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Nonpolar Bistable Resistive Switching Behaviors
of Bismuth Titanate Oxide Thin Film
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Nonpolar bistable resistive switching behaviors of sol-gel derived bismuth titanate oxide
(BTO) thin film are investigated in this study. The BTO thin film memory device without
thermal treatment shows higher resistance ratio (~10%) than the other annealed devices.
The resistive switching behavior of the Pt/BTO/LNO/Pt device is reproducible and can
be traced over 100 times. Both low resistance state (ON-state) and high resistance state
(OFF-state) are stable over 10% s under 0.3 V voltage stress at room temperature (RT)
and 85°C. The retention behaviors of both memory states in the Pt/BTO/LNO/Pt device
are very stable over 2 x 10° s at RT and 85°C, showing that the BTO thin film memory
device is a good candidate for nonvolatile memory application

Keywords RRAM; bismuth titanate oxide (BTO); sol-gel method

Introduction

In recent year, flash memory technology plays an important role in modern electronic
device due to its nonvolatile characteristics which can hold stored data for a long time
without any power supply. However, flash memory device will meet its physical limitation
of device scaling in the near future [1]. Several novel memory devices such as phase
change memory (PCM), magnetic random access memory (MRAM), ferroelectric random
access memory (FRAM), and resistive random access memory (RRAM) are extensively
investigated in order to replace flash memory device. RRAM has been considered as a
promising candidate for next-generation nonvolatile memory (NVM) application because
of its advantages such as low power consumption, low operation voltage, high operation
speed, high endurance, long retention, small cell size, nondestructive read out, and simple
structure [2]. Several novel materials, including perovskite oxides [2—6], and transition
metal oxides [7-10], have been extensively investigated for possible RRAM application.
Recently, the resistive switching behavior in bismuth titanate oxide (BTO) deposited by
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electron cyclotron resonance sputtering was reported [11]. In this study, we report the
resistive switching properties of sol-gel derived BTO-based memory device.

Experimental Details

After the standard RCA cleaning, a 200-nm-thick SiO; isolation layer was thermally grown
on p-type (100) Si substrates. A 20-nm Ti adhesion layer and an 80-nm Pt bottom electrode
(BE) sequentially deposited on SiO,/Si substrate by an electron beam evaporator at room
temperature. The 100-nm-thick LaNiO3; (LNO) buffer layers with (100) and (200) preferred
orientations were deposited on Pt BE by a radio frequency (RF) magnetron sputter, and
followed by rapid thermal annealing at 600°C in O, ambient for 1 min. The LNO buffer
layer is used for providing better crystallinity of the BTO film. To fabricate BTO thin film,
stoichiometric amounts of the starting materials consisting of bismuth acetate (ALDRICH,
99.999%) and Ti isopropoxide (ALDRICH, 97%) were dissolved in acetic acid (FLUKA,
99.8%) and acetylacetone (FLUKA, 99.5%) to form the BTO solution. The above-prepared
0.4 M precursor solution was spin-coated on the LNO/Pt/Ti/Si02/Si substrates to form
sol-gel films, and then annealed at 400, 500, 600, and 700°C in N, ambient for 1 h. The
sol-gel route for BTO film preparation is shown in Fig. 1. Finally, an 80-nm-thick Pt, with
a diameter of 250 um defined by a metal mask, was used as top electrode to complete the
Pt/BTO/LNOY/Pt device. The electrical measurements of BTO-based memory device were
performed by Agilent 4155C semiconductor parameter analyzer, and the voltage bias was
applied on Pt top electrode with grounded-Pt bottom electrode as shown in Fig. 2.

Results and Discussion

Figure 3 shows the field emission transmission electron microscopy (TEM) image of the
Pt/BTO/LNOY/Pt, indicating smooth interface between Pt top electrode and BTO thin film.
X-ray diffraction (XRD) analysis is used to identify the effects of thermal treatment on
the crystallinity of the BTO thin films. It indicates in Fig. 4 that the as-deposited and
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Figure 1. The sol-gel route for BTO thin film preparation.
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Figure 2. BTO thin film device structure. (See Color Plate V)
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Figure 3. TEM image of Pt/BTO/LNO/Pt/Ti structure on SiO,/Si substrate.
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Figure 4. XRD patterns of as-deposited BTO film and BTO films annealed at 400, 500, and 600°C

for 1 h.
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Figure 5. SEM image of as-deposited, 400, 500, 600°C-annealed BTO films.

400°C-annealed BTO thin films are amorphous. However, the peaks of BTO thin films
appear after 500°C thermal treatment, showing that the crystalline structure is transformed
from amorphous into polycrystalline. To observe the surface morphology of BTO thin films
annealed at various temperatures, the top view images of BTO thin films were observed by
scanning electron microscopy (SEM) as shown in Fig. 5. The SEM images show that the
grain size of BTO thin films increases with increasing annealing temperature, which agrees
with the results of XRD analysis.

