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ABSTRACT: We report on the resistive switching (RS) properties of Al/

1072+

Gd,_,Ca,MnO; (GCMO)/Au thin-film memristors. The devices were studied z

over the whole calcium substitution range x as a function of electrical field and 107

temperature. The RS properties were found to be highly dependent on the Ca 2 107*:

substitution. The optimal concentration was determined to be near x = 0.9, which — 105 =

is higher than the values reported for other similar manganite-based devices. We & ) 0762 GCMO |

utilize an equivalent circuit model which accounts for the obtained results and 8 STO | oxgendercent

allows us to determine that the electrical conduction properties of the devices are — 10 Bl

dominated by the Poole—Frenkel conduction mechanism for all compositions. 10°¢, \ R

The model also shows that lower trap energy values are associated with better RS 109+ ——

properties. Our results indicate that the main RS properties of Al/GCMO/Au | . . . . . |

devices are comparable to those of other similar manganite-based materials, but 2 Yonas 34
ge (V)

there are marked differences in the switching behavior, which encourage further
exploration of mixed-valence perovskite manganites for RS applications.

KEYWORDS: Resistive switching, Perovskite oxides, Poole-Frenkel, Gd(;_,)Ca,MnO; and Memristor

B INTRODUCTION

In recent years, many memory technologies have emerged with
the goal to replace traditional charge storage-based memory
technologies, which are approaching their physical limits of
scalability. The most prominent of them are random access
memories based on phase change, resistivity change (RRAM),
spin-transfer torque magnetoresistance, and ferroelectricity.
Out of them, the resistive switching (RS)-based RRAM has
been recently gaining traction due to its promising character-
istics. The research on RRAM devices has been active since the
early 00’s, and many candidate materials and explanations for
the phenomenon have been proposed.'

In RS, the resistance of the device can be controlled with an
electric field in a nonvolatile way, enabling two-terminal
devices with good spatial scalability and minimal supporting
circuitry. The phenomenon is based on controllable and
reversible structural modification, which is most commonly
achieved by the movement of oxygen vacancies.' This
contrasts with conventional transistor-based memory tech-
nologies, where the state is stored nonstructurally in the
electrical charge. The advances in RS research have led to
device demonstrations with high switching speeds, robust
endurance, low power consumption, and compatibility with
existing electronics.”® RS devices have also found use in
information processing applications, such as neuromorphic
computing,” matrix-vector multiplication,'’ and convolution

© 2021 American Chemical Society
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kernel operations,'”'* which pave the way for efficient
hardware-based machine learning.

A lot of promising research, including many of the
mentioned demonstrations have been performed using
mixed-valence perovskite manganites R; A .MnOj;, where R
is a rare-earth cation and A is an alkali or alkaline earth cation.
These compounds are versatile for RS applications since as the
concentration of divalent A cations x changes, the compounds
go through significant changes in the RS properties.
Manganite-based RS devices have been shown to possess
good device-to-device variability,'®> forming-less operation,"*
and well-controlled analogue resistance states,"® all of which
are beneficial in building neuromorphic circuits.'®

The most commonly studied manganite compound is
Pr,_,Ca,MnO; (PCMO) with x = 0.3, which has been proven
suitable for both memory and neuromorphic applications with
well-performing single devices and large-scale crossbar arrays
integrated into existing semiconductor technology.®”"*' 7~
Other members of the mixed-valence manganite family, such as
La,_,CaMnO,” and La,_,Sr,MnO; (LSMO),”" share a
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similar RS mechanism”* but have distinct RS characteristics
which vary over the calcium substitution range. Currently,
many of the possible cation combinations remain unexplored,
and the optimal manganite material for neuromorphic
applications remains undecided.

