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A large resistive switching (RS) of 4 orders is observed in Pt/Bi3.15Nd0.85Ti3O12(BNT)/HfO2/Pt capacitors. 5 

The studies of the polarization–voltage loop, capacitance–voltage loop, the fitting current–voltage data, 

and the current–temperature curves suggest that the RS is mainly induced by the formation/rupture of 

conductive filament which is induced by inserting the HfO2 dielectric layer in the Pt/BNT/Pt capacitor. 

The results demonstrate a possibility to control the RS characteristics by modulating the RS mechanism in 

the polycrystalline ferroelectric thin films. 10 

Introduction 

Recently, the resistive switching effect (RS) of high-quality 

epitaxial1-6 and polycrystalline7-17 ferroelectric thin films has been 

studied extensively because it is possible to achieve great 

performance of high reliability, high resistive ratio, high speed, 15 

high reproducibility, and low write power in memory, 

memristor,18 even in neural devices,19, 20 and so on. Compared 

with epitaxial films, polycrystalline ferroelectric thin films show 

advantages in practical use, such as the cheap substrates, the 

compatibility with the well-established Si technology, and the 20 

simple preparing process.15, 21 However, the RS mechanisms in 

polycrystalline ferroelectric thin films are various.11, 14 Generally 

speaking, the RS in the reported polycrystalline ferroelectric thin 

films is either modulated by the ferroelectric polarization or 

mediated by the defects. The RS modulated by the ferroelectric 25 

polarization shows high reliability and good uniformity,16 while 

the defect mediated one demonstrates a high resistive ratio.9, 11 

Furthermore, these two RS mechanisms are interactional and 

competitive, and the relation or competition is depended on the 

effect of the ferroelectric polarization and defects.14, 15, 17 Thus, 30 

the relation or competition of these two RS with different 

characteristics provides a possibility to control the RS 

characteristics by modulating the RS mechanism in the 

polycrystalline ferroelectric thin films. 

In our previous work,22 the RS mainly induced by the 35 

ferroelectric polarization modulated switchable diode effect in 

Bi3.15Nd0.85Ti3O12 (BNT) polycrystalline ferroelectric thin films 

was found by controlling the oxygen vacancies. In this study, the 

RS is studied in BNT polycrystalline ferroelectric thin films 

based capacitors by inserting a HfO2 dielectric layer between the 40 

metallic electrode and the polycrystalline BNT thin film in order 

to highlight the effect of the defect on the RS, since the HfO2 

layer could concentrate the electric field at the interface of 

dielectric/ferroelectric with low/high dielectric constant and 

decrease the ferroelectric polarization of the BNT above.23, 24 A 45 

large RS of 4 orders is observed, and its physical origin is studied 

by combining the polarization–voltage loops, the fitting current–

voltage data, and the current–temperature curves. 

Experimental 

A 20 nm thick HfO2 layer was deposited on Pt/Ti/SiO2/Si(100) 50 

substrate by pulsed laser deposition (PLD) using a KrF excimer 

 
Fig. 1 (a) Schematic illustration of the Pt/BNT/HfO2/Pt capacitors and (b) SEM image of the surface for BNT film 
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Fig. 2 XRD pattern of the BNT/HfO2 double layers film on the 

Pt/Ti/SiO2/Si substrate 

laser with a wavelength of 248 nm, followed by annealing for 30 

min at 500 °C in air. Then a 220 nm thick BNT polycrystalline 5 

thin film was fabricated on the HfO2 layer using a chemical 

solution deposition technique annealed layer-by-layer at 720 °C 

for 20 min in total by a rapid thermal annealing process in air. 

Finally, Pt dot electrodes with diameter of 100 µm were deposited 

on the top surface of the BNT film by DC sputtering through a 10 

shadow mask to form the Pt/BNT/HfO2/Pt capacitors. The 

schematic illustration of the Pt/BNT/HfO2/Pt capacitors is shown 

in Fig. 1(a). More details of the fabrication were described in our 

early works.22, 25 The morphologies and the structures of the films 

were characterized by scanning electron microscopy (SEM) and 15 

X-ray diffraction (XRD) with Cu Kα radiation. Current–voltage 

(I–V) curves, capacitance–voltage (C–V) loop, current–time (I–t) 

curves, and current–temperature (I–T) curves were measured via 

an Agilent B1500A semiconductor device analyzer. During the 

electrical measurements, the bias voltages were applied on the top 20 

electrode while the bottom electrode was grounded. Polarization–

voltage (P–V) hysteresis loops were measured using a Radiant 

Technologies Precision Workstation ferroelectric test system, 

where the drive voltage is applied to the Pt top electrodes. 

