermochemical mechanisms 
and valence-change mechanisms. In the 
thermochemical mechanisms, a conduc-
tive filament is formed in an insulating 
matrix by an electroforming process, and 
the local redox reaction in a filament due to 
Joule heating induces resistive switching. 
In the valence-change mechanisms, elec-
tromigration of oxygen vacancies induces 
a change in the valence states of cations 
in a metal oxide, resulting in a change in 
the electronic states, with resultant altera-
tion of the conductivity. ReRAMs based on 
both mechanisms have been intensively 
studied in recent years. However, since 
both mechanisms inevitably induce a chemical alteration of the 
metal oxides, there is concern for the reliability, such as the data 
retention and endurance. As a solution to the issue of reliability, 
resistive switching based on an electronic mechanism is being 
considered.

Ferroelectric resistive switching effects based on polarization 
reversal are particularly attractive, since polarization reversal 
does not induce a chemical alteration and is an intrinsically fast 
phenomenon. The resistive switching effect in a ferroelectric 
niobium oxide was first reported in the 1970s,[13] and since then, 
ferroelectric perovskite titanates[14–20] have become the focus of 
attention in the study of ferroelectric resistive switching. Fer-
roelectric resistive switching effects can be categorized into 
two types depending on the mechanism involved. The tunnel 
electroresistance effect[17–19,21] relies on a change in tunneling 
barrier height induced by polarization reversal. For the resistive 
switching of a ferroelectric Schottky diode,[14–16,20,22] a Schottky-
like barrier forms at the interface between a metal electrode and 
conductive ferroelectric oxide, and the potential profile of the 
Schottky-like barrier is reversibly modified by the polarization 
flipping. Ferroelectric resistive switching effects have usually 
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Figure 1.  a) P–V and b) I–V characteristics of an Au/Pt/BFO(1.2)/SRO 
device, measured at f = 1 kHz.

-0.2

0

0.2

I (
m

A
)

-10 -5 0 5 10
V (V)

BFO(1.2)
-50

0

50

P
 (

µC
/c

m
2 )

-10 -5 0 5 10
V (V)

BFO(1.2)

(a) (b)
been studied in terms of hysteretic current–voltage (I–V) char-
acteristics,[14–17,19,20,22] but investigation of the switching charac-
teristics in the pulse-voltage mode is needed for memory appli-
cations. Recently, the switching operation in the pulse-voltage 
mode has been reported in switchable diode devices consisting 
of a multiferroic oxide BiFeO3 (BFO):[23] Repeatable resistive 
switching has been achieved by applying pulsed voltage stresses 
with V = ±10 V and duration (τP) of 1 μs. In the switchable diode 
devices,[23–25] an n-type BFO, in which electron carriers are pro-
vided by oxygen vacancies, is usually employed, and Schottky-
like barriers form at both the top and bottom metal/BFO inter-
faces. The polarization reversal modulates the potential profile 
of the Schottky-like barriers and switches the rectification direc-
tion. The switchable diode effect is characterized as bipolar-
type switching with noncrossing hysteretic I–V characteristics, 
which are basically symmetric with respect to the applied voltage 
polarity. On the other hand, the resistive switching of ferroelec-
tric Schottky diodes[14–16,20,22] shows bipolar-type switching with 
zero-crossing hysteretic I–V characteristics, which are asymmetric 
with respect to the applied voltage polarity. From a technological 
viewpoint, a device having asymmetric and nonlinear I–V char-
acteristics seems to be suitable for large-capacity memory appli-
cations, because it allows fabrication of a cross-point memory 
array without any selection element, such as a diode.[26]

In this paper, we report the resistive switching effect observed 
at a rectifying Pt/Bi1–δFeO3 interface. Unlike previous studies 
on switchable diodes,[23–25] we used a p-type semiconductive  
Bi1–δFeO3 film as a switching element, since its conductivity, as 
well as the depletion layer width of a Schottky-like barrier, can be 
controlled by changing the Bi deficiency concentration, δ. Also,  
studying the Bi-deficiency dependence of the resistive switching 
characteristics can provide clues to the mechanism involved 
and should reveal how to control the device characteristics. Pt/
Bi1–δFeO3 interfaces with a large δ showed bipolar-type switching 
with zero-crossing hysteretic I–V characteristics without rectifi-
cation-direction flipping. The experimental results suggest that 
the nonepitaxial nature of the Pt/Bi1–δFeO3 interface plays a 
crucial role in the emergence of the resistive switching effect. 
I–V measurements with a higher voltage-sweep frequency (f) 
revealed that ferroelectric displacement charges flowed prior to 
set and reset switching processes, suggesting that polarization 
reversal induces the resistive switching effect. From a techno-
logical viewpoint, resistive switching characteristics and reli-
ability in pulse-voltage mode were also evaluated.