Manganite-based RS devices usually consist of metal-oxide-
metal layer structures, in which one of the metal-oxide
interfaces acts as an active electrode where the RS happens.
The active interface is made from a reactive material, such as
Al, Ti, or TiN, which forms an insulating oxide barrier layer
with the manganite"”* (Figure 1 inset). The properties of the
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Figure 1. Averaged I(V) curves for AI/GCMO/Au and Au/GCMO/
Au interfaces with x = 0.85 over S0 repeated measurements; the
lighter shade indicates individual measurements. The conduction in
Au interfaces is Ohmic, and the switching happens at the Al interface.
The inset shows the measurement configuration and the active
aluminum switching interface with the oxygen-deficient GCMO
region and the AlO, barrier layer.

barrier are modified with a controlled electric field. The field
causes oxygen vacancy drift at the interface and the perovskite
structure in the vicinity of the interface.”* These changes in
turn enable nonvolatile control of the resistivity and
capacitance of the RS device."””

In this article, we report the RS properties of
Gd,_,CaMnO; (GCMO) (0 < x < 1) for the first time.
GCMO is studied with aluminum as the active electrode, and
the resulting devices are characterized and analyzed over the
whole calcium substitution range as a function of temperature
and electric field. As a mixed-valence perovskite manganite,
GCMO is structurally similar to PCMO, but the Gd cation has
a smaller ionic radius than Pr, which entails a more distorted
structure. This causes a lower bandwidth and more insulating
bulk, which is beneficial in RS applications due to lower
leakage currents. The calcium concentration series of the
GCMO is found to have optimal RS properties at high calcium
doping, which cannot be predicted from previous studies on
other manganite materials.

B EXPERIMENTAL DETAILS

Gd,_,Ca,MnOj thin films with a thickness of approximately 100 nm
were deposited on § X 5 X 0.5 mm® (100) SrTiO; (Crystal GmbH)
substrates by pulsed laser deposition using 4 = 308 nm XeCl-laser.
The pulse duration was 25 ns, repetition rate 5 Hz, laser fluence 2 J/
cm?, and the pressure of flowing oxygen in the chamber 0.175 Torr.
Each sample was deposited using 1500 pulses. The films were grown
at 700 °C with in situ postannealing treatment of 10 min in
atmospheric oxygen pressure. The films were made from deposition

targets which were fabricated for the whole calcium range in
increments of 0.1 and for concentrations x = 0.85 and x = 0.95.*°
The grown films were verified to be well-crystallized and epitaxially
textured by X-ray diffraction (XRD). The elemental compositions of
the samples were verified using energy-dispersive spectroscopy, which
showed compositions similar to the nominal values and no systematic
deviation.”® More details on the fabrication process and XRD analysis
can be found in refs 27 and 28.

The Al/GCMO/Au RS devices were made by depositing 0.5 mm
diameter metal electrodes on top of the films using room-temperature
Ar-ion DC sputtering. Wiring was done with a wedge wire bonder
using a 40 ym diameter Al wire. The separation distance between the
electrodes was approximately 200 gm. The reproducibility of the RS
was confirmed by testing multiple thin-film devices made on separate
substrates. The characteristics were found to be consistently similar.

Electrical measurements were performed in a planar configuration
as schematized in the inset of Figure 1 using a Keithley 2614b
sourcemeter. The I(V) loops were measured by sweeping the voltage
in a sequence of steps 0 = V., = —V,;, = 0 with logarithmic
amplitude progression, 100 ms step width, and a 100 ms low-voltage
read between each step. Each room-temperature loop measurement
was repeated S0 times in order to confirm the stability of the RS
device. The voltage amplitudes for inducing high resistance state
(HRS) and low resistance state (LRS) were chosen to give maximum
switching ratio without damaging the device. The voltages represent
extremes, and the optimal values for applications could be lower.
Datapoints were measured during and after the writing pulse. The
low-voltage current read was set at 450 mV, which was determined to
be in the Ohmic region for all calcium concentrations.

