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Abstract

10 MeV proton-irradiation effects on a YBCO-based test structure were analyzed by measuring
its current-voltage (IV) characteristics for different cumulated fluences. For fluences of up to
~ 80-10° p/cm? no changes in the electrical behavior of the device were observed, while for a fluence
of ~ 300-10° p/cm? it becomes less conducting. A detailed analysis of the room temperature IV
characteristics based on the v power exponent parameter [y = dLn(I)/dLn(V)] allowed us to
reveal the main conduction mechanisms as well as to establish the equivalent circuit model of the
device. The changes produced in the electrical behavior, in accordance with Monte Carlo TRIM
simulations, suggest that the main effect induced by protons is the displacement of oxygen atoms
within the YBCO lattice, particularly from oxygen-rich to oxygen-poor areas, where they become

trapped.
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I. INTRODUCTION

There are many applications where it is of vital importance to have reliable non-volatile
memories (NVM) that withstand the harsh conditions the environment impose. This is
the case in spaceborne applications, where the use of radiation tolerant, thermal cycling
resistant memories is essential to keep critical information uncorrupted, both for navigation
and operation purposes |[1]. Another relevant example are nuclear power plants where robotic
surveillance and maintenance in high radiation zones is crucial for safety [2, 3].

As Flash memories are very sensitive to both Single Event Effects and cumulative effects
like Total Ionizing Dose (TID) or Displacement Damage (DD) [4], the emerging Resistive
Random Access Memories (ReRAM) technology is a promising candidate to be used as NVM
under such severe conditions. This new type of memories have shown to be tolerant against
different types of ionizing radiation |5-7].

The general conclusions on their functionality under irradiation indicate that metal-oxide-
metal structures withstand large doses of ionizing radiation while maintaining operation,
within a reliability margin. For example, Barnaby et al. [8] exposed TiO, based-devices to
fluences of up to 10 /cm? of 1 MeV alpha particles without sensing significant changes on
their configured states. Hughart et al. [9] studied radiation effects on TaO, and TiOs-based
devices and compared their performance. They reported that both technologies exhibit
changes in their resistance state when exposed to fluences of up to 10'°/cm? of 800 keV Ta
ions. However, after irradiation, devices continued to operate normally and even recovered
their resistance states with repeated switching cycles.

Among all possible ReRAM candidates, those based on the valence change (VC) produced
by electric field-driven diffusion of oxygen vacancies [10, [11] represent an interesting choice,
for different reasons. On the one hand, as their interfacial resistivity depends mostly on the
volume properties of the oxide rather that on surface properties of the interface, they may
be less sensitive to ionizing radiation defects. On the other hand, if defects introduced by
the ionizing radiation affect the relevant microscopic parameters associated with the specific
electric transport mechanisms through an interface and its related oxide volume (like trap
energy, density of traps, work function, carrier mobility, etc), the electrical changes can be
used to understand the irradiation damage. In this way, the analysis of the macroscopic

electrical response may provide an attainable and useful tool when introduced defects are



hard to detect by usual electronic microscopies.

Although being mostly known for its superconducting properties at T < T, (~ 90 K),
YBayCuzO7_s (YBCO) has been widely used to study their resistive switching properties at
room temperature for ReRAM memory applications [12-16]. What makes YBCO such an in-
teresting material to build ReRAM devices is the possibility of modifying its oxygen content
by applying moderate electric fields and thus producing large changes in its conductivity [17-
19]. As will be discussed in detail later, transport properties through metal-YBCO interfaces
are controlled by oxygen content inhomogeneities of YBCO, close to the interface [20-26].
Additionally, YBCO-based memories were successfully used onboard a small satellite orbit-
ing at a Low Earth Orbit (LEO) over a period of more than one year [27], despite the hostile
conditions imposed by lift-off vibrations, permanent thermal cycling (4 10 °C 16x /day) and
an ionizing radiation representing a cumulative dose 3 orders of magnitude greater than the
one they would have received in the same period of time on the surface of the Earth. As one
of the most important sources of radiation effects at LEO is related to protons, the main
motivation of this paper is to determine the radiation tolerance of these memories (that is,
the maximum proton fluence at which alterations in their electrical behavior are not yet
apparent). To do so, the underlying transport mechanisms of metal-YBCO interfaces were
studied over a cumulative series of 10 MeV proton irradiations.

