
Radiation Physics and Chemistry 183 (2021) 109404

Available online 27 February 2021
0969-806X/© 2021 Elsevier Ltd. All rights reserved.

Proton irradiation effects on metal-YBCO interfaces 

C. Acha a,*, G.A. Sanca b, M. Barella b,c,1, M. Alurralde d, F. Gomez Marlasca d, H. Huhtinen e, 
P. Paturi e, F. Golmar b,c, P. Levy b,c,d 

a Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales, Departamento de Física, Laboratorio de Bajas Temperaturas and IFIBA, UBA-CONICET, 
Pabellón I, Ciudad Universitaria, C1428EHA, CABA, Argentina 
b Escuela de Ciencia y Tecnología, Universidad Nacional de San Martín, Martín de Irigoyen 3100, B1650JKA, San Martín, Bs. As, Argentina 
c Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Godoy Cruz 2290, C1425FQB, CABA, Argentina 
d Comisión Nacional de Energía Atómica (CNEA), Av. Del Libertador 8250, C1429BNP, Argentina 
e University of Turku, Department of Physics and Astronomy, Wihuri Physical Laboratory, FI-20014, Turku, Finland   

A R T I C L E  I N F O   

Keywords: 
Interface electrical properties 
Proton irradiation effects 
Resistive switching 
Superconductor 
Poole-Frenkel emission 

A B S T R A C T   

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⋅109 p/cm2 no changes in the 
electrical behavior of the device were observed, while for a fluence of ~ 300⋅109 p/cm2 it becomes less con-
ducting. A detailed analysis of the room temperature IV characteristics based on the γ power exponent parameter 
[γ = 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.   

1. Introduction 

There are many applications where it is of vital importance to have 
reliable non-volatile memories (NVM) that withstand the harsh condi-
tions the environment impose. This is the case in spaceborne applica-
tions, where the use of radiation tolerant, thermal cycling resistant 
memories is essential to keep critical information uncorrupted, both for 
navigation and operation purposes (Gerardin and Paccagnella, 2010). 
Another relevant example are nuclear power plants where robotic sur-
veillance and maintenance in high radiation zones is crucial for safety 
(Pegman et al., 2006; Yoshida et al., 2014). 

As Flash memories are very sensitive to both Single Event Effects and 
cumulative effects like Total Ionizing Dose (TID) or Displacement 
Damage (DD) (Gerardin et al., 2013), 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 
(Chen et al., 2014; Gonzalez Velo et al., 2017; Bi et al., 2018). 

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. (2011) exposed TiO2 based-devices 
to fluences of up to 1014/cm2 of 1 MeV alpha particles without sensing 
significant changes on their configured states. Hughart et al. (2013) 
studied radiation effects on TaOx and TiO2-based devices and compared 
their performance. They reported that both technologies exhibit changes 
in their resistance state when exposed to fluences of up to 1010/cm2 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 va-
cancies (Waser et al., 2009; Rozenberg et al., 2010) represent an inter-
esting 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 asso-
ciated with the specific electric transport mechanisms through an 
interface and its related oxide volume (like trap energy, density of traps, 

* Corresponding author. 
E-mail address: acha@df.uba.ar (C. Acha).   

1 Present address: CIBION, C1428EHA CABA, Argentina. 

Contents lists available at ScienceDirect 

Radiation Physics and Chemistry 

journal homepage: www.elsevier.com/locate/radphyschem 

https://doi.org/10.1016/j.radphyschem.2021.109404 
Received 2 September 2020; Received in revised form 13 January 2021; Accepted 22 February 2021   

mailto:acha@df.uba.ar
www.sciencedirect.com/science/journal/0969806X
https://www.elsevier.com/locate/radphyschem
https://doi.org/10.1016/j.radphyschem.2021.109404
https://doi.org/10.1016/j.radphyschem.2021.109404
https://doi.org/10.1016/j.radphyschem.2021.109404
http://crossmark.crossref.org/dialog/?doi=10.1016/j.radphyschem.2021.109404&domain=pdf