B RESULTS AND DISCUSSION

The fabricated devices were designed to have only one active
interface. This was achieved by using gold and aluminum
electrodes. The gold interface does not contribute to the
switching and forms an Ohmic interface with GCMO (Figures
1 and 2). Similarly, when Kelvin probe measurements are done
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Figure 2. Resistance values for GCMO with Ohmic interfaces (Au
electrodes) and Al interfaces (HRS and LRS) over the calcium
substitution range x at room temperature. R, and R, show results from
the conduction model fit (Figure 6 inset); R; coincides with the
Ohmic interface, and R, coincides with the HRS.

on the bulk of the GCMO thin film, the conduction is linear
and the switching is not present, narrowing the switching
phenomenon to the vicinity of the aluminum interface.

The aluminum electrode forms a rectifying AlO, layer and
depletes the perovskite structure of GCMO from oxygen in the
region near the interface (Figure 1 inset). The effects of the
interface layer and oxygen depletion compound create an
insulating interface. The extent of these effects can be
modulated by applying an electric field to the device, which
moves oxygen vacancies in and out of the interface depending
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on the polarity of the field. The movement of oxygen vacancies
modifies the AlO, layer and the oxygen deficiency level of the
interfacial GCMO, which leads to nonvolatile hysteresis in the
I(V) properties.”” Both the AlO, layer and the formation of
oxygen-deficient perovskite region have been observed in other
manganite oxides.”"*"~**

The switching in the devices is bipolar, where the high and
low resistive states can be achieved by the application of
opposite voltage polarities, similar to what has been reported
for other manganite compounds.”'”?*****7*® The voltage
amplitudes for RS are asymmetrical, and the transition to the
negative polarity-induced HRS happens at a lower amplitude
than the positive polarity-induced LRS transition. The pristine
state of the devices is close to the LRS. The switching between
HRS and LRS happens gradually, which makes it possible to
program intermediate states. The switching in the devices does
not require a high-field forming step or current limitation,
contrary to many other RS materials.

Effect of Calcium Doping. The calcium substitution x
greatly affects both the bulk and RS properties of the GCMO
(Figure 2). The Au interface remains Ohmic over the whole
substitution range and does not contribute to the switching.
The resistivity of the Au interface is lower at higher x, with the
minimum at x = 0.85. The resistance values of the Au interface
coincide with the existing four-point measurements on GCMO
thin films.**

The averages of 50 stable I(V) loops of the Al interface as a
function of calcium substitution level x are shown in Figure 3
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Figure 3. Averages of SO repeated I(V) loops for each calcium
substitution level. Required switching voltages decrease at higher x,
and the switching becomes more asymmetric.

and the corresponding switching ratios are shown in Figure S.
The switching ratio is defined as the ratio of stable minimum
and maximum resistances measured at 450 mV, which is in the
linear region and below the switching threshold for all
concentrations. The switching is linked to the nonlinearity of
the Al interface, since below x = 0.4, the samples show nearly
Ohmic behavior and the switching is weak.

The nonvolatile bipolar RS is present in the range 0.4 < x <
0.95, and the switching properties peak in the range 0.7 < x <
0.95. The concentrations with a low x have high bulk resistivity
and require large voltage amplitudes to induce switching. The
required switching voltages decrease, and the asymmetry in
switching voltages increases at substitution levels above x = 0.7.

The optimal calcium concentration for RS was found to be x
= 0.85, which is the point where the maximum HRS resistance,
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Figure 4. Device endurance of the calcium substitution x = 0.85 over
2 X 10° repeated alternating HRS and LRS pulses. The reading was
done between the pulses at the Ohmic region with 450 mV voltage
amplitude.
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Figure S. Switching ratio over x for Al/GCMO, Ti/ PCMO,24 Ti/
LSMO,37 and Au/LSMO.3® The ratio for GCMO was determined
from after-pulse measurements of switching loops at 450 mV, where
the samples were Ohmic. Results for Ti/LSMO reprinted with
permission from®” Copyright 2006 AIP publishing. Results for Ti/
PCMO reprinted with permission from®* Copyright 2009 American
Physical Society. Results for Au/LSMO reprinted with permission
from*® Copyright 2013 Elsevier.

