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Abstract

We report the experimental investigation of bipolar resistive switching with “table with legs” shaped
hysteresis switching loops in epitaxial perovskite GdBaCo,0s.;/LaNiO; bilayers deposited by pulsed laser
deposition. The possibility of varying the resistivity of GdBaCo0,0s.; by changing its oxygen content
allowed engineering this perovskite heterostructure with controlled interfaces creating two symmetric
junctions. It has been proved that the resistance state of the device can be reproducibly varied by both
continuous voltage sweeps and by electrical pulses. The symmetric devices show slightly non-symmetric
resistance profiles, which can be explained by a valence change resistive switching model, and presented

promising multilevel properties required for novel memories and neuromorphic computing.
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Introduction

During the last 15 years, there has been a huge interest in the development of memristive devices
(resistive switching memories) both in the industry and in academia. The first targeted application of these
devices has been its use as non-volatile memory (NVM), in particular, the so-called redox-based resistive
switching random access memory (ReRAM). ReRAMs are currently considered as one of the most
promising emerging NVVMs, in particular for embedded memory applications and as future storage class
memory. The most remarkable properties of ReRAMs include fast writing speed, low energy consumption,
high endurance, long retention times and good scalability[1]. Secondly, memristive devices can also be
used for neuromorphic (brain-inspired) computing, where they offer enormous advantages due to the
facility of connecting them in a simple crossbar array geometry and due to their small scalable size[2]. For
logic applications the device requirements include the possibility of obtaining multilevel resistance states,
good reliability, a large window of operation (ON/OFF ratio), a linear change in resistance upon set and
reset as well as the possibility of mimicking brain functions, such as synaptic plasticity and learning,

through engineered circuits constructed with ReRAMs|2].

While the best-performing ReRAMs are based on binary oxides (such as Ta,0Os, TiO, or HfO,) and rely
on filamentary-type switching (creation/rupture of oxygen vacancy filaments), some limitations such as
reliability, cell-to-cell and cycle-to-cycle variability and noise issues, should still be overcome. These
drawbacks are largely related to the stochastic nature of the filament formation. On the other hand, transition
metal oxides (TMOSs) based on interfacial or volume-type resistive switching (RS) seem to be a promising
alternative for memristors, to better control the switching and to obtain multilevel analogue states[3]. The
interest of studying TMOs, and in particular perovskite oxides, is that for many compounds it is possible to
control the resistivity of the material by changing its oxygen vacancy content, concomitant to a change in

the oxidation state of the transition metal oxide.

The switching properties of a memristive cell are highly dependent on the materials and dimensions of
each element of the device (typically top and bottom electrodes and active switching material), as well as
on the electrical signals applied to the system. In most cases, two electrodes of different nature are usedto
build a metal-insulator-metal type device. However it has been demonstrated that it is also possible to obtain
resistive switching for a number of perovskite-based devices which are symmetrical: single devices with 2
symmetrical interfaces for PLCMO (PryLag 375.,Cao 32sMn0O3) and YBCO (Y Ba,Cu;0-) bulk polycrystalline
samples[4]; PCMO (Pa,;Ca,3Mn0Os) epitaxial thin films grown LaAlO; substrate with Ag electrodes[5,6];
and PCMO layers grown on a YBCO bottom electrode (on top of a LAO substrate) with top Ag electrodes
[6]. In the latter case, a symmetric device was obtained by measuring two Ag/PCMO/YBCO,
YBCO/PCMO/Ag memristors in a back-to-back configuration. In all the above-mentioned cases the



resistive switching mechanism is mainly interface-type and results in a “table with legs” type switching.
This name refers to the shape of the symmetric device resistance vs voltage hysteresis curve, which is very
different from the usual rectangular hysteresis switching loop (HSL)[5]. This particular shape was properly
described by symmetric device modeling and results from the superimposition of 2 devices with the usual
rectangular-shape HSL switching in opposite direction[6]. In a later work Rozenberg et al. demonstrated
by numerical simulations how by inducing asymmetry into the system the obtained “table with legs”

hysteresis curve gradually evolves towards a conventional rectangular HSL cycle[4].