Radiation Physics and Chemistry 183 (2021) 109404

2

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 ≤ Tc (≃ 90 K), YBa2Cu3O7− δ (YBCO) has been widely used to study 
their resistive switching properties at room temperature for ReRAM 
memory applications (Acha and Rozenberg, 2009; Acha, 2009, 2011; 
Plecenik et al., 2010; Lanosa et al., 2020). What makes YBCO such an 
interesting material to build ReRAM devices is the possibility of modi-
fying its oxygen content by applying moderate electric fields and thus 
producing large changes in its conductivity (Moeckly et al., 1993; 
Schulman and Acha, 2013; Palau et al., 2018). 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 (Schulman et al., 2012, 2015; Plecenik et al., 2012; 
Waśkiewicz and Golebiowski, 2015; Truchly et al., 2016; Waśkiewicz, 
2018; Tulina et al., 2018). Additionally, YBCO-based memories were 
successfully used onboard a small satellite orbiting at a Low Earth Orbit 
(LEO) over a period of more than one year (Acha et al., 2020), despite 
the hostile conditions imposed by lift-off vibrations, permanent thermal 
cycling (±10 ◦C 16×/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 mem-
ory device. No changes were detected for fluences of up to 80⋅109 p/cm2, 
while for 295 ⋅109 p/cm2 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 in-
dicates that protons mainly knock-on oxygen atoms out of the YBCO 
structure transferring them from the oxygen-rich zones to oxygen-poor 
ones. 

2. 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 μm 
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 (Khan et al., 2019). Re-
sistivity and magnetization 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 char-
acterization can be found elsewhere (Khan et al., 2019; Huhtinen et al., 
2001; Paturi et al., 2004; Peurla et al., 2007). 

2.1. 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. 1a). 

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 pene-
tration 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 “+“, while the one made 
with Au was used as ground (”-“) pad. The choice of different metals as 
electrodes is based on previous results (Schulman and Acha, 2013). 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 micro-
scopic 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–50 mA) at room temperature to 
increase the resistance of the Au–YBCO interface. The process is depic-
ted in Fig. 1b). Note that the remanent resistance (Rrem) of the DUT, 
measured at two terminals with 0.5 mA, increased from 200 Ω to 
approximately 800 Ω. 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 dis-
played in Fig. 1c), the measured instantaneous resistance (Rinst) and Rrem 
show the non-linear behavior and the absence of RS in that current 

Fig. 1. (Color online) a) Schematic represention of the cross section of the DUT (not to scale). b) Remanent resistance Rrem (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, Rinst (red) shows the 
non-linear dependence upon increasing the amplitude of the voltage pulses (V) while Rrem (blue) remains constant, indicating that no resistance switching (RS) occurs 
during a sweep of a lower voltage amplitude. 
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range, respectively. 
Fig. 2 shows the IV characteristics of the DUT together with its γ 

power exponent representation (γ = dLn(I)/dLn(V) plotted as a function 
of V1/2) and its proposed equivalent circuit model. The γ representation 
is a very helpful graphical method (Acha, 2017) that serves to determine 
the existence of different transport mechanisms present in an interface, 
especially when there is more than one (Acha et al., 2016; Román 
Acevedo et al., 2017; Ghenzi et al., 2019). As can be observed in the γ 
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 γ 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, pro-
moting them to the conduction bands and allowing the existence of a 
current in the dielectric material (Sze and Ng, 2007; Ch Chiu, 2014). The 
appearance of two slopes is associated with the fact that each interface of 
our DUT is in a different resistance level. Throughout previous studies 
carried out on the same interfaces (Lanosa et al., 2020; Schulman and 
Acha, 2013; Schulman et al., 2012, 2015), a detailed circuit model has 
been established, which is depicted in the upper inset of Fig. 2. The 
inhomogeneous oxygen distribution in the oxide near the interfacial 
region determines the existence of more than one conduction mecha-
nism. 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 Ω), whose contribution to the total 
resistance of the DUT can be neglected. 

To analyze the effects of the 10 MeV proton irradiation (Tada et al., 
1982) 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 (Acelerador TANDAR) at the 

EDRA irradiation line (Test of Radiation and Environmental Damage) 
(Ibarra et al., 2019). The DUT was electrically characterized in situ, 
soldered onto one LabOSat-01 (LS-01) board (Barella et al., 2016). 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 TiO2 
and La1/3Ca2/3MnO3 samples onboard low Earth orbit satellites (Sanca 
et al., 2017; Barella et al., 2019). Besides, a similar in-orbit experiment 
was recently performed on YBCO-based ReRAM devices (Acha et al., 
2020). 

To measure the IV characteristics of the DUT, LS-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 μA. For clarity, considering that no rectifying 
behavior was observed and that similar results were obtained indepen-
dently 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. 3). 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 es-
timate 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 communica-
tion network. The applied measurement and irradiation protocol is lis-
ted in Table 1. 

2.2. 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 Ions in 
Matter) package (Ziegler et al., 2010; http://www.srim.org). 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 per-
formed 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 μm 
YBCO film was used as target material. Notice that the 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 
(Marwick, 1975; Gilbert et al., 2015) 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 displaced ions, the obtained PKAs spectrum was used 
to perform a second simulation (run 2) to estimate the damage of the full 
cascade. 