2. Results and Discussions

2.1. Hysteretic I–V Characteristics

We fabricated Au/Pt/BFO/SrRuO3(SRO) layered structures 
on SrTiO3 (001) single-crystal substrates. A 50 nm-thick SRO 
bottom electrode was grown on the substrates prior to a  
100 nm-thick BFO layer by using pulsed laser deposition (PLD). 
Both BFO and SRO layers were confirmed to be epitaxially 
grown on the SrTiO3 substrates from X-ray diffraction measure-
ments. An Au(100 nm)/Pt(10 nm) top electrode was deposited 
on the BFO layer through a shadow mask (pad size of 100 μm × 
100 μm) by using electron-beam evaporation.
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1040–1047
In PLD, the chemical composition in the source target is 
generally transferred to the grown film. However, since Bi is a 
volatile element, the Bi content in the PLD-grown BFO film is 
usually smaller than that in the source target.[27,28] In order to 
control the Bi content in the BFO films, therefore, we depos-
ited the films from source targets with several Bi/Fe ratios (r) 
of 1.2, 1.1, and 1.0, and the Bi/Fe ratios in the BFO films (rf) 
were estimated from inductively coupled plasma atomic emis-
sion spectrometry. For the typical deposition conditions used in 
the present study, the films deposited from the targets with r 
of 1.2 were confirmed to be practically stoichiometric with rf = 
0.95 (±0.01). On the other hand, the films deposited from the 
targets with r of 1.1 and 1.0 had small rf of 0.83 (±0.01) and 
0.76 (±0.05), respectively. This result suggests that those films 
had large Bi deficiency δ. Hereafter, the films deposited from 
the targets with r of 1.2, 1.1, and 1.0 are denoted as BFO(1.2), 
BFO(1.1), and BFO(1.0), respectively.

Figure 1 exhibits the polarization–voltage (P–V) and I–V 
characteristics of the Au/Pt/BFO(1.2)/SRO device measured 
at f = 1 kHz. The I–V curve is slightly asymmetric, which is 
thought to be due to the formation of a Schottky-like barrier at 
the Pt/BFO interface, as will be discussed later. Because of the 
small Bi deficiency, the leakage current in the device was small 
enough to measure the polarization, and a spontaneous polari-
zation (Pr) of ∼40 μC cm−2 was obtained. This value is slightly 
smaller than typical values reported for [001]-oriented BFO 
films (∼60 μC cm−2).[29,30] This may result from leakage charges 
caused by Bi deficiencies and from the existence of pinned (not 
switchable) domains due to epitaxial strain from the substrate. 
As δ was increased, the leakage current tended to increase. The 
BFO(1.1) and BFO(1.0) devices no longer exhibited the ideal 
ferroelectric P–V loop, but showed zero-crossing hysteretic I–V 
characteristics, as shown in Figure 2a. In addition to hysteretic 
behavior, clear rectifying characteristics were observed, sug-
gesting the formation of a Schottky-like barrier. Note that the 
positive direction of the bias voltage was defined as the direction 
causing current to flow from the SRO bottom electrode layer to 
the Pt top electrode. These characteristics suggest that only one 
interface serves as the active source of the rectification and the 
hysteretic behavior. In order to confirm which interface is the 
active source, we prepared an Au/SRO/BFO(1.1)/SRO device 
and measured the I–V characteristics. As seen in Figure 2c,  
the Au/SRO/BFO(1.1)/SRO device showed ohmic I–V char-
acteristics without hysteresis. This provides evidence that the 
Pt/Bi1–δFeO3 interfaces with a larger δ exhibit hysteretic and 
1041wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Figure 2.  a) I – V characteristics of Au/Pt/BFO(1.1)/SRO and Au/Pt/
BFO(1.0)/SRO devices. Triangular-wave voltages of f = 1 kHz were swept 
as 0 V → +10 V → –10 V → 0 V for the BFO(1.1) device and 0 V → +6 V 
→ –6 V → 0 V for the BFO(1.0) device. b) I – V characteristics of Au/Pt/
BFO(1.1)/SRO and Au/Pt/BFO(1.0)/SRO devices measured in DC mode 
(f < 1 Hz). DC voltages were swept as 0 V → +10 V → –10 V → 0 V for the 
BFO(1.1) device and 0 V → +5 V → –5 V → 0 V for the BFO(1.0) device. 
Solid and broken straight lines in b) are fits to the Schottky model for HRS 
and LRS, respectively. c) I – V characteristic of an Au/SRO/BFO(1.1)/
SRO device, measured at f = 1 kHz. d) Out-of-plane piezoresponse force 
microscope image of a BFO(1.0)/SRO sample. The image was obtained 
with a bias voltage of +3 V at 5 kHz after poling processes (see text). 
Voltage was applied from a biased stage to a grounded tip, and the dark 
contrast in the image corresponds to downward polarization.
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rectifying I–V characteristics. Moreover, based on the rectifica-
tion direction, we can consider that a p-type Schottky-like bar-
rier forms at the Pt/Bi1-δFeO3 interfaces.

