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Interface-related switching behaviors of amorphous
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The resistive switching properties in amorphous Prg g7Srp.33MnOs films deposited by pulsed laser de-
position are investigated. Reproducible and bipolar counter-8-shape and 8-shape switching behaviours of
Au/Prg.67Sr0.33MnO3 /F:SnO2 junctions are obtained at room temperature. Dramatically, the coexistence of two
switching polarities could be reversibly adjusted by an applied voltage range. The results allocated those two switching
types to areas of different defect densities beneath the same electrode. The migration of oxygen vacancies and the

trapping effect of electrons under an applied electric field play an important role. An interface-effect-related resistance

switching is proposed in an amorphous Prg.67Srg.33MnO3z-based memory cell.
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1. Introduction

Resistive switching phenomena in metal-oxide-
metal sandwich junctions, so-called “resistance ran-
dom access memory (ReRAM)” and/or “memris-
tors”, have aroused a great deal of scientific and
industrial interest as the next-generation of high-
density non-volatile memory, owing to their struc-
tural simplicity and excellent characteristics com-
pared with existing non-volatile memory such as
flash-memory, magnetoresistive random access mem-
ory (MRAM), ferroelectric random access memory
(FeRAM), and phase change random access mem-
ory (PRAM).'=3 In 2000, Liu et all reported
that Pag 7Cag sMnO3/YBayCuszOr_, heterojunctions
with Ag electrodes exhibited reversible switching by
applying short voltage pulses. Since then, numer-
ous perovskite-type transition-metal oxides, especially

5] 8]

manganites,®) titanates,[®7 and zirconatesl® have

been investigated as switching devices. In order to
develop resistive materials applicable to memory cells
and to reduce the ultimate scaling limits for future
ReRAM, a deep understanding of the switching mech-

anism is indispensable. In recent years, some work
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has focused on amorphous binary oxide films such as
HfO,,[ Ti09,*% Lup 03,11 and NbO,,,[*# which have
already been proven to be compatible with CMOS
technology. Moreover, without the limits of grain
size and boundaries, devices using homogeneous amor-
phous films can be fabricated in a smaller area, to meet
the demand of developing microelectronics. Further-
more, it is of pivotal importance to provide us with
a new insight into the switching mechanism. How-
ever, there are few reports about resistive switch-
ing behaviours of ternary amorphous perovskite-type
transition-metal oxides, and the intrinsic switching
mechanism in the devices has not been clear up until
now.

In the present work, we fabricate amorphous
Prg.67519.33MnO3 films by pulsed laser deposition
(PLD) technology. The bipolar resistive switching
properties of the amorphous PSMO films are observed,
and a model based on the redistribution of the oxygen
vacancy-related defects is suggested to explain their
switching behaviours. Therefore, this study will lead
to a better understanding of a perovskite-based mem-

ory device for non-volatile memory applications.
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2. Experimental details

The ceramic targets for PSMO were prepared by
a standard solid state reaction method using SrCOsg,
The het-
erojunctions were fabricated by the PLD technique.

Pry0O3, and MnOs as the raw materials.

PSMO thin films were grown on fluorine-doped tin
oxide (FTO), conducting glass substrates at 600 °C
using a KrF excimer laser (A = 248 nm) with a repe-
tition rate of 5 Hz and a single pulse power of 300 mJ.
The deposition was carried out in a pure oxygen at-
mosphere at a pressure of 10 Pa. The morphologies of
PSMO films were obtained with a JSM-5600 scanning
electron microscope (SEM) and a SPA-400 atomic
force microscope (AFM). The XRD patterns of the
PSMO thin films were collected on a DX-2500 X-ray
diffractometer, employing Cu Ko radiation (1.542 A,
1 A=0.1 nm). After deposition, a 20-nm thick circu-
lar Au electrode with an area of 7.1x10™* cm? was
patterned through a metal mask to form a sandwich
structure by DC sputtering.