In this work we have selected a new perovskite material, namely GBCO (GdBaCo,0:s.;), to construct a
symmetric memristive devices in a back-to-back configuration. GBCO was selected due to its rich phase
diagram and the possibility of tuning its electrical properties by changing its cation or oxygen stoichiometry.
In particular, starting with the stoichiometric GdBaCo,0s s parent compound (insulator) the material can be
continuously doped by either electrons or holes[7]. At room temperature, by increasing the oxygen content
it changes from paramagnetic insulator to paramagnetic metal. In addition, a metal-insulator (MI) transition
occurs slightly above room temperature (T~360 K), which occurs gradual or sharper depending on the
oxygen content of GBCO[7]. In addition, for epitaxial GBCO films grown by pulsed laser deposition (PLD)
the electronic conductivity was shown to depend on the cationic composition (eg. (Gd+Ba)/Co ratio) and
the presence of stacking defects (supplementary GdO planes along the c-axis of the material) resulted in a
decrease in conductivity[8]. Furthermore, the strain induced by the epitaxial growth also seemed to
contribute to the broadening of the MI transition temperature[8].

Due to its high oxygen diffusion properties, GBCO has been studied as alternative cathode material for
solid oxide fuel cells [9]. Polycrystalline GdBaCo,0s5.5 has a layered (double perovskite) structure, in
which Gd and Ba are ordered in alternating (001) layers, with orthorhombic Pmmm space group and lattice
parameters of a = 0.3881(1) nm, b = 0.7840(2) nm and ¢ = 0.7563(2) nm [10]. High oxygen diffusion
coefficients were measured at intermediate temperatures (300-500 °C) both in the bulk form [10] and for
epitaxial GBCO thin films[11]. In the latter case, it was proved that the oxygen diffusion depends on
orientation, being about one order of magnitude lower along the c-axis of the structure. The possibility of
tuning the electronic properties, together with the high oxygen diffusivity of the material motivated our
interest to study of GBCO as novel memristive oxide.

In this article, we report on the RS properties of a symmetric device of two Ag/GBCO/LaNiO;
LaNiOs/GBCO/Ag memiristors constructed in back-to-back configuration for the first time. We show how
this symmetric device configuration presents “table with legs” type RS and multilevel resistance states. The
devices have been measured by performing pulsed electrical measurements and current-voltage sweeps.

We have also studied the conduction mechanisms for the different resistance states. Finally, a qualitative



model is presented explaining how the oxygen vacancy drift resulting from the applied voltage could change

the resistance of the device resulting in the memristive properties presented.
Materials and methods

GdBaCo,0s.; (GBCO) / LaNiO; (LNO) bilayers were deposited by PLD from ceramic targets usinga KrF
excimer laser (248 nm wavelength). In the case of GBCO a target with 5% wt. excess of Co was used to
compensate for the volatility of the element. The heterostructures were constructed using a bottom LNO
layer (28-61 nm thickness) as electrode, on top of which a film of GBCO (10-37 nm thickness) was grown.
The following deposition parameters were used for the deposition of both perovskite oxides: laser fluence

1.1 J/cm2, pulse repetition rate 10 Hz, substrate temperature 700 °C, oxygen partial pressure 60 mTorr.

The films were measured by XRD (X-ray diffraction) with a high-resolution diffractometer (D8
Discover, Bruker, Germany) using a monochromatic Cuk source. The XRD pattern (Fig. 1a) shows an

epitaxial (cube on cube) growth of the GBCO and LNO layers on top of SrTiO; (STO) substrates, as only
001 Bragg peaks with integer | values (using a pseudocubic cell indexing scheme) for the two perovskites are
observed. The high-resolution XRD enlarged area close to STO 002 Bragg peak (Fig. 1b) shows the Bragg
peaks of both layers, from which the experimental out-of-plane lattice parameters can be calculated and
correspond to 0.3837 nm for GBCO and 0.3869 nm for LNO. The calculated pseudocubic lattice parameter
for the LNO layer (aout-otpiane = 0.3869 nm) is only slightly larger than that of bulk LNO [12] a,. = 0.386
nm. The high coherence and quality of the epitaxial films, together with low roughness and smooth interphase
are confirmed by the observed Kissing fringes, from which the thickness of the LNO layer was calculated
(27.5 nm for this particular film) and by the TEM images shown below (Fig. 2).
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Fig. 1. XRD pattern of the GBCO/LNO//STO heterostructure. a) Epitaxial GBCO and LNO layers in
which only the 00l Bragg peaks (I = integer, pseudocubic cell) are observed. b) The enlarged area close to
STO 002 Bragg peak (Kissing fringes corresponds to the LNO layer thickness of 27.5 nm). GdBaCo0,0s.s
= GBCO, LaNiO; = LNO and SrTiO; = STO.