Results and discussion 25 

The surface morphologies of the BNT film on the 

HfO2/Pt/Ti/SiO2/Si substrate are shown in Fig. 1(b). It can be 

seen that the surface of the BNT film is relatively rough and the 

polycrystalline film is composed of dot and columnar grains. 

Some pores are observed between the crystalline grains. Fig. 2 30 

shows the XRD pattern of the BNT/HfO2double layers film on 

the Pt/Ti/SiO2/Si substrate. The peaks of Pt electrode, HfO2 film 

and BNT film can be seen in the pattern. For the HfO2 film, there 

is a (-111) peak of the monoclinic structure. For the BNT film, all 

the peaks can be indexed according to the standard powder 35 

diffraction data of Bi4Ti3O12, which indicates that the BNT film is 

polycrystalline with a single phase of bismuth-layered perovskite 

structure. Moreover, the (117) and (200) peaks of BNT have a 

high relatively diffraction intensity because the layer-by-layer 

annealing process could promote the growth of (117)-oriented 40 

and a-axis-oriented grains.26, 27 The a-axis-oriented and (117)-

oriented grains are associated with the dot and columnar grains, 

which corresponds with the results of SEM images in Fig. 1(b). 

Fig. 3(a) shows the I–V curves of the Pt/BNT/Pt capacitor 

plotted on semi-log scales for the first 20 cycles by sweeping the 45 

bias voltage of the Pt top electrode from 0 to 12 V and back to 0 

V, then from 0 to –12 V and back to 0 V, repeatedly. The arrows 

 
Fig. 3 Resistive switching characteristics of the Pt/BNT/HfO2/Pt capacitor for (a) the I–V curves with a current compliance of 0.02 mA plotted on semi-

log scales for the first 20 cycles by sweeping the bias voltage of the Pt top electrode and (b) the retention capacity of the LRS and HRS. The sweep 50 

direction of applied bias voltage is 0→12 V→0→–12 V→0 represented by the arrows. The voltage of SET/RESET operation is +/–12 V and the time is 

100 ms, and the voltage for recording the current is 2 V during the retention test. 
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Fig. 4 P–V loop at 1 KHz (a) and C–V loop at 1 MHz, 800 KHz and 500 

KHz (b) of the Pt/BNT/HfO2/Pt capacitor. 

are the sweep directions of the applied bias voltage. In order 5 

to prevent permanent dielectric breakdown during the cycles, a 

current compliance of 0.02 mA was fixed. The I–V curves in Fig. 

3(a) show a distinct hysteresis behavior, indicating a large 

resistive switching. And the resistive switching is a bipolar-type 

switching with zero-crossing hysteretic I–V characteristics: the 10 

SET from the high resistance state (HRS) to the low resistance 

state (LRS) is at the positive bias region, and the RESET from 

LRS back to HRS is at the negative bias region. The zero-

crossing hysteretic I–V characteristics is different from the one 

induced by a ferroelectric polarization modulated switchable 15 

diode effect,3, 22, 28, 29 where the I–V curves show a non-crossing 

hysteretic characteristics. Moreover, the current ratio of 

LRS/HRS is more than 4 orders at 2 V, which is larger than that 

modulated by ferroelectric polarization observed in the epitaxial 

films or nano-structures, and approaches that in unipolar RS 20 

mediated by defects in polycrystalline films.9, 29 Moreover, the 

current in LRS is as high as 10-4 A. During the growth of BNT 

polycrystalline ferroelectric thin films, the layer-by-layer 

annealing process with the high annealing temperature of 720 °C 

and the long total dwell time of 20 min is used, which will induce 25 

a greater deficiency of bismuth in the BNT thin film. For the 

condition of electrical neutrality, the oxygen vacancy would 

increase and gather in the grain boundary or domain wall under 

applied electric field where the free energy is lowest. Thus, the 

leakage current of the BNT film has been increased.30-32 30 

Meanwhile, from the Fig. 3(a), it can be seen that the LRS/HRS 

can be reversed repeatedly without large decay during the first 20 

cycles. In detail, it can be seen that the current of LRS at ~2 V is 

steadier than the one of HRS. 