3. Results and discussion

In Fig. 1(a), the thickness of the deposition on the
PSMO film is observed to be approximately 300 nm
by SEM. The surface morphology of the deposition
film is presented in Fig. 1(b). The 600-°C substrate
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Fig. 1. (colour online) (a) Cross-section SEM images of
the PSMO/FTO conducting glass structure. (b) AFM and
(¢) XRD patterns of the 300-nm-thick Prg.¢7Sro.33MnOs3
film deposited on the F:SnO2 conducting glass substrate
after annealing at 600 °C.

temperature leads to quite a rough film surface. Tiny
islands and sand pits with diameters ranging from
0.1 pm to 3 um can be found. From Fig. 1(c), the
XRD study shows no peak corresponding to PSMO
diffraction except SnOy (FTO substrate) diffraction,
indicating the films were amorphous.

In order to gain an insight into the dynamic
mechanism of charge carriers in the heterojunctions,
the electrical measurements of switching were per-
formed perpendicularly across the PSMO layer, us-
ing a current—voltage source meter (Keithly 2400) at
room temperature and under ambient pressure. The
F:SnO, film is used as the bottom electrode and the
Au stack as the top electrode, with a small mechan-
ical load applied. The data were obtained using a
computer controlled program. A schematic drawing
of the measurement configuration is depicted in the
left-hand inset of Fig. 2.
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Fig. 2. (colour online) The I-V curves of the junction
with an amorphous Prg 7Srg.33MnO3 layer in different
voltage regions. The left-hand inset presents the schematic
plot of the measurement configuration, and the right-hand
inset indicates the two crossing behaviour of I-V curves
with 6.0-V sweeping voltage.

The current-voltage (I-V') characteristics are
presented in Fig. 2. The I-V curves are obtained by
continuously sweeping the voltage from 0 to Vi,.x to
0 to
applied bias voltage. One can see two types of switch-

—Viax to 0, where Vi,.x is the maximum of the

ing properties represented by the open square and the
solid square curves. The solid square curves are ob-
served to be in a smaller voltage range of +4.4 V.
Starting at 0 V and sweeping to 4.4 V, the sample
resides in branch “1”. In the subsequent sweep, the
voltage is swept back from 4.4 V to 0 V, and the sam-
ple switches into a low resistance state (branch “27).
Going up to —4.4 V and then back to 0 V again com-
pletes the switching cycle. In the following we call the
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“sense of rotation” or the switching polarity of this
curve the 8-shape polarity. When the bias increases
from +4.4 V to 6.0 V, however, a second type of sta-
ble switching can be achieved. The differential resis-
tances start to appear and then the switching polarity
is converted into the other direction counter-8-shape
polarity (open square curve in Fig. 2). As the voltage
sweeps from 0 V to 6 V to 0 V, the sample switches
from a low resistance state to a high resistance state.
Going back to negative voltages reverses this switch-
ing again. Both types of switchings occur in the same
pad. A repeatable change between both curves can be
induced by adjusting the voltage amplitude back and
forth again.

From the I-V curve, the measured resistance
value is much larger than that of polycrystalline ce-
ramic (0.01 Q-cm ~ 0.2 Q-cm). This deviation re-
minds us of the effect of the electrode/film interface.
In the Au/PSMO/FTO heterostructure, the lower
thermal energy during the deposition results in a lo-
cal nonstoichiometry and thereby leading to a high
density of defects in the PSMO layer. A high resis-
tive region containing a high density of defects exists
at the Au/PSMO interface, where the high density of
surface states induced by the defects may cause a large
degree of band bending thus influencing the validity
of the metal/semiconductor contact rule. The dense
interface defects act as trap centres of carriers and
dominate the -V characteristics and electric-pulse-
induced resistance (EPIR) change properties. Up to
date, similar interface-related electrical characteristics
have been observed in many studies. Sawa et al.'?
believed that the resistance switching occurs only at
the Ti/Prg7CagsMnOs interface after investigating
the effects of several top electrodes such as SRO, Pt,
Au, Ag, and Ti on the resistance switching. Oka and
Nagaosal'¥ proposed a unique mechanism with a first
order interface metal-insulator transition. Janousch
et al.'® pointed out that the microscopic origin of
resistance switching in transition-metal-oxide-based
memory is an oxygen—vacancy drift occurring in a
Recent stud-
ies have indicated that the electrochemical migration

place close to one of the electrodes.