Scanning Transmission Electron Microscopy (STEM) image (Fig. 2c) shows that the bilayer is formed
by highly dense and flat films with a well-defined interface. The LNO layer thickness calculated from the
XRD data perfectly coincides with the layer thickness measured by the STEM. The HRTEM image (Fig
2a) indicates that the GBCO film is composed by a mixture of single and double perovskite domains, with
the c-axis oriented both in-plane and out-of-plane. Accordingly, the selected area electron diffraction
pattern (SAED) of the heterostructure (Fig. 2b) shows the diffraction peaks corresponding to a double
perovskite lattice of GBCO (superlattice peaks) in two perpendicular directions with a cube on cube
epitaxial relationship (the powder ring pattern observed in SAED at low angles comes from the sample
preparation). The existence of defects (dislocations [13] and stacking faults [14]) in the LNO film, which
could have been formed at the growth temperature and/or during the cooling down to room temperature
after the deposition, are observed in the TEM images as shown in Fig. 2a. Inthe LNO layer defects with an
out-of-plane oriented stripe contrast can be observed in Fig 2a and correspond to (0kO) oriented streaks in

the selected area electron diffraction (SAED), as shown in Fig. 2b.
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Fig. 2. HRTEM cross-section a) of the GBCO/LNO//STO heterostructure. b) Selected area electron
diffraction pattern (SAED) of the heterostructure; the diffraction peaks correspond to a double perovskite
lattice of GBCO (superlattice peaks) with a cube on cube epitaxial relationship. ¢) STEM HAADF Z-
contrast image (80 mm camera length) of the heterostructure. GdBaCo,0s.; = GBCO, LaNiO; = LNO and
SrTiO; = STO.

The GBCO layer grows epitaxially following the LNO template, with some defects extending from LNO
into the GBCO layer, as shown in Fig. 2a and c. Within the GBCO layer, there are some regions that show
a clear double-layered structure (double periodicity) along either the wvertical or horizontal direction.
However, the largest part of GBCO shows a perfect single perovskite structure. Nevertheless, a clear
evidence of the GBCO lattice doubling can be observed by the appearance of the superlattice peaks in the
SAED pattern (Fig. 2b). The diffraction peaks were indexed in the symmetry space of the GBCO
orthorhombic double perovskite.

Prior to RS investigation in GBCO/LNO bilayers, the electrical properties of individual GBCO and LNO
single layers were probed obtaining resistivity values of p (LNO) = 120 - 170 pQ-cm and p (GBCO) = 95
mQ-cm at room temperature. As shown in Fig. 3a, the circle-shaped silver top electrodes (50 to 200 pm
diameter circles, 100-200 um apart) were e-beam evaporated on top of the bilayer heterostructures after a
gentle Ar plasma cleaning. Depending on the sample, the device geometry was defined either by UV laser-
lithography or by the use of a shadow mask. The final symmetric device in which the electrical
characterization was carried out comprises two active junctions in the back-to-back configuration:
Ag/GBCO/LNO and LNO/GBCO/Ag as shown in Fig 3a. DC electrical characterization was carried out at
ambient conditions within a Faraday cage with microprobe manipulators and using an Agilent B1500
semiconductor parameter analyzer with triaxial cables for low current measurements. As ReRAMs typically
work with pulsed voltages both integrated or in the standalone form, we have characterized the devices and
induced RS, by applying pulses, in addition to by (V) sweeps. Furthermore, the pulsed measuring mode
avoids the main drawback of the I(V) sweeps, such as transient regimes.

