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We report a continuously tunable resistive switching behavior in Pt/BiFeO3/Nb-doped SrTiO3

heterostructure for ferroelectric memristor application. The resistance of this memristor can be

tuned up to 5� 105% by applying voltage pulses at room temperature, which exhibits excellent

retention and anti-fatigue characteristics. The observed memristive behavior is attributed to the

modulation effect of the ferroelectric polarization reversal on the width of depletion region and the

height of potential barrier of the p-n junction formed at the BiFeO3/Nb-doped SrTiO3 interface.

VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4795145]

Resistive switching has been observed in capacitor-like

structures consisting of ferroelectric thin films, in which the

resistance can be reversibly switched between a high resist-

ance state (HRS) and a low resistance state (LRS) by apply-

ing voltages.1,2 These two resistance states can be used in

bistable memory devices. More importantly, continuously

tunable resistors, i.e., memristors, have been recently demon-

strated in ferroelectric tunnel junctions.3,4 The memristors,

also known as the fourth fundamental circuit element in addi-

tion to resistors, capacitors, and inductors,5 have potential

applications in high-density multilevel nonvolatile memories

and adaptive networks that require synapse-like functions.4

Resistive switching behavior in multiferroic BiFeO3

(BFO) has attracted considerable attention because it offers

additional degrees of freedom for BFO-based multifunctional

devices.6–14 The observed resistive switching phenomena in

BFO films appear to vary with the processing conditions and

microstructures of the films, suggesting that several mecha-

nisms may be involved. Possible mechanisms proposed by

prior studies can be classified into two types: (i) conductive

filament type.6–8 During the electroforming process, local

conductive paths consisted of oxygen vacancies or metallic

filaments are formed in the insulating BFO matrix thus

switching the device to LRS; the conductive filaments can be

damaged by applying reverse voltages so that the device

changes back to HRS. This filamentary resistive switching

usually appears in capacitor-like structures with polycrystal-

line BFO films,6–8 in which the forming and damage of

filaments accompany with abrupt changes in electrical cur-

rent. However, since chemical alterations such as local redox

reactions or cation valence changes are involved in this

mechanism, there are concerns about the reliability of such

type of devices in terms of retention and endurance.14,15 (ii)

Ferroelectric polarization modulated interface type.10–14

Generally, BFO films exhibit p-type conduction as a result of

Bi loss.11,14,16 Thus, a Schottky junction or a p-n junction

may be formed at the metal/BFO interface or the BFO/n-type

semiconductor interface, respectively. These junctions can be

modulated by the ferroelectric polarization, which induces

blocking or nonblocking interfaces for the transport of car-

riers and consequently the resistive switching behavior.10–14

In contrast to that in a conventional heterostructure, the inter-

facial state in a ferroelectric semiconductor heterojunction

can be gradually modified by the polarization reversal, which

may give rise to a continuously tunable resistive switching

behavior (i.e., memristive behavior).3,4 Since the polarization

reversal has a superior stability to that of a chemical altera-

tion and is intrinsically fast,17 the interfacial resistive switch-

ing is highly favorable to the newly emerging ferroelectric

memristors.3,4 However, with many reports focusing on the

bistable resistive switching in BFO, the memristive behavior

has not yet attracted enough attention.

In this letter, we report the memristive behavior in

Pt/BFO/Nb-doped SrTiO3 heterostructure with a continuous

tunability up to 5� 105%. It is also verified that the ferro-

electric polarization enhances the reliability such as the

retention and anti-fatigue characteristics. We attribute the

observed memristive behavior to the ferroelectric polariza-

tion modulation of the depletion width and the barrier height

at the BFO/Nb-doped SrTiO3 interface.

