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a b s t r a c t

Thin films of Pr0.6Ca0.4MnO3 were prepared by pulsed laser deposition with an asymmetric pair of Ag and
Al metal electrodes in order to study their resistive switching properties. The devices exhibited stable
voltage controlled bipolar switching which proved to be reliable and non-volatile. The resistive states
show a well-defined dependence on the write voltage, which was used to achieve several intermediate
states, indicating that the devices could be utilized in hardware implementations of neuromorphic
computing. The switching mechanism was attributed to the electric-field assisted migration of oxygen
vacancies at the Al-electrode interface, resulting in a formation and modulation of a rectifying interfacial
AlOx layer. The current-voltage characteristics were analyzed by means of the power exponent repre-
sentation, which hinted to a device state dependent interplay of bulk-limited Poole-Frenkel conduction
and interface-limited Schottky conduction. A deeper understanding of resistive switching characteristics
in Ag/Pr0.6Ca0.4MnO3/Al will lead towards further advances in manganite-based neuromorphic circuits.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Present day's computers suffer from the von Neumann bottle-
neck, in which the processing speed is limited by the bus which
connects memory and the central processing unit [1]. Neuro-
morphic computer architectures show a possible way to bypass this
limit since they do not divide memory and computations into
separate units, which enables highly parallel computations [2e4].
In possible hardware implementations of neuromorphic
computing, devices that behave more similarly to biological syn-
apses and neurons are preferable over the traditional CMOS
(complementary metal-oxide-semiconductor) solutions, which are
not efficient for these tasks since the technology was designed for a
different purpose [5,6].

The implementation of these new technologies will require the
utilization of new and more efficient materials. In particular, metal
oxides, which have gained a lot of attention for their rich chemical
and physical properties and versatile applicability in many areas,
such as energy storage, solar cells and sensors [7e14]. Metal oxides
have also found their place in resistive switching (RS) devices
[15,16]. Due to the RS property present in many metal oxides, they
r B.V. This is an open access articl
now present a notable portion of promising memristive materials
[17].

Oxide based resistive switching devices are suitable for
mimicking neurons and storing synaptic weights [18e23]. Indeed,
neuromorphic circuits containing RS elements are starting to show
promising results, particularly in the field of spiking neural net-
works, where the RS oxide can reproduce dynamics found in bio-
logical systems with minimal amount of additional circuitry [24].
However, more research is still needed to understand the physics
behind the RS in order to maximize the capabilities of these sys-
tems [25,26].

Among the oxides which present the RS behavior, the perovskite
oxide Pr1-xCaxMnO3 has been proven to be versatile, exhibiting both
bipolar [22] and unipolar [27] switching with and without forming
[28,29]. The interface-type bipolar switching in particular has been
found useful in neuromorphic applications, which has led to PCMO-
based implementations of single neurons as well as neuromorphic
arrays [26,30e32].

Even though the RS in Pr1-xCaxMnO3 has been extensively
studied [17,28,29,33e38], new ways to improve the switching
properties are still being found by the means of interface engi-
neering with buffer layers and oxygen treatments [22,39]. In
addition, the core of the work on RS in PCMO has been performed
with x¼ 0.3, although it has been shown that other concentrations
can result in better RS properties [36]. The conduction model of
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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bipolar switching has also been usually attributed to the trap-
controlled space-charge-limited current (SCLC) conduction
[33,38,40e44] with exponentially distributed traps, although the
use of a more in depth analysis method [45] gives an alternative
explanation. Thus improving the understanding of RS and con-
duction mechanisms in PCMO is still possible and a remains as a
path towards realization of more robust neuromorphic devices.

In this work we studied the RS characteristics of Pr1-xCaxMnO3
with an optimal concentration of x¼ 0.4, hereafter labeled PCMO.
In PCMO, the bipolar switching is determined by the interfaces [28].
Due to this, we studied the interface properties of Metal/PCMO/
Metal structures with different metallic electrode combinations.
The utilizedmetals were Ag, Au and Al, of which we found that only
the Al interface produces a strong bipolar RS effect. The switching
attained by using Al/PCMO/Ag interfaces exhibits multiple states
and was both reliable and non-volatile. The cause of the switching
is attributed to oxygen vacancy migration at the Al/PCMO interface.
The conduction model is analyzed, hinting to an interplay of bulk-
limited PF conduction and interface-limited Schottky conduction
depending on the device state and polarity of the electric field.
2. Experimental details

