Chin. Phys. B Vol. 23, No. 9 (2014) 097702

Transport properties and anomalous fatigue effect of
Ag/BiyoLaj1FeO; /Laj7Sry)3MnQOj; heterostructures®

Gao Rong-Li(F % 4L)P) T, Fu Chun-Lin(fFF M), Cai Wei(%¢ 2)», Chen Gang(f% )2
Deng Xiao-Ling(¥3/N#%)?),  Yang Huai-Wen(#4£30)?), Sun Ji-Rong(#)4k2#)?), and Shen Bao-Gen(JL{#4R)P)

a) School of Metallurgy and Materials Engineering, Chongqing University of Science and Technology, Chongqing 401331, China

b) Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

(Received 2 May 2014; revised manuscript received 14 May 2014; published online 23 July 2014)

The transport properties and fatigue effect of Ag/Big gLag 1FeO3 /Lag7Srg3MnO3 heterostructures are described. By
examining the /-V curves, an anomalous fatigue effect was found and its influences on resistive states were studied. /-V
curves combined with C—f spectra were used to directly analyze the transport properties and fatigue effect. Compared to
the first /-V cycle state, this structure shows more than one order increase of resistance after 100 cycles of “/-V curve
training”. The redistribution of oxygen vacancies in the depletion layer of Ag/BiggLag jFeOs3 is believed to be responsible
for the different resistance mechanisms and tenfold magnitude drop in resistance. The resistive switching is understood
to be caused by electric field—induced carrier trapping and detrapping, which changes the depletion layer thickness at the

Ag/BipgLag | FeOs3 interface.
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1. Introduction

In recent years, BiFeO3; (BFO) has been extensively in-
vestigated due to its multiferroic properties and its poten-
tial applications in memory and magnetoelectric devices.!!-!
BFO is currently the most investigated multiferroic material
that shows magnetoelectric coupling effects.>*! In particu-
lar, BFO is of considerable interest as a lead-free ferroelec-
tric (FE) capacitor for commercial random access memories
(FRAMs).>-%1 Resistive switching has been reported recently
in BFO thin films,!”-8] the multiferroic properties of which
have been intensively investigated.>!") However, a number
of critical challenges remain and these need to be overcome
before BFO-based thin films can be utilized for future mem-
ory devices. These challenges include lowering their leakage
current, lowering their coercive field, and improving their re-
liability, particularly their resistance to fatigue. It is, there-
fore, interesting to study the resistive switching behavior and
fatigue effect in BFO thin films in order to guide the design
of multifunctional devices by combining ferroelectricity, fer-
romagnetism, and charge conduction. There have been many
reports on the multiferroic properties and resistive switching
behavior of BFO; however, only a few have focused on its fa-
tigue, especially when “trained” by I-V cycles.

Moreover, from a technological point of view, one of
the main problems which could limit the applications of this
material is the high leakage current density. It has been re-
ported that the existence of oxygen vacancies (Vos), rather
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than Fe>t ions, are the main cause of high leakage current
in BFO films.["'=14] It has been proposed that the Vs in BFO
could be effectively reduced through the addition of chemi-
cal dopants and, in particular, La dopant. Doping at the Bi
site could improve the crystallization and reduce the leak-
age of BFO.!!'>1%1 Sandwiching BFO between two ferromag-
netic metals may result in tunneling magnetoresistance and
electroresistance, which could be controlled by both elec-
tric and magnetic fields, giving rise to a four-state memory
e.[17.18] Therefore, BFO is a very important information
storage material for fabricating future high-density magneto—

devic

electric random access memory. In the present work, the in-
fluence of the pulse voltage on the switching behavior of BFO
thin films has been studied, and both the resistive switching
and the rectifying behavior in BFO thin films were found to
depend strongly on the voltage. However, until now there
have been few studies of the training effect on the resistive
switching and the change of resistance, especially in a case
where the voltage is smaller than the coercive electric field in
the I-V sweeping model. In this paper, we report the resis-
tance switching and electrical properties, as well as an abnor-
mal training effect. Bipolar resistive switching has been ob-
served in a Ag/BiggLag 1FeO3 /Lag7Sr93MnO3 sandwiched
structure without any electroforming step. Based on the anal-
ysis of the transport characteristics during the switching, we
discuss the switching mechanism, training characteristics, and
the physical origin of volatility in the structures.
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2. Experimental process

