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Abstract In order to demonstrate the control of BiFeO3

thin film on the resistive switching effect and achieve the

high-performance resistive switching device, the single

layers and bilayer have been fabricated by chemical solu-

tion deposition method, respectively. In comparison with

the single films, the composite film exhibits great perfor-

mance of the resistive switching in endurance and

repeatability, high stability and resistance ratio of high

resistance state to low resistance state. Resistive switching

effect in the BiFeO3 composite structure demonstrates an

effective way to improve the endurance and repeatability of

the resistive switching characteristics by designing the

relative devices.

1 Introduction

As the integrated circuit density rapidly increased in the

last decades, the further miniaturization of modern non-

volatile memory devices is approaching the physical limit

[1]. To solve the problem, many new memory mechanisms

have been proposed, aiming to develop new high-density,

fast-writing nonvolatile memory devices. Among those

memory devices, resistive random access memory device

(RRAM), with its simple metal–insulator–metal structure,

high switching speed, outstanding scaling potential, is

considered to be the most promising candidate for the next-

generation nonvolatile memory device [2–6]. The nature of

the resistive switching (RS) in RRAMs has been explored

by various cutting-edge analysis techniques [7, 8]. The

formation and rupture of the conductive filaments (CFs) in

the RS materials have been proved to be responsible for the

most of RS phenomena [9–12]. Based on this CF model,

the mechanism of RS phenomenon can be described. For

example, before the switching process, an electroforming

operation is usually needed. The defects (usually the oxy-

gen vacancies in oxides) move toward one of the electrodes

under the electric field. As the defects accumulated, a CF is

generated and bridged the insulator between two elec-

trodes. The CF could be modified by applying opposite-

polarity (bipolar) or different magnitude (unipolar) voltage,

which induces the RS cell switching between high resis-

tance state (HRS) and low resistance state (LRS).

Before being taken into application, there are several

key concerns that need to be addressed in RRAMs, espe-

cially the RS repeatability and the endurance. The large

fluctuation of RS parameters (e.g., Vset and Vreset, indicating

the voltages of the resistance state switching from HRS to

LRS and from LRS to HRS, respectively) makes it difficult

to select the operation parameters, furthermore, causes the
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operation window failure, and finally leads to poor endur-

ance. According to the CF’s mechanism, the large fluctu-

ation of RS parameters in RRAMs probably comes from

the uncontrolled rupture and repair of CFs. The random

rupture and repair of CFs make the memory cell condition

different from every cycle, thus leading to non-uniform RS

characteristics [13]. If the rupture locations can be confined

to a certain region, the RS uniformity could be significantly

improved. Recently, our group reported highly uniform

bipolar RS characteristics in TiO2/BaTiO3/TiO2 multilayer

RS cell [14]. The multilayer structure has been fabricated

on Pt/Ti/SiO2/Si substrate by chemical solution deposition

method. Highly uniform bipolar resistive switching (BRS)

characteristics have been observed in Pt/TiO2/BaTiO3/

TiO2/Pt cells. Analysis of the current–voltage relationship

demonstrated that the space-charge-limited current con-

duction controlled by the localized oxygen vacancies

should be important to the RS behavior. X-ray photoelec-

tron spectroscopy results indicated that oxygen vacancies

in TiO2 play a crucial role in the RS phenomenon and the

introduced TiO2/BaTiO3 interfaces result in the high uni-

formity of BRS characteristics.

BiFeO3 is a perovskite-type multiferroic material, and

its RS phenomenon has been observed [15–19]. Due to the

abundant functional properties, BiFeO3 has potential

applications in developing multifunctional memory devices

combining with ferroelectricity, ferromagnetism. However,

the previous works [15–19] show that the pure BiFeO3 thin

films usually exhibit poor RS performance (i.e., poor

resistance ratio of HRS and LRS, etc.) due to the large

leakage current. Furthermore, it is believed that the

boundary between composite structures of different crystal

structures should affect the migration of oxygen vacancies

and favor the controllable CF rupture [14]. The composite

thin films may be considered crucial to the excellent BRS

effect. In order to introduce a specific composite structure

and find a simple method to significantly improve RS effect

of BiFeO3 thin film, in this work, RS characteristics have

been explored in a bilayer composite structure, which is

composed of TiO2 and BiFeO3, and fabricated on Pt/Ti/

SiO2/Si substrate [19, 20]. Comparing with the BiFeO3 or

TiO2 single-film RS devices, the stable resistances of RS

effect and high resistance ratio of HRS and LRS in BiFeO3/

TiO2 bilayer demonstrate controllable rupture and repair of

CF in composite film RS device.