Pr0.6Ca0.4MnO3 thin films with thicknesses of approximately
100 nmwere deposited on 5� 5� 0.5mm3 (100) SrTiO3 substrates
by pulsed laser deposition (PLD) using excimer XeCl 308 nm laser.
The pulse duration was 25 ns, repetition rate 5 Hz, laser fluence
1.3 J/cm2 and the pressure of flowing oxygen in the chamber 0.175
torr. The films were grown at a temperature of 500BC, with in situ
post-annealing treatment of 10min in atmospheric oxygen pres-
sure. The used rate for cooling and heating was 25BC/min. The
grown films were verified to be well-crystallized and epitaxially
textured by X-ray diffraction (Fig. 1a) with lattice parameters
a¼ 5.4354 Å, b¼ 7.6511 Å and c¼ 5.4277 Å. More details on the
growth process can be found in Ref. [46].

0.5mm diameter Au and Ag metal contacts were deposited on
top of the films using room-temperature Ar-ion sputtering. Wiring
Fig. 1. a) XRD diffractogram of (lkl) peaks. b) I-V loops for PCMO with combinations of
Ag and Al interfaces, symmetrical Ag-interfaces show Ohmic conduction, while in-
terfaces containing Al show non-linear conduction and rectifying behavior. c) Mea-
surement geometry.
was done with a wedge bonder using a 40 mm diameter Al-wire.
Measurements were performed in a planar configuration as sche-
matized in the inset of Fig. 1c using a Keithley 2614b source/mea-
sure unit. The separation distance between the electrodes was
approximately 200 mm.

Loop measurements of electrical characteristics were done at
room temperature by sweeping the voltage in a sequence of steps
0/Vmax/� Vmin/0 with logarithmic amplitude progression,
10ms step width and a 10ms low-voltage read between each step.
Multiple films were studied, and the characteristics were found to
be consistent between the samples.

All combinations of Al, Ag and Au Metal/PCMO/Metal interfaces
were measured, and only combinations containing Al were found
to produce switching. Both Ag and Au interfaces formed a linear
Ohmic contact with PCMO (Fig. 1b), and thus didn't contribute to
the switching. When Al interface was present, the conduction was
non-linear.

Since the work function of p-type [36] Pr0.6Ca0.4MnO3 is close to
values reported for other concentrations: fz 4.9 eV [47] for x¼ 0.3
and f z 4.8 eV for x¼ 0.5 [36], a more rectifying interface is ex-
pected for the Al (f¼ 4.06e4.26 eV [48]) than for the Ag
(f¼ 4.26e4.47 eV [48]) due to the differences in work functions,
which is in agreement with the measurements (Fig. 1b).

In the case of Al/PCMO/Al, the conduction reproduced the “ta-
ble-with-legs” profile (Fig. 1b), which has previously been obtained
by simulating dielectric with a changing oxygen vacancy profile
between two electrodes [49]. The presence of the table-with-legs
shape indicates that both of the Al interfaces are active in switch-
ing, and introducing asymmetry in the electrodes will enhance the
bipolar switching properties.

When asymmetry was introduced into the electrodes by using
Au/PCMO/Al or Ag/PCMO/Al (Fig. 1b) the RS properties were greatly
increased as predicted by the simulations. Thus we selected the
combination of rectifying Al and Ohmic Ag interfaces for further
studies. The combination ensures us that the RS is dominated by
the Al/PCMO interface and only one of the two interfaces is active in
switching.

3. Results and discussion

3.1. Bistable switching

A typical example of a stable bipolar switching is presented in
Fig. 2. The device can be switched between HRS (high resistance
state) and LRS (low resistance state) in a closed loop by applying
positive and negative voltage sweeps. Negative polarity induces the
Fig. 2. A single bipolar switching loop showing device resistance as a function of
applied voltage. Positive polarity induces the LRS while the negative polarity resets
device into the HRS.