High-quality BiFeO3 thin films were epitaxially grown

on 0.7 wt. % Nb doped (001) SrTiO3 (NSTO) single-crystal

substrates by pulsed laser deposition using a KrF excimer

laser (248 nm, Lambda Physik COMPex 205) at a frequency

of 1 Hz. During the deposition, the substrate temperature

was kept at 670 �C, and the oxygen partial pressure was

15 Pa. After deposition, the samples were cooled to room

temperature at 4 �C/min in an oxygen pressure of 1 atm. The

thickness of BFO film is about 60 nm. The structure of BFO

films grown on NSTO substrates was analyzed by x-ray

diffraction (XRD, Bruker D8 Advance plus pole figure
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attachment) with Cu Ka radiation. To form Pt/BFO/NSTO

heterostructure and measure the electrical properties, Pt top

electrodes with diameters of 100, 200, 250, and 750 lm were

deposited by dc magnetron sputtering, and In bottom elec-

trode was smeared onto the back of NSTO substrate to

ensure Ohmic contact. The current-voltage (I-V) characteris-

tics were performed by a Keithley 4200 semiconductor

characterization system with voltage sweeping mode. During

the measurement, forward bias was defined as a positive dc

voltage applied on the Pt top electrodes. The local piezores-

ponse and conduction properties were investigated via pie-

zoresponse force microscope (PFM) and conductive atomic

force microscopy (C-AFM) on a commercial AFM system

(Cypher, Asylum Research) integrated with a Keithley

6517b electrometer, using Pt-coated Si probes (ElectriMulti

75, Budget Sensors). All measurements were carried out at

room temperature.

h-2h scan in Fig. 1(a) shows that the BFO film is uni-

formly c-axis oriented. The u-scan of the (011) plane con-

firms the epitaxial growth of BFO on NSTO substrate, with

orientation relationships of BFO(001)/NSTO(001) (out-of-

plane) and [110]BFOjj[110]NSTO (in-plane), respectively,

as shown in the inset of Fig. 1(a). Typical I-V characteristics

of Pt/BFO/NSTO heterostructure at room temperature are

shown in Fig. 1(b). The I-V curve exhibits a hysteresis

behavior and an asymmetric feature (shown in the inset of

Fig. 1(b)), which are corresponding to the resistive switching

and the rectifying effect, respectively.12,18 Electroforming

process is not needed to obtain stable resistive switching in

our device, indicating that the observed resistive switching

comes from interfacial effects rather than conductive fila-

ments.12 Since BFO is generally considered as a p-type

semiconductor and NSTO is a n-type semiconductor, a

Schottky junction and a p-n junction are expected to form at

the Pt/BFO interface and the BFO/n-type semiconductor

interface, respectively. Thus, the electrical responses of the

Pt/BFO/NSTO heterostructure should be interpreted as a se-

ries connection of a reverse and a forward diode. However,

the observed forward rectifying behavior in the inset of

Fig. 1(b) reveals that the p-n junction at BFO/NSTO inter-

face dominates the transport properties of Pt/BFO/NSTO/In

heterostructure, while the Schottky barrier at Pt/BFO inter-

face is negligible, which is consistent with the prior

reports.12,16,19

To investigate the bistable resistive switching in our

heterostructure, we applied positive (þ6 V) and negative

(�10 V) pulse voltages (Vwrite) with 1 ms width to polarize

the ferroelectric BFO downward and upward, respectively,

and then measured the current at low reading voltages Vread

(jVreadj � 0.5V�jVwritej). These I-V curves are shown in

Fig. 1(c). Apparently, the current after applying positive

Vwrite is higher than that after applying negative Vwrite,

which means the resistance switches from HRS (OFF state)

to LRS (ON state) when the polarization is reversed from

upward to downward. This suggests that the polarization

reversal is closely related to the resistive switching in the

Pt/BFO/NSTO heterostructure.11,14 The resistances at both

HRS and LRS show strong dependence on the electrode

area, as shown in Fig. 1(d). Such area-sensitive resistance

behavior indicates that the resistive switching does not corre-

spond to filamentary mechanism.

The as-grown BFO film clearly exhibits randomly polar-

ized ferroelectric domains, and the well-defined, highly re-

producible piezoresponse (PR) hysteresis loops are obtained

on it, implying a good ferroelectric characteristic of the film,

as shown in Figs. 2(a) and 2(b). The marked asymmetry of

the PR loops may be in itself related to the rectifying behav-

ior of the BFO/NSTO junction. To examine the correlation

between the polarization reversal and the change in electrical

conductivity, the polarization in two 1� 2 lm2 regions has

been switched downward and upward by applying bias vol-

tages of þ15V and �15V via the PFM tip, respectively. A

current map is then acquired by scanning the poled area

with a reading tip bias of �4 V. The results are shown in

Figs. 2(c) and 2(d). The area with downward polarization

shows significantly higher conductivity than the area upward

polarized; in the latter area, no measurable current signals

out of the noise floor are present. Note that the lateral size of

the conductive areas (up to a few hundred nanometers) in

Fig. 2(d) is much larger than that expected for the filaments

(typically in tens of nanometers).20 The local variations in

the obtained current map are similar to that recently reported

in BaTiO3,
21 which could be ascribed to the film surface

roughness, and possibly, to the depth profile of the artificially

poled domains that is not assessable with standard PFM

capacities, rather than being suggestive of any conductive fil-

aments that are of chemical origins.