Figure 2b shows the DC I–V characteristics (measured at f < 
1 Hz) plotted on a semilogarithmic scale for the Au/Pt/BFO(r)/
SRO devices with r = 1.1 and 1.0. Here, we define a high resist-
ance state (HRS) and a low resistance state (LRS) for lower and 
upper branches of the hysteretic I–V curve, respectively. For for-
ward bias (positive bias), the log I–V curves in the HRS of both 
devices are nearly a straight line in the lower voltage region. 
This result seems to agree with the Schottky barrier model, 
meaning that the thermionic emission process is predominant 
in the HRS. However, the ideality factors extracted from the I–V 
curves by using the thermionic emission model were 20 and 14 
for the devices with r = 1.1 and 1.0, respectively, and were much 
larger than the ideal value of 1 in a semiconductor Schottky 
junction (see Supporting Information). Such a large ideality 
factor has been reported in the switchable BFO diode[24] and the 
metal/porous-Si/Si diode.[31] In the metal/porous-Si/Si diode, 
the rectifying behavior originates from the band bending inside 
the Si layer at its interface to the porous-Si layer and the porous-
Si layer acts as a barrier to the carrier conduction. The large 
series resistance originated from the porous-Si layer results in 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
the large ideality factor of the metal/porous-Si/Si diode. From 
the large n values in our devices, thus, we can expect that an 
additional barrier layer may form between Pt-electrode and 
BFO layer, as will be discussed later. For the LRS, the rectifying 
behavior was observed and the log I–V curves in forward bias 
fit with the broken straight lines, suggesting that the thermi-
onic emission process is predominant in the LRS. However, the 
extracted ideality factors in the LRS were also much larger than 
1. If the thermionic emission process predominates the carrier 
conduction in both the HRS and LRS for the devices, the larger 
currents in the LRS are attributable to a reduced barrier height 
and/or width with respect to the HRS.

Note that the resistance values in the HRS and LRS varied 
from device to device and from chip to chip. One possibility 
could be the properties variation of the interfacial layer. Devel-
oping the means for control of the interfacial-layer properties 
such as thickness and band gap can improve the characteristic 
variation in the devices.

In order to confirm the existence of ferroelectricity in Bi-defi-
cient, conductive BFO layers, the BFO(1.0) film, which was the 
most conductive BFO film in the present study, was character-
ized with a piezoresponse force microscope (PFM). Figure 2d 
shows the piezoresponse characteristics of the BFO(1.0)/SRO 
sample. A 1 μm × 1 μm area was poled downward with a voltage 
of –8 V, inside which a 0.5 μm × 0.5 μm area was poled upward 
with a voltage of +8 V. Depending on the poling direction, a 
positive or negative piezoresponse was observed. This result is 
quite similar to that of an oxygen-deficient n-type BFO film.[23] 
This suggests that ferroelectricity can exist in conductive BFO 
films regardless of the carrier type and the defect type.