In order to verify the potential application for the nonvolatile 35 

memory, the current at 2 V for the Pt/BNT/HfO2/Pt capacitor was 

recorded with time after the SET/RESET operation. The 

SET/RESET operation is holding the bias of +/–12 V for 100 ms 

on the top Pt electrodes. For showing the retention capacity more 

clearly, the dates are extrapolated to 10 years. The results are 40 

shown in Fig. 3(b). It can be seen that the current of LRS is stable 

with a little decrease at about 600–4000 s, while the current of 

HRS is fluctuant during the test time of 1.3×104 s. Nevertheless, 

the current ratio of LRS/HRS keeps more than 4 orders, which 

shows a good nonvolatile memory characteristics. 45 

For understanding the effect of the ferroelectric polarization 

on RS, the P–V loop of the Pt/BNT/HfO2/Pt capacitor were 

measured at a frequency of 1 kHz as shown in Fig. 4(a). It can be 

seen that the maximum/remnant polarization is about 4.3/0.7 

µC/cm2, the coercive voltage is about ±2 V, and the loop is 50 

hardly seen and the curve tilts like a paraelectric characteristic, 

indicating that the polarization of BNT thin film is restrained by 

inserting the HfO2 layer. The reason is that the thickness ratio of 

HfO2/BNT in this study is about 0.1 which would cause a large 

depolarization field,24 and the voltage drop in the HfO2 layer is 55 

large when it connects in series with the BNT ferroelectric film in 

the Pt/BNT/HfO2/Pt capacitor. For validating the physical origin, 

C–V loop at a high frequency of 1 MHz, 800 KHz and 500 KHz 

of the Pt/BNT/HfO2/Pt capacitor was tested. During the C–V test, 

a delay time of 200 ms was adopted to ensure a slowly changing 60 

bias. The results are shown in Fig. 4(b). A butterfly curve can be 

seen from the C–V curve, indicating the ferroelectricity of the 

BNT film. The capacitance of the Pt/BNT/HfO2/Pt capacitor is 

70–77 pF, which is much lower than that of the Pt/BNT/Pt 

capacitor.33 The reason is that the BNT ferroelectric film connects 65 

in series with the HfO2 film in the Pt/BNT/HfO2/Pt capacitor. 

Moreover, the voltage of the maxima for capacitance at 1 MHz is 

about ±6 V, which is larger than the coercive voltage from P–V 

loop in Fig. 4(a). Meanwhile, it can be seen that the coercive 

voltage from C–V shifts toward low voltage form 1 MHz to 500 70 

KHz. The difference and shift stem from the traps at the electrode 

interfaces and the interfaces of ferroelectric/dielectric for the 

interface traps would affect the capacitance via carrier under the 

voltage bias.34, 35  Combining the I–V curves (Fig. 3(a)) with the 

P–V and C–V curves (Fig. 4), it can be found that the RS 75 

observed in the Pt/BNT/HfO2/Pt capacitor with the restrained 

ferroelectric properties is not mainly induced by the ferroelectric 
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Fig. 5 I–V curve without current compliance (a) and the logarithm plot of the HRS and LRS at positive (b) and negative bias region (c) of the 

Pt/BNT/HfO2/Pt capacitor 

To further understand the physical origin of the RS, the I–V 5 

curve without current compliance and the conduction 

mechanisms of both LRS and HRS at positive and negative bias 

region for the Pt/BNT/HfO2/Pt capacitor were studied by fitting 

the I–V data in several models.9 The results are shown in Fig. 5.  

Figs. 5(b) and 5(c) show the best fittings with logarithm plot for 10 

positive and negative bias. For the positive bias region (Fig. 5(b)), 

it can be seen that the curve of HRS at positive bias divides into 

three parts. The slope (S) of the low voltage region is about 1, 

suggesting an Ohmic behaviour; at the higher voltage, the slope 

turns to 9; at the further higher voltage, the slope is about 2, 15 

suggesting a Child’s law region. The results of the slopes for the 

HRS suggest a space charge limited current (SCLC) conduction. 

However, it cannot be neglected that the Simmons is a second 

possible mechanism for observed linear region at low voltage.36 

Similarly, in Fig. 5(c), the Ohmic (S~1) and child’s law (S~2) 20 

regions can be seen from the curve of HRS at the negative bias. 

Moreover, the slope of the LRS at negative bias is about 1. 

Ohmic and SCLC conductions are bulk-limited mechanism, 

which further implies that the RS is mainly induced by the 

conductive defects or impurities, but not induced by the 25 

ferroelectric polarization. For the RS induced by ferroelectric 

polarization-modulated interface barriers between the metallic 

electrodes and the semiconducting ferroelectric, the conduction of 

HLS and LRS is dominant by interface-limited mechanism,4, 37, 38 

which is different from the bulk-limited mechanism found in Fig. 30 

5. Therefore, it can be deduced that the RS is mainly induced by 

defects from the conduction mechanisms of both LRS and HRS. 