2 Experimental

As a demonstration, BiFeO3 and BiFeO3/TiO2 films were

deposited on Pt/Ti/SiO2/Si substrates by chemical solution

deposition method as shown in Fig. 1a. TiO2 precursor

solution was prepared by dissolving titanium (IV) iso-

propoxide (Sinopharm, China, [98 %) in the mixture of

acetic acid and ethanol. BiFeO3 precursor solution was

prepared by dissolving Bi(NO3)3�5H2O (Sinopharm, China,

Fig. 1 a A schematic drawing of the measurement configuration.

b XRD pattern of BiFeO3/TiO2 film. c The resistive switching I–

V curves with consecutive cycles in BiFeO3/TiO2 RS cell. The sweep

sequence is marked with the numbers. Inset: the RS I–V curve for

BiFeO3 single film with consecutive cycles. d Outmost surface AFM

image, cross-sectional, e secondary electrons and f backscattered

electrons images of the BiFeO3/TiO2 bilayer
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[99 %) and Fe(NO3)3�9H2O (Sinopharm, China,

[98.5 %) in the mixture of 2-methoxyethanol and acetic

acid. The volume ratio of 2-methoxyethanol and acetic acid

is 4:1. The deposition of the films was carried out by spin

coating at 4000 rpm for 50 s. Each layer was prefired at

350 �C to remove the organics. The samples were annealed

at 600 �C for 2 h in the air atmosphere. Pt top electrodes

with 0.2 mm in diameter were deposited on the films by

ion sputtering with a shadow mask.

The crystallization of the films is confirmed by X-ray

diffraction (XRD, Rigaku D-MAX 2200 VPC) with Cu Ka
radiation (k = 0.154 nm). The topography and cross-sec-

tional images of the films were examined by atomic force

microscopy (AFM, CSPM5000) and scanning electron

microscopy (SEM, FEI Quanta 400F), respectively.

Chemical state and depth profile of BiFeO3/TiO2 bilayer

were obtained by X-ray photoelectron spectroscopy (XPS,

ESCA LAB 250). The electrical properties were measured

with Keithley 4200 semiconductor characterization system.

3 Results and discussion

Results in Fig. 1b, d–f show crystallization, topography,

cross-sectional secondary electrons (SE) and backscattered

electrons (BSE) images of the BiFeO3/TiO2 bilayer struc-

ture, respectively. Figure 1b exhibits the XRD spectrum of

BiFeO3/TiO2 film deposited on the Pt/Ti/SiO2/Si substrate.

The diffraction peaks of BiFeO3 are clearly observed. In

contrast, the TiO2 peaks are barely detected, probably

owing to blocking effect of BiFeO3 layer. In order to

confirm the BiFeO3/TiO2 bilayer structure, the element

distribution along the depth direction has also been studied

by X-ray photoelectron spectroscopy (XPS) with the Ar?

sputtering in following section, which confirms existence

of the TiO2 layer in the bilayer. The surface and cross-

sectional morphology of BiFeO3/TiO2 film are studied by

AFM and SEM, respectively, and the results are shown in

Fig. 1d–f. The measurement configuration is depicted in

Fig. 1a. Before the RS measurement, an electroforming

process is usually needed (See Fig. S1). During the forming

process, high electric field drives oxygen vacancies moving

toward the cathode, inducing a CF growth from the cathode

to the anode. Figure 1c shows the I–V curves with more

than 500 consecutive RS cycles in semilog scale, and inset

is the RS I–V curves for BiFeO3 single film with ten con-

secutive cycles. The voltage is swept in the sequence of

0 V ? 3 V ? 0 V ? -1.7 V ? 0 V, with steps of

0.05 V. The set process occurs in the voltage sweep

0 V ? 3 V, resulting in a sudden current increase, and

switches the resistance state from HRS to LRS. A com-

pliance current of 1 9 10-3 A is adopted to avoid the

permanent dielectric breakdown. Then, the voltage sweeps

reversely, and the reset process can be observed in the

negative-voltage region. More than 500-cycle RS loops

exhibit high repeatability and stability, which I–V curves in

HRS and LRS are highly overlapped. Furthermore, the

critical voltage Vset and Vreset are concentrated in the nar-

row voltage regions of 0.7–2.5 and -1.4 to -1 V,

respectively. In order to give reference, XRD patterns,

Fig. 2 XRD pattern, cross-sectional SEM image and HRS/LRS of BiFeO3 and TiO2 single film
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cross-sectional SEM images and RS effects of the BiFeO3

and TiO2 single films are also studied as shown in Fig. 2.

