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Abstract

A YBCO-based ReRAM memory device in planar geometry is presented. We have characterized

its electrical response previous to its lift-o to a Low Earth Orbit (LEO) using standard electronics

and also with the dedicated LabOSat-01 controller. Similar results were obtained in both cases.

After about 200 days at LEO on board a small satellite, electrical tests were performed on the

memory device using the LabOSat controller. We discuss the results of the first 150 tests, performed

along a 433-day time interval in space. The memory device remained operational despite the hostile

conditions that involved launching, lift-o vibrations, permanent thermal cycling and exposure to

ionizing radiation (essentially protons), with doses 3 orders of magnitude greater than the usual

ones on Earth. The device showed resistive switching and IV characteristics similar to those

measured on Earth, although with changes that follow a smooth drift in time. A detailed study

of the electrical transport mechanisms, based on previous models that indicate the existence of

various conducting mechanisms through the metal-YBCO interface showed that the observed drift

can be associated with a local temperature drift at the LabOSat controller, with no clear evidence

that allows determining changes in the underlying microscopic factors. These results show the

reliability of complex-oxide non-volatile ReRAM-based devices in order to operate under all the

hostile conditions encountered in space-borne applications.
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I. INTRODUCTION

Many efforts have been made in recent years to deepen the study of the properties of

memory devices based on the resistance switching effect (called ReRAM or Memristors), in

order to analyze their possible applications as memory devices as well as in logic circuits [1]

or in those that mimic the electrical behavior of synapses [2] or even of neurons [3]. Another

area of great technological importance is related to the development of radiation resistant

memories [4]. This is of particular interest for aerospace industry, as electronic circuits in

space must be protected from ionizing radiation from the sun and/or from other radiation

sources. Depending on spacecraft’s orbit, different strategies are employed to mitigate radi-

ation effects [5, 6]. For instance, in Low Earth Orbit (LEO) missions, long-term radiation

effects, like Total Ionizing Dose (TID), is one of the main concerns. Ionizing radiation in

LEO is mainly composed of high fluxes of energetic protons and electrons, trapped in the

inner and outer Van Allen belts. Typically, most of this ionizing particles are stopped by

aluminum shields, albeit this strategy increases spacecraft’s weight and, in consequence,

mission’s cost. In the case of interplanetary or deep-space missions, main risks are transient

events, like Single Event Effects, caused by high energy particles from the Sun (coronal mass

ejection) or galactic cosmic rays. Usually, this missions use fail-safe systems that rely on

radiation-hardened electronics, error correction algorithms and redundant CMOS circuits to

mitigate this kind of effects.

Ubiquitous FLASH memory technology for non volatile storage relies on charge confine-

ment, which is unstable against ionizing radiation [7]. Shielding, redundancy and watchdog

timers are common strategies used to mitigate sporadic but profoundly disturbing prob-

lems triggered by the incidence of foreign radiation. At the core of the alternative ReRAM

technology, memristors offer either interface or filamentary based mechanisms that rely on

their constituent materials properties, thus exhibiting hardened response against ionizing

radiation [8]. Moreover, due to their simple and downsizeable capacitor like geometry, other

potential problems are expected to be tackled: robustness against launch vibrations, and

stability against omnipresent thermal cycling.

In this work we explore the electrical response of YBCO-based memristors at a Low

Earth Orbit (LEO). The electrical tests were performed by a LabOSat-01 controller (shortly

LS01 hereafter) [9] at a 500 km-height orbit onboard a small satellite of the Satellogic
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company [10].The electronic controller is powered once a day: a Standard Test (ST) is carried

out and the results are stored for transmission to Earth through the satellite’s communication

capabilities. There is no synchronicity between this measurement and the position of the

satellite, thus our results are to be analyzed as performed at random sampling at a unique

LEO.

Our results indicate that the YBCO-based memory remained operational after more than

14 months in LEO, showing characteristics very similar to those previously measured on

Earth. A detailed analysis of the electrical transport, based on previous models, allowed us

to infer that the small drift over time observed in the electrical properties can be essentially

associated with the temperature changes measured in the YBCO-based memory at LEO

and that there is no evidence of microscopic changes as those related to the increase of

defects, both by thermal cycling or ionizing radiation, that could affect the performance of

the device.

