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Abstract Pure-phase polycrystalline BiFeOs films have
been successfully prepared by pulsed-laser deposition on
surface oxidized Si substrates using LaNiO3 buffer layer
with substrate temperature (7;) ranging from 550°C to
800 °C and a laser frequency of 5 Hz and 10 Hz. Bipolar
resistive switching has been observed in all the films us-
ing LaNiOs as bottom electrodes and silver glue dots as top
electrodes, the resistivity switches from a high-resistance
state (HRS) to a low-resistance state (LRS) with positive
voltage applied on the top Ag electrodes, and from LRS to
HRS with positive voltage applied on the bottom LaNiO3
electrodes. The mechanism of the resistive switching has
been confirmed to be due to the voltage polarity dependent
formation/rupture of the conducting filaments formed by the
O vacancies. The highest resistive ratio of HRS to LRS, of
more than 2 orders of magnitude, has been achieved in the
highest resistive BiFeOj3 film prepared at T of 650 °C and
laser frequency of 10 Hz.
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1 Introductions

Chua noted the missing element in 1971, called memristor,
with memristance M having a functional relation between
charge and flux, dp = Mdgq, which has been discovered in
Pt/TiO,/Pt sandwich device later in 2008 [1]. As stated in
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the review of Chua, all 2-terminal non-volatile memory de-
vices based on resistive switching (RS) are memristors, re-
gardless of the device material and physical operating mech-
anism [2]. Based on the dependence of the operating voltage
polarity, the RS can be classified as bipolar RS (BRS) and
unipolar RS (URS) [3]. Both BRS and URS have been ob-
served in various materials, especially oxides, including bi-
nary oxides, such as ZnO [4], SnO; [5], Co304 [6], NiO
[7], and perovskites such as SrTiO3 [8], Prg7Cag3MnO3
[9], etc.

BiFeO3 is the most widely studied multiferroic materials
due to its above room temperature antiferromagnetic Neel
temperature (7n ~ 643 K) and ferroelectric Curie tempera-
ture (Tc ~ 1103 K) [10]. Large spontaneous polarization of
over 60 uC/cm? has been observed in high-quality epitax-
ial BiFeOs films [10], single crystals [11], and even poly-
crystalline films [12]. The large leakage current is always
the main obstacle to observe the well shaped ferroelectric
hysteresis loop with large spontaneous polarization [13].
However, as indicated by Yin, the leakage current on the
other hand can be used to some extent in some applications,
such as non-volatile resistive random access memory [14].
BRS and URS have been both observed in BiFeOs films
[14-18], however, the mechanism is still under debate. Yin
attributed the BRS to the redistribution of the O vacancies
in grain boundaries [14]. Li attributed the BRS to the for-
mation/rupture of the nanoscale metal filaments due to the
diffusion of the top electrodes under the bias voltage [15].
Shuai observed the BRS in Au/BiFeOs3/Pt structure, which
originated from the electric field-induced carrier trapping
and detrapping which changes the depletion layer thickness
at the Au/BiFeO3 interface [16]. Chen reported the BRS in
BiFeOs3 film and attributed to the modification of the Schot-
tky barrier height at Pt/BiFeOs interface due to the move-
ment of O vacancies under electric fields [17]. Chen ob-
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served URS in BiFeOj3 film, and the conducting filaments
were formed by the O vacancies [18]. The resistive switch-
ing is not only depend on the material itself, but also the in-
terface between the electrode and the material, e.g. for Mn-
doped ZnO film, URS has been observed with Pt as top elec-
trode while BRS with Si as top electrode [19]. In this paper,
we report the BRS in BiFeO3 films with LaNiO3 as buffer
layer and bottom electrode, and silver glue dots as top elec-
trode. The resistive switching has been demonstrated to be
due to the voltage polarity dependent formation/rupture of
the conducting filaments formed by the O vacancies.

2 Experimental Details

BiFeOs films have been deposited on surface oxidized Si
substrates at different substrate temperatures Ty (550°C,
600°C, 650°C, 700°C, 750°C and 800 °C) by pulsed-laser
deposition (PLD) using a KrF excimer laser with frequency
of 5 Hz and 10 Hz from an analytically pure Bij g4FeOs tar-
get. Before the deposition of BiFeOs film, LaNiO3 buffer
layer was first deposited at T of 850°C in an O, ambient
with pressure of 40 Pa. The O, pressure during the depo-
sition of BiFeO3 films was kept to be 2 Pa. Then the O3
pressure was increased to 1 x 10° Pa. The 7y decreased
to 550°C and the samples were annealed for 30 min. The
film thickness was controlled by the number of laser pulses
(1000 in this paper) with pulse energy of 250 mJ. The thick-
ness of LaNiO3 and BiFeO3 layers was estimated by the
transmission electron microscopy (TEM) to be about 30 nm
and 70 nm, respectively. The structure of the film was stud-
ied by X-ray diffraction (XRD, Rigaku SmartLab(3)). The
current-voltage (/—V) measurements were carried out us-
ing a Keithley 2400 SourceMeter and 2182A Nanovoltmeter
at room temperature. Silver glue dots with a diameter of
ca. | mm were used as top electrodes. During the voltage
sweep mode, the bias was defined as positive when the cur-
rent flowed from the top Ag electrode through the film to the
bottom LaNiOs3 electrode.