Results and discussion

Electrically induced resistive switching (RS) was investigated by a two-point measurement method in a
symmetric device consisting of two active junctions in a back-to-back configuration (Ag/GBCO/LNO and
LNO/GBCO/Ag). The protocol used for measuring the HSL is shown in Fig. 3b. Increasing voltage pulses
of approx. 2 s duration were used to write (change the state of the device) and 40 ms /-50 mV pulses were

used to read (measure the state).
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Figure 3. “Table with legs” HSL measured in pulsed voltage mode. a) Sketch of the devices (not to
scale) used for the electrical measurements. GBCO thickness from 10 to 37 nm, LNO thickness from 28 to
61 nm. Top Ag electrodes: 100 nm thickness, 50 — 200 um diameter and 100 - 200 um distance between
two electrodes. b) Pulse measurement scheme. ¢) “Table with legs” HSL for remnant resistance measured
with read pulses at -50 mV after each write pulse with the following Ag electrodes geometry: 50 pm
diameter and 100 um separation; and 10/61 nm GBCO/LNO thicknesses (H, Lr— HRS e pagL R Srightpads Li Hr
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RS was induced for the GBCO/LNO heterostructures in both junctions during the same voltage cycle.
During the HSL in pulse mode, one active junction switches to the low resistance state (or LRS, hereafter
Lr and L, corresponding to the left and right junctions, respectively) and the other one to the high resistance
state (or HRS, hereafter Hgz and H, corresponding to the left and right junctions, respectively), but these
processes occur at different voltages. The resistance change (Fig. 3c) shows a “table with legs” shape HSL
which switches in eight-wise direction starting by the application of negative voltage pulses. In our case,
the electrical potential is always applied to the left junction, coinciding with the geometrical left side in Fig.
3a.

At the beginning of the electrical characterization the device (both junctions) are in an undetermined
state. After a few I(V) sweeps or pulse cycles the device initializes and reaches the steady mode with one
junction being in H and the other one in L state (as shown in Figs. 4 and 5). When applying increasing
pulses from 0 V to -12 V, and back to 0 V first and from 0 V to +12 V, to 0 V after (protocol shown in Fig.
3b and one full pulse cycle in Fig. 3c) the following switching occurs: When applying consecutive negative
pulses from 0 V to -8 V the left electrode is kept in L. On the other hand, the right electrode junction



changes fromits Hg (close to 0 V) to the Lg, and the device reaches the lowest resistance state (L Lg) at-8
V (Fig. 3c). When further decreasing the negative bias from -8 V to -12 V, the left electrode junction
switches from L, to H_ and, as a result, the overall resistance increases (Fig. 3c, H Lr at -12 V). A
symmetric switching sequence was observed when positive voltage pulses were applied cycling from 0 V
to +12 V and back to OV : the right electrode is kept in Lr while the left electrode junction goes from H,
close to 0V tothe L, close to+8 V (L_Lr at 8 V in Fig. 3c). Finally, by increasing the positive voltage
(above 8 V) the right electrode junction switched to the Hg and the memristive device’s resistance returned
to its initial value (L, Hg state, approx. 1200 Q close to 0 V in Fig. 3c). The resistance state of each junction
(left and right) was determined by the resistance measurement (non-switching, at low voltage) using a third
electrode. The reference electrodes were Ag electrodes of the same size, deposited on top of the GBCO
film and equidistantly located from the two probed ones. All changes in resistance (L to Hand H to L) were
gradual occurring over a voltage interval, in agreement with interface or volume-type switching
mechanisms (non-filamentary). There is 300 Q difference between H, Lr and L, Hgr (Fig. 3c) which can be
explained by different H resistance values due to the small deviations in the initial resistance conditions
(first non-switching cycles as in Fig. 5a). By cycling, small initial resistance differences are subsequently
enhanced for the junction in which there is a larger voltage drop.
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Fig. 4. RS measured on a symmetric device built by two Ag/GBCO/LNO and LNO/GBCO/Ag junctions
in series (voltage sweep mode). Instantaneous resistance during voltage sweep with the following Ag
electrodes geometry: 200 um diameter and 200 pum separation; and 37/28 nm GBCO/ LNO thicknesses.
The four switching events are marked in the graph with numbers 1 to 4. a) Two junctions in series
reproducibly switched between H_Lr and L, H resistance states by I(V) cycling and b) zoom-in of the 0 to



+3V voltage range, where the characteristic small R drops related to multiple transitions are observed (H Lr
- HRsleﬁ eIectrodeLRSrightelectrodey LLHR - LRSIeﬁ eIectrodeHRSrightelectrode)-