In this article, we analyze the effects of 10 MeV protons on the current-voltage (IV)
characteristics of a Au-YBCO based ReRAM memory device. No changes were detected for
fluences of up to 80-10° p/cm?, while for 295-10° p/cm? the device under test (DUT) became
less conducting. A detailed analysis of the electrical conduction mechanisms through this
interface enabled us to model an equivalent schematic circuit and, more importantly, to infer
the microscopic effects produced by the irradiation with protons. Monte Carlo Transport of
Ion in Matter (TRIM) simulations confirm our interpretation of the data, which indicates
that protons mainly knock-on oxygen atoms out of the YBCO structure transferring them

from the oxygen-rich zones to oxygen-poor ones.

II. EXPERIMENTAL DETAILS

YBCO thin films were grown by using the pulsed laser deposition (PLD) technique. Fully
relaxed films were obtained on top of a 500 pum thick (100) single crystal SrTiO3 substrate.



A 150 nm YBCO thick layer was deposited by applying 1500 pulses with a growth rate
of 0.1 nm/pulse, as determined by previous calibrations [28]. Resistivity and magnetiza-
tion measurements confirmed that the YBCO films are near optimally-doped and have a
superconducting transition temperature at ~ 90 K. Additional details of their synthesis and

characterization can be found elsewhere [28-31).

A. Electrical characterizations

The DUT was built by sputtering 30 nm of T-shaped Pt and Au metal contacts (~ 1.5
mm width and 2.0 mm long) on top of the surface of the film, arranged in a planar structure.

A schematic representation of the DUT is depicted in Fig. [0l a).
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FIG. 1: (Color online) a) Schematic represention of the cross section of the DUT (not to scale). b)
Remanent resistance Ryep, (blue) representing half of a resistance hysteresis switching loop (RHSL)
and IV characteristics (red) of the DUT during the pulsing treatment to induce a reset. c¢) After
the reset process, Ri,s¢ (red) shows the non-linear dependence upon increasing the amplitude of
the voltage pulses (V) while R;.¢;,, (blue) remains constant, indicating that no resistance switching

(RS) occurs during a sweep of a lower voltage amplitude.

The two central bars of the Ts were located facing each other and are about 0.1 mm
apart. This geometry was chosen to allow maximum exposure of the electrically active area
of the DUT (where most of the voltage drops) preventing that any element block or affect
the penetration of incident protons through it. With the same purpose in mind, Cu leads
were carefully fixed over the pads by using silver paint, avoiding direct contact with the

YBCO film and away from the active area. The Pt contact was labeled arbitrarily as “+47,



while the one made with Au was used as ground (“-”) pad. The choice of different metals as
electrodes is based on previous results [18]. As will be described later, this feature produce
a memory device with essentially only one active interface. Finally, the DUT was placed

inside a small outline integrated circuit (SOIC)-16 package for later integration.

Initially, the DUT was prepared in such a way to induce the resistive switching (reset)
of the Au-YBCO (“-”) interface from a low resistance state (LRS) to a high resistance
state (HRS), so as to highlight its non-linear behavior. This condition makes it more
sensitive to the microscopic changes that could occur due to irradiation than it would
be if it behaves as an ohmic and more conducting interface. By using a B2902B Agilent
source-measurement unit (SMU), we applied a series of 10 ms resetting positive current
pulses (20 mA to 50 mA) at room temperature to increase the resistance of the Au-YBCO
interface. The process is depicted in Fig. [l b). Note that the remanent resistance
(Ryem) of the DUT, measured at two terminals with 0.5 mA, increased from 200 2 to
approximately 800 2. The stability of the final state was then checked by measuring its
IV characteristics, by applying 10 ms resetting current pulses of up to 15 mA as well
as small reading pulses (delayed 1 s with respect to the writing pulses) to control the
remanent value. As displayed in Fig.[Ilc), the measured instantaneous resistance (R;,s) and

R, em show the non-linear behavior and the absence of RS in that current range, respectively.