Figure 3(a) shows the OFF/ON ratio as a function of

reading voltage after applying a 1 ms voltage pulse of þ6V

or �10V, respectively. The asymmetry with respect to posi-

tive and negative reading voltage should be ascribed to the

rectifying effect at the p-n junction.12 High and stable OFF/

ON ratio is observed at negative Vread, with OFF/ON ratio

of 3000–5000 at �0.2 to �0.5V, while low OFF/ON ratio of

10–200 is observed at 0.2–0.5 V. This large variation of

OFF/ON ratio at different reading voltages could be useful

FIG. 1. (a) XRD h-2h scan of the BFO/NSTO heterostructure, the inset is u-

scan of the (011) plane; (b) Resistive switching behavior, the inset shows

rectifying current-voltage (I-V) characteristics; (c) I-V curves under small

reading voltage (�0.5 � þ0.5 V) after applying writing voltage pulses of

þ6V and �10V, respectively; (d) Area dependence of the resistances at

HRS and LRS.
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in multistate storage devices. Resistances as a function of

writing voltage were measured at Vread¼�0.3V after apply-

ing writing voltage pulses with increasing amplitude, as

shown in Fig. 3(b). Since a memristor is a dynamic device

depending on pre-history, we applied a reset pulse of þ6V

or �10V, respectively, before applying negative or positive

writing pulses to avoid a pre-history memory effect.4 The re-

sistance can be continuously tuned by several orders of mag-

nitude by varying the writing voltage pulse, and the

tunability (i.e., ROFF/RON) reaches 5� 105% at a writing

pulse of �10 V. Furthermore, the hysteretic variation of the

resistance with Vwrite is similar to the ferroelectric hysteresis

loop, suggesting a ferroelectric polarization modulation of

the resistive switching. It is notable that the resistance gradu-

ally increases with increasing negative Vwrite and gradually

decreases with increasing positive Vwrite, which is opposite

to that of the ferroelectric tunnel junctions.3,4,22 This indi-

cates that a ferroelectric p-n junction effect, rather than a fer-

roelectric tunneling effect, is responsible for the observed

resistive switching behavior in the Pt/BFO/NSTO hetero-

structure. Retention and fatigue tests were carried out at

Vread ¼ �0.3V after applying writing voltage pulse of þ6V

or �10V to set the ON or OFF states, respectively, as shown

in Figs. 3(c) and 3(d). The resistance states are highly stable

and reversible, revealing excellent retention and anti-fatigue

properties in our ferroelectric resistive switching device.

To investigate the conduction mechanism inside the

BFO films, three possible conduction models,23 i.e.,

Schottky emission, Poole-Frenkel emission, and space-

charge-limited conduction (SCLC), were used to fit the cur-

rent density-voltage (J-V) curves at LRS. The best fit comes

from the SCLC mechanism,11,24 which is shown in Figs. 4(a)

and 4(b). At low V (jVj � 0.2 V), log(jJj) initially exhibits

linear relationship with log(jVj) (i.e., J / V), indicating an

Ohmic conduction behavior. With increasing V, nonlinear

relationship between log(jJj) and log(jVj) is present (i.e.,

J / Vn, n � 2).11 For HRS, it is difficult to analyze the con-

duction mechanism inside the BFO films due to the large re-

sistance of p-n junction, which exhibits a typical unilateral

conduction behavior.24 In a semiconductor diode, the reverse

current increases slightly with negative voltage and is not

completely saturated due to the generation and combination

of minority carriers in the depletion region, consistent with

our results in Fig. 4(c). On the other hand, the forward cur-

rent I of an ideal diode can be expressed as

I ¼ I0 exp
qV

kBT

� �

; (1)

where Io is the saturated reverse current, q is the charge of

electron, kB is the Boltzmann constant, and T is the absolute

temperature. Therefore, for an ideal diode, ln I should have a

FIG. 2. (a) PFM phase image (out-of-plane) of as-grown BFO film

(1� 1 lm2); (b) typical piezoresponse hysteresis loops, acquired at two dif-

ferent points as shown in (a); (c) PFM phase image after poling the film

using 615V tip bias voltages (2� 2lm2); and (d) Current map acquired in

the same region as in (c).