Here, we discuss details of the hysteretic I–V characteris-
tics. Figure 3a shows the I–V curve of an Au/Pt/BFO(1.1)/SRO 
device, which is the same I–V curve as in Figure 2a. In this meas-
urement, the voltage was swept as 0 V → +10 V → –10 V → 0 V 
at f = 1 kHz. Positive and negative current peaks were observed 
at V = +6.3 V and –2.3 V, respectively. The resistance state of 
the device changed from the HRS to the LRS after the positive 
current peak, whereas it changed from the LRS to the HRS  
after the negative current peak. This switching behavior 
suggests that the resistive switching is mediated by a large cur-
rent flow in the device. To elucidate the origin of the current 
peaks, we measured the I–V characteristics at a reduced f of  
100 Hz and observed no current peak, as shown in Figure 3b. 
This result suggests that the origin of the current peaks is a 
transient current, such as ferroelectric displacement current. 
In order to identify a ferroelectric displacement current as the 
origin of the current peaks, we estimated the polarization value 
as a function of V for a negative bias voltage (reverse bias) from 
a time integration of I(t) (see Supporting Information). The inset 
of Figure 3a exhibits the P–V curve obtained from the I–V curve 
in Figure 3a. The Pr value was estimated to be ∼40 μC cm−2,  
which roughly coincides with that obtained from the Au/Pt/
BFO(1.2)/SRO device (Figure 1a). This result suggests that the 
ferroelectric displacement current is the predominant cause 
of the observed current peaks, and that polarization reversal is 
involved in the resistive switching in the device.

In the repeatedly measured I–V characteristics, we found 
a useful property of our devices, i.e., a forming-free resis-
tive switching behavior. For conventional ReRAMs based on 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1040–1047
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Figure 3.  I–V characteristics of an Au/Pt/BFO(1.1)/SRO device measured at frequencies, f, of a) 1 kHz and b) 100 Hz. Arrows and numbers in the 
figures indicate the sequence of the hysteretic current loop. The inset in a) shows P – V characteristic of the device obtained from a time integration of 
I (t) (see Supporting Information). c) Repetition behavior of the hysteretic I–V characteristics of the Au/Pt/BFO(1.1)/SRO device.
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Figure 4.  I–V characteristic of Au/Pt/BFO(1.0)/SRO devices with BFO 
layer thicknesses of 200 nm, 100 nm, and 30 nm, measured at f = 1 kHz.
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a thermochemical mechanism, a so-called forming process is 
usually necessary to obtain stable resistive switching.[1–3] The 
forming process is believed to generate conductive filaments in 
an insulating metal oxide.[32] Since a large voltage and current 
are needed to induce the forming process in a memory cell, a 
forming-free memory cell would be desirable in meeting the 
requirements of commercial products. Figure 3c displays repeat-
edly measured I–V characteristics of the Au/Pt/BFO(1.1)/SRO 
device. The initial I–V curve (1st cycle) was almost identical to 
those obtained from the second, third, and fourth measurements. 
This result suggests that no forming process is needed to obtain 
stable resistive switching in our device. This lack of need for a 
forming process suggests that the observed resistive switching 
does not rely on the formation of conductive filaments.

For the filament-type resistive switching, a forming voltage 
increases with increasing the oxide layer thickness, whereas 
set and reset switching voltages are independent of the oxide 
layer thickness. The thickness dependence of the resistive 
switching characteristics can thus give a clue to understanding 
the mechanism of the resistive switching. Figure 4 shows the 
thickness dependence of the I–V characteristics of the BFO(1.0) 
devices. Set and reset switching voltages decreased as the thick-
ness of BFO(1.0) layer was decreased. It should be noted that 
the BFO(1.0) devices shown in Figure 4 also did not need a 
forming process to obtain stable resistive switching. Moreover, 
for the filament-type resistive switching, the current suddenly 
increases at the forming voltage and the current compliance 
is essential for preventing the hard breakdown. However, our 
devices did not need the current compliance for the resistive 
switching even in the initial stage, suggesting that no filament 
formation takes place in our devices.