II. EXPERIMENTAL DETAILS

Fully relaxed YBCO thin films were grown by pulsed laser deposition (PLD) on top

of a (100) single crystal STO substrate. The deposition was performed by applying 1500

pulses with a growth rate of 0.1 nm/pulse, producing a 150 nm YBCO thick layer. This

growth rate was previously confirmed by transmission electron microscopy (TEM), under

the same deposition conditions [11]. The superconducting transition temperature (∼ 90 K)

was determined by resistivity and magnetization measurements, confirming that the YBCO

film is near optimally-doped. Additional details of their synthesis and characterization can

be found elsewhere [11–14].

The device under test (DUT) was built by sputtering 30 nm of 2 different metal contacts

(0.7 x 0.7 mm2) on top of the films’ surface, arranged in a planar structure, as depicted in

Fig. 1. One of the contacts, labeled arbitrarily as “+”, was made with Pt, while Au was used

for the ground (-) pad. We have used Pt and Au in order to produce a DUT with essentially

only one active interface, as will be described latter. Electrodes have a mean separation of

0.8 mm. Cu leads were carefully fixed over them by using silver paint without contacting

directly the surface of the YBCO sample. The YBCO-based DUT was attached inside a

SOIC-16 package, where its Cu leads were bonded with conductive silver paint. Finally, the
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FIG. 1: (Color online) Circuit used to apply writing and reading pulses and scheme of the YBCO

thin film-based device with its electrodes.

package was sealed using space-qualified epoxy resin.

The DUT was first characterized at room temperature at the Laboratorio de Bajas Tem-

peraturas (LBT) by using a B2902B Agilent SMU, programmed to apply 10 ms current

writing pulses (Ipulse) of increasing and decreasing amplitude between ± 20 mA , estab-

lishing a hysteresis cycle by measuring the voltage during the pulses (Vpulse). In this way

current-voltage (IV) characteristics of the DUT are measured. With 1 s delay after each

writing voltage pulse, a small reading voltage is applied and again, by measuring the current,

the remanent resistance (Rrem) is determined. By plotting Rrem as a function of Vpulse a

resistance hysteresis switching loop (RHSL) can be observed, with Vset and Vreset as the

voltages where the resistance switching begins, producing a low resistance or a high resis-

tance state, respectively, as shown in Fig. 2. As obtained previously for ceramics [15] and

for thin films [16] metal/YBCO devices, our DUT exhibit a bipolar resistive switching (RS)

and hysteretical and non-linear IV characteristics. The counter-clockwise RHSL indicates

that the “active” contact (ie the one that generates most of the resistance change) is, as

expected, the ground Au contact, although a small change of the proper “+” device contacts

is also observed (marked with circles in Fig. 2), forming the shape coined as “table with

legs” [17].

To characterize the packaged-DUT in orbit, we soldered it onto a dedicated controller,

the LS01 board [9]. This board was specifically designed to electrically test two and three
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FIG. 2: (Color online) a) IV characteristics and b) RHSL of DUT measured previous to the lift-

off, showing the existence of non-linear effects, hysteresis and consequently, resistive memory. The

colored arrows indicate the circulation path. The counter-clock-wise circulation in b) indicates that

most of the switching occurs at the Au/YBCO (-) interface. Circles indicate a minor loop producing

the shape called “Table with legs”, associated with the complementary RS of the opposite interface.

The voltages Vset and Vreset are also indicated.

terminal electronic devices in hostile environments. Its purpose is to increase the Technology

Readiness Level (TRL) of electronic devices for space-borne applications. In fact, LS01 has

proven to be successful characterizing TiO2-based and La1/3Ca2/3MnO3-based ReRAMs in

LEO [18]. It uses a SMU to test the DUT and has several sensors to monitor the hostile

conditions while it is operating [9]. Particularly, in this work, we report data from its

temperature sensor and 3 solid-state dosimeters, which measure long-term radiation doses,

i.e., TID using COTS pMOS transistors [19–21]. In short, when a CMOS transistor is

exposed to ionizing radiation, its threshold voltage (Vth) shifts to negative values due to

charge accumulation in oxide traps under the gate structure [22].

Let us now consider how LS01 performs the measurements on the DUT, while in orbit.