3 Results and Discussion

Pure-phase BiFeOs is difficult to obtain due to the narrow
synthesis area in the phase diagram [20]. To obtain pure-
phase BiFeOs films, appropriate substrate or buffer layer
should be selected. If we deposited BiFeO3 films on surface
oxidized Si substrates directly, the films exhibited nearly
amorphous structure at low 7 and high concentration of im-
purity phases at high 7. LaNiO3 has been used successfully
as buffer layer for the preparation of BiFeO3 film [17, 21].
With LaNiOs as buffer layer, there is a wide Ty window for
the preparation of pure-phase BiFeO3 films. As can be seen
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Fig. 1 XRD patterns of the BiFeOs films prepared under different
conditions. The star “*” indicates the diffraction peaks from LaNiO3
buffer layer

in Fig. 1, all the BiFeOs3 films prepared at Ty from 550°C
to 800°C exhibit pure R3c structure without any impurity
phase. The crystal orientation of the BiFeO3 film varied with
different 7. The BiFeOj3 film exhibited preferred (012) ori-
entation at 75 of 650°C and 750 °C. The crystal orientation
was also influenced by the laser frequency. As can be seen,
the relative intensity of (012) peak was strongly suppressed
at T; of 650°C with laser frequency changed from 5 Hz to
10 Hz.

The substrate temperature has a strong influence on the
leakage current of the BiFeO3 films. Figure 2 shows the
I-V curves with positive bias before the measurements of
the resistive switching. As can be seen, the leakage current
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Fig. 2 The forming /-V curves for BiFeOs films prepared under dif- 0.000
ferent conditions
-0.001
was strongly suppressed at Ty of 650 °C, while the BiFeO3 <
films prepared at higher T or lower T are all leakage. Re- E -0.002
cently, Shuai has reported that with higher laser frequency, 8 0.001
the leakage current of BiFeO3 film can be efficiently sup-
pressed and well shaped ferroelectric hysteresis loop with 0.000
large spontaneous polarization can be achieved [12]. This
has been confirmed by our experiment. As can be seen in -0.001
Fig. 2, the leakage current of BiFeO3 film prepared at T
of 650°C with laser frequency of 10 Hz was further sup- 20.002
pressed compared with the BiFeOs film prepared at 7y of 0.001
650 °C with laser frequency of 5 Hz.
After an initial forming process, stable BRS can be ob-
served in all the films. This is in contrast to the previous re- 0.000
ports that the BRS can only be observed in the BiFeO3 films
annealed at temperature higher than 650°C [14], which -0.001
might be due to the better crystal quality of the BiFeO3 films
prepared by PLD at low T with LaNiO3 as buffer layer than 3 2 ] o 1 2 3

by chemical solution deposition. As can be seen in Fig. 3,
with positive bias applied, the resistance of all the BiFeO3
films switched from the HRS to the LRS, and switched from
the LRS to the HRS with negative bias applied. In contrast to
the continuous variation of the current in dependence on the
applied bias due to the interface effect such as modification
of the depletion width [16], a sudden increase of current in
positive bias and decrease of current in the negative bias can
be observed, indicating the formation of the conducting fila-
ments. Multiple steps can be observed with sudden increase
of current in positive bias and sudden decrease of current in
negative bias, indicating the formation of multiple filaments
[22, 23].

To confirm the BRS behavior, we also applied the bias
in the same direction as the voltage applied to switch the
resistance from HRS to LRS. As can be seen in Fig. 4(a), the
current continued to increase and no switching from LRS to
HRS was observed with bias applied up to 10 V. After that, a
hard break happened and no BRS can be observed. Thus the
switching from HRS to LRS and from LRS to HRS depends
on the polarity of the applied bias.

To further understand the conducting mechanism, the
I-V curves have been fitted by several models, including the

Voltage (V)

Fig. 3 Typical BRS characteristics of BiFeO3 films prepared under
different conditions. The arrows indicate the voltage applied sequence

Ohmic law (I o« V), space charge limited current (SCLC)
(I x V?), Schottky emission (In(/) o Sqrt(V)), Poole—
Frenkel (PF) emission (In(Z/V) o Sqrt(V)), and Fowler—
Nordeim tunneling (In(/ V2) « 1/V) [24]. Double loga-
rithmic plots of the /-V curves in both LRS and HRS states
are presented in Fig. 5. An -V characteristic in LRS dis-
plays the Ohmic behavior with approximate slope of 1. The
conduction mechanism of the HRS at the low voltage is also
close to 1, following Ohm’s law. And a quadratic depen-
dence of the current on voltage displays at higher voltage
in HRS with slope close to 2. This conduction behavior in
HRS is well consistent with the trap-controlled space charge
limited conduction (SCLC) mechanism [17, 24]. The slight
deviation of the slope from 2 at higher voltage in HRS might
be due to the deep-level traps [25]. We also fitted the I-V
curves by other mechanisms, but the fitting results were not
good (not shown here). Thus, the resistive switching can be
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Fig. 4 (a) The set and reset /-V curves with positive applied bias,
(b) the forming /—V curve with negative applied bias

explained by the formation/rupture of the conducting fila-
ments [26].