Fig. 3. A gðVÞ plot where g¼ d(ln(jIj))/d(ln(jVj)), showing the power exponent at each
point of the bipolar switching loop of Fig. 2 with the same correspondence between
the curves I-IV. The inset shows an equivalent circuit for the system, consisting of a
non-linear element (NL) with parallel and series resistances Rp and Rs .
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transition to HRS and positive to LRS. The resistance of a pristine
device is initially between the HRS and LRS resistances and doesn't
need electroforming in the conventional sense, although the first
loops show irregular step changes. Similar forming-free behavior
has been observed for both bipolar and unipolar switching in PCMO
and has been found to be affected by both electrode materials and
growth conditions [28,29]. As there is no high-voltage forming
process or current limitation involved, the device homogeneity is
good and the devices show predictable behavior with similar
resistance values across different samples. The HRS and LRS volt-
ages were chosen to obtain a reasonable compromise between a
high switching ratio and reliability. The voltages needed for
switching could be further reduced by miniaturizing the device
dimensions. It is worth noting that no switching is observed if the
applied voltage is below certain threshold which for our geometry
is Vth ¼ 3 V. This is of great importance since neuromorphic devices
require a possibility of non-destructive reading of the resistive
state.

We didn't notice any variation in the behavior of the devices
when changing the electrode separation distance, indicating that
the dominant switching effect is not caused by filamentary con-
duction paths. The measurements rule out the involvement of Ag-
ions, as well as intrinsic switching PCMO bulk, since it has been
shown that the bulk PCMO switches with unipolar behavior [29].
This leaves oxygen vacancy movement near the interface region as
the main culprit for changes in conductivity.

Within the generally accepted framework for the origin of the
RS in oxides [27,36,49e52], the bipolar switching is attributed to
the electric field assisted migration of oxygen vacancies [49] near
the Al/PCMO interface. Due to differences in the oxidation energies
when the devices are in the pristine state, an oxide layer is formed
at the interface, generating a Schottky-like barrier [35].

Passing a current through the device produces a large electric
field at the interface due to the high resistivity of the barrier. The
electric field enables movement of oxygen vacancies towards or
away from the interface, which modulates the oxide layer thick-
ness, resulting in either lowered or increased conductivity across
the entire device. The process is reversed by applying an opposite
voltage which causes migration of mobile oxygen vacancies to the
opposite direction. The effect is limited to the interface due to the
lower electric field inside the bulk. In addition, electric transport
inside the PCMO bulk is a result of double-exchange interaction,
which relies on oxygen atoms, thus introducing more oxygen va-
cancies decreases the conductivity [53]. Aluminum oxide formation
at metal-manganite interfaces has been observed experimentally
and changes depending on the RS state [37,54,55].
3.2. Conduction mechanism

In order to better understand the physical origin of the RS, we
need to study the conduction mechanism in more detail. For this,
we utilize the power exponent representation [45] which allows for
a more in-depth determination of the dominant conduction
mechanism than the commonly used method where power expo-
nents are obtained by fitting to manually selected regions of in-
terest. The analysis considers a quantity g¼ d(ln(jIj))/d(ln(jVj)) for
the whole voltage range, giving power exponents for all the data-
points. Different non-linear (NL) elements [56] produce distinct g
to jVj dependencies, which can be used to differentiate between
conduction models. For example, an Ohmic junction (IfV) will
result in a constant g ¼ 1, while a SCLC (IfV2) dominated interface
will have a constant of g ¼ 2. Conduction mechanisms that have an
exponential dependence between current and voltage, such as
Poole-Frenkel (PF) and Schottky, will present a straight line which
will only differ in the y-intercept value (0 for Schottky and 1 for PF).
The analysis of the IV characteristics for both the HRS and LRS is

presented in Fig. 3. Starting the loop in the HRS and at the positive
polarity (curve I) we can distinguish 3main regions. At low voltages
there is a clear Ohmic behavior where g is 1. At intermediate
voltages (200mVe3 V) there is a peak with a maximum exponent
of 6 and then a stabilization to an exponent between 1 and 2.
Switching towards the LRS begins at a voltage of around 12 V. Once
in the LRS (curve II) the situation is fairly similar, but the peak is less
pronounced, with a maximum of 2. The LRS at the negative polarity
(curve III) mirrors the positive polarity LRS dependence until the
switching to HRS begins at a voltage of 3 V. After the switch from
LRS to HRS, the conduction mechanism of the negative polarity
changes (curve IV) and the curve resembles a line with an intercept
value between 0 and 1.