3. Results and discussion 

Fig. 4a) and b) show the IV characteristics measured by the LS-01 
board and its γ curves for the total applied proton fluences, respec-
tively. No changes in the IV characteristics were noticed with fluences of 
up to 81 ⋅ 109 p/cm2. All curves fall on top of each other, making it 
impossible to distinguish them. The same occurs for the γ curves. Thus, 
as no microscopic changes were noticed in the electrical characteristics, 
no changes in the memory operating parameters (e.g., Vset, Vreset or 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 

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 γ is far from being constant (power law) and 
helps to reveal details of the IV dependence. The small change in the slope of 
the γ dependence on V0.5 (indicated with a black arrow) is showing the exis-
tence 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 γ curve analysis. r is the bulk YBCO resistor, PF±

state for the non-linear Poole-Frenkel elements, Rp± represent the ohmic re-
sistors in parallel, for the “+” and “-” contacts, respectively. 
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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 elec-
tronics. Nevertheless, to make a comparison with our results, simula-
tions using the Space Environment Information System tool 
(Heynderickx et al., 2004) developed by the European Space Agency 
were carried out. In terms of particle fluence, for a 1 yr mission at a 500 
km altitude orbit, the total fluence of 10 MeV protons during 2016 solar 
maximum is in the order of 109 p/cm2. 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 ⋅109 p/cm2). During the next 
30 minutes, no relaxation of the produced effects was observed. Mea-
surements made by the LS-01 board show more clearly the existence of 
two slopes and a cross-over voltage in the γ curves than those obtained 
by the Agilent SMU. This is due to the fact that the voltage sweep that 
was performed with the LS-01 board starting from lower values showed 
more clearly the low-voltage ohmic contribution (γ ~ 1) due to the ex-
istence of resistor in parallel with the PF element. Here again, the 295 
⋅109 p/cm2 fluence shifts the curves to a higher non-linear behavior, 
which were tested to remain stable for the next 30 minutes. 

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 properties. By considering 
the equivalent circuit model, the IV characteristics of each interface (” 
+′′ and “− ′′) can be described in terms of the PF (I±PF) and its parallel 
ohmic leak (I±Rp

) currents, as stated by the following equations: 

I = I±PF + I±Rp
, (1) 

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 (Barella et al., 2016).)]. 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.   

Table 1 
Detail of the electrical measurements and their corresponding irradiation flu-
ences. Temperature 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) (×108 p/ 
cm2s) 

(p/cm2) (× 109 p/cm2) (◦C)  

LS-01 test 31 
1 9 3.12 2.8 ×109 2.8   

LS-01 test 31 
2 54 3.30 17.8 

×109 
20.6   

LS-01 test 32 
3 180 3.34 6.0 

×1010 
80.8   

LS-01 test 32 
4 600 3.57 2.1 

×1011 
295   

LS-01 test 33  
30 min relaxation   
LS-01 test 32  

Fig. 4. (Color online) a) IV characteristics of the YBCO-based device for different proton cumulated fluences. Curves corresponding to up to 81 ⋅109 p/cm2 fall one on 
top of the other. Only the 295 ⋅109 p/cm2 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) γ representation of the same measurements presented in a). 
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V = V+
PF + V −

PF , (2)  

I±PF = A± V±
PF exp[B±(V±

PF)
1/2

]andI±Rp
=

V±
PF

R±
p

, (3)  

with 

A± =
exp[− E±

Trap

/
(kBT)]

R±
0

,B± =
q3/2

kBT(πε′±d±)
1/2 , (4)  

where R±
0 is a pre-factor associated with the geometry of the conducting 

path, the electronic drift mobility (μ) and the density of states in the 
conduction band. E±

Trap is the trap energy level, kB the Boltzmann con-
stant, q the electron charge, ε′± 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 A±, 
B± and R±

p 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 γ representation 
are shown in Fig. 5. The contribution to the current of each circuit 
element is also presented. The obtained parameters are summarized in 
Table 2. 

The best fits of the IV characteristics excellently reproduce the details 
of the experimental data. It can be observed that for the pristine sample, 
leak resistors make an important 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 γ 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 γ 
limited by the PF+ element, with a lower slope for this voltage region. 
This effect is less pronounced for the irradiated DUT. The peak observed 
in the experimental γ 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 
(Sze and Ng, 2007), 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 
“+′′ (i.e., the most conducting and oxygen-rich) interface than at the 
Au–YBCO “− ′′ one. The same occurs with the PF emission. 