As shown in Figures 4 and 5, the resistance-voltage (R-V) curves in sweep mode for the two back-to-
back junctions (situated 100 and 200 um apart) measured in series are continuous and reproducible and
present a characteristic “sombrero” symmetrical shape. Chen et al.[15] observed a similar, but asymmetric,
shape for the resistance-sweep curves of a single SiO,:Pt RRAM and explained the curves by a generalized
multipath switching model. They relate the on-switching spread over several volts with multiple transitions
involving a multitude of intermediate-resistance-states (IRS), which correspond to in series parallel
switchable elements in the film. In Fig 4b, by zooming-in the low voltage positive range, the characteristic
small R drops related to multiple transitions are featured for our GBCO-based symmetrical devices (point
1). As our system is composed by two mirrored devices, in this case the total R(V) curve will correspond to
the superposition of 2 mirrored asymmetric R(V) curves, resulting in the observed symmetric sweep

“sombrero” shaped curves.

In Fig. 4a a highly non-linear conduction appears for |V|< 2V. The observed clockwise R-V switching
is double, which means that for the same half-cycle switching events occur in two different junctions in
series; while one junction switches to the L other switches to H. The four switching events taking place for
each complete R-V cycle (positive and negative voltage) are marked in Fig. 4 with numbers 1 to 4. The
switching occurs in the following way: the highest resistance (R =~ 650 Q) corresponds to the initial
resistance state (H_Lgclose to OV in Fig. 4a). By increasing the positive electric potential (with respect to
the left Ag electrode) the left junction switches to L, close to +2V (Fig. 4a point 1). Between point 1 and
point 2 (Fig. 4a) both the left and the right junctions are in L state, thus showing the smallest overall
resistance (R <200 Q). When the positive bias surpasses +6V the right junction switches from Lg to Hg,
and then the GBCO-based device is in L Hg state, state which is withheld while decreasing the positive
potential. Due to the asymmetry in the electrical potential distribution in the device, two junctions in series
act as a voltage divider and the voltage drops differerently depending on the initial resistance of each
junction. As a result the L, Hr state close to OV bias shows smaller overall resistance (R = 300 Q) than the
H_Lgstate (R = 600 Q). When the negative potential reaches -3V (Fig. 4a point 3), the right junction
switches to Lr and the device reaches another L, Lk state (at a negative bias, between points 3 and 4 in Fig.
4a). By further increasing the negative voltage down to almost -6 V (at point 4 in Fig. 4) the left junction

switches to the H, and the device state comes back to the initial H,_Lg.

In Fig. 5a we can observe how the hysteresis in the R-V curves developed gradually when increasing

the cycling voltage range, in this case for two junctions which are 100 um apart. No RS hysteresis effect
was observed when the sweeping voltage was kept below [V},,,,| = 5V (not shown in Fig 5a). A small



opening (non-reproducible) appeared at |Vy,q,| =5V (0V, +5V, 0V, -5V and OV cycle) (red line in Fig 5a)
and, finally, the hysteresis becomes stable showing the presence of the two equivalent mirrored components
("sombrero” shaped curve) for |V, | larger than 5V (green and blue lines in Fig 5a). The device started
switching when cycling above |V,,..| = 5V (Fig. 5a), finally developing a reproducible resistive switching
behavior (two distinguishable H, Lr or L, Hg states and two L, Lr or L, Hg states for positive and negative
voltage in Fig. 5a respectively).
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Fig. 5. Instantaneous resistance during 1(V) sweeps. a) RS hysteresis development with the increase of
the maximum voltage applied in each cycle. RS hysteresis increases on the increase of the voltage range in
a) and develops into reproducible switching in b) when increasing the number of cycles. b) The device is
reproducibly switched between H_Lr and L, Hy resistance states by 1(\V) sweeps when cycled between -8
and 8 V. (H_Lr— HRSeelectrode LR Srightetectrodes L Hr — LR Sieetectrose HR Srightetectrode) - AQ €lectrodes geometry:
200 pm diameter and 100 um distance apart, 37/28 nm GBCO/LNO thicknesses.