of oxygen vacancies in the vicinity of the interface
drives resistive switching.'6=18 There exists a gen-
eral agreement in oxides that the migration of oxygen
vacancies (or oxygen ions) under an applied electric
field plays an important role and that the interface ef-
fects are more pronounced than bulk switching. Two
basic models have been proposed: (i) a local redox
process based on oxygen vacancy migration (or oxy-

gen diffusion)!'! including an electrochemical inter-
face reaction?” and (ii) a change in the Schottky-like
barrier height and/or width by trapping/detrapping
effects in interface defect states.['3] Although no at-
tention has been paid to them in the literature yet,
these two mechanisms exhibit different switching po-
larities. In p-type materials, the former changes re-
sistance from a high resistance state (HRS) to a low
resistance state (LRS) in the positive voltage polarity
The latter converts an LRS
into an HRS under the same bias polarity. The same

of the active electrode.

polarity changes occur in the negative bias in the case
of n-type layers.!%

For a better understanding of the influence of de-
fects on the electric properties of the PSMO sample,
XPS profiles are performed for the O 1s and Mn 2p
regions. As can be seen in Fig. 3(a), the peaks are
attributed to the existence of Mn** and Mn3*, re-
spectively. Such mixed oxides are naturally imperfect
in their microstructure. In Fig. 3(b), the peaks in the
O 1s spectra correlated with lattice oxygen bonding in
PSMO at 529.1 eV and absorbed oxygen at 530.9 eV
and 531.9 eV are observed at the PSMO surface. Dong
et al.l?!] reported that the absorbed oxygen could act
as mobile oxygen and generate oxygen vacancies under
a high electric field.?! It is well known that in per-
ovskite oxide, the ionization of the oxygen vacancies

will create the conducting electrons,

Oo <:)>Vo—|-1/2027 (1)
Vo & VO + 6/7 (2)
Vo & Vi + e, (3)

or these electrons might be bonded to Mn** in the
form of
Mn*T + ¢’ & Mn®T, (4)

Here, the notations defined by Kroger and Vink are
adopted; V¢ and Vg represent the oxygen vacancies
carrying one and two positive charges, respectively.??
Oxygen vacancies create deep-trap energy levels in the
band gap for activated electrons to be movable. The
metallic ions or oxygen vacancies are very likely to ex-
ist in the matrix. Those defects are thought to play
an important role in resistance hysteresis.

As is well known, PSMO is a p-type semicon-
ductor that forms the basic element for resistance
switching. In Fig. 2, the solid square curve switching
with 8-shape polarity can be explained by oxygen—
vacancy migration,[23’24] judging from the resistance
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changes from HRS to LRS in the positive or the
forward bias. This behaviour can be explained by
considering the number of oxygen vacancies. In p-
type oxide semiconductors, oxygen vacancies are con-
The schemat-

ics of the relations between the oxygen vacancy den-

sidered to be an acceptor scavenger.

sity and the depletion layer width (W3) in the vicin-
ity of the Au/PSMO interface in different resistance
states could be clearly seen in Fig. 4. A positive
(negative) voltage rejects (accumulates) oxygen va-
cancies at the Au/PSMO interface.

(addition) in oxygen vacancies at the interfaces may

The reduction

cause the depletion layer to become narrower (wider)
in PCMO, resulting in a decrease (increase) in the
contact resistance. For the oxygen-diffusion-related
switching mechanism, extended defects within the ac-
tive thin film matrix have been claimed to play a
crucial role.[16:20:25] This is associated with the fact
that oxygen—vacancy migration (or oxygen diffusion)
is significantly enhanced along extended defects.°!
Shibuya et al.[ demonstrated the clear correlation be-
tween resistive switching property and the density of
defects which work as fast migration paths for oxy-
gen vacancies in Au/SryTiO4/Nb-doped SrTiO3 junc-
tions. So we can induce that the 8-shape polarity is
due to the oxygen—vacancy migration along the ex-
tended defects.
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Fig. 4. (colour online) Schematics of the relationship be-
tween the oxygen—vacancy density and the depletion layer
width (Wy) in the vicinity of the Au/PSMO interface at
a high resistance state (a) and a low resistance state (b).