It is clear that LRS and HRS have different characteristics. On one
hand the LRS is symmetrical indicating a bulk-dominated conduc-
tion mechanism. On the other hand, the HRS presents rectifying
behavior and shows a linear g-dependence in the curve IV, sug-
gesting that a Schottky-like barrier is dominant in this state. To
properly explain the peak shape of gðVÞ, a more complex circuit
needs to be introduced. For this we consider an equivalent circuit
(Fig. 3) consisting of a switching non-linear element (NL) with
Ohmic series and parallel resistances Rs and Rp. The non-linear
element (NL) representing the contribution of the Al/PCMO inter-
face can be thought as a bulk-limited PF conduction in series with a
Schottky diode [57]. The series resistance Rs represents the
contribution from the oxide layer and the parallel resistance Rp the
contribution from regions of the interface which do not contribute
to the switching.

The resistive switching influences the AlOx layer, which trans-
lates into changing the Schottky barrier of the NL-element [58] and
determines whether or not it has a significant contribution to the
total conductivity. In the LRS the barrier is thinner and the amount
of rectification is reduced. Conversely, in the HRS the barrier is
thicker and the interface becomes rectifying. When the NL element
is forward biased the PF contribution dominates over the Schottky
mechanism and while in the reverse bias the dominating mecha-
nism can be either Schottky or PF depending on the RS state.

Indeed, in the real device the forward biased HRS curve I and
both of the LRS state curves II and III have a distinct shape which
corresponds to a PF conduction with Ohmic series and parallel re-
sistances Rs and Rp (Fig. 3) and the reverse biased HRS curve IV
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resembles rectifying Schottky conduction. Out of the PF-shaped
curves the HRS has a higher maximum exponent than the LRS. In
terms of the equivalent circuit, this means that in the HRS the ratio
of non-linear resistance to parallel resistance Rp is higher, thus we
can determine HRS and LRS solely from the gðVÞ curve shape [45].
3.2.1. Conduction model fitting
By considering a model consisting of a PF-element with series

and parallel resistances Rs and Rp we can form an implicit equation
for I and V:

I ¼ AðV � I,RsÞ
h
exp

�
B

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V � I,Rs

p �i
þ V � I,Rs

Rp
; (1)

with A ¼ ~APF exp
�
� qfB

kBT

�
;B ¼ q3=2

kBTðpε0ε0dÞ1=2
; where T is the temper-

ature, ~APF is a constant, q the electron charge, fB the trap energy
level, kB the Bolzmann constant, ε0 the vacuum permittivity, ε0 the
real part of the dielectric constant, d the distance where the voltage
drop is produced, Rs the series resistance and Rp the parallel
resistance [45].
Table 1
Fit results for parameters A, B, Rp and Rs for HRS and LRS.

State A (U�1) B ðV�1=2Þ Rp (U) Rs (U)

HRS 8:0,10�10 12.87 1923 6:0,106

LRS 1:4,10�6 6.79 1586 5:0,104

Fig. 4. Comparison between experimental values and a fitted PF conduction model
with series and parallel resistances for a) V-I and b) V1/2-g at positive polarity.
Equation (1) has 4 fit parameters A, B, Rs and Rp. By performing a
fit to the measured HRS and LRS I-V curves at positive polarity
(Table 1) we obtain results which agree with experimental obser-
vations and reproduce the g behavior (Fig. 4). The series resistance
values Rs are close to the measured experimental values of 6:8,106

U for HRS and 5:6,104 U for LRS, and the parallel resistance Rp is
close to the resistance of 1575 U measured from Ohmic Ag/PCMO/
Ag interfaces, which corresponds to a situation where the oxide
layer Rs and the PF-element are not present. From the parameter A
we can qualitatively deduce that the trap energy level fB is larger in
HRS than in the LRS.

The results from the conduction model fitting further reinforce
the proposed switching based on an AlOx interface layer. The
changing non-linear interface resistance is associated with the
oxide layer at the Al/PCMO-interface. The HRS corresponds to a
thicker AlOx layer with high resistance and an asymmetric contact
where the conduction is limited by the Schottky barrier. In the LRS
the oxide layer is reduced, weakening the rectifying contact enough
to make the symmetric PF conduction dominate.