The endurance for BiFeO3 single film fabricated by

chemical solution deposition method is about 10-cycle as

shown in Fig. 2c. Besides that, poor repeatability of

switching curves also can be observed (especially the

curves in HRS). Comparing the RS performances of

BiFeO3/TiO2 film with those of BiFeO3 single film, it is

clear that the composite film shows overwhelming advan-

tage in endurance and repeatability. It confirms the view

that the composite structure can greatly improve the per-

formance of RS devices.

Results of Fig. 3 show the distribution of Vset/Vreset and

the resistance evolution of BiFeO3/TiO2 bilayer in the RS

cycles, which reconfirm the great repeatability of the

memory cell. As shown in Fig. 3a, the distribution of Vreset

and Vset is ranged in -1 to -1.4 and 0.7–2.5 V, respec-

tively. It should be noticed that nearly 90 % of the Vreset

values concentrate in 1–1.1 V and 80 % of the Vset values

concentrate in 1.1–1.45 V. The narrow distribution of Vreset

and Vset indicates the stable rupture and repair of the CF in

BiFeO3/TiO2 RS cell. In addition, the small value of Vset

and Vreset benefits to reducing the power consumption.

Figure 3b exhibits the resistance evolution in HRS and

LRS in the RS cycles, all of the resistance values are read

in -0.1 V. The values of RHRS and RLRS are maintaining in

Fig. 3 a Distribution of Vset and Vreset and b resistance evolution of

HRS and LRS (the resistance values are read in -0.1 V)

Fig. 4 a XPS spectra of O1s and b Fe 2p on the outmost of BiFeO3/

TiO2 film. c Elemental depth profile acquired by XPS with the help of

Ar? sputtering
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200 KX and 1 KX, without any decaying. Comparing with

the BiFeO3 or TiO2 single-film RS devices (Fig. 2c, f), the

extremely stable RHRS and RLRS in BiFeO3/TiO2 bilayer

demonstrate controllable rupture and repair of CF in

composite film RS device. In addition, the resistance ratio,

RHRS/RLRS, is as high as 200, which is much higher than

the results of single-layer BiFeO3 thin films in previous

works [15–19].

As we have mentioned above, oxygen vacancies are

crucial for RS phenomenon. Here, the existence of oxygen

vacancies is confirmed by XPS. Figure 4a, b is the O1s and

Fe 2p XPS spectra detected on the BiFeO3/TiO2 outmost

surface, respectively. As shown in Fig. 4a, O1s XPS data

could be resolved into three Gaussian peaks centered in

529.8, 530.6 and 531.7 eV, which are assigned to lattice

oxygen, oxygen vacancies and adsorbed oxygen, respec-

tively. It should be noticed that the peak of oxygen

vacancies takes up a considerable part of total peak area,

indicating a large amount of oxygen vacancies exists in the

BiFeO3 layer. Figure 4b exhibits two broad peaks of Fe

2p3/2 and Fe 2p1/2, which demonstrate the coexistence of

Fe3? and Fe2? valence states. The deconvolution of the

data indicates the Fe3? 2p3/2 and Fe3? 2p1/2 peaks are in

711.8 and 725.3 eV; additionally, the Fe2? 2p3/2 and Fe2?

2p1/2 are in 710.2 and 724.1 eV, respectively. The coex-

istence of Fe3? and Fe2? is coincident with the oxygen

vacancies peak in Fig. 4b. According to the defect chem-

istry, the variation in Fe valence state from Fe3? to Fe2? is

owing to the charge compensation of oxygen vacancies.