At most once a day, the host satellite triggers a Standard Test (ST) in LS01. During a ST
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several experiments are run. Among them, temperature and accumulated radiation dose

are registered, and IV and RHSL measurements are performed on the DUT. Although the

aim was to replicate the measurements made on the DUT at LBT as accurately as possible,

limitations related to the measurement platform arose. Namely, (i) the width of the current

writing pulses Ipulse is larger (100 ms instead of 10 ms). (ii) Only one hysteretic IV and

one RHSL curve are performed per ST, as opposed to what happens at LBT where many

of these curves are measured successively. This means that the relaxation-related features

that emerge when considering a set of successive curves measured in orbit (sent in different

STs) might look different from the features that emerge in a set of curves measured at the

lab. Finally (iii), the number of writing pulse values downloaded to Earth—along with the

(Vpulse, Ipulse) and (Vpulse, Rrem) values needed to plot IV and RHSL curves—is smaller than

the actual number of writing pulses Ipulse applied to the DUT in orbit. The reason for (ii)

and (iii) is that the amount of data LS01 is able to send to Earth is limited, so the available

amount of data storage has to be divided among the different experiments taking place

onboard. Regarding (iii), the reason the number of pulses applied and the number of pulses

recorded are different, is that observing similar hysteretic behavior in different experimental

setups requires replicating the same pulsing sequence in both setups. Even when LS01 is

technically capable of replicating the same pulsing sequence, the amount of data generated

by it might become too large to be downloaded from space. In the experiments we are

about to discuss, data related to roughly 1 out of 4 pulses is recorded and sent to Earth.

The pulsing sequence to measure IV and RHSL curves embedded in LS01 starts by applying

a +250 µA pulse, then the amplitude of the pulses is increased in steps of 250 µA until

it reaches a maximum of 20 mA; after that, the amplitude is decreased back to +250 µA,

also in 250 µA steps. Once the positive part of the sequence is swept, an analog procedure

is performed for the negative part, until a minimum of -17 mA is reached in steps of -250

µA. 250 ms after each writing pulse is applied, a reading pulse of Irem = 1 mA is applied.

Simultaneous measurements of Vpulse (Vrem) are taken while applying every Ipulse (Irem)

pulse; these measurements are used to determine the IV and RHSL curves.

Fig. 3 depicts RHSL data acquired using the LS01 board before lift-off and using the afore-

mentioned commercial electronics at the LBT. The inset of this figure shows the packaged

YBCO-based DUT (at the center) soldered onto the board. Despite the typical variabil-

ity observed in successive RHSLs, both sets of data are similar, making evident the actual
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FIG. 3: (Color online) Comparison of the first RHSLs measured at the LBT and by LS01 on Earth

at room temperature (∼ 25◦C, Irem = 1 mA), before lift-off. The inset shows a detail of the LS01

board, where the packaged YBCO-based device is located with other DUTs (center).

Next, LS01 was integrated into NuSat-5 satellite (COSPAR ID: 2018-015K) of the Satel-

logic company [10]. The rocket carrying the satellite lifted-off from Jiuquan Space Center

(China) on February 5th, 2018 (day number 0 of the experiment). Once in orbit, LS01

stayed 210 days on stand-by. The first experiment over the DUT was executed on August

31st, 2018. Then, 148 experiments were executed over the DUT, up to April 11th, 2019.

This comprises a total of 433 days in orbit (∼ 1.2 yr).

As days in orbit went by, we observed LabOSat’s temperature ranging mostly between

-10 to 13 ◦C as can be seen in Fig. 4. Although periodic variations are expected, probably

related to orbit’s cinematic (∼ 90 min/orbit) and to the 24 h ST execution time lapse, a

smooth shift toward lower temperatures is observed as the number of days at LEO increases.

Indeed, Fig. 4 is a partial sample of the overall thermal cycling that is reproduced with

each orbit, that may not display the maximums and minimums reached, in some cases due

to repositioning of the satellite while performing other tasks. This represents permanent

additional stress on the DUT and to all the associated measurement electronics.

During this period, LS01 dosimeters did not show significant threshold voltage shifts. The
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FIG. 4: (Color online) Temperature evolution of LS01 board as a function of the number of days

at LEO.

standard deviation of each dosimeter’s dataset was comparable to 1 Gy(Si). Nevertheless, we

simulated TID using SPENVIS tool [23] to estimate expected radiation levels at the satellite

orbit (∼ 500 km altitude). To perform the simulations, we used the exact dates reported

above, an effective shielding equivalent to 9 mm-thick aluminum foam panes, AP-8 and AE-

8 models for trapped protons and electrons, ESP-PSYCHIC model for solar particles. We

also consider minimum solar activity (end of Solar cycle 24), and for TID calculations we

used SHIELDOSE-2 model. Simulated differential fluence of ionizing particles affecting the

DUT for the total period of the mission at the orbit of the satellite is shown in Fig. 5a. TID

for our effective shielding can be found in Fig. 5b which was estimated by the simulation

tool using the stopping power of aluminum (see Fig. 5c).