Five hundred nanometer thick BiggLag FeOs (BLFO)
films were grown epitaxially on LSMO-coated (001) SrTiO3
(STO) substrates using pulsed laser deposition (PLD). The tar-
get was prepared by mixing Bi;O3, LayOs3, and Fe;03 in a
1.1:0.1:1 stoichiometric ratio and sintering at 800 °C in air.
An excess of Bi was used in order to compensate for the high
volatility of Bi and prevent Bi deficiency. The conductive
metallic oxide LSMO layer serves as the bottom electrode.
First, a sintered stoichiometric LSMO target was employed for
deposition of LSMO thin films on STO substrates under opti-
mized growth conditions: a deposition temperature of 700 °C
and an oxygen pressure about 50 Pa. It is pointed out that
the LSMO film thickness is 30 nm. Then, the BLFO thin
films were grown at 650 °C under a low oxygen pressure of
15 Pa. The laser output was about 1.5 J/em?, with a repeti-
tion rate of 5 Hz. Typical film growth rate was around 8 nm
per minute. In order to ensure oxygen equilibrium, the films
were slowly cooled to room temperature (2 °C /min) in an oxy-
gen atmosphere of 100 Pa. Structural characterization of the
BFO films was performed using X-ray diffraction (XRD), the
surface roughness was analyzed by atomic force microscopy
(AFM). In order to measure the electrical properties of the
films, a 200-nm-thick Ag layer patterned with circles of 200-
pum diameter was deposited on BLFO as the top electrodes
by PLD through a shadow mask. The polarization—electric
field (P-E) hysteresis loops were measured at room tempera-
ture using a ferroelectric test system (Radiant, Premier II). The
current—voltage characteristics of Ag/BLFO/LSMO structures
were measured at RT using a Keithley 2611 source meter sys-
tem with voltage sweeping mode. The sweeping step is 0.1 V,
and the sweeping speed is normal. During the measurement,
a bias voltage was applied between the top (Ag) and bottom
(LSMO) electrodes, with the latter being grounded. In this pa-
per, applying a positive (negative) voltage on the top electrode
is defined as a positive (negative) direction. The impedance
(Z) and capacitance, were measured in the frequency range
40 Hz< f < 10® Hz using a precision impedance analyzer
(Agilent 4294 A).

3. Results and discussion

Figure 1(a) shows the 6-20 XRD patterns of the BLFO
thin films grown on LSMO-coated STO (001) substrates. Only
the (000) (I =1, 2, 3) peaks of BLFO, LSMO, and STO are
visible, indicating a pure single-orientation perovskite BLFO
phase. The out-of-plane ¢ parameter for these films is ¢ =
3.99 A, which is very similar to the values obtained for un-
doped BFO films.['*?%1 The surface was reasonably smooth
with a root mean square (RMS) roughness of less than 0.6 nm,
as shown in Fig. 1(b). Figure 2 shows P-E hysteresis loops
measured at a frequency of 10 kHz, it can be seen that the max-
imal remanent polarization (Pr) reaches nearly 80 pC/cm? at

the applied voltage of 36 V, which is slight bigger than the
typical values of 60 puC/cm? obtained for BFO films.[?!-24]
It is noteworthy that the coercive field (E;) increases with
the applied electric field, and it is asymmetric in a positive
and negative position. This asymmetric E. has also been ob-
served in BFO by other studies.>>! Although the origin of this
anisotropy is not clear, it is likely to be due to a residual strain
in the crystal or possibly to the difference in the inner fields
on either side of the interface. In addition, the coercive field
(about 300 kV/cm) is comparable to that of BFO thin films
(Ref. [26]) but is almost one order of magnitude greater than
that of BFO single crystals.[?*! The large coercive field may
originate from domain wall pinning and grain boundaries.
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Fig. 1. (color online) (a) XRD spectrum of BLFO/LSMO/STO films with
26 in the range of 10-80 degrees. (b) Topography images of the as-grown
BLFO films. (c) The corresponding line roughness from panel (b).
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Fig. 2. (color online) Polarization versus voltage (P-V') curve of BLFO
films at a frequency of 10 kHz at room temperature.

Owing to the high polarization in BLFO thin films, and
its possible application in data storage, it is very important
to understand the leakage current characteristics, especially
the ratio of high and low resistance, as well as fatigue. Fig-
ure 3(a) shows the typical leakage current as a function of elec-
trical field for the BLFO thin films by sweeping the voltage as
0 V=46 V= —6 V — 0 V. Prior to the I-V measurement,
the sample was poled by +36 V and —36 V voltage pulse,
respectively. As illustrated in Fig. 3(a), the I-V curves show
rectifying characteristics with a rectification factor of 80 and
8 at £6 V after polarized by —36 V and +36 V pulse voltage,
respectively, indicating different polarized voltage attributions
to different rectification factors. The pristine sample always
exhibits a high resistance state (HRS) when a positive pulse
voltage of 436 V is applied, while it can be switched to a low
resistance state (LRS) by —36 V negative pulse voltage in the
negative bias part.

