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Bipolar resistive switching is studied in BiFe( 95Zng o503 films prepared by pulsed laser deposition on (001) SrTiO3
substrate, with LaNiOs3 as the bottom electrode, and Pt as the top electrode. Multiple steps of resistance change are ob-
served in the resistive switching process with a slow voltage sweep, indicating the formation/rupture of multiple conductive
filaments. A resistive ratio of the high resistance state (HRS) to the low resistance state (LRS) of over three orders of mag-
nitude is observed. Furthermore, the conduction mechanism is confirmed to be space-charge-limited conduction with the
Schottky emission at the interface with the top Pt electrodes in the HRS, and Ohmic in the LRS. Impedance spectroscopy
demonstrates a conductive ferroelectric/interfacial dielectric 2-layer structure, and the formation/rupture of the conductive
filaments mainly occurs at the interfacial dielectric layer close to the top Pt electrodes.

Keywords: multiferroics, resistive switching

PACS: 77.55.Nv, 72.20.Ht, 73.50.Fq

1. Introduction

Resistance random access memory (RRAM)!!-?! based on
resistive switching (RS) is deemed to be the most promis-
ing category of next-generation nonvolatile memory and has
attracted much interest recently due to its simple structure,
rapid write/erase operation, low power consumption, and
high-density integration.>] Furthermore, RS is widely ob-
served in transition metal oxides and perovskite oxides, such
as NiO,%! Ti0,,!"! (PrCa)MnO3,!8 and SrTi0s.[°! Although
RS phenomena have been studied for decades, the mech-
anism is still not clearly identified. Various mechanisms
have been proposed to explain the reversible switching of
resistance state, including formation/rupture of conductive
filaments, 10-111 Schottky barriers at interfaces, 12131 etc.

As the only single phase multiferroic material above room
temperature, BiFeO3 (BFO) has attracted great attention due to
its potential application in spintronics, photoelectronics.[14-10]
The RS effect was first observed by Yang in Ca-doped BiFeO3
epitaxial ﬁlm,m] and later was also observed in BiFeOj3 films,
and different models have been applied to explain the physi-
cal origin of this behavior. Bipolar resistive switching (BRS)
has been observed by Shuai, which he attributed to the electric
field-induced carrier trapping and detrapping.!'8 Li attributed
the BRS to the formation/rupture of the nanoscale metal fila-
ments due to the diffusion of the top electrodes under the bias
voltage.!"! Yin attributed the BRS to the formation/rupture

DOI: 10.1088/1674-1056/22/10/107702

of the conductive paths formed by the oxygen vacancies.?!
Wang reported large ferroelectric resistive switching and the
observation that the forward direction of rectifying current
can be reversed by polarization — this was explained by the
polarization-modulated Schottky-like barriers.!?!! In this pa-
per, we report the BRS in BiFe( 95Zn0g 9503 (BFZO) films,
and impedance spectroscopy has been employed to understand

the BRS mechanism.

2. Experimental details

BFZO films were prepared by pulsed laser deposition
(PLD) with a ceramic target Bij gsFe.95Zng.0503 (5% excess
Bi was introduced to compensate for volatile loss). Zn was in-
corporated to decrease the leakage current.?>?3! The detailed
preparation process has been described before.[>*?1 As the
bottom electrode and buffer layer, an LaNiO3 (LNO) (30-nm
thick) was first deposited on (001) SrTiO3 (STO) substrate at
850 °C under oxygen pressure of 20 Pa. Then the BFZO film
(about 80 nm) was deposited at 700 °C under oxygen pressure
of 2 Pa. After deposition, the heterostructure was annealed at
550 °C for 30 minutes and then cooled down to room tem-
perature in an oxygen pressure of 1 x 10° Pa. Round Pt top
electrodes of 100-um diameter were deposited on the films
through a shadow mask. The structure of the film was exam-
ined by X-ray diffraction (XRD, Rigaku SmartLab3) with Cu
Ka radiation. The electrical measurements were carried out

*Project supported by the National Natural Science Foundation of China (Grant No. 51172044), the Natural Science Foundation of Jiangsu Province of
China (Grant No. BK2011617), the National Key Project for Basic Research of China (Grant No. 2010CB923404), the 333 Project of Jiangsu Province,
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No. Seujq201106).
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using a Keithley 2400 SourceMeter and 2182A NanovoltMeter
at room temperature. During the measurements, the bias is de-
fined as positive when the current flows from the LNO bottom
electrode to the Pt top electrode. Complex impedance mea-
surements were performed in the frequency range from 40 Hz
to 110 MHz at room temperature using an impedance analyzer
(Agilent 4294A).

