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Abstract The Na0.5Bi0.5TiO3 (NBT) thin films sandwiched

between Au electrodes and fluorine-doped tin oxide (FTO)

conducting glasswere deposited using a sol–gelmethod. Based

on electrochemical workstation measurements, reproducible

resistance switching characteristics and negative differential

resistances were obtained at room temperature. A local

impedance spectroscopy measurement of Au/NBT was per-

formed to reveal the interface-related electrical characteristics.

The DC-bias-dependent impedance spectra suggested the

occurrence of charge and mass transfer at the interface of

the Au/NBT/FTO device. It was proposed that the first and the

second ionization of oxygen vacancies are responsible for the

conduction in the low- and high-resistance states, respectively.

The experimental results showed high potential for nonvolatile

memory applications in NBT thin films.
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Introduction

Reversible resistance switching (RS) in oxide thin films has

recently attracted great interest in semiconductor industry

due to the potential for using these films to make a new type

of nonvolatile memories, which is often called resistance

random access memory (RRAM) [1]. The RRAM has the

superior properties of good retention, high endurance, rapid

operation, low-power consumption, and especially due to its

three-dimensional multistack structure that enables it to

realize ultrahigh density memory [2]. Because of excellent

RS effect, a number of perovskite metal oxides, such as

SrTiO3, [3] La0.7Ca0.3MnO3, [3, 4] PbZr0.2Ti0.8O3, [3, 5]

(Ba, Sr) (Zr, Ti)O3, [3, 6] and Pr0.7Ca0.3MnO3 [7] have been

studied extensively. To explain the intriguing effect,

numerous theoretical models have been proposed. How-

ever, most of these models leave unanswered questions

[8–10]. Despite its fundamental importance, our under-

standing of the underlying physics of the RS effect is still

poor. The microscopic origin of the RRAM in perovskite

metal oxides is not understood clearly.

Sodium bismuth titanate Na0.5Bi0.5TiO3 (NBT) with

perovskite structure is the best known lead-free piezoelectric

and ferroelectric material that promises a number of appli-

cations in sensors and actuators since the first report on its

ferroelectricity by Smolenskii et al. [11]. However, NBT in

thin film form has not been properly investigated although

NBT in bulk ceramic form has been widely studied [12].

Moreover, the resistive switching properties of the NBT thin

filmswere less studied up to date. In thiswork,we discovered

that reversible resistive switching occurs repeatedly at room

temperature in a NBT thin films simply layered between the

top and bottomelectrodes. Therefore, this studymay lead to a

better understanding of perovskite-based memory device for

nonvolatile memory (NVM) applications.

Experimental

(Na0.5Bi0.5)TiO3 (NBT) thin films were prepared on fluo-

rine-doped tin oxide (FTO) conducting glass substrates via
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a sol–gel method with spin-coating process. Bismuth

nitrate [Bi(NO3)3�5H2O], sodium acetate [Na(CH3COO)],

and titanium butoxide [Ti(OC4H9)4] were used as the

starting materials. 2-methoxyethanol and glacial acetic acid

were selected as the solvent and pH value adjusting

reagent, respectively. To compensate for bismuth loss

during the annealing treatment, 10% molar excess bismuth

was added to the above mixture. The concentration of the

final solution was adjusted to 0.3 M. The NBT coating

solution was deposited onto FTO substrates by spin-coating

at 3600 rpm for 30 s. After the spin-coating process, the

specimen were heated-treated at 190 �C for 180 s to dry

the wet gel films, then heated at 380 �C for 180 s to

eliminate the organic groups, and finally annealed at

750 �C for 240 s. The thickness of only one deposition

NBT films was calculated to be approximately 60 nm by

four-layer sample on the observation under a JSM-5600

scanning electron microscope (SEM) in Fig. 1a. The sur-

face morphology of the NBT films was measured by a

SPA-400 atomic force microscope (AFM), and the results

are presented in Fig. 1b. The film grown under 750 �C is

rather smooth, and the grains are uniform. After deposition,

a 20-nm-thick circular Au electrode with an area of

7.1910-4 cm2 was patterned through a metal mask to form

sandwich structure by dc sputtering.

Cyclic voltammetry, multipotential steps, and A.C.

impedance were undertaken on a CHI600B electrochemi-

cal workstation (Shanghai Chenhua, China). All the elec-

trochemical measurements were carried out using

three-electrode system at room temperature, with FTO as

reference electrode and counter electrode and Au as

working electrode. The data were obtained using a com-

puter-controlled program. A schematic drawing of the

structure is shown in Fig. 1c.