When measuring different pairs of devices in back-to-back configuration it was not predetermined which
one of the resistance states (H, Lr or L, Hr) would have highest total resistance. In Fig. 5b we observe that
the resistance of L, Hr is larger than that of H, L, while the opposite is true for the devices presented in
Fig. 4. Nevertheless, it is important to note that there was always a clear resistance difference between H_Lr
and L H in our devices. The main differences in the R(V) curve comparing with the device shown in Fig.
4a is that the resistance value for the H Ly in Fig 5b (close to 0 V bias,) is lower than that of the L, Hg and
less asymmetric L Ly states are observed (L, Lk in the positive bias side in Fig. 4 and L Lk in the negative
bias side in Fig. 4). We would like to note that the R(V) curves as shown in Fig. 4a and Fig. 5a become
more symmetric as the voltage range increases. In addition, the overall device resistance value (measured

close to 0 V) shows area scaling. The devices with smaller top Ag electrode (50 um pad diameter, L, Hg



with approx. 1200Q2) showed higher resistance than the larger Ag electrode devices (200 um pad diameter,

H_Lr with approx. 600Q) in agreement with the geometrical resistance.

To better illustrate the area-scaling, RS has been measured in 1(V) sweep mode for the same sample
using Ag electrode pads of different size; the results are shown in Fig 6. The resistance values have been
extracted for L, Ly at the resistance minima (both for negative and positive voltages), corresponding to 2 V
below the switching threshold; and at -10 V and +10 V for the H Lg and L Hy states, respectively. The
area-scaling of the different resistance states is clearly shown in Fig 6b. These observations are in good
agreement with an interface or volume-type resistance switching mechanism active in the GBCO/LNO

junctions (non-filamentary type RS).
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Fig. 6. Area-scaling. 1(V) plots in a) of the symmetric device’s Ag electrode pads of three different sizes
(20-60 pm diameter, 100 um apart). Resistances in b) of two LRS states in series (L. Lg, black circles)
measured 2 V below the switching voltage both in positive and negative polarity, H L, measured at -10 V

(blue triangles) and L, Hr measured at 10 V (pink diamonds), lines are linear fits.

Plotting the 1(V) curves corresponding to Fig. 4a and 5b in log-log representation allows obtaining
preliminary insight into the conduction mechanisms through the active heterostructure when the device is
switched to the different resistance states, as almost all considerable conduction mechanisms in the oxides
have an exponential and/or power law term inthe I(V). For further details into the conduction mechanisms’
equations the reader is referred to ref.[16]. At low voltages (below 0.5V, see Fig. 7a and 7b) and in both
H.Lr and L Hg resistance states, the conduction mechanism is clearly linear and dominates by ohmic
conduction with the exponent close to 1. When the device switches to the L, Lk state, at the intermediate
voltage range (e.g. from 1 to 6 V for the positive voltage in Fig. 7a) the mechanism is no longer linear (non-
ohmic) with exponent around 1.33-1.35 (Fig. 7a and 7b). At the highest voltages (close to 10V) and H, L

or L, Hg the conduction becomes again ohmic. Looking more in detail, the almost ohmic conduction for the



L. Hr (and H_LR) state in Figs. 7a and 4 (and Figs. 7b and 5 b, respectively) extends over a larger voltage
range than that of the H L (and L Hg) state. This observation gives the indication that mainly the L state
(lowest resistance state when combining left and right junctions resistances) is responsible of the ohmic
conduction and has been further analysed next by using the gamma y (= dInl/dInV) analysis (see details in
references [16-17]).
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Fig. 7. 1(V) curves in logarithmic scale corresponding to figures 4a and 5b. At low voltage both for
positive (red diamonds) and negative bias (green circles) the conduction mechanism is ohmic. At the
intermediate voltage range (L_L states) the conduction mechanism shows a deviation from ohms law.

Figure 8 shows the y analysis of the (V) curve shown in Fig. 4a at room temperature. They have been
calculated for the H L resistance state from third cycle (red curve in Fig. 4) in the negative voltage region
(increasing voltage from -10 V to 0 V) and the L_Hg state in the positive voltage region (decreasing voltage
from 10 V to 0 V in Fig. 4a), regions in which no transitions are observed and thus are expected to be close
to the characteristic curve measured in steady regime without hysteresis. The L H (red curve in Fig 8) is
dominated by an ohmic component corresponding to a constant y value of 1. A small overimposed
component corresponding to a linear dependence of y against VY2 (characteristic of Poole-Frenkel and
Schottky conduction mechanisms) is observed up to 6 V in voltage (sqrt VVY/2reaching almost 2.5). A similar,
but much larger component (larger slope) dominates the conduction mechanism at low voltage for the H Lr
state (black curve in Fig 8) up to 1 volt. The inset of figure 8 shows I(V) representation for the low voltage
region. Whereas the H, Ly, state (black curve) presents non-linear behaviour, the L, Hr (red curve) is almost
ohmic, in good agreement with the y analysis.
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Fig. 8.y as a function of VV¥'2, corresponding to the H, L state (red circles) and the L, Hr (black squares)
in figure 4a. The inset shows I(V) at low voltages showing a close-to-ohmic (L Hg) and non-linear (H,Lg)

dependence.