the lowest switching voltages, and the lowest bulk resistivity are
reached (Figures 2 and 3). The optimal concentration of x =
0.85 was also confirmed to withstand over 2 X 10° repeated
cycles between HRS and LRS (Figure 4). The HRS remains
above 107 Q in all switching samples, which is beneficial in
reducing the sneak-path currents in crossbar arrays, although
full mitigation requires additional measures.>

The range of calcium substitution where nonvolatile
switching is present coincides with changes in the magnetic
properties.”® The phase diagram has a gradual transition from
insulating to metallic state (where the derivative of resistivity
with respect to temperature is positive), which begins at x =
0.5 and ends at a region between x = 0.95 and x = 1.0, after
which the bulk becomes insulating at x = 1.0. The conditions
for magnetic charge ordering also set in at x = 0.4 and
disappear approximately at x = 0.7, with effect being the
strongest at half-doping.

Other Manganites. In order to highlight the differences
between GCMO and other manganite materials, the switching
ratios obtained from Al/GCMO over the calcium concen-
tration range x were compared with other studies on
manganites (Figure 5). The switching ratio was used in the
comparison, since absolute values, such as resistances and

https://doi.org/10.1021/acsami.1c02963
ACS Appl. Mater. Interfaces 2021, 13, 18365—18371


https://pubs.acs.org/doi/10.1021/acsami.1c02963?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02963?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02963?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02963?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02963?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02963?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02963?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02963?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02963?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02963?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02963?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c02963?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c02963?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

threshold voltages, depend on the size and geometry of the
device.

The other materials used in the comparison were Ti/
LSMO,*” Au/LSMO,*® and Ti/PCMO.>* The comparison was
made against studies which included a series of devices made
with different calcium concentrations, and this allowed the
determination of the optimal x for each material/electrode
combination. The authors of the Ti/LSMO study point out
that the Al switching in LSMO is similar to the Ti switching
with a slightly lesser switching ratio.”’

The behavior of the GCMO is different from the LSMO and
PCMO samples. What can be seen is that the optimal ratio is
in a different part of the phase diagram. While LSMO and
PCMO have the maximum at half-doping, the optimal region
for the GCMO is at x = 0.9, a composition where the other
materials do not show switching at all. This is remarkable since
the compared materials share similar structural and magnetic
properties, and the physical mechanism behind the RS process
has been established as universal for the family of Mn-based
devices."”>*

RS in PCMO-based devices has been extensively studied,
and most works tend to agree that a moderate hole-carrier
concentration of manganites is a prerequisite for the RS and
that heavy hole doping suppresses the effect.”* Our results on
GCMO indicate that we cannot generalize this conclusion to
the whole manganite family-based devices. This unexpected
result demonstrates that the understanding of the physics
beneath this phenomenon is still incomplete, and RS materials
are being neglected due to their similarity to those already
reported.

Conduction Model. The effects of x in the RS and
conduction properties were studied in more detail by analyzing
the conduction mechanism from the measured I(V) curves.
The quantity y = d(In(lI))/d(In(IV1)) was utilized to analyze
changes in the conduction exponent. Different nonlinear (NL)
elements and their combinations*' produce distinct y(V'/?)
relations, which can be used to differentiate between different
conduction models. An Ohmic interface (I V) will result in a
constant y = 1, while a space-charge limited conduction (I o
V?) dominated interface will have a constant of y = 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)."

However, since the electric transport in our devices is not
dominated by a single conduction mechanism, (V") will take
on varying shapes (Figure 6) due to different dominant
conduction mechanisms over the voltage range. The positive
polarity has a peak-shaped y-dependence in both HRS and
LRS resulting from an interplay of PF and Ohmic conduction
mechanisms. The y-dependence of the negative polarity has
two different modes of conduction depending on the resistive
state. The change from LRS to HRS in the negative polarity y
initially mirrors the positive polarity, until the transition to
HRS begins. In the negative HRS, the y-relation changes into a
Schottky-like conduction with a constant slope and a y-
intercept of approximately 0. The simultaneous presence of
both Schottky and PF conduction models has previous
support.”’ The negative polarity was not utilized in the final
model analysis due to the highly rectifying interface and the
stochastic transition from PF to Schottky-like conduction,
which is difficult to reproduce using physical models.**

—— 1. HRS-LRS
15- 5 1rs
—— 3. LRS=HRS
10- = 4. HRS
> Au

15 -10 -05 00 05 10 15
sgn(V)-|V|}?