The conducting filaments might be formed by the migra-
tion of the O vacancies [14], or the metal atoms from the
top electrodes [15]. Ag"™ might migrate from Ag electrode
to the counter electrode and reduce there, the successive pre-
cipitations of Ag metal atoms will form the conducting fil-
aments [26]. As can be seen in Fig. 4(b), the forming pro-
cess with negative bias switched from the LRS to HRS. As
in the initial state, there should be no Ag atom in the film,
thus the conducting filaments formed by Ag atoms can be
excluded. At low T, the film has smaller grains with high
concentration of the grain boundaries. The distribution and
redistribution of O vacancies in grain boundaries are respon-
sible for the formation/rupture of the conducting filaments
[14]. Athigh Ty, larger grains with less grain boundaries and
better crystal quality can be achieved. However, the Bi con-
centration in the deposited BiFeOs films prepared by PLD
decreased with increasing T due to the evaporation of Bi
during deposition [27]. At T; above 700 °C, the Bi concen-
tration is below the stoichiometric composition [27]. For the
charge balance, O vacancies will form. The physical mech-
anism of the BRS is still under investigation. Generally the
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Fig. 6 Retention of the HRS and LRS at room temperature with read-
ing voltage of 0.1 V for BiFeOs films prepared under different condi-
tions

set process can be regarded as soft breakdown that the con-
ducting filaments were formed between the top and bottom
electrodes by the distribution of O vacancies under positive
bias. However, in the reset process, the Joule heating might
be not enough to rupture the filaments [28]. The negative
bias can accelerate further migration of O vacancies away
from the remaining filaments [29]. Furthermore, the Ag top
electrode might act as an O reservoir which could provide
sufficient O to neutralize the O vacancies during the reset
process, which is helpful to the rupture of the filamentary
conductive path, similar to the TiN electrode in TiN/ZnO/Pt
device [30].

The retention property of the BRS in all the Ag/BiFeO3/
LaNiO3 devices at room temperature is shown in Fig. 6. As
can be seen, the HRS in all the devices is very stable. How-

ever, the LRS of the BiFeOs films prepared at 75 of 800°C,
600 °C and 550°C is unstable, and switching between HRS
and LRS can be observed. These might be due to the high de-
fects concentration in the BiFeO3 films prepared at high and
low Ty, the O vacancies in the conducting filaments might
hopping between the neighboring sites, leading to the forma-
tion/rupture of the filaments. To increase the resistance ratio
between HRS and LRS, increasing the bulk resistivity might
be an efficient way, since the conducting filaments have the
similar magnitude of resistivity. Shuai has reported that in-
creasing the laser frequency will effectively increase the Bi
concentration at the bottom interface and reduce the leakage
current [16]. As can be seen in Fig. 6(g), the resistance of
the BiFeOs film prepared with laser frequency of 10 Hz in
LRS is comparable to the BiFeO3 films prepared with laser
frequency of 5 Hz, the resistance of HRS is almost 2 orders
larger. The ratio between HRS to LRS is only about 10 in the
BiFeOs3 films prepared with laser frequency of 5 Hz, which
was enhanced to more than 2 orders in the BiFeO3 film pre-
pared with laser frequency of 10 Hz, and no degradation can
be observed in both HRS and LRS with measuring time up
to 3000 s. The large resistance ratio between HRS and LRS,
and good retention properties make the BiFeO3 film poten-
tial application in the non-volatile resistive random access
memory.

4 Conclusions

In summary, pure-phase polycrystalline BiFeO3 films have
been successfully prepared by pulsed-laser deposition on
surface oxidized Si substrates using LaNiOs buffer layer
with Ty ranging from 550 °C to 800 °C and laser frequency
of 5 Hz and 10 Hz. Bipolar resistive switching has been
observed in all the films using LaNiO3z as bottom elec-
trodes and silver glue dots as top electrodes. The resistiv-
ity switches from HRS to LRS with positive voltage applied
on the top Ag electrodes, and from LRS to HRS with posi-
tive voltage applied on the bottom LaNiO3 electrodes. The
mechanism of the resistive switching has been confirmed to
be due to the voltage polarity dependent formation/rupture
of the conducting filaments formed by the O vacancies. The
highest resistive ratio of HRS to LRS of more than 2 or-
ders of magnitude has been achieved in the highest resistive
BiFeOs3 film prepared at T of 650°C and laser frequency
of 10 Hz, indicating the potential applications in the non-
volatile resistive random access memory.
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