Our devices show other characteristics different from the 
filament-type resistive switching device. The capacitance of our 
device changes depending on the resistance states (Supporting 
Information). For the interfacial resistive switching, the capaci-
tances change depending on resistance states.[2] For the con-
ductive-filament resistive switching, on the other hand, it has 
been reported that the capacitances in HRS and LRS are almost 
identical.[33] Therefore, the capacitive switching of our devices 
suggests that the filament-type mechanism does not seems to 
be involved in the resistive switching observed in our devices.
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1040–1047
2.2. Modulation of Schottky-Like Barrier

The I–V measurements of the Au/Pt/BFO(r)/SRO and Au/
SRO/BFO(r)/SRO devices revealed that the resistive switching 
effect emerges at a rectifying Pt/BFO(r) interface. The rectifica-
tion direction indicates that a p-type Schottky-like barrier forms 
at the Pt/BFO(r) interface. The PFM measurement confirmed 
the existence of ferroelectric polarization in a conductive BFO 
film, and the current peaks observed in the I–V characteristics 
1043wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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Figure 5.  Schematic energy-band diagrams of a Pt/BFO(r)/SRO device 
with interfacial layers c) in the HRS at V = 0 and d) in the LRS at V = 0. 
The details of the estimation of the band diagrams are described in sup-
porting information. In the HRS, a downward polarization increases the 
band bending of the interfacial layer and the depletion layer and thus the 
effective barrier height to hole carrier conduction increases. In the LRS, 
an upward polarization decreases the effective barrier height. Schematic 
energy-band diagram of the Pt/BFO(r) interface b) for V = VFB < 0 and  
a) for V < VFB << 0 in the reset process. Schematic energy-band diagrams 
of the Pt/BFO(r) interface e) for V = VFB > 0 and f) for V > VFB >> 0 in 
the set process.
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of the Au/Pt/BFO(1.1)/SRO device suggest that polarization 
reversal is involved in the resistive switching effect. From these 
experimental results, we can attribute the observed resistive 
switching phenomenon to a change in the potential profile of 
a Schottky-like barrier formed at the Pt/BFO(r) interface due to 
the polarization reversal.

In the present study, we intentionally introduced Bi defi-
ciency in the BFO films. The Bi deficiency δ increases the 
valence of Fe ions and confers p-type characteristics to  
Bi1–δFeO3 films. For contact between a metal and p-type semi-
conductor, the Schottky barrier height should be the energy 
difference between the metal work function and the top of the 
valence band of a p-type semiconductor. Since the work func-
tions of SRO and Pt are ∼5.2 eV and ∼5.3 eV, respectively, and 
the electron affinity and the band gap of BFO are ∼3.3 eV and 
∼2.8 eV, respectively,[34] the p-type Schottky barrier heights at 
SRO/BFO(r) and Pt/BFO(r) interfaces can be estimated to be 
less than 0.9 eV (Figure S2 in Supporting Information). We 
should note that, in spite of the similar Schottky barrier heights 
for both interfaces, ohmic and Schottky-like contacts were real-
ized at the SRO/BFO(r) and Pt/BFO(r) interfaces, respectively. 
This difference cannot be understood from a conventional 
Schottky model. Thus, we consider differences in electrode 
materials and crystallinity between them as a possible origin of 
the different interfacial transport properties.

In ferroelectric capacitors, it is well known that a thin dielec-
tric layer often forms between a metal electrode and a ferro-
electric oxide layer.[35–38] This interfacial layer is called a passive 
layer or dead layer. The formation of such an interfacial layer 
has been reported recently in the BFO capacitors.[38] Although 
structural and physical properties of the interfacial layer are still 
under debate, the interfacial disorder and/or defects may sup-
press ferroelectricity at the interface. Moreover, the properties of 
the interfacial layer depend on electrode materials and crystal-
linity at the interface.[35–37] When nonepitaxial novel-metal films 
such as Au or Pt are used as electrodes, the residual polarization 
of the Pb(Zr,Ti)O3 (PZT) film decreases rapidly with switching 
cycle number and the coercive field of the PZT film is much 
larger than that of bulk ceramics.[36,37] On the other hand, the 
use of epitaxial oxide films as electrodes for the PZT-film capac-
itors can improve fatigue properties and the coercive field due 
to the suppression of the interfacial-layer formation.[36,37]