Fig. Bl shows the IV characteristics of the DUT together with its v power exponent
representation (y = dLn(I)/dLn(V) plotted as a function of V'/2) and its proposed
equivalent circuit model. The 7 representation is a very helpful graphical method [32]
that serves to determine the existence of different transport mechanisms present in an
interface, especially when there is more than one [33-35]. As can be observed in the 7
curve, two regions with linear behavior and having slightly different slopes (see the arrow
and dashed lines) can be determined. Within the framework of the v representation, a
linear behavior that extrapolates to 1 is a clear evidence of a Poole-Frenkel (PF) emission.
The PF conduction is a bulk mechanism associated with the existence of traps in the
YBCO oxide. Electric field and/or thermal fluctuations de-trap carriers, promoting
them to the conduction bands and allowing the existence of a current in the dielectric

material |36, 137]. The appearance of two slopes is associated with the fact that each
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FIG. 2: (Color online) IV characteristics of the YBCO-based device. The black dashed line is the
best power law fit of the experimental curve (red line) showing that this law does not fit well the
experimental data. As shown in the lower inset, the power exponent ~ is far from being constant
(power law) and helps to reveal details of the IV dependence. The small change in the slope of
the v dependence on V% (indicated with a black arrow) is showing the existence of two non-linear
Poole-Frenkel regimes (dashed lines added as guides to the eye). The upper inset shows a possible
circuit representation derived from previous publications and the v curve analysis. r is the bulk
YBCO resistor, PF* state for the non-linear Poole-Frenkel elements, Rp+ represent the ohmic

resistors in parallel, for the “+” and “-” contacts, respectively.

interface of our DUT is in a different resistance level. Throughout previous studies carried
out on the same interfaces [16, 18, 20, 22], a detailed circuit model has been established,
which is depicted in the upper inset of Fig. 2l The inhomogeneous oxygen distribution in
the oxide near the interfacial region determines the existence of more than one conduction
mechanism. In that sense, along with the PF emission, a parallel ohmic channel is
developed. Finally, both interfacial regions are connected through the bulk resistance of

the sample (r ~ 1 Q), whose contribution to the total resistance of the DUT can be neglected.

To analyze the effects of the 10 MeV proton irradiation [38] on the electrical properties



of the DUT, the IV characteristics were measured for the pristine state and after each
proton irradiation interval. The irradiations were performed at room temperature in the
heavy-ion tandem accelerator of the Tandar facility [39] at the EDRA irradiation line (Test
of Radiation and Environmental Damage) [40]. The DUT was electrically characterized in
situ, soldered onto one LabOSat-01 (LS-01) board [41]. This board was specifically designed
to electrically test electronic devices in hostile environments such as outer space, nuclear
reactors, etc. In fact, LS-01 has been successfully used for the characterization of many
TiO, and La,/3Cag/3MnOg samples onboard low Earth orbit satellites [42, 43]. Besides, a
similar in-orbit experiment was recently performed on YBCO-based ReRAM devices [27].

To measure the IV characteristics of the DUT, LLS-01 was configured to apply 100 ms
current pulses while measuring the corresponding voltage drop, performing a complete loop
from 0—-1.2 mA—1.2 mA—0 mA in steps of 15 pA. For clarity, considering that no rec-
tifying behavior was observed and that similar results were obtained independently of the
applied polarity, only data of the first positive quadrant are presented here. LS-01 with
the DUT was placed inside the vacuum chamber of the irradiation line (see Fig. B). As
the proton beam waist is 8 cm long, an aluminum shield was used to protect the electronic
circuits of LS-01 from radiation damage. The shield had a small aperture to allow protons
to hit the DUT. To monitor the stability of the beam and to estimate the proton fluence,
conventional Faraday cups located behind LS-01 were used to periodically monitor the beam
flux. LS-01 was controlled remotely, far from the irradiation line, using a communication

network. The applied measurement and irradiation protocol is listed in Table [Il

B. Monte Carlo TRIM simulations

To gain insight into the effects produced by protons on the Au-YBCO stack, we performed
Kinetic Monte Carlo simulations by using TRIM, a set of tools included in the SRIM 2013
(Stopping and Range of Tons in Matter) package [44, |45]. In order to compute the whole
damage produced by protons on YBCO, a two step simulation process was considered:
First, an Ion Distribution and Quick Calculation of Damage was performed using the
Kinchin-Pease model analysis (run 1) with 1 million incident protons of 10 MeV. A stack of

30 nm gold film on top of a 1.5 pm YBCO film was used as target material. Notice that the
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FIG. 3: (Color online) Left) Schematic of the lateral view of the irradiation chamber showing the
location of the Al shield, the LS-01 board, the detector and the direction of the incident proton
beam. Right) Front view of the LS-01 board. The Al shield leaves exposed three SOIC-16 packages
where samples (i.e., DUTs) may be contained (see Ref. [41])]. The location of the YBCO DUT is
pointed out with an arrow. The photograph shows the DUT placed inside the SOIC-16 package;

notice its T-shaped metallic electrodes.