3. Results and discussion

The XRD pattern of BFZO film is shown in Fig. 1. All
the peaks can be indexed to a pseudo-cubic structure with only
(00n) peaks observed, which demonstrates a highly preferred
orientation of BFZO film along the ¢ axis. The small diffrac-
tion peak marked by an asterisk is from the STO substrate.
The (00n) peaks of STO and LNO are located at the right of
BFZO, for they have smaller pseudo-cubic c lattice constants
(BFO: 3.96 A1l STO: 3.91 A, 1?71 LNO: 3.84 A128)),

BFO (002)

BFO (001)
STO (003)

Intensity /arb. units
BFO (003)

LNO (003)

10 20 30 40 50 60 70 80
20/(%)

Fig. 1. XRD patterns of STO/LNO/BFZO.

Figure 2(a) shows the -V curves obtained under dc volt-
age sweep mode with 30 mV/step. The schematic diagram
of the STO/LNO/BFZO/Pt device structure is illustrated in
the left bottom inset of Fig. 2(a). As shown in Fig. 2(a), the
forming was achieved at a voltage of 2.31 V. After the initial
forming process, a typical BRS can be observed in the BFZO
film. When a positive voltage is applied on the LNO bottom
electrode, the resistance shows an abrupt decrease from the
high resistance state (HRS) to the low resistance state (LRS)
(defined as SET process) at 1.62 V, and the current becomes
nearly two orders of magnitude larger, protected by the 1 mA
compliance current. When negative voltage is applied, the
resistance switches back from LRS to HRS at —1.16 V (de-
fined as RESET process). As illustrated in the picture, the
electric currents in the HRS in the following SET processes
are much larger than those in the forming process and the
switching voltages in the SET processes are lower than those
in the forming process. (We repeated measurements of the /—
V curves under the same conditions another 10 times, and the

SET voltage was never more than 1.92 V.) The electroform-
ing process generates defects inside the BFZO layer, mostly
by the thermally assisted electromigration of oxygen ions.*’]
According to the filament model,**3!] the oxygen vacancies
are aligned to form tiny conductive filaments under the electric
field, leading to the transition to the LRS during the forming
process. Even when the LRS is transformed to the HRS, frag-
mented or disconnected filaments exist in the BFZO film due
to the limited migration of the oxygen ions in the film; con-
sequently the resistance of the HRS of the devices is always
much lower than that of the as-made cells.?! Furthermore, the
RESET process is not as rapid as the SET process — it shows
gradual change with multiple steps. We measured the I-V
hysteresis curves several times to check the reproducibility.
Similar multistep switching behavior has been observed in the
RRAM devices and was explained by the formation of mul-
tiple conductive filaments.3>33] We also performed statistics
of SET/RESET voltage with different cells (not shown here).
Our device shows stable resistive switching behavior, the SET
voltage was from 1.16 V to 2.02 V and RESET voltage varied
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Fig. 2. (color online) (a) The typical /-V characteristics of
the LNO/BFZO/Pt structure using a voltage sweeping rate of
30 mV/step. Left bottom inset shows the schematic device struc-
ture; right bottom inset shows retention of the HRS and LRS
with reading voltage of 0.1 V. (b) I-V characteristics using a
voltage sweeping rate of 3 mV/step. Inset is the /-V curves with
voltage sweeping from —0.2 V to +0.2 V.
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from —1.04 V to —1.60 V. The retention property of our de-
vice measured with 0.1 V at room temperature is shown in the
right bottom inset of Fig. 2(a). As can be seen, up to 10° s,
resistance in both the HRS and LRS shows little deterioration
and the resistance ratio of HRS/LRS is around 103 without
degradation.