Due to the different work function values of Au
(~ 5.1 eV), FTO (~ 4.4 eV),?" and PSMO (~
4.9 eV),1?8] the hole barriers should be formed at the
Au/PSMO interface. The Schottky-like barrier height
and/or width will be changed by trapping/detrapping
effects at interface defect states. In Fig. 2, the other
switching type (red curves) with “counter-8-shape po-
larity shows a rectification behaviour and I-V curves
The Schottky-like barrier
seems to be slightly modified during voltage sweep-

of the pristine junction.

ing. The enhancement of positive bias results in
a reduction of the current. This behaviour can be
attributed to the electron-trapping effect at the in-
terface. When a large positive (negative) voltage
is applied to the Schottky-like barrier, electrons are
charged (discharged) in the trapping states, resulting
in the reduction (addition) of the net positive (nega-
tive) charge in the depletion region. This makes the
barrier wider (narrower) and higher (lower), which
results in the HRS (LRS). So interface defects will
dominantly influence the trapping/detrapping-based
switching mechanism.

It is more interesting that the polarity conversion
of these two switching types can be reversibly adjusted
by the sweeping voltage range, as shown in Fig. 2.
The HRS of the counter-8-shape polarity corresponds
to the LRS of the 8-shape. The other major discov-
ery is that the second intersection of the I-V curve
exists in a large negative voltage range (open square
curves). The right-hand inset of Fig. 2 clearly indi-
cates the behavior of the two intersection points of the
I-V curve with a 6.0-V sweeping voltage. The conver-
sion of HRS and LRS emerges at about 0.88 V, where
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the effect of oxygen—vacancy migration overcomes that
of electron trapping. Therefore, the switching polarity
is selective to the voltage range. This procedure might
extract trapped oxygen vacancies from the interface.
The pinning of oxygen vacancies at the interface may
cause the depletion layer to become narrower and LRS

to appear.
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Fig. 5.
ple voltage sweeps, showing the changes (indicated by the

(colour online) I-V curves obtained by multi-

arrows) from the first curves with lower conductance to
the last curves with higher conductance in the case of (a)
Vinax = 6.0 V and (b) Vinax = 4.4 V.

To investigate the changes in conductance as a
function of sweeping cycle, an experiment is per-
formed. Note that switching with 8-shape polarity
seems to be more stable than the others. When sweep-
ing the voltage over multiple cycles, a change can be
observed in the I-Vcurves from the first to the fol-
lowing runs, i.e. a memory effect in the sample. In
Fig. 5 the first I-V curve presents a lower conduc-
tance than all the later curves, while the last curve
presents a higher conductance. In the framework of
the model discussed above, the following interpreta-
tion is proposed. When the device is switched on from
its virgin state, oxygen vacancies or electrons will reac-
commodate at different positions. When the device
is switched off, not all the ions will migrate back to
their original positions, and the accumulation of oxy-
gen vacancies or electrons at the negative electrode

will not be completely undone. This supports the as-
sumption that permanent changes occur in the sample
when mass transport of ions appears. Statistical in-
vestigation on the exact nature of defects is essential
for further understanding of resistive switching.

4. Conclusions

In the present paper, the well-developed bipolar
resistive switching properties are revealed in amor-
phous PSMO heterojunctions. An interface-effects-
related resistance switching is proposed in the memory
cell. By reversibly adjusting the applied voltage range,
the coexistence of two switching polarities could be
observed repeatedly. The migration of oxygen vacan-
cies and the trapping effect of electrons under an ap-
plied electric field play an important role. Up to now,
switching polarities have been rarely discussed in the
literature. It is suggested to allocate the two switch-
ing types to areas of different defect densities beneath
the same electrode. Therefore, the control of the dis-
tribution and the density of defects is a major task in
the fabrication of reproducible and scalable resistive
switching devices. We believe that these are crucial
points in understanding the switching mechanisms.
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