The results obtained for Monte Carlo TRIM simulations are presented 
in Fig. 6. The PKAs resulting from run 1 computes a total of ~26,000 
events. As it is shown in Fig. 6a, 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 thick-
ness 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. 6b. 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. 6c), show 
the overall 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 relevant for the resistive switching mechanism, as oxygen 
content dominates the resistive state. 

In this way, both our IV measurements and TRIM simulations indi-
cate 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 

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 
⋅109 p/cm2) YBCO-based device. Both insets show the experimental and the fitted γ vs V1/2 dependence. 

Table 2 
Fitting parameters derived from numerically solving Eq. (1) for the pristine and 
the proton irradiated (295 ⋅109 p/cm2) DUT. The ratio of the irradiated over the 
pristine values is also presented.  

State A+ B+ R+
p  A− B− R−

p   

(μS) (V− 1/2) (Ω) (μS) (V− 1/2) (Ω) 

Pristine 490 2.7 790 6.9 10.8 2500 
Irradiated 1200 1.7 2900 9.5 8.7 4300 
Ratio 2.4 0.6 3.7 1.4 0.8 1.7  
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irradiation on the fitting parameters (see the ratios presented in 
Table 2). 

This situation is schematically represented in Fig. 7. It can be 
observed that, when displaced, 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 indi-
cator 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 
(Von Hippel, 1962; Lunkenheimer et al., 2010), 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 irradiation 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 (Kirk, 1993), based on transmission elec-
tron 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 perform-
ing molecular dynamic simulations of radiation-induced ion displace-
ments in YBCO, indicated that the preferential radiation damage occurs 
in the oxygen sublattice of YBCO (Cui et al., 1992). More recently, 

studies combining micro-Raman studies with proton-damage simula-
tions (Li et al., 2019) 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 
hardened to proton irrradiation. Indeed, it would be expected that in-
terfaces 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. 

4. 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⋅109 p/cm2 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 charac-
teristics and indicates the degree of inhomogeneity of the oxygen dis-
tribution within YBCO, near the interfaces. We also performed a deep 
analysis of the microscopic effects produced for a higher fluence of 295 
⋅109 p/cm2, which, in accordance 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 

Fig. 6. (Color online) a) PKAs for each element of the YBCO film and b) PKA spectrum normalized for the total number of incident protons, both obtained for run 1. 
c) Number of displacements by element as a function of the thickness of the film, obtained after run 2 (displacements produced by cascades are included). 

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). 
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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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Bozzo, B., Ortega-Hernandez, R., Suñé, J., Mestres, N., Obradors, X., Puig, T., 2018. 
Electrochemical tuning of metal insulator transition and non-volatile resistive 
switching in superconducting films. ACS Appl. Mater. Interfaces 10 (36), 
30522–30531. 

Paturi, P., Peurla, M., Nilsson, K., Raittila, J., 2004. Crystalline orientation and twin 
formation in YBCO thin films laser ablated from a nanocrystalline target. Supercond. 
Sci. Technol. 17, 564. 

Pegman, G., Desbats, P., Geffard, F., Piolain, G., Coudray, A., 2006. Force-feedback 
teleoperation of an industrial robot in a nuclear spent fuel reprocessing plant. Ind. 
Robot 33, 178–186. 

Peurla, M., Huhtinen, H., Tse, Y.Y., Raittila, J., Paturi, P., 2007. Structural properties of 
YBCO thin films deposited from different kinds of targets. IEEE Trans. Appl. 
Supercond. 17, 3608–3611. 

Plecenik, A., Tomasek, M., Plecenik, T., Truchly, M., Noskovic, J., Zahoran, M., 
Rocha, T., Belogolovskii, M., Spankova, M., Chromik, S., Kus, P., 2010. Studies of 
resistance switching effects in metal/YBa2Cu3O7− x interface junctions. Appl. Surf. 
Sci. 256, 5684. 

Plecenik, T., Tomasek, M., Belogolovskii, M., Truchl, M., Gregor, M., Noskovic, J., 
Zahoran, M., Roch, T., Boylo, I., Spankova, M., Chromik, S., Kus, P., Plecenik, A., 
2012. Effect of crystallographic anisotropy on the resistance switching phenomenon 
in perovskites. J. Appl. Phys. 111, 056106. 

Román Acevedo, W., Acha, C., Sánchez, M.J., Levy, P., Rubi, D., 2017. Origin of 
multistate resistive switching in Ti/manganite/SiOx/Si heterostructures. Appl. Phys. 
Lett. 110, 053501. 

Rozenberg, M.J., Sánchez, M.J., Weht, R., Acha, C., Gomez-Marlasca, F., Levy, P., 2010. 
Mechanism for bipolar resistive switching in transition-metal oxides. Phys. Rev. B 
81, 115101. 
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