In our devices, the SRO/BFO(r) interface is an epitaxial con-
tact, whereas the Pt/BFO(r) interface is a nonepitaxial contact. 
At the nonepitaxial Pt/BFO(r) interface, thus, an interfacial layer 
may form and act as a barrier layer for the hole-carrier conduc-
tion, as illustrated in Figure 5. The fact that the large ideality 
factors were extracted from the I–V characteristics supports the 
formation of an interfacial layer, as discussed previously. More-
over, the interfacial disorder and/or defects at the nonepitaxial 
Pt/BFO(r) interface may reduce an effective acceptor concentra-
tion at the interface. At the epitaxial SRO/BFO(r) interface, on 
the other hand, an interfacial layer may form but its thickness 
can be expected to be much thinner as compared to that at the 
nonepitaxial Pt/BFO(r) interface. Because of the thin interfa-
cial layer, the contact resistance at the epitaxial SRO/BFO(r) 
interface is much lower than that at the nonepitaxial Pt/BFO(r) 
interface, and the epitaxial SRO/BFO(r) interface shows prac-
tically ohmic characteristics (Figure 2c). Therefore, our device 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
structure can be viewed as a metal/insulator/p-type ferroelectric 
semiconductor/insulator/metal structure. Recently, Mayer et al.,  
have discussed the resistive switching characteristics observed 
in the ferroelectric capacitors based on the band diagram of a 
metal/insulator/ferroelectric oxide/insulator/metal structure.[16] 
Here, taking into account the formation of Schottky-like barrier, 
we modify the model proposed by Mayer et al.[16] in order to 
explain the resistive switching characteristics observed in our 
device. The details of our model (possible band diagrams of 
our device) are described in supporting information (Figure S3, 
Supporting Information). Owing to the interfacial layer, the 
potential profile at the Pt/interfacial layer/BFO (Pt/IL/BFO) 
interface changes significantly depending on the polarization 
direction. For the downward polarization state (Pt → SRO), 
large band bending appears in the interfacial layer as well as in 
the depletion layer at the Pt/IL/BFO interface. For the upward 
polarization state (SRO → Pt), on the other hand, the insulator 
bands are bent oppositely at the Pt/IL/BFO interface, since the 
opposite polarization charge appears at the interface. In this 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1040–1047
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Figure 6.  Resistive switching behaviors of a) an Au/Pt/BFO(1.1)/SRO device and b) an Au/
Pt/BFO(1.0)/SRO device, measured in pulse-voltage mode with various τp. Pulsed voltage 
stresses of Vp = ± 8 V or ± 7 V were respectively applied to the devices. Resistance values were 
evaluated from current values at V = +1 V.
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model, the interfacial layer and the depletion 
layer act as an effective barrier to the hole-
carrier conduction at the Pt/IL/BFO inter-
face. As seen in Figure 5, the effective barrier 
height in the downward polarization state is 
higher than that in the upward polarization 
state. The variable barrier height depending 
on the polarization directions controls hole-
carrier conduction at the Pt/BFO(r) inter-
face, which is a possible mechanism of the 
resistive switching effect.

Based on the band diagrams, the asym-
metry of the switching voltages between the 
set and reset processes observed in Figure 2a  
can be explained. In order to switch the resist-
ance state from the HRS to LRS (set process), 
the polarization is flipped from the down-

ward state to the upward state. To obtain the upward polariza-
tion state, the BFO bands are bent downward by applying posi-
tive voltages to the SRO electrode. However, since the interfacial 
layer bands and the BFO bands in the depletion layer at the Pt/
BFO interface are bent upward in the HRS, those bands should 
be bent in the opposite direction (downward) by applying posi-
tive voltages prior to the polarization flip. In the LRS, the inter-
facial layer bands are bent downward whereas the BFO bands in 
the depletion layer are bent upward at the Pt/BFO interface. For 
the switching from the LRS to HRS (reset process), therefore, 
only the interfacial layer bands should be bent in the opposite 
direction (upward) by applying negative voltages prior to the 
polarization flip. Here, we defined the voltage which is needed 
to realize a flat-band like state in the interfacial layer as VFB and 
the potential gradient of the interfacial layer bands as ϕIL. In the 
proposed model (Figure 5 and Figure S3c, Supporting Informa-
tion), since |ϕIL| in the HRS is larger than that in the LRS, |VFB| in 
the set process is larger than that in the reset process. Moreover, 
in the set process, the BFO bands in the depletion layer should 
be bent downward prior to the polarization flip (Figure 5f).  
As a result, the set-switching voltage |Vset| is larger than the 
reset-switching voltage |Vreset|.