To check the nonvolatility of the resistive switching ob-
served in the I-V curves, pulsed voltage measurements were
carried out. Writing pulses of +36 V were applied to switch
the resistance state of the stack between HRS and LRS, while
the resistance state of the stack was detected using a small
pulse voltage of —1.5 V and +1.5 V (reading pulse) (Figs. 3(b)
and 3(c)), respectively. The resistance of both HRS and LRS
was read repeatedly, more than 50 times, after either of them
was written with 36 V and —36 V, respectively. In the as-
switched case, both the LRS and the HRS read by 1.5 V
exhibit an increasing resistance. However, either state is sta-
ble after 10 repeated writes and reads; the corresponding LRS
and the HRS read by +1.5 V is one-order of magnitude larger
than that read by —1.5 V. In addition, it is observed that after
10 repeated writes and reads, the resistance ratio Ryrs/R1Rrs
read by £1.5 V decreased to 4. However, neither state exhibits
significant resistance change if the write and read times are in-
creased further. The retention measurement indicates that all
of the resistance states are stable enough in time for memory
applications. Note that, in the pulsed voltage measurement, al-

though at —1.5 V a reading pulse has been repeatedly applied
for resistance detection, the reading pulse is so much smaller
than the coercive electric field of the BLFO film that it is un-
able to change the polarization state of the BLFO film, thus
this relatively small voltage does not vary the resistance for ei-
ther HRS and LRS. This is important for a practical memory
application, which requires a stable resistance state, even if the
unit is read many times.

In addition to the rectifying behavior, bipolar resistive
switching is also observed in /-V cycles. No electroforming
process is necessary before the observation of the hysteretic
I-V curves. After the sweeping voltage reaches the maximum
negative value (—6 V), it turns back to downward sweeping
[e.g., process 4 in Fig. 3(a)] and the thin film has been set
from HRS to the LRS. The thin film can be reset to HRS
again by applying a positive sweeping bias voltage, as shown
in Fig. 3(d). Note that, although the bipolar resistive switching
can still be observed with the -V sweeping cycles increased
further, both the HRS and the LRS resistance increase and the
resistance ratio Ryrs/Rirs read by —1.5 V decays exponen-
tially by increasing the I-V cycle, that is, Ryrs/Rirs is only
4 after 100 I-V cycles, as shown in Fig. 3(e). This anomalous
fatigue effect has not been reported before. On the other hand,
the resistance state read by £6 V increases with /-V cycles
and has the same variation tendency: the resistance is close to
saturation after 25 I-V cycles, as can be seen in Fig. 3(f).

To elucidate this switching mechanism and -V fatigue,
it is necessary to investigate the conduction mechanism for
both the HRS and LRS. It is well known that, when positively
charged oxygen vacancies (Vog) attract electrons, the Vg act
as electron trapping centers./?’=1 Consider that, in both LRS
and HRS, the barrier height of the BLFO/LSMO junction is
always higher than that of the Ag/BLFO junction.*!l Thus,
the current in the negative bias part is mainly limited by the
Ag/BLFO interface. In LRS, after a negative sweeping bias
is applied, more Vg can be repelled to the Ag/BLFO inter-
face. Therefore, more trapping centers are formed and occu-
pied by electrons, favoring electron hopping. The electrons
are easily injected into the depletion layer at the Ag/BLFO in-
terface from the LSMO, significantly lowering the Ag/BLFO
barrier. When the bias is reversed to positive, the electrons
are blocked, such that much fewer electrons can be injected
into the BLFO thin film from the LSMO bottom electrode.
The poling with a positive bias can remove both Vg and the
trapped electrons from the Ag/BLFO interface, and is thus able
to extend the depletion region in the pristine thin film, signif-
icantly increasing the resistance of the structure. Therefore,
LRS and HRS can be observed in the following /-V measure-
ment, as seen in Fig. 2(d), although the resistance state read by
46 V increases with I-V cycles [Fig. 2(f)].
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Fig. 3. (color online) (a) I-V curves after BLFO film polarized by +36 V and —36 V, respectively. (b) The resistance read by —1.5 V
as a function of repeated written and read time. (c) Repeated written and read time dependence of the resistance read by +1.5 V. (d)
I-V curves after different sweeping cycles. (e) The resistance ratio between HRS and LRS read at —1.5 V. (f) The resistance read by