Our simulations indicate that expected TID should be around 2 Gy(Si) for the total

mission’s period. This result is slightly lower than expected values for a 1-yr period of

typical LEO missions (see references [18, 19] and references therein). However, as Huston

and Pfitzer pointed out [24], we should consider this result as a rough approximation, as the

trapped particle models used here returned overestimated predictions up to a factor of 2 in

those previous works. Hence, it is not surprising that LS01 dosimeters did not sense critical

levels of TID.

9



a) b) c)

105

107

109

1011

1013

10-1 100 101 102

p

e-

D
iff

er
en

tia
l f

lu
en

ce
 [/

cm
2 / M

eV
]

Energy [MeV]

10-2

10-1

100

8 10 12 14 16

p

e-

B

Total

TI
D

 [G
y(

Si
)]

Al shielding (mm)

100

101

102

103

10-3 10-1 101 103

p

e-

St
op

pi
ng

 p
ow

er
 [M

eV
/(c

m
2 g)

]

Energy [MeV]

FIG. 5: (Color online) a) Differential fluence as a function of the energy of protons (p) and electrons

(e−). b) Simulated Total Ionizing Dose (TID) for the missions period, as a function of Al shielding

provided by the satellite structure (∼9 mm). Different sources contribute to TID, i.e. mainly

electrons, protons and Bremsstrahlung radiation (B). Solar protons fluence was neglible during

this period. c) Aluminium stopping power for different particles as a function of their energy.

III. RESULTS AND DISCUSSION

Typical successive RHSLs measured by LS01 after nearly 1 year at LEO are shown

in Fig. 6. The DUT still shows bipolar resistive switching and the counter-clockwise

circulation is maintained as well as the shape “Table with Legs”, indicating that the

Au/YBCO interface is still the dominant with a lower resistive switching contribution

of the Pt/YBCO interface. A small change of the remanent resistance can be observed

for each cycle. This can be a consequence of the temperature variation of the DUT or

can be related to a relaxation of the final resistance, considering the 24 h delay between

successive measurements. This effect is characteristic of the YBCO-based interfaces,

indicating the high mobility of oxygens along specific crystallographic orientations or in

grain boundaries [25, 26]. Additionally, it can be noticed that the remanent resistance

values are 15-30% higher than those measured before lift-off.

In order to gain insight on the origin of the variations observed in the RHSLs, we plotted

in Fig. 7 the evolution of the maximum and minimum Rrem as a function of the days at

LEO. A noisy behavior with an overall tendency to increase with increasing the number of

days can be observed. A similar tendency can be observed in Fig. 8 for the voltages Vset

and Vreset, although the variation of Vset with the number of days at LEO is less evident
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FIG. 6: (Color online) Typical succesive RHSLs of DUT measured after near 1 year at LEO,

showing similar features as those observed before lift-off, as the counter-clockwise circulation and

the table with legs structure.
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FIG. 7: (Color online) Maximum and minimum values of the remanent resistance (Rrem) extracted

from all the RHSLs as a function of the days at LEO. Apart from the large fluctuations observed

both magnitudes show a tendency to increase with increasing number of days.

due to its noisy behavior.

In order to understand the physical origin of the observed evolution of both characteristic

parameters of this memristive DUT, we can deepen our analysis trying to determine the
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FIG. 8: (Color online) Set and reset voltages extracted from the RHSL as a function of the days

at LEO. A tendency to increase in absolute value with the number of days is observed.

conduction mechanisms involved in each interface. For this, we can appeal to the analysis

of the IV characteristic curves based on the power exponent γ = dLn(I)/dLn(V ) plotted

as a function of V 1/2 [27]. Indeed, this method has been very helpful in determining the

existence of different transport mechanisms present in a junction, especially when more than

one is involved [28–30].

The γ representation of our DUT, determined previous to lift-off, is shown in Fig. 9.

The almost linear dependence from low voltages (with a positive intercept) and up to a

voltage where a maximum is reached, confirms that a Poole-Frenkel (PF) emission is the

main conduction mechanism through the interfaces of our DUT. A more detailed equivalent

circuit model, which includes a leak resistor (R±) in parallel with the non-linear PF± element

and a series resistor (r), representing the interface-bulk resistance plus the intrinsic resistance

of the film, is presented in the inset of Fig. 9. “+” and “−” represent the Pt/YBCO and the

Au/YBCO interfaces, respectively. This more elaborated model was determined in previous

studies performed on the very same interfaces [16, 31].