2.3. Switching Characteristics in Pulse-Voltage Mode
Figure 7.  a) Data retention and b) endurance characteristics of an Au/Pt/BFO(1.0)/SRO 
device. Broken lines in b) represent a memory window of RH/RL = 10.
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We investigated the pulsed-voltage-induced 
resistive switching characteristics of our 
devices. Figure 6 shows the pulse-duration 
time (τp) dependence of the resistive 
switching characteristics of Au/Pt/BFO(1.1)/
SRO and Au/Pt/BFO(1.0)/SRO devices. 
We found that the RH values were nearly 
independent of τp, whereas the RL values 
increased with decreasing τp, where RH and 
RL are the resistances in the HRS and LRS, 
respectively. This result suggests that it is dif-
ficult to induce switching from the HRS to 
the LRS as compared with switching from 
the LRS to the HRS, and the switching char-
acteristics, such as switching ratio (RH/RL), 
are governed by the switching process from 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1040–1047
the HRS to the LRS. These characteristics are attributable 
to the asymmetric switching of our device: The set-switching 
voltage |Vset| is larger than the reset-switching voltage |Vreset|, as 
seen in Figure 2a. As seen in Figure 6a, RH/RL of the Au/Pt/
BFO(1.1)/SRO device decreased with decreasing τp, and almost 
no switching was observed at τp = 1 μs (data not shown). For 
the Au/Pt/BFO(1.0)/SRO device, on the other hand, clear resis-
tive switching behavior with RH/RL ≈ 2 was observed, even at 
τp = 100 ns, as shown in Figure 6b. This enhancement of the 
switching speed led to an increase in RH/RL. For the same τp = 
1 ms, RH/RL of the Au/Pt/BFO(1.0)/SRO device was more than 
103, whereas that of the Au/Pt/BFO(1.1)/SRO device was only 
about 10. These results suggest that the switching speed and 
ratio can be enhanced by increasing the Bi deficiency. Although 
the detailed mechanism of the Bi-deficiency dependence of the 
switching characteristics is still unclear, the decrease in the 
switching voltages by increasing the Bi deficiency may play a 
crucial role for the enhancement of the switching speed and 
ratio.

Next, in order to evaluate the potential of our resistive-
switching devices for nonvolatile memory applications, we 
performed data retention and endurance tests. Figure 7a 
exhibits the results of data retention of the Au/Pt/BFO(1.0)/
SRO device obtained at room temperature and 125 °C. After 
applying 103 cycles of voltage stresses with an amplitude of 
1045wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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Vp = ±7 V and τp = 10 μs at room temperature, the resistance 
state of the device was set to the LRS or HRS by applying a 
voltage pulse with τp = 10 μs and Vp = +7 or –7 V, respectively, 
and then the data retention characteristics were measured. 
At room temperature, both RH and RL slightly increased with 
time, but the device kept the RH/RL ratio of ∼102 for 105 s. This 
nonvolatility of our device is attributable to the intrinsic non-
volatile nature of ferroelectric polarization. At 125 °C, how-
ever, RH decreased rapidly with time at t > 103 s. Based on our 
proposed model (Figure 5), the decrease in RH suggests that 
the polarization reversal from the downward direction (Pt → 
SRO) to the upward direction (SRO → Pt) takes place as the 
temperature is increased.

For the endurance test, we applied cycles of voltage 
pulses with Vp = ±7 V and τp = 1 μs to the Au/Pt/BFO(1.0)/
SRO device. RH and RL values were evaluated from current 
values at V = +1 V. As shown in Figure 7b, RH (RL) initially 
increased (decreased) with cycle number and then monot-
onically decreased (increased) after ∼103 (∼102) cycles. As a 
result, RH/RL initially increased up to around 102 cycles and 
then started to decrease. This switching-cycle dependence of 
the RH/RL is similar to those of Pr and Jdiode, the latter being 
defined as the difference between on and off current densities, 
observed in switchable diodes.[23] The initial increase in Pr and 
Jdiode is attributed to depinning of preferred domains.[30] After 
the depinning process, polarization fatigue becomes clear, 
and thus Pr and Jdiode decreases with cycle number. Because 
of the similar dependence on switching cycles, the depin-
ning process and the polarization fatigue seem to be involved 
in the endurance mechanism of our devices. Our device 
showed a large RH/RL ratio of >10 up to 105 cycles, and the 
RH/RL ratio was as large as 3 even at 106 cycles. This endur-
ance is better than that of switchable diodes.[23,24] However, 
for achieving practical use of ferroelectric resistive memory, 
the retention at higher temperature as well as the endurance 
should be improved. Further investigations on the degrada-
tion and fatigue mechanisms will provide clues to improving 
the device characteristics.