The element distribution along the depth direction has also

been studied by XPS with the Ar? sputtering. The depth

profile is presented in Fig. 4c, which confirms the bilayer

structure of BiFeO3/TiO2 film. However, Ar? bombard-

ment will change the chemical state of some compounds

[21]. For example, the valence of Ti in TiO2 will be

reduced to Ti3? or Ti2? after Ar? bombardment. In our

experiment, the XPS chemical state analysis of TiO2 layer

(not shown in the paper), which is obtained after Ar?

bombardment, is not available. Nevertheless, it is supposed

that there are a large number of oxygen vacancies in the

TiO2 layer, for its famous oxygen-deficient nature. Fur-

thermore, the view that oxygen vacancies migration causes

the RS has been generally accepted.

In order to gain insight into the CF formed in BiFeO3/

TiO2 composite thin film, temperature-dependent

I–V curves in HRS and LRS were measured. To avoid

Fig. 5 a, b Temperature-dependent I–V curves in LRS and HRS.

Temperature range: 168–298 K. Voltage range: -0.5–0.5 V. c Tem-

perature-dependent resistance for LRS and HRS (the resistance values

are read in -0.1 V). d The linear fitting for the I–V curves in double-

logarithmic scale, and the corresponding slopes for each part
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resistance switching, the test voltage range is confined in

-0.5 to 0.5 V. Figure 5a, b presents the temperature-de-

pendent I–V curves for HRS and LRS in the temperature

range of 168–298 K. It can be seen that the I–V curves

regularly varied with the increase in temperature. For the

LRS, the current decreases as the temperature increases. In

contrary, the current in the HRS increases with the increase

in temperature. The dependence of resistance on tempera-

ture for both HRS and LRS has been redrawn in Fig. 5c (the

resistances are read in-0.1 V). The monotonous increasing

and decreasing tendencies in the temperature-dependent

resistance for LRS and HRS demonstrate the metallic

behavior of the CF and the semiconducting behavior of

matrix, respectively. It is generally accepted that CF can be

regarded as the oxygen vacancy chain. As we know, oxygen

vacancy, which acted as donor, can reduce the oxide, favor

the reconstitution of the local region, and lead to the insu-

lator-to-metal transition. For the TiO2, Magnéli phases

(TinO2n-1, n = 2, 3, 4) conductive channels, which exhibit

metallic behavior, have been directly observed in both

unipolar [8] and bipolar [22] RRAMs. Similarly, oxygen

vacancies chains could also reduce the Fe3? to Fe2? in the

vicinity, cause the structure distortion, and give rise to a

metallically conductive path [23].

To further understand the conduction mechanism, the

typical I–V data have been fitted to several conduction

models. The best fittings are shown in Fig. 5d, in which the

I–V relation is plotted in double-logarithmic scale and the

fitting results are highlighted in green line. For HRS, the

I–V relation can be divided into two regions, 0–1.1 and

1.1–2.1 V, in which the slope of curves are 1.1 and 1.9,

respectively. This accords with the space-charge-limited

current (SCLC) conduction. In the low-voltage region

(0–1.1 V), the cell exhibits Ohmic behavior (I � V). When

the voltage increases, large amount of excess injected

carriers accumulates to forming a space-charge area, block

the following charge injection, and lead to the nonlinear

I–V relation (I � V2). For LRS, the linear I–V relation with

the slope of 1.0 confirms the Ohmic behavior.

4 Conclusion

In conclusion, we have proposed a BiFeO3/TiO2 composite

structure to achieve high-performance RS memory device.

As a demonstration, BiFeO3, TiO2 and BiFeO3/TiO2 films

were fabricated and measured. In comparison with the

BiFeO3 single film, the BiFeO3/TiO2 composite film

exhibits great performance in endurance and repeatability.

Comparing with the BiFeO3 or TiO2 single-film RS devi-

ces, the extremely stable RHRS and RLRS in BiFeO3/TiO2

bilayer demonstrate controllable rupture and repair of CF

in composite film RS device. In addition to the stability, the

resistance ratio, RHRS/RLRS, is as high as 200, making it

easy to distinguish the memory states. XPS and tempera-

ture-dependent I–V tests confirm that oxygen vacancies-

based metallic CF form in BiFeO3/TiO2 RS cell. Great RS

effect in the bilayer composite demonstrates a great

effective way to improve the RS endurance and repeata-

bility of BiFeO3 by designing the composite thin film of the

devices.
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