Before the resistive switching is observed, the original-state current is much lower
than high resistance state (OFF-state) current owing to the excellent insulating properties
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Figure 6. Typical resistive switching I-V curves of as-deposited BTO thin film. The inset is the
resistance ratio.
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Figure 7. Effect of thermal treatment on I-V characteristics of the films. (See Color Plate VI)

of BTO thin film. When applied voltage is swept to forming voltage, the original-state
current is suddenly increased and switched to low resistance state (ON-state). The first
resistive switching process is called the forming process, which is needed to activate the
BTO memory device by performing an electrical stress with proper current compliance.
Fig. 6 depicts the typical resistive switching I-V characteristics of as-deposited BTO thin
film. When the negative voltage is applied on the top electrode from 0 to —6 V, the memory
state of BTO memory device is switched from OFF-state to ON-state at about —3.5 V
(turn-on voltage). Then, the bias voltage sweeps from 0 V to —2 V and the memory state
is changed from ON-state to OFF-state at about —1 V (turn-off voltage). The resistive
switching properties of the BTO memory device altered by either positive or negative bias
voltage are called nonpolar resistive switching characteristics. The resistance ratio between
ON-state and OFF-state is more than 10*.
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Figure 8. Statistics of switching voltages for as-deposited, 400, 500, 600, 700°C-annealed BTO thin
films.



Downloaded by [National Chiao Tung University | at 06:17 25 April 2014

Bismuth Titanate Oxide Thin Film 35

3 - imy " ] .l
AF mm - l. .--l..-ll. -'.h
-5 ..“ " ‘:. N u un ....f [ 1 |

Switching Voltage (V)
|

= Turn-on voltage
o Turn-off voltage

10 . 1 N 1 . 1
0 20 40 60 80 100

Cycling Number

Figure 9. Distribution of switching voltages of as-deposited BTO thin films.

Figure 7 shows that the OFF-state current is increased with increasing annealing tem-
perature. The increase in OFF-state current might be due to better crystallinity of BTO
thin film based on the results of XRD and SEM analyses. However, no obvious influence
of thermal treatment on switching voltage is observed in Fig. 8. The switching voltage
distributions during continuously 100-cycle operation in the Pt/BTO/LNO/Pt device are
shown in Fig. 9. The resistive switching behavior of our device is reproducible and can
be traced over 100 times as shown in Fig. 10. It was reported that the resistive switching
behavior was caused by the formation and rupture of the conducting filaments [12]. There-
fore, the variations present in the ON-state, OFF-state, turn-on voltage, and turn-off voltage
of the Pt/BTO/LNO/Pt device, which might be due to the random formation and rupture of
the conducting filaments.

As illustrated in Fig. 11, the non-destructive readout characteristics of both ON-state
and OFF-state for the BTO memory device is stable over 10* s at room temperature (RT)
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Figure 10. Endurance test of as-deposited BTO thin film.
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Figure 11. Nondestructive readout characteristics of as-deposited BTO thin film at RT and 85°C.
(See Color Plate VII)

and 85°C, indicating that the two memory states demonstrate good stability under read
voltage stress at RT and 85°C. The retention time, an important characteristics for NVM
application, were also measured at RT and 85°C. Both memory states in the Pt/BTO/LNO/Pt
device are stable over 2 x 10° s and maintain their resistance ratios at least 10* as shown
in Fig. 12.

Conclusions

The physical properties and resistive switching characteristics of sol-gel derived BTO-
based memory device are studied in this work. The as-deposited and 400°C-annealed BTO

10°
10"
10'2 '-.I.-.l=".- ® ® ® = r
_ 10°
< 10°
> 10° 00—0—00—0—— N K
™ % —0—0a0
S 10 o-o-0—o0-0——0
" -7
= 10
© 10°
S 10° —0— OFF-state at RT
5 10 —m— ON-state at RT
© 0" E—o— OFF-state at 85°C
102 f—e— ON-state at 85°C

Time (sec)

Figure 12. Retention behaviors of as-deposited BTO thin film at RT and 85°C. (See Color Plate
VIII)
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thin films are amorphous, but the polycrystalline structure is formed for BTO thin films
annealed over 500°C. The as-deposited BTO thin film memory device shows nonpolar
switching properties, and the resistance ratio between two memory state is more than 10%.
The thermal treatment affects the electrical characteristics of BTO thin films. However, no
obvious influence of thermal treatment on switching voltage is observed. The variations in
ON-state, OFF-state, turn-on voltage, and turn-off voltage of the Pt/BTO/LNO/Pt device
can be attributed to the random formation and rupture of the conducting filaments. The
BTO memory device, which shows the stable resistance ratio over 10* s under 0.3 V
voltage stress, and long retention behavior (more than 2 x 10° s), is a good candidate for
next-generation NVM application.
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