3. Conclusions

We have studied the resistive switching characteristics at p-type 
Schottky-like Pt/Bi1–δFeO3 interfaces in terms of I–V measure-
ments at a high voltage-sweep frequency f and pulsed-voltage 
switching measurements. The Au/Pt/Bi1–δFeO3/SrRuO3 devices 
that we fabricated showed bipolar resistive switching with a 
zero-crossing hysteretic I–V characteristic. In the I–V charac-
teristics measured at f = 1 kHz, positive and negative current 
peaks originating from ferroelectric displacement charges were 
observed prior to set and reset switching processes, respectively. 
Piezoresponse force microscope (PFM) measurements revealed 
the coexistence of ferroelectricity and conductivity in the semi-
conductive Bi1–δFeO3 films. Based on the experimental results, 
we propose that the modification of the potential profile of the 
barrier at the Pt/Bi1–δFeO3 interface induced by polarization 
reversal is responsible for the resistive switching phenomenon. 
The current study has also demonstrated that the device per-
formance, such as switching speed and ratio, can be improved 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag
by controlling the Bi deficiency. Moreover, the devices showed 
promising characteristics for use as nonvolatile memories, 
including stable resistive switching without the need for any 
forming process, data retention of >105 s at room temperature, 
and endurance of >105 cycles.

4. Experimental Section
Bi1–δFeO3(100 nm)/SrRuO3(50 nm) layered structures were deposited on 
SrTiO3 (100) substrates by pulsed laser deposition (PLD) at a substrate 
temperature of 700–720 °C under an oxygen pressure of 25–30 mTorr. 
In order to obtain Bi1–δFeO3 layers with different Bi deficiencies δ, we 
prepared several ceramic targets having different Bi/Fe ratios of 1.2, 
1.1, and 1.0. The Bi/Fe ratio rf in the films was evaluated by inductively 
coupled plasma atomic emission spectrometry (ICP) at Hitachi Kyowa 
Engineering Co., Ltd.. Four-circle X-ray diffraction measurements (Philips 
X’Pert PRO MRD) were performed to evaluate the lattice parameters and 
the crystal structure.

For the Au/Pt/Bi1–δFeO3/SrRuO3 devices, an Au(100 nm)/Pt(10 nm) 
layered electrode was deposited by electron beam evaporation through 
a shadow mask (100 μm × 100 μm). For the Au/SrRuO3/Bi1–δFeO3/
SrRuO3 devices, a SrRuO3(50 nm)/Bi1–δFeO3(100 nm)/SrRuO3(50 nm) 
layered structure was deposited on a SrTiO3 substrate by PLD, and then 
an Au(100 nm) layer was deposited by electron beam evaporation. An 
Au/SrRuO3/Bi1–δFeO3/SrRuO3 layered structure was patterned into a 
device with dimensions of 100 μm × 100 μm using photolithography 
and argon ion milling.

I–V and P–V characteristics of the devices were measured with a 
ferroelectric testing system (Toyo Corp. FCE-1) consisting of a current/
charge-voltage converter (Toyo Corp. Model 6252), an arbitrary waveform 
generator (Biomation 2414B), and an analogue-to-digital converter 
(WaveBook 516). DC I–V characteristics of the devices were also 
measured by using a source measure unit (Keithley 238). For pulsed-
voltage measurements, voltage pulses were applied to a device by using 
an arbitrary waveform generator (Agilent 33250A) and were monitored 
by using an oscilloscope (Agilent DSO80604B), and resistance values, 
i.e. current values at V = +1 V, were measured by using Keithley 238. The 
read current sensitivity of Keithley 238 is 0.01 pA. Capacitance–voltage 
characteristics were measured by using an impedance analyzer (Agilent 
4294A). In all measurements of electronic properties, top electrodes 
were grounded and voltages were applied from bottom electrodes. 
Piezoresponse measurements of BiFeO3 layers were performed by using 
a scanning probe microscope with a CoCr-coated Si cantilever tip (SII 
NanoTechnology E-sweep scanning probe microscope) at the Foundation 
for Promotion of Material Science and Technology of Japan.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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