3.3. State retention and endurance

Since reliability is a very important factor in the design of new
electronic elements and a known weakness of the RS-based de-
vices, we analyzed the endurance and state retention of our de-
vices. To do so we utilize a single write pulse protocol with
asymmetrical voltages of 18 V and �16 V. The results for repeated
alternating HRS and LRS writes are presented in Fig. 5a. The resis-
tance was read with a voltage of �200mV between the writes. The
read voltage was selected to be in the Ohmic region to secure a
correct reading of the non-volatile state and to avoid possible
accidental writes.
Fig. 5. a) Device resistance over 105 repeated writes. b) State retention measurements
for HRS and LRS over a timespan of 100 h.



Fig. 6. Multilevel switching showing both a) instantaneous and b) remnant resistances
for multiple loops of varying LRS write amplitudes. The remanent resistance shows a
well-defined dependence on write voltage on negative polarity.

Fig. 7. Demonstration of the multilevel capabilities of the devices. Switching was done
by applying constant voltage pulses.
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The endurance tests were done with over 105 repeated writes
without losing the RS. Initially the device showed large changes in
HRS and LRS resistances, after which the switching ratio stabilized.
HRS and LRS states stayed distinguishable with respect to the
previous state over the whole experiment, although a visible drift
towards lower resistances was seen after 5, 104 writes. The drift
was caused by the constant write voltages and has been observed in
other RS compounds [59]. The local electric field inside the bulk
region is much lower than at the interface, which causes some
vacancies to get stuck inside the bulk instead of returning to the
interface region. This effect lowers the amount of vacancies at the
interface over repeated cycling with constant write voltage am-
plitudes, which lowers the interface resistance. It can be corrected
by introducing a feedback loop which adjusts voltage amplitudes
for the optimal switching ratio during operation [59,60].

State retention over time was tested by applying LRS or HRS
state to the device and then measuring the resistance over a
timespan of 100 h (Fig. 5b). The HRS and LRS states stay mostly
unchanged after the initial relaxation. The resistance drift is small,
which is beneficial for the multilevel RS since multiple levels
require the device to be stable. The initial relaxation could be
beneficial for neuromorphic applications, as it can be used to
implement leaky-integrate-and-fire neurons [20].

3.4. Multilevel switching

The dependence of the HRS-resistance on the HRS writing
voltage amplitude was used to achieve analog multilevel switching
(Fig. 6). In order to do this, we utilized the pulsing protocol depicted
in Fig. 6, which consists of several negative writing pulses of
different amplitudes and an erase pulse of higher positive ampli-
tude. After each writing (or erasing) pulse we measured the
remnant resistance with a small probe voltage of �50mV which
was low enough not to affect the resistive state.

The HRS write amplitude was varied to give rise to multiple
different intermediate resistance states spanning from the HRS
resistance to the LRS resistance. The applied LRS write placed the
device into a known and stable state which worked as a reference
point. The remnant resistance (Fig. 6 inset) measured between the
writes shows awell-defined dependence to the write amplitude on
the negative polarity. As a result, the resistance of the device can be
tuned to a desired value between the limiting HRS and LRS re-
sistances. Additionally, multilevel switching was demonstrated
with constant amplitude voltage pulses of 100ms (Fig. 7).

As long as the resistance can be changed in small increments, an
error correction algorithm can be used to fine-tune the resistance
for improved accuracy [60]. For conventional discrete memory
applications, the demonstrated 4 states can be extended by intro-
ducing more steps in the writing voltage. The devices are also
suited for neuromorphic applications as the switching doesn't have
discontinuities in the negative polarity, which allows the storing of
synaptic weights [21,22].

4. Conclusions

To summarize, RS devices were manufactured from the perov-
skite Pr0.6Ca0.4MnO3 with an asymmetric pair of Ag and Al metal
interfaces. The devices exhibited stable bipolar switching with
multiple intermediate resistive states. The switching was shown to
be non-volatile and repeatable. The conduction model analysis
indicates an interplay of bulk-limited Poole-Frenkel conduction and
interface-limited Schottky conduction depending on the device
state, hinting to a modulation of the AlOx barrier thickness due to
field-assisted oxygen vacancymigration. The resistance states show
a well-defined dependence on write voltage which allows for a
selection of resistance values between two limiting values when a
suitable programming sequence is used. The multilevel switching
makes the device a candidate for neuromorphic memory applica-
tions, although further work is needed in optimizing the devices
and taking advantage of their conduction mechanisms in order to
better mimic the special functionalities of biological systems.
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