Figure 6. Voltage sweep y(V*?) curves of Ohmic Au interfaces and
Al/GCMO/Au for x = 0.85. RS and nonlinear conduction happen
only when an Al interface is present. The inset shows the equivalent
circuit used in model fits, which consists of a NL element with series
and parallel linear resistances R and R,

In order to properly explain the peak-shaped y(V'/?)
behavior in the positive polarity of GCMO, a more complex
circuit needs to be introduced. The positive polarity curves of
Al/GCMO can be reproduced by creating an equivalent circuit
consisting of a NL conduction element with Ohmic series and
parallel resistances R, and (Figure 6). The NL element
representing the contribution of the Al/GCMO interface can
be thought of as a bulk-limited PF conduction in series with a
Schottky diode.*’ The circuit can be used in the positive
polarity, where the PF-based conduction dominates. A similar
peak shape has also been seen in other perovskite compounds,
such as PCMO'" and LSCO."

The model can be expressed as an implicit equation for I and
V at constant temperature

I=A(V - I-R)[exp(BV — I.R,)] + Y- IR,
Rp (1)
. - q¢ q3/2 .
with A = App exp(—kB—T) and B = Tyree where T is the

temperature, App is a normalization factor which also depends
on temperature, q is the electron charge, ¢ is the trap energy
level, kz is the Boltzmann constant, €, is the vacuum
permittivity, €’ is the real part of the dielectric constant, d is
the distance where the voltage drop is produced, R; is the series
resistance, and R, is the parallel resistance.”” The series
resistance R, represents the Ohmic RS-state dependent
contribution from the oxide layer and the bulk, that is, R, is
high in HRS and low in LRS. The parallel resistance R,
represents the Ohmic contribution from regions of the
interface which do not contribute to the switching; an R,
higher than the bulk resistivity is a requirement for RS.

Model Fit. The model makes it possible to separate Ohmic
components from the positive I(V) curve and examine the
underlying PF conduction, which combined with temperature
measurements gives access to the PF trap energy level ¢.

The fitting for free parameters A, B, R, and R, of eq 1 was
done by numerically solving the implicit equation and
iteratively minimizing the error with respect to the
experimental data by using a combination of basin-hopping
and Broyden—Fletcher—Goldfarb—Shanno algorithm. The
data used for the fits was the nonrectifying positive polarity
in the HRS. The HRS was used because there is a continuum
of possible states between HRS and LRS, out of which HRS
represents the maximal difference from the nonswitching
Ohmic interface (Figure 6).
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The room-temperature fits were made for samples in the
range 0.1 < x < 1.0. The model coincided with the
experimental data at room temperature, reproducing the I(V)
relations for voltages above 400 mV (Figure
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Figure 7. Fitted and experimental values for y(V'/%) and I(V) over the
calcium range at room temperature. The transition becomes more
abrupt at higher substitutions.

resistances R, coincide with the resistance of GCMO with
Ohmic electrodes (Table 1) (Figure 2). The parallel
resistances R, were of the same order of magnitude as the
HRS states in switching Al/GCMO interfaces (Figure 2).