Results and Discussion

The XRD patterns were collected on a DX-2500 X-ray

diffractometer, employing Cu Ka radiation (1.542Å). From

Fig. 2, the XRD study shows several peaks corresponding

to NBT diffraction peaks accompanied by SnO2 (FTO

substrate) diffraction peaks, indicating that the films were

single phased without any impurity.

To get a further knowledge about the colossal electro-

resistance (CER) effects in the Au/NBT/FTO system, we

performed a careful study of the current–voltage (I–V)

dependence. Figure 3 shows the I–V characteristics of Au/

NBT/FTO sandwich structure for resistance switching. As

can be seen from Fig. 3, when the bias is ramped from zero

to the reset voltage, the sample exhibits a low-resistance

state (LRS). Applying positive voltage, LRS could be

changed to a high-resistance state (HRS). When the

polarity of the bias is changed, the device switches to the

LRS. Upon increasing the bias above the switching volt-

age, the device switches back to the HRS. Normally, peaks

in I–V are attributed to a Faradaic reaction. Such peaks are

the result of Maxwell-Boltzmann statistics governing

electron transfer modified by the mass transport of the ions.

It is interesting that the I–V curves never cross at the origin.

It is not difficult to understand using the conducting

domain model [13]. The qualitative form of the hysteresis

depends on the intrasystem (top/center and bottom/center)

charge transfers compared to the interface (top/electrode

Fig. 1 a Cross section of the sample obtained from four-layered

deposition on the FTO conducting glass measured by SEM. b AFM

image of the NBT thin films annealed at 750 �C. c Schematic diagram

of I–V measurement system
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Fig. 2 XRD patterns of the NBT thin films on FTO conducting glass
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and bottom/electrode) ones, both of which are controlled

by the model parameters. When C
ext � C

int, where C
ext

denotes the tunneling rates between the electrode and the

top domains and C
int denotes the tunneling rates between

the top domains and the central domains, the current shows

low to high current switching. Assuming that larger inter-

face transfers should be appropriate for high to low current

switching systems, the hysteresis obtained in Au/NBT/FTO

heterostructures qualitative agreement with the model was

observed, as shown in Fig. 3. A distinctive negative dif-

ferential resistance (NDR) appeared in the curves. Under

increasing the scan rate, the peaks moved toward higher

potential, but the NDR effect was consistently found in all

measures. It was reported that the NDR is caused by the

motion of oxygen ions at the Ti/Pr0.7Ca0.3MnO3 interface

[14]. It is possible that NBT has a similar effect because it

is similar to PCMO in terms of octahedral crystal structure.

In the inset of Fig. 3, 100 consecutive measurements were

performed with a 0.05 V/s scanning rate between 6 and

-6 V. The device shows a dipolar switching behavior and

a good retention characteristic.

The domain model may simulate very divergent dc I–V

characteristics by adjusting the fitting parameters [15], and

the ac impedance is expected to investigate the resistance

switching. Complex-impedance-plane plots are very pop-

ular because the shape of the locus of points yields insight

into possible mechanisms or governing phenomena. If the

locus of points traces a perfect semicircle, for example, the

impedance response corresponds to a single activation

energy-controlled process [13], where each data point

corresponds to a different measurement frequency. Fur-

thermore, the impedance spectrum may provide useful

information to understand the charge transfer and mass

transport that occurred at the interface. The bulk- and

interface-related properties could be effectively separated

by using impedance spectroscopy.

The impedance spectra of the sample in the frequency

range (100–100000 Hz) were measured at 1 V dc bias with

voltage oscillation amplitude of 5 mV in Fig. 4a. Inten-

tionally, before the measurement of impedance spectros-

copy, the Au/NBT/FTO-assembled circuit was driven by a

continuous sweeping voltage to first switch on and then

terminate at the switching off state. The equivalent circuit

at different electronic states can be described by a resistor

Re in series with the parallel combination of R and

capacitor C synchronously, where one resistance is con-

sidered for the Ohmic resistance (Re), and a net made of a

surface capacitance of a film and electronic resistance of a

semiconductor models the charge transfer of an electro-

chemical reaction at the electrode–semiconductor interface

(RC activation time constant).