YBCO film in the simulation is ten times thicker than in the actual sample. The reason for
this is discussed below. Primary Knock-on Atoms (PKAs) spectrum , ] was calculated
for the whole stack. Energy loss by protons is negligible across the thicker YBCO layer.
Only 0.02 % of their initial energy is lost during transport. Having used an YBCO layer ten
times as thick as the actual one allowed us to collect ten times more data without affecting
the underlying physics of the process. The result is equivalent to perform a simulation with
10 million protons, a quantity that is unpractical to use with TRIM code.

Second, in order to assess additional damage produced by the high density cascades of dis-
placed ions, the obtained PKAs spectrum was used to perform a second simulation (run 2)

to estimate the damage of the full cascade.

III. RESULTS AND DISCUSSION

Fig.Ma) and b) show the IV characteristics measured by the L.S-01 board and its 7 curves
for the total applied proton fluences, respectively. No changes in the IV characteristics were
noticed with fluences of up to 81-10% p/cm?. All curves fall on top of each other, making it

impossible to distinguish them. The same occurs for the v curves. Thus, as no microscopic



TABLE I: Detail of the electrical measurements and their corresponding irradiation fluences. Tem-
perature measured by LS-01. (Uncertainties of the reported values are lower than 5% for Flux or

Fluence and £ 1 °C for Temperature.)

Interval Duration Flux Fluence Cumulative Fluence Temperature

(s)  (x10° p/em?s) (p/cm?) (x10” p/em?) (°C)
LS-01 test 31

1 9 3.12 2.8x107 2.8
LS-01 test 31

2 54 3.30 17.8x10° 20.6
LS-01 test 32

3 180 3.34 6.0x10° 80.8
LS-01 test 32

4 600 3.57 2.1x10 295
LS-01 test 33

30 min relaxation

LS-01 test 32

changes were noticed in the electrical characteristics, no changes in the memory operating
parameters (€.g., Vger, Vyeser O the resistance change in the RHSL) nor in its performance
should be expected.

This is a promising result, as it shows how tolerant the devices are to one of the most
abundant ionizing sources in LEO. A straight comparison with operational conditions in
outer space is a complex task. Proton fluence depends on orbital parameters and solar
activity as well as on the spacecraft or satellite shielding. For instance, according to SRIM
simulations, 10 MeV protons are likely to be stopped by a 2 mm thick aluminum shield.
Although protons with energy less than 20 MeV will not reach the interior of the spacecraft,
high energy protons would pass through the shield inducing radiation damage into the
spacecraft electronics. Nevertheless, to make a comparison with our results, simulations
using the Space Environment Information System tool [48] developed by the European

Space Agency were carried out. In terms of particle fluence, for a 1 yr mission at a 500 km
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FIG. 4: (Color online) a) IV characteristics of the YBCO-based device for different proton cumu-
lated fluences. Curves corresponding to up to 81-10° p/cm? fall one on top of the other. Only the
295-10° p/cm? curve displays a clear shift to a less conducting device is observed. A measurement
taken 30 min after the last irradiation interval (pink dashed curve) shows no evidence of relaxation.

b) ~ representation of the same measurements presented in a).

altitude orbit, the total fluence of 10 MeV protons during 2016 solar maximum is in the
order of 10° p/ecm?. Thus, our results indicate that YBCO-based memory devices could

stand 80 times the proton fluence found in LEO.

A very clear shift of the IV curve to a lower conducting state occurs only for the
highest applied fluence (295-10° p/cm?). During the next 30 minutes, no relaxation of the
produced effects was observed. Measurements made by the LS-01 board show more clearly
the existence of two slopes and a cross-over voltage in the ~ curves than those obtained
by the Agilent SMU. This is due to the fact that the voltage sweep that was performed
with the LLS-01 board starting from lower values showed more clearly the low-voltage ohmic
contribution (v ~ 1) due to the existence of resistor in parallel with the PF element. Here
again, the 295-10° p/cm? fluence shifts the curves to a higher non-linear behavior, which

were tested to remain stable for the next 30 minutes.
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A better understanding of the microscopic effects produced by the proton irradiation can
be obtained by analyzing quantitatively the changes induced in the electrical transport prop-
erties. By considering the equivalent circuit model, the IV characteristics of each interface
(“47” and “—") can be described in terms of the PF (I%,) and its parallel ohmic leak ([gp)

currents, as stated by the following equations:

I=If+1f (1)
V =Vip+ Vip, (2)
+ _ opf st 1+ \1/2 + @
Igp = A* Vi exp[B* (Vi) V] and Iy = F (3)
P
with N /
exp|—FE. kgT 3/2
A:t _ Xp[ T?“(:é)/( B )]’ Bj: _ q 7 (4)
RO ]fBT(ﬂ'Ed:di)l/z

where RB—L is a pre-factor associated with the geometry of the conducting path, the electronic
drift mobility (u) and the density of states in the conduction band. E%T’ap is the trap energy
level, kg the Boltzmann constant, ¢ the electron charge, €* the real part of the dielectric
constant of the oxide and d* the interfacial thickness where most of the voltage drops (for
each interface +).