Table 1. Table with Parameters R, R, and ¢ from the
Model Fit and Experimentally Measured Resistances R,
from Symmetric Au Interfaces at Room Temperature

x R, (@) R, (Q) ¢ (eV) Ry, (9)
0.0 3.7 X 10°
0.1 3.6 X 10° 3.7 x 10° 1.9 x 10°
02 4.9 x 10* 8.3 x 10° 3.7 x 10*
0.3 2.4 x 10* 24 % 10° 8.9 x 10°
0.4 1.0 x 10* 2.8 X 10° 1.00 5.0 x 10°
0.5 2.6 X 10° 3.5 X 107 0.99 1.3 x 10°
0.6 1.1 x 10° 6.8 X 10° 0.98 1.0 x 10°
0.7 8.4 X 10? 1.1 X 107 0.85 42 x 10?
0.8 2.6 X 10? 9.9 x 10° 0.30 1.8 x 107
0.85 2.4 % 10* 2.1 x 107 0.44 1.4 X 10?
0.9 6.7 X 10? 2.1 % 107 0.67 1.5 x 10?
0.95 3.3 % 10? 2.0 X 10° 0.70 1.7 x 10?
1.0 29 % 10° 1.1 x 10° 3.1 % 10°

Temperature Dependence. We determined the PF trap
energy level ¢ by measuring the I(V) curves as a function of
temperature. The measurements were performed in a physical
property measurement system. The samples were set to the
HRS at 300 K, after which they were measured over the
temperature range with the Keithley 2614b sourcemeter. The
I-V measurements were run using a maximum voltage
amplitude, which did not induce switching at any temperature.
The measurements consisted of initially going to the maximum

temperature of 350 K, after which the temperature was lowered
to 250 K in steps of 25 K. Experimental data from each
temperature measurement was fitted to the conduction model
(Figure 8). Fitting for ¢ was performed for concentrations
which had RS and linear Arrhenius relation In(A) — 1/T; this
corresponded to the x range from 0.4 to 0.95 (Table 1)

(Figure 9).
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Figure 8. Fitted and experimental values for y(V/?) and I(V) for x =
0.4 over the temperature range.
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Figure 9. Arrhenius plots and PF trap energy levels ¢ from the model
fit. The substitution values x where trap energy level ¢ deviates from 1
eV also correspond to good RS properties.

The trap energy level for x in the range from 0.4 to 0.6 is
close to 1 eV. From 0.6 to 0.8, the value of ¢ decreases to 0.3
eV and begins to increase again at higher x. The lowest point
of ¢ at x = 0.8 coincides with the region of highest switching
ratio (Figure S), which suggests that the magnitude of RS is
related to changes in the trap energy level. The minimum also
has the lowest threshold voltage needed for inducing HRS to
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LRS transition and corresponds to the lowest point in the bulk
resistance of GCMO (Table 1) (Figure 2). The RS in Al/
GCMO seems to favor low bulk resistance and shallow traps at
the active interface. These findings could be useful as heuristics
for finding optimal RS parameters in other similar materials.

B CONCLUSIONS

In summary, we have demonstrated that the RS effect is
present in the Al/Gd,_,Ca,MnO;-interface at certain calcium
substitution values. The devices showed bipolar switching
when combined with an asymmetric combination of Ohmic
interface and a rectifying Al interface. The optimum
concentration for RS with operating voltages and switching
ratio taken into account was determined to be near x = 0.9.
This conclusion completely opposes the behavior in similar
manganites, where the optimal value is close to half-doping and
no switching is observable at high substitution values.

The positive polarity of AI/GCMO was found to obey PF
conduction with linear series and parallel resistances and the
negative polarity HRS conduction was Schottky-like. The
temperature measurements showed changes in the PF trap
energy ¢ in the range from 0.3 to 1.00 eV. The lower ¢ values
were associated with good RS properties, high switching ratio,
and low bulk resistivity.

These RS studies show that the GCMO-based devices are
on par with the other manganite-based RS materials and open
the question on whether the other unexplored members of the
manganite family could be used for RS as well. The next step in
the GCMO-based memristor devices is to use the knowledge
gained from our research to optimize the devices up to their
fullest potential and to study their properties from the
neuromorphics standpoint. This will lead to the development
of new technologies in the form of more robust and energy-
efficient memory devices and neuromorphic circuits.
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