In order to explore the underlying physics in our device
further, we used the dc voltage sweep mode with 3 mV/step,
and the I-V curves are shown in Fig. 2(b). Interestingly,
this time the SET process also shows a stepwise switching
phenomenon, the SET and RESET voltage were 2.00 V and
—1.43 V, respectively. An I-V sweep between —0.2 V and
+0.2 V was performed in the LRS and HRS, as shown in the
inset of Fig. 2(b). Clear rectifying characteristics were ob-
served in the HRS, suggesting the formation of a Schottky
barrier. Generally, the rectifying behavior comes from a p—
n junction or a metal-semiconductor Schottky-like junction
due to the energy barrier at the interface. The work function
of LNO is 4.5 eV,34 Pt is 5.3 eV, and BFO can be taken as
4.7 eV.1! In addition, the BFZO/LNO interface is an epi-
taxial contact, whereas the Pt/BFO interface is a nonepitax-
ial contact. The interfacial layer formed at the nonepitaxial
Pt/BFO interface may be much thicker than the one formed at
the epitaxial BFO/LNO interface, which shows a larger con-
tact resistance. Therefore, a Schottky junction is more likely
to be formed at the Pt/BFZO interface; this has been confirmed

experimentally by Tsurumaki. 3!
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Figures 3(a) and 3(b) show the -V curve in the posi-
tive and negative voltage regions, which are plotted in log—
log scale. As illustrated in the figure, it is clear that the slope
of LRS and HRS in low field is close to 1, which can be at-
tributed to Ohmic behavior. As for the high electric field in
HRS, it is a bit more complicated to determine the conduc-
tion mechanism. The classical nonlinear conduction mecha-
nisms for BiFeO3; mainly include space-charge-limited con-
duction (SCLC), Schottky emission, and Poole-Frenkel (PF)

emission.[?”) The current density for SCLC can be expressed

as[37:381

ek V2 M
8 dd’

where [ represents the carrier mobility. According to Eq. (1),

JscLe =

the plots of log(f) versus log(V) should show a linear behav-
ior with a slope of 2. As shown in Figs. 3(a) and 3(b), the
slopes in high electric field are 1.88 and 1.76, respectively.
This suggests the dominant conduction mechanism in the high
voltage region is SCLC. However, the slight deviation of the
slope from 2 might be due to deep-level traps,**4" and there
is contribution from another conduction mechanism.

The Schottky barrier has been confirmed by the rectifying
I-V curve in the HRS. For the Schottky emission, which arises
from a difference in Fermi level between metal and semicon-

ductor, the current density is!>”]
1/2
¢ 1 PU
Js=AT?exp— | — — — [ —— , 2
§ P [kBT kT \ 4meoKd @

<
~
-
o
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Fig. 3. (color online) Typical I-V characteristics in log—log scale of the LNO/BFZO/Pt structure with (a) positive voltage and (b) negative voltage, respec-
tively. The /-V data in the HRS are fitted by (c) Schottky emission and (d) PF emission, respectively.
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where ¢ is the height of Schottky barrier and K is the dielec-
tric constant of the film. The third mechanism is PF emis-
sion, which is considered to be a common leakage mechanism
in BFO film.37*!1 The bulk-limited PF emission involves the
consecutive hopping of charges between defect trap centers.
The conductivity for PF emission obeys 742!

1/2
J E; 1 U
= — = = —_— 3
g oo [kBT kT (nsol(d O

where c is a constant; E is the trap ionization energy; kg is the

S~

Boltzmann constant. The rather poor linear fit of log(I/U) ver-
sus U'/2 [Fig. 3(d)] excludes the PF conduction mechanism.
Quite good linear fitting of log(/) versus U 1/2 has been ob-
tained at high field [Fig. 3(c)]; a dielectric constant of ~ 3.62
was obtained, which is comparable to the reported dielectric
constant of 6.25 from the index of refraction of 2.5 for BiFeO3
by Iakovlev et al.!*3! Therefore, the Schottky emission also
has contribution in the HRS state. As a result, conductive fila-
ments and the Schottky barrier exist simultaneously during the
resistive switching process.

In order to further study the origin of the resistive switch-
ing, we measured the impedance spectra after the forming pro-
cess on different cells at room temperature. Figure 4 shows
the impedance data of the HRS and LRS on log-scale in Cole—
Cole form. It is obvious to see that the impedance spectrum of
HRS consists of two semi-circles while only one semi-circle
exists in that of LRS. The two semi-circles are attributed to
film and interface contributions and usually fitted using RC
elements.[**! In this regard, the resistance transition from HRS
to LRS can be attributed to a broken Schottky barrier in the in-
terface. The impedance spectra of HRS and LRS are fitted us-
ing the conventional RC elements with the equivalent circuits,
as shown in Fig. 4. The RC elements correspond to charge
transport either internal to the film or through the film inter-
face. Ry represents all the Ohmic resistance including wires
for the measurement. The obtained parameters are summa-
rized in Table 1. By assuming the parallel RC elements, the
calculated data are in good agreement with the experimental
impedance spectra. Note that the cells in the HRS and LRS
measurements are not the same cell. It can be seen that the
calculated Ry, C;, and Ry in HRS and LRS are similar. Com-
bined with the /-V and impedance measurements, it can be
seen that a high resistive layer emerges at the interface with
the top Pt layer in the HRS.