FIG. 3. (a) OFF/ON ratio as a function of reading voltage after applying a

1 ms voltage pulse of þ6V and �10V; (b) Resistance as a function of writ-

ing pulse amplitude at Vread ¼ �0.3V, showing a continuously tunable mem-

ristive behavior; (c) Retention test of OFF and ON states; (d) Fatigue test,

revealing the reversible resistance switching between OFF and ON states.

FIG. 4. Conduction mechanisms of (a), (b) LRS, and (c), (d) HRS under

negative and positive voltages.
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linear plot with V with a slope of q/kBT. However, for a

semiconductor diode, a slope of q/2kBT is generally

observed when the forward current is low,24 which is also in

good agreement with our result, as shown in Fig. 4(d). The

analysis of conduction mechanism suggests that SCLC is the

responsible conduction route at LRS (downward polariza-

tion), while the p-n junction conduction is dominant at HRS

(upward polarization).

Based on these detailed examinations, the observed

resistive switching behavior in the Pt/BFO/NSTO hetero-

structure can be explained by considering the ferroelectric

polarization modulation effect on the width of depletion

region and the height of potential barrier at the BFO/NSTO

interface.25,26 Assuming no contribution from the polariza-

tion in the as-grown films, a depletion region with a certain

width forms across the p-n junction after reaching dynamic

equilibrium, as a result of the interdiffusion of majority car-

riers. The depletion region also induces an energy band

bending and a potential barrier at the interface.24 When the

ferroelectric polarization in BFO is downward after applying

a large positive writing voltage pulse (þ6 V), the positive

polarization bound charges aggregate at the BFO/NSTO

interface. Through the ferroelectric field effect,27 the nega-

tive majority electron carriers in n-type NSTO are attracted

by these positive bound charges and migrate toward the

interface, resulting in a decrease in the depletion width, as

sketched in Fig. 5(a). In contrast, when the polarization is

upward after applying a large negative voltage pulse

(�10 V), the negative majority electron carriers in n-type

NSTO are repelled by the negative bound charges at the

BFO/NSTO interface, which increases the depletion width,

as shown in Fig. 5(b). Furthermore, since the screening of

the bound charges is usually incomplete, a depolarization

field with opposite direction to the polarization is developed

in the ferroelectric layer28 and consequently leads to energy

band bending at the interface,25 as shown in the band dia-

gram of Pt/BFO/NSTO heterostructure in Figs. 5(c) and

5(d). The total potential barrier after applying positive pulse

is lower than that after applying negative pulse.12 Therefore,

the carriers can readily pass through the depletion region

under an electric field after applying þ6V pulse, due to the

relatively narrow depletion region and low potential barrier

height at the p-n junction.24 The device is then set to a stable

low resistance state. After that, if negative voltage pulses

with increasing amplitude are consecutively applied, the

depletion width and barrier height will gradually increase

due to the increasing upward polarization, resulting in a

continuously increasing resistance. Conversely, if the device

is initially set to HRS by upward polarization and then posi-

tive pulses are applied, the resistance continuously decreases

with increasing positive voltage amplitude. Therefore, the

memristive behavior in Pt/BFO/NSTO heterostructure could

be attributed to the modulation effect of ferroelectric polar-

ization on both the depletion width and the potential barrier

height of the BFO/NSTO p-n junction.

In summary, epitaxial ferroelectric BFO films were pre-

pared by pulsed laser deposition on Nb-doped SrTiO3 sub-

strates. A memristive resistive switching behavior with a

continuous tunability up to 5� 105% and excellent retention

and anti-fatigue characteristics was observed in Pt/BFO/

NSTO heterostructure, which is attributed to the ferroelectric

polarization modulation of the depletion width and the

potential barrier height of the BFO/NSTO interface. This fer-

roelectric memristor extends the functionality of BFO-based

heterostructures and has potential application in nonvolatile

memories and logic devices.
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