By replacing the expressions of Eq. 2 and Eq. 3 in Eq. 1 and by equating the total current
of each interface, the implicit and non-linear Eq. 1 was solved numerically by applying a
generalized reduced gradient method. The purpose of this was to obtain the parameters AT,
B* and R;f for the pristine and the most irradiated DUT. Different starting values for these
parameters were tested allowing us to obtain the solution with the lower residuals. We have
checked that the obtained parameters for this solution (within a 10 % interval) also generate
the lower residuals when fitting the data of the negative quadrant (not presented here).
Our best results comparing the experimental and the calculated IV characteristics and their
corresponding 7y representation are shown in Fig. Bl The contribution to the current of each
circuit element is also presented. The obtained parameters are summarized in Table [l

The best fits of the IV characteristics excellently reproduce the details of the experimen-

tal data. It can be observed that for the pristine sample, leak resistors make an important
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FIG. 5: (Color online) Fitting curves for the IV characteristics showing the contribution of each
interfacial element for the a) pristine and b) proton irradiated (295-10° p/cm?) YBCO-based device.

Both insets show the experimental and the fitted v vs V/2 dependence.

TABLE II: Fitting parameters derived from numerically solving Eq. 1 for the pristine and the
proton irradiated (295-10° p/cm?) DUT. The ratio of the irradiated over the pristine values is also

presented.

State AT BT R;' A~ B~ R];
(18) [(V7H2) | (@) [(uS) |(V712) | ()

Pristine | 490 2.7 790 | 6.9 10.8 12500
Irradiated| 1200 1.7 2900 | 9.5 8.7 4300
Ratio 2.4 0.6 3.7 |14 0.8 1.7

contribution to the total current at low and intermediate voltages, while proton irradiation
decreases this contribution. As in a series configuration the overall non-linear behavior
is determined by the less conducting PF element, the observed change in the slope of
the 7 curve (~ B for a single PF emission) is related to the poorest conduction of the
PF~ element at low voltages (with B~ > B*). In contrast, the roles are interchanged at

higher voltages, determining a ~ limited by the PF* element, with a lower slope for this

13
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FIG. 6: (Color online) a) PKAs for each element of the YBCO film and b) PKA spectrum normal-
ized for the total number of incident protons, both obtained for run 1. ¢) Number of displacements
by element as a function of the thickness of the film, obtained after run 2 (displacements produced

by cascades are included) .

voltage region. This effect is less pronounced for the irradiated DUT. The peak observed
in the experimental v was not reproduced by our simulations, as we obtain a smooth
cross-over from one regime to another. The experimental peak can be related to a more
complex equivalent circuit that may include a small contribution of a Fowler-Nordheim
element Q, not considered for simplicity. It can be noticed that proton radiation increases
the resistance of the ohmic resistors while it favours the PF emission. These effects are

more evident at the Pt-YBCO “+ 7 (i.e., the most conducting and oxygen-rich) interface
than at the Au-YBCO “ — 7 one. The same occurs with the PF emission.

The results obtained for Monte Carlo TRIM simulations are presented in Fig. 6l The
PKAs resulting from run 1 computes a total of ~26,000 events. As it is shown in Figure [0h,
most displaced atoms are Ba and Cu, while almost 20 % of the displacements involve O
displacements and only 14 % are associated with Y. It should be noted here that since the
energy (E) of the incident protons does not vary throughout the thickness of the film, then
the Rutherford cross section (proportional to E~2) should be constant along all the paths
and the probability of generating defects would be uniform throughout the film. The PKAs
spectrum is shown in Fig. [Bb. As can be observed, almost 95 % of the PKAs have energies
below 100 eV. Thus most of the displaced ions produced during the cascade will not decay
as rearrangements of the lattice, so they survive as permanent defects.