For a resistor Re in series with the parallel combination

of R and capacitor C, the impedance is given by [16]

Z ¼ Re þ
R

1þ jxRC
ð1Þ

or

Z ¼ Re þ
R

1þ ðxRCÞ2
� j

xCR2

1þ ðxRCÞ2
ð2Þ

For low frequencies, the total resistance equals the sum of

Re and R. With increasing frequencies, the impedance of

the capacitance will reduce. At very high frequencies, the

impedance of the capacitance is almost zero and therefore

acts as a short circuit. Thus, Re is directly measured at high

frequencies. A characteristic angular frequency xRC = 1/

(RC) can be identified for which the imaginary part of the

impedance has a maximum value R/2.

In Fig. 4a, whole semicircle cannot be obtained at room

temperature due to the measurements at high frequency

beyond the frequency range of our equipment. The

impedance spectra characteristics of on and off states

exhibit a high resistive value. As well known, sol–gel

method is relatively vulnerable to surface contamination

and other byproduct impurities. So a high density of defects

exists at the Au/NBT interface, where the high density of

surface states induced by the defects may cause a large

degree of band bending and then influence the validity of

the metal/semiconductor contact rule in our Au/NBT/FTO

heterostructures. The high resistive region may stem from

the Au/NBT interface due to the oxygen diffusion from the

NBT film into the Au electrode, thus leaving a thin oxygen

depletion layer at the Ag/NBT interface. It is well known

that in the titanate-based perovskite oxides, the ionization

of the oxygen vacancies will create the conducting

electrons,
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Fig. 3 I–V characteristics of Au/NBT/FTO sandwich structure for

resistance switching with different scanning rates. Inset: 100 consec-

utive measurements were performed with a 0.05 V/s scanning rate at

room temperature
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OO , VO þ 1=2O2; ð3Þ

VO , V _O þ e0; ð4Þ

V _O , V €O þ e0; ð5Þ

or these electrons might be bonded to Ti4? in the form of

Ti4þ þ e0 , Ti3þ: ð6Þ

Here, the notation defined by Kröger and Vink is adopted;

Vó and Vö represent the oxygen vacancies carrying one and

two positive charges, respectively [17]. In the oxygen

depletion layer, plenty of oxygen vacancies are positively

charged and, hence, act as donor-type native defects,

increasing the resistance of the interface region because of

the compensation effect.

The simulant plots of on and off electronic states in

Fig. 4a could be expressed by

Z2
j þ ðZi � Re � 1=2RÞ2 ¼ ð1=2RÞ2 ð7Þ

The characteristic impedance is identical to that given in

Eqs. 1, 2. Detailed circuit parameters are summarized in

Table 1. Because the high-frequency range corresponds to

the resistance from the bulk portion [18], this is similar to

the scale of resistance obtained with DC I–V measure-

ments. The change of bulk-related Re is not visible, while R

represented the charge transfer at the electrode–semicon-

ductor interface changes remarkably. It indicates a signif-

icantly changed interface resistance existing in different

electronic states. In addition, the switching behavior could

be explained in terms of the interfacial response originating

from the Au/NBT contacts, since the nonOhmic effects

lead to much capacitance, e.g., in the range of nanofarads

[19].

One significant disadvantage of the complex-imped-

ance-plane format is that the frequency dependence is

obscured. The following frequency-dependent impedance

investigation was then used to trace the dynamic process of

the electron charge and mass transport in particular at the

interface of on and off states. Frequency is generally pre-

sented on a logarithmic scale to reveal the important

behavior seen at lower frequencies. Therefore, the imped-

ance associated with frequency plots are depicted in

Fig. 4b. The measured impedance is expected to be x

dependent. Interestingly, the impedance information

obtained during the off state was similar to that of on state.

The bias sweeping showed a gradual decrease in imped-

ance unlike the rapid changes in the current–voltage

characteristics. Once the device is in the high impedance

state, it can switch to higher conductive states by applying

different frequency, which is considered to be a precursor

sign of the multilevel resistance switching.

Up to date, similar interface-related electrical charac-

teristics have been observed in many studies. Sawa et al.