Table 1. Summary of the equivalent circuit parameters by fitting the
impedance spectra in the HRS and LRS.

Resistance state R;/Q C/F R>/Q C,/F Ry/Q
HRS 1074 1.55x 10710 1.54x10° 1.91x10710 268.3
LRS 356.5 1.74x 10710 / / 522.9

10°

10*

103

~Im(Z2)/Q

10° 10° 10°
Re(Z)/Q

Fig. 4. (color online) Impedance data on log scale in Cole—Cole form
in the HRS and LRS with fitting, respectively. Equivalent circuits are
shown in the inset. Hollow symbols are experimental data and solid
curves are results of fitting.

Mayer discussed the resistive switching characteristics in
ferroelectric capacitors and proposed a 2-layer model with a
conductive ferroelectric/interfacial dielectric layer sequence to
explain the phenomenon.*! As discussed before, the contact
resistance at the epitaxial BFO/LNO interface is much lower
than the one formed at the nonepitaxial Pt/BFO interface, so
we consider only the interfacial layer at the Pt/BFZO inter-
face. Based on the Schottky barrier model and considering the
multiple steps of resistance change in the conducting filaments
model, these two conduction mechanisms may simultaneously
exist in our resistive switching device. Such a structure is
shown in the schematic diagram in Fig. 5. The movement of
oxygen vacancies in BFZO toward the surface has been re-
ported to effectively lower the Schottky barrier height of the
Pt top electrode, resulting in large conduction. 0! With posi-
tive voltage applied on the LNO layer, the oxygen vacancies
will be pushed to the BFO/Pt interface and accumulate there.
Thus, the conductive filaments will be formed. Furthermore,
the Schottky barrier height has been effectively decreased.
Thus, conductive filaments from LNO to Pt layers without an
interfacial Schottky barrier have been formed, and only one
semicircle can be observed in the impedance spectra. The de-
vice is switched to the LRS. With negative voltage applied
on the LNO electrode, the oxygen vacancies will be tracked
out from the BFO/Pt interface. The conductive filaments are
broken, and the Schottky barrier height is increased. The de-
vice switches to the HRS, and rectifying /-V can be observed.
Two semi-circles can be observed in the impedance spectra in
the HRS. The formation/rupture of the conductive filaments
mainly happens at the interface with the top Pt electrodes,
which is widely used to explain the mechanism of the unipolar
resistive switching (URS).[47#8] The polarity-dependent resis-
tive switching might be due to the asymmetry of the bottom

and top electrodes, and the formation of the Schottky barrier
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at the top interface with the Pt electrodes. ") [4]
HRS [5]
Schottky [6]
barrier ~ Pt
\ 7]
interfacial dieletric 8]
BFZO
* (o) [9]
[10]
conductive [o)
ferroelectri
[11]
LNO [12]
(a) [13]
[14]
LRS
[15]
Pt
interfacial dieletric el
BFZO
(] (6] [17]
(0]
(0]
conductive
ferroelectric . (18]
[19]
®) LNO [20]

[21]
Fig. 5. (color online) Schematic diagrams of resistive switching mech-

anism: (a) HRS and (b) LRS. [22]

4. Conclusions [23]

In summary, BFZO films have been prepared by pulsed [24]
laser deposition on (001) STO substrate with LNO as buffer 5]
layer and bottom electrode, and Pt as top electrode. BRS with [26]
a resistive ratio of the HRS to the LRS of over three orders 7]
of magnitude has been observed. From the /-V characteris-
tics, the conduction of the LRS is dominantly Ohmic, while (28]
the HRS is dominated by the SCLC together with Schottky [29]
emission at the BFZO/Pt interface. With the impedance spec-
tra, 2-layer structure of conductive ferroelectric/interface di- B0l
electric layers has been suggested, and the resistive switching
behavior is concluded to be due to the formation/rupture of E;
conductive filaments in the interface dielectric layer close to [33]

the top Pt electrodes. (34]
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