Furthermore, the currents of LRS and HRS for the 

Pt/BNT/HfO2/Pt capacitor with temperature ranging from 25 to 

175 °C were measured repeatedly as shown in Fig. 6. It can be 35 

seen that the current of LRS decreases with the increase of 

temperature below 125 °C, exhibiting a metallic-like behaviour. 

This phone phenomenon can also be found in the LRS of HfO2 in 

which the RS is associated with the filaments composed of 

oxygen-vacancy.39 And the current of LRS suddenly drops at 40 

about 125~150 °C. However, the current of HRS is stable and 

shows little increase in the temperature range from 25 to 175 °C. 

The temperature dependence of current for the LRS and HRS is 

fitted by the equation of I=I0exp(-Ea/κT), where κ is the 

Boltzmann constant and Ea is the thermal activation energy. The 45 

ln(I)–T curve is shown in the insets (a) and (b) of Fig. 6. It can be 

calculated that the Ea for LRS is negative and the one for HRS is 

about 94.3 meV. Combining with the results of Fig. 4, the Ea  

  
Fig. 6 The temperature dependences of both LRS and HRS for the 50 

Pt/BNT/HfO2/Pt capacitor. The insets (a) and (b) show the Arrhenius plot 

of the LRS and HRS, the insets (c), (d) and (e) show the schematic 

diagrams of the distributions for oxygen vacancies of LRS at different 

temperatures. The oxygen vacancies and grain boundaries are represented 

by the green circles and the blue solid lines, respectively. 55 

changes from negative values for the LRS state to 94.3 meV 

for the HRS state is consistent with a conduction change from 

that controlled by the ohmic filament for LRS to that controlled 

by the semiconducting interface having local defect states for 

HRS.39, 40 However, the value of Ea is low. Thus, the carrier can 60 

surmount the barrier easily, so the conduction is still mainly bulk-

limited mechanism as shown in Fig. 5. During the growth of the 

polycrystalline BNT thin film, the oxygen vacancies would be 

formed as suggested by the large leakage current in Fig. 3 and 5, 

and they would become highly mobile under high temperature.11, 
65 
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37, 41 The distributions for oxygen vacancies of LRS at different 

temperatures is sketched in the insets (c), (d) and (e) of Fig. 6. At 

room temperature (Inset (c) of Fig. 6), the oxygen vacancies of 

LRS gather at the grain boundaries under a voltage bias and form 

a conductive filament. With the increase of the temperature (Inset 5 

(d) of Fig. 6), some of the oxygen vacancies would move away 

from the grain boundaries for the thermal stimulation. When the 

temperature increases above 125 °C (Inset (e) of Fig. 6), the 

oxygen vacancies of LRS would run away from the grain 

boundary to get a new equilibrium and its distribution becomes 10 

more random like in HRS, so the current of LRS decreases. In all, 

the results of Fig. 6 imply that the RS is induced by the oxygen 

vacancies. 

As mentioned above, a possible origin for the resistance 

switching is the oxygen vacancies conductive filament 15 

formation/rupture.8, 42, 43 Under the positive applied electric field, 

the oxygen vacancies would gather in the grain boundary, and 

form a conductive filament, so the device switches into the LRS 

(i.e., SET). Then under the negative applied electric field, some 

of the oxygen vacancies would recover into the grain interior, and 20 

the conductive filament rupture, so the device switching into the 

HRS (i.e., RESET). Furthermore, the poles in the BNT 

polycrystalline thin film may give a guide to form the conductive 

filament, because there is an intensive electric field around the 

pore.44 Simultaneously, the relative dielectric constant is low for 25 

HfO2 while high for BNT.25, 33 When these two layers with low 

and high dielectric constant respectively combine together, the 

electric field at their interface would be more concentrated, and 

the concentrated electric field could improve the RS 

characteristics induced by a conductive filament.23 30 

Conclusions 

In conclusion, a large resistive switching (RS) of more than 4 

orders is found in Pt/BNT/HfO2/Pt capacitors. And the resistive 

switching is a bipolar-type switching with zero-crossing 

hysteretic I–V characteristics. The studies of polarization–voltage 35 

loop, capacitance–voltage loop at high frequency, fitting current–

voltage data and current–temperature characteristics suggest that 

the formation/rupture of conductive filament consisting of 

oxygen vacancies at the grain boundaries of the BNT thin films is 

the main physical origin of the RS. The HfO2 dielectric layer 40 

promotes the formation of conductive filament by concentrating 

electric field at the interface of dielectric/ferroelectric and 

restraining the ferroelectric polarization of the above BNT. The 

results demonstrate a general paradigm to control the RS 

characteristics by modulating the RS mechanism in the 45 

polycrystalline ferroelectric thin films. 
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