[20] believed that the resistance switching only occurs at

Ti/Pr0.7Ca0.3MnO3 interface after investigating the effects

of several top electrodes such as SRO, Pt, Au, Ag, and Ti on

the resistance switching. Oka et al. [21] proposed a unique

mechanism with the first-order interface metal-insulator

transition. Markus Janousch et al. [22] pointed out that the

microscopic origin of resistance switching in transition-

metal-oxide-based memory is an oxygen-vacancy drift

occurring in close proximity to one of the electrodes. Due to

dense interface defects act as trap centers of carriers exist at

the Au/NBT interface, it is important to understand the

basic electric-pulse-induced resistance (EPIR) principles. It
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Fig. 4 a Impedance spectra of the NBT memory device are

represented by dashed lines. Impedance spectra simulated are

represented by solid lines, and the corresponding equivalent circuit

models are shown in the insert. b Frequency dependence of the

impedance spectra in the on state and off state. Solid symbols

correspond to the high-resistance states and open symbols correspond

to low-resistance states

Table 1 Summary of the equivalent circuit parameters obtained

using impedance spectra of Fig. 3a at the on and off states

Off state On state

Re/X 285 311

C/910-10F 8.889 8.816

R/X 2843 2091

Source by Ting Zhang et al.
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has been concluded by Chen Ang et al. [23] that the oxygen

vacancies lead to shallow-level electrons, which may be

trapped by Ti4? ions or oxygen vacancies and are easy to be

activated by conducting electrons. It has been proposed that

the ionizations of oxygen vacancies are responsible for the

conduction in the low- and high-resistance states [17]. In

their work, at room temperature, the obtained activation

energy corresponding to the first ionization of oxygen

vacancies of 0.093 eV is responsible for the low-resistance

states, while at high-resistance state, the conducting elec-

trons are dominated by the second ionization of oxygen

vacancies with the activation energy of 0.63 eV. In perov-

skite oxides, the activation energy of the first ionization of

oxygen vacancies as expressed in Eq. 4 was reported to be

0.1 eV [23–25] and the second ionization of oxygen

vacancies [as described in Eq. 5] to the conduction band,

the activation energy for conduction was demonstrated to be

around 0.7 eV [23, 26]. Both are very near to the activation

energy of BSZT films as mentioned in Reference 17. For

BNT thin films, the electron trapping accountable for the

transition of resistance states can be deduced in the light of

the defect formations and the obtained activation energies.

At room temperature, the higher Ea for the second ioniza-

tion of oxygen vacancies compared to that for the first

ionization indicates that it is more difficult to activate the

conducting electrons without any applied field, and hence,

the low free-electron concentration is in agreement with the

high-resistance state at which the initial samples were set.

VÖ acts as the carriers in such case and p-like behaviors can

be expected [24]. After the samples were set at low-resis-

tance state, according to the first ionization process, the

existence of VO is in accord with the assumption about the

electrons trapped by the oxygen vacancies. The activated

conducting electrons increase the free electron concentra-

tion, representing the n-like conduction. Although detailed

investigations on the hysteretic current–voltage character-

istics were not performed in our work, it can still be sug-

gested that the first and the second ionization of oxygen

vacancies are responsible for the conduction in the low- and

high-resistance states, respectively.

In order to evaluate the potential application in nonvol-

atile memory devices, the retention and endurance tests were

performed. Figure 5 demonstrates the retention property of

the systems. Over a period of 49104 s, the two states trig-

gered by -2.5 V/1 s and 1 V/1 s pulse remained almost

unchanged. The inset of Fig. 5 shows the multilevel resis-

tance switching (MLRS) of Au/NBT/FTO heterostructure.

Three resistance states were obtained by applying electric

pulses of 2 V/0.002 s, 4 V/0.002 s, and 6 V/0.002 s

respectively. This resistance switching feature can be used

as the multilevel memory, and the endurance characteristic

indicates that the device becomes negligibly degraded. In

our experiments, the obtained multilevel resistance states

may be attributed to the trap partial filling in the Au/NBT/

FTO structure by applying electric pulses with different

voltages. These results indicate that NBT RRAM is highly

promising as a future nonvolatile memory device.

Conclusions

In summary, we demonstrated the reproducible resistance

switching of an Au/NBT/FTO sandwich system by sol–gel

process with an electrochemical workstation. An interfacial

resistance switch was found in metal/NBT systems. The

charge and mass transfer may occur at this interface due to

the local solid electrochemical reaction. We propose that,

at room temperature, the first ionization of oxygen vacan-

cies is responsible for the conduction of low-resistance

state, while at high-resistance state, the conducting elec-

trons at room temperature are dominated by the second

ionization of oxygen vacancies. Several resistance states

were obtained by modulating the electric-pulse voltage. It

is expected that the resistance switching behavior observed

in this work can make it possible to integrate the nonvol-

atile multilevel memory device on glass substrates.
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