46 V as a function of I-V cycles.

To get further insight into the effect of the interface on the
I-V fatigue curve, the change of the depletion width is demon-
strated by the capacitance with an ac test level of 50 mV at
200 kHz. Figure 4(a) shows the capacitance as a function of
repetitions after 436 V and —36 V poled, respectively, show-
ing that the capacitance poled by —36 V (LRS) is bigger than
that poled by +36 V (HRS). In the initial case, both the LRS
and the HRS exhibit an decreasing capacitance. However, ei-
ther state is stable after several repetitions. The capacitance in
Fig. 4(a) and resistance in Figs. 3(b) and 3(c) with repetition
have nearly the same trend, which indicates that the change of
the resistance and capacitance is connected with the depletion
width. In the case of I-V fatigue, the capacitance decreases
with I-V cycles in the whole frequency range, while the de-
crease quantity drops with frequency, as shown in Figs. 4(b)

and 4(c). The capacitance change is due to the modification of
the depletion layer width, with obviously different C—f curves
revealing different depletion thicknesses for LRS and HRS.
The drop of the capacitance after positive voltage indicates the
collapse of the depletion region. In the C—f measurement, the
measured C is affected by many factors, such as measurement
model (in parallel or in series) and the connected style of C
and R. In addition, the resistance R arises from grain bound-
aries, grains, etc. Therefore, the capacitance in the C—f curves
is contributed by the intrinsic capacitance and resistance.

In order to further verify the interaction between re-
sistance and the depletion layer, the impedance spectra of
the sample were further studied. The imaginary part of
the frequency-dependent modulus (M"), calculated from the
impedance Z*, which is measured under —4 V, is shown in
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Fig. 4(d). The peak maximum position is at @ = 1/RC with
a peak height equal to Cp/2C, respectively.[3'32 Since the
band bending of BLFO near the BLFO/LSMO interface will
be flattened by the negative bias (—4 V), the impedance may
be mainly contributed by the Ag/BLFO junction. It can be
seen from Fig. 4(d) that the peak height decreased only a bit,
whereas the peak position changes somewhat after 100 /-V cy-
cles. This result implies that after the -V cycle, the resistance
increases obviously but capacitance increases only a little (the
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peak height decreases). Furthermore, it also means that the
depletion of the Ag/BLFO interface has indeed been changed,
which in turn affects the resistance. It should be pointed out
that the capacitance increases but does not decrease in the M"'—
f spectrum, which is not consistent with the results from C—
f curves, which happens because the capacitance in the C—f
curves consists of not only the intrinsic capacitance but also

the resistance.
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Fig. 4. (color online) (a) Capacitance as a function of repeated time after BLFO film polarized by +36 V and —36 V, respectively. (b)
Frequency dependence of capacitance after different /-V cycles. (c) The capacitance variation as a function of frequency after 1 and
100 I-V cycles. (d) Frequency dependence of the electric modulus M” (imaginary part) after 1, 10, and 100 I-V cycles.

The fatigue of the I-V cycle can be explained by means
of a dynamic equilibrium process. After applying and remov-
ing the positive/negative bias, the depletion region extends to
the Ag/BLFO interface and will increase/decrease back and
forth. Consequently, the extension of the depletion layer will
be in dynamic balance with the repulsion by generated elec-
trons. This is a possible reason why the resistance needs sev-
eral repetitions to stabilize, as can be observed in Fig. 3(b) to
Fig. 3(e). Because the capacitance change is due to the mod-
ification of the depletion layer width, the fatigue of resistive
switching is directly related to the dynamic balance of the de-
pletion layer. It must be pointed out that the voltage used to
measure the /-V curve is somewhat smaller than the coercive
field, and is not large enough to switch the polarization. There-
fore, the effect of ferroelectric polarization does not dominate

the resistive switching in our BLFO thin films. The fatigue in
the -V cycle may not have the same origin as the polarization
switching’s fatigue characteristic.

4. Conclusions

In conclusion, the transport properties of BiggLag ;FeO3
thin film grown on Lag 7Srp3MnO3 have been described. Ac-
cording to /-V curves, an anomalous fatigue effect has been
found and its influences on LRS and HRS states have been
studied. -V curves combined with C—f spectra were used
to directly measure the transport properties. Compared to the
first I-V cycle state, the structure’s resistance increases more
than one-order of magnitude after 100 cycles of “I-V curve
training.” It is believed that the redistribution of oxygen va-
cancies in the Ag/BLFO depletion layer is responsible for both
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the different resistance mechanisms and for the drop in resis-
tance. The resistive switching is understood by the electric
field—induced carrier trapping and detrapping process, which
changes the depletion layer thickness at the Ag/BLFO inter-
face.
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