The results of the Full Cascade of run 2, presented in Fig. [@ ¢), show the overall

14



displacements derived from the cascades involving all the ions. It can be observed that,
independently of the thickness of the film, the majority of the displacements now correspond
to oxygen ions. Although this should be taken as a qualitative result due to the ideal
conditions at which TRIM simulations are performed, the observed trend seems to be rel-

evant for the resistive switching mechanism, as oxygen content dominates the resistive state.

In this way, both our IV measurements and TRIM simulations indicate that protons
mainly produce the knock-on of oxygens, displacing them from their structural site. As this
generation of point defects would be more likely in the near optimally oxygenated YBCO,
where oxygen is principally located, the areas presenting the ohmic conduction would be
more affected, in accordance to the changes produced by proton irradiation on the fitting
parameters (see the ratios presented in Table [II).

This situation is schematically represented in Fig. [7. It can be observed that, when dis-
placed, oxygens will diffuse until they are trapped, with a high probability of this happening
precisely in the traps that are located in the surrounding PF areas. This is what can be
inferred from the observed increase of the parameter A, which can be an indicator of a
decrease in the energy of the traps (see Eq. 4). This is also consistent with the fact that the
traps are related to oxygen vacancies that may get filled by the displaced oxygens. If the
number of trapped oxygens is large, some conductive nano islands must be formed in the
former PF zones, which is also reflected in the reduction of parameter B. Indeed, the mixture
of metallic and insulating zones will generate the formation of nanocapacitors, which due to
the Maxwell-Wagner effect |49, 50], will increase the dielectric constant and therefore reduce
the B parameter (see Eq. 4).

Thus, our studies confirm which is the specific damage caused on YBCO by its irradi-
ation with 10 MeV protons. This question was addressed in previous studies that tried to
unveil which were the main defects generated by protons of this energy range on YBCO,
but were not conclusive. A previous report [51], based on transmission electron microscopy
and magnetization measurements at low temperature, states that protons mainly generate
non-visible point defects, but the nature of these defects (i.e., whether they are related to
oxygen or copper displacements) was not determined. Other studies, by performing molecu-
lar dynamic simulations of radiation-induced ion displacements in YBCO, indicated that the

preferential radiation damage occurs in the oxygen sublattice of YBCO [52]. More recently,
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FIG. 7: (Color online) Schematic representation of the coexistence of ohmic and PF regions in
the oxide, close to the surface for the a) “+” Pt-YBCO and b) “ —” Au-YBCO interfaces, for
the pristine and the proton-irradiated device. The evolution of the electrical transport parameters
suggest that oxygen is knocked on from its position, inducing a migration from areas with high
oxygen content to those with lower oxygen content, where it becomes trapped. (LTS and HTS,

low trap and high trap state, respectively).

studies combining micro-Raman studies with proton-damage simulations B] arrive at the
same conclusions: low energy protons impacting on YBCO mainly generate O displacements.
These results give a clue regarding the strategy to follow in order to achieve memories hard-
ened to proton irrradiation. Indeed, it would be expected that interfaces based on a YBCO
with poor oxygen content would be less damaged by protons, thus allowing to extend the

maximum fluence for which no changes in their electrical properties are detected.

IV. CONCLUSIONS

We have characterized the effects of proton irradiation (10 MeV) on the IV characteristics
of a metal-YBCO thin film test structure at room temperature. Up to fluences as high as
81-10° p/cm? no effects were observed, giving a clear indication that ReRAM-type memories
based on perovskite oxides seem to be suitable for use under hostile environments with high
proton radiation. An equivalent circuit model was proposed, which reproduces very well the
details of the experimental IV characteristics and indicates the degree of inhomogeneity of the
oxygen distribution within YBCO, near the interfaces. We also performed a deep analysis of

the microscopic effects produced for a higher fluence of 295-10° p/cm?, which, in accordance
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with Monte Carlo TRIM simulations, determine an scenario where protons increase the
overall resistance of the DUT, mainly by inducing oxygen migration from oxygen-rich areas
(ohmic conduction) to oxygen-poor areas (PF emission), where it ends up being trapped,
locally modifying the electrical transport. Although our YBCO-based test structure is far
from being a real memory device, our studies may serve as an initial proof of concept for
validating the use of perovskite oxides to build ReRAM devices for a particular use. Indeed,
our results indicate that, in the quest for materials intended to optimize the operation
of electronic memories in harsh environments, low-oxygen-content YBCO could occupy a
prominent place in the design of memories whose main requirement is to remain operational

under high irradiation fluence of protons.
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