Within this framework, the current through each PF element (I±PF ) as a function of the

voltage V ±PF at a fixed temperature T , can be expressed as [32]:

I±PF = (R±0 )−1V ±PF exp[−E±Trap/(kBT ) +B±(V ±PF )1/2], (1)
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the pulses. The inset shows the equivalent circuit model for the DUT. Each contact (±) can be

represented by a Poole-Frenkel element in parallel with a leakage resistor (R), both in series with

a smaller resistor (r).

with

B± =
q3/2

kBT (πε′±d±)1/2
, (2)

where R±0 is a pre-factor associated with the geometric factor 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 constant, 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 ±). In this way, the voltage-dependent resistance related to the

PF element of each interface can then be expressed as:

R±PF =
V ±PF
I±PF

= R±0 exp[E±Trap/(kBT )−B±(V ±)1/2]
V→0' R±0 exp[E±Trap/(kBT )]. (3)

This equation indicates that in the low-voltage limit, the PF element behaves, as a

function of temperature, as a semiconductor does. Despite the existence of the two interfaces

and the parallel and serial resistances indicated in the more detailed circuit model, if we

plot the measured Rmax
rem as a function of the temperature of each day at LEO (see Fig. 10a),

we can observe that our DUT behaves as indicated by Eq. 3. In fact, this result is also
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indicating that the resistive behavior of the DUT is dominated by the Au/YBCO interface

and more particularly by the PF emission linked to the oxide in the interfacial zone close

to Au. The low resistance of both the Pt/YBCO interface (probably associated with a low

R+ value) and the film intrinsic resistance (r) as well as the low ohmic conducting leakage

through the R− element determine the simplicity of the obtained dependence.
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FIG. 10: (Color online) a) Maximum remanent resistance Rmax
rem (log scale) as a function of T−1,

where T is the LS01 board temperature during DUT measurement. The dashed line is an expo-

nential fit which represent the temperature dependence of the Poole-Frenkel element (see Eq. 3).

The slope indicates the mean energy of the electrical carrier traps (ETrap). b) Normalized reset

voltages of both devices plotted as a function of T .

The obtained value for ETrap ' 0.086 eV is in close accordance with the values already

obtained for the Au/YBCO interface in its high resistance state [31]. Besides the noisy be-

havior of the resistance of the DUT along the days in the hostile environment at LEO, the

observed drift of the remanent resistance seems to be strongly associated with the temper-

ature variations that LS01 experiences within the satellite. This reasoning can be applied

qualitatively to the high resistance state of the successive RHSLs presented in Fig. 6, where

the value of Rmax
rem can be ordered inversely to the temperature at which the measurement

was made. In a similar way, if we plot Vreset as a function of the temperature measured by

LS01, the data seems to follow an almost linear dependence with a negative slope, as shown

in Fig. 10b. This dependence was already observed and previously reported [33].

In addition to this, if we compare the γ curves performed by LS01 at LEO (sensing a

smaller voltage range) with those performed prior to lift-off (see Fig. 11), we also obtain a
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result consistent with the change in temperature. This can be observed by the reduction of

the slope of the linear part and by the reduction of the maximum γ attained, which may

be attributed to the increase of the limiting series resistance (R+) as a consequence of its

semiconducting-like behavior (see the similarity with Fig. 9 of reference 27). In other words,

no relevant changes on the microscopic factors associated with the transport properties can

be determined, outside of those linked to the measured temperature variations.

IV. CONCLUSIONS

A ReRAM device based on a YBCO thin film was successfully tested over a period

of 433 days at LEO by using the LS01 controller. The DUT remains operative after being

subjected to the hostile conditions of getting into an orbit entails. Its memory characteristics

are evidenced by the existence of RHSLs beside of being subjected to vibrations linked to

lift-off, constant thermal cycling (6x/day) and a ionizing radiation representing a cumulative

dose 3 orders of magnitude greater than the one it would have received for the same period

of time on the surface of the Earth. Gradual changes in the electrical parameters of the

ReRAM were observed (Rrem, Vset, Vreset) as the days passed in LEO. However, a detailed

study of the electrical transport of the DUT revealed that there were no microscopic changes
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associated with the existing transport mechanisms. The observed changes could then be

explained solely taking into account the drift of the temperature to which the DUT fixed on

the LS01 board was subjected. A detailed study of the radiation effects at LEO for this type

of devices would require the measurement of IV characteristics at constant temperature as

well as tests over a longer period of time, in order to check from which accumulated radiation

dose these devices begin to show malfunctions, with the aim of testing whether ReRAM-

type memories clearly show better conditions than standard ones to be used successfully on

satellites.
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