These preliminar results are compatible with an almost ohmic L states whereas the H states are highly
non linear. The H Ly is clearly dominatated by the H component, whereas this component is much less
important in L Hg (a factor 2.4 lower evaluated from the resitance ratios measured in Fig. 4a). This explains
the asmymetric behaviour of the device. The difference between the H, Lr and L, Hr states also explains
the difference between figures 4 and 5, which shape, as previously described, is determined by the initial
state of each junction, and can be tuned by changing the “initializing” or “forming” process (see details in

reference [4]).

The observed “table with legs” resistive switching behaviour (Fig. 3¢) when measuring using the pulsed
voltage and the observed “sombrero” shape for the 1-V sweep curves (Fig. 4 and 5) can be explained taking
into account the movement of the charged species. In the literature it is has been widely reported that for
valence change type resistive switching (VCM), the change in resistance is provoked by the movement of
oxygen vacancies, V, [1]. For GBCO, the presence of oxygen vacancies at the close proximity of the
junctions would result in the observed resistance change [7] due to the created conduction barriers: Schottky

barrier at the interface [18] or Poole-Frenkel barrier zone at the close proximity of the interface [19].
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Fig. 9. llustration of “table with legs” resistive switching. a) Scheme of the oxygen vacancies movement
and interface resistance changes for positive voltage cycling (corresponding to Fig 3c and 5). Red and blue
arrows indicate when a switching event occurs (with the voltage bias polarity as shown for the individual
junctions in the device). b) Resistance change for each individual junction (left and right) and for the
complete device in back-to-back configuration (H Lgr — HRSet erectrodelLRSright etectrodes LiHr — LRSjer
eIectrodeHRSrightelectrode: L Lr— LRSer eIectrodeLRSright electrode) -

According to the switching dependence on the external bias polarity, we propose a simple model (see
Fig. 9) explaining how the changes in resistance can be related to the oxygen vacancies movement induced
by the electrical field, together with the creation/annihilation of an insulating interface (between GBCO and
LNO). After a full 1(V) sweep or pulse cycle (0 V to |10| V) the GBCO-based device initializes, reaching
either the H,_Lr (or L HR) resistance state. As schematically illustrated in the Fig. 9a, when applying either
positive or negative voltage above the L to H threshold (in our devices this reset threshold was between 6
and 8 V) the device switched from H _Lg to L Hg (or vice versa, depending on the initial state). Before
completely reversing the junctions states (from H_ Ly to L, Hg), both junctions are brought to the L (L Lg,
central part of Fig. 9a), resulting in the “legs” of the typical observed R (V) “table with legs” curve. The
valence change mechanism (oxygen vacancies movement) hypothesis is reinforced by the “table with legs”
shape of the R(V) (schematically depicted in the Fig. 9b), which can be constructed by the superposition of
the two independent R(V)s of the separate switching junctions (Fig. 9b).



Conclusions

We have engineered epitaxial perovskite oxide GBCO/LNO bilayers, which showed RS in the 1(V)
sweep and pulse modes at room temperature. The devices are composed of two switching junctions in back-
to-back configuration and showed R(V) curves with the so-called “table with legs” shape when measured

using pulsed voltage and a “sombrero” shape when measured using voltage sweeps.

The area scaling and the continuous R(V) curves observed, with no sharp jumps for the transitions
between resistance states, allows concluding that our devices possess interface or volume type RS (non-
filamentary).

Finally, we have shown that the RS of the GBCO-based devices shows gradual transitions, which could
potentially allow to obtain multiple intermediate states, instead of only two different states, as is the typical
case of filamentary-type RS. For these perovskite memristors, by using different electrical pulse sequences,
it would be possible to obtain different resistance states covering, at least, the whole resistance range shown
in the “table with legs” curves. The possibility of obtaining multiple levels of resistance in an “analogical”

way is particularly interesting for applications such as neuromorphic computing.
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