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Abstract—The effects of radiation on memristors created using
tantalum oxide and titanium oxide are compared. Both technolo-
gies show changes in resistance when exposed to 800 keV Ta ion
irradiation at fluences above cm- . memristors show
a gradual reduction in resistance at high fluences whereas
memristors show gradual increases in resistance with inconsistent
decreases. After irradiation devices remain fully functional
and can even recover resistance with repeated switching.
devices are more variable and exhibit significant increases and
decreases in resistance when switching after irradiation. Irra-
diation with 28 MeV Si ions causes both technologies to switch
from the off-state to the on-state when ionizing doses on the order
of 60 Mrad(Si) or greater (as calculated by SRIM) are reached
without applying current or voltage to the part. Irradiation with
10 keV X-rays up to doses of 18 Mrad(Si) in a single step show
little effect on either technology. and memristors
both show high tolerance for displacement damage and ionization
damage and are promising candidates for future radiation-hard-
ened non-volatile memory applications.

Index Terms—Displacement damage, ionization, memristor, ra-
diation effects, resistive memory, RRAM, tantalum, titanium.

I. INTRODUCTION

M EMRISTORS are of great interest for their potential
applications as resistive RAM (ReRAM), one of the

leading candidates to replace current non-volatile memory tech-
nologies as they become increasingly limited by scaling [1][2].
There are a variety of memristor structures, commonly con-
sisting of two metal terminals with an insulator between them.
Popular material choices for the insulator include oxides formed
from tantalum, titanium, and hafnium. Memristors can change
resistance based on applied current and voltage, forming resis-
tance hysteresis loops. It is believed that this resistance change is
the result of a change in radius [3]–[5] and/or concentration of a
nanometer-scale conducting filament composed of an increased
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Fig. 1. Typical I-V curve with multiple loops for a memristor with an
example “read window” drawn [11].

density of oxygen vacancies. The resistance state of the device
can be determined without changing the resistance by applying
a voltage lower than that required to alter the resistance. This is
often called the “read window.” Fig. 1 plots example loops for
tantalum based memristors.
Recently, there has been interest in evaluating the radiation

response of memristors for potential use as memories in ra-
diation-hard electronics. Experiments on memristors re-
ported that gamma rays and 941 MeV Bismuth ions had
only minor effects on resistance values [6]. Memristor perfor-
mance was also relatively unaffected by alpha particle irradia-
tion up to a fluence of cm- , with a reduction in the off state
resistance at a fluence of cm- but switching functionality
still intact [7]. Tantalum oxide, , has become a popular
material choice for memristors lately due to impressive perfor-
mance in the areas of endurance, switching speed, and power
consumption [8]–[10]. Initial radiation experiments on
devices showed gradual resistance degradation when irradiated
with 800 keV silicon ions, likely due to oxygen vacancy creation
due to displacement damage [11]. Exposure to 10 keV X-rays
caused switching from high resistance states to low resistance
states when exposed to as little as 10 krad(Si) but irra-
diation showed little effect up to a dose of 500 krad(Si) [11].

memristors have also shown promising results, showing
few changes to and 1 MeV proton irradiation [12][13].
In this paper we examine the effects of radiation-induced ion-

ization and displacement damage from 28MeV Si ions, 800 keV
Ta ions, and 10 keV X-rays on and memristors.
Both materials show little change from 10 keV X-rays in doses
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up to 18 Mrad(Si) in a single step. Ionization-induced switching
occurs under 28 MeV Si ion irradiation after reaching a critical
dose threshold on the order of 60 Mrad(Si) or higher, depending
on the part. Displacement damage caused by both 800 keV Ta
ions and 28 MeV Si ions cause resistance to degrade as the
oxygen vacancy concentration increases beyond cm- .

parts continue to show effects like degrading resistance
and variability in off-state resistance after irradiation.

II. EXPERIMENTAL DETAILS

The memristors for these experiments were fabricated using a
“random shadow mask” technique to create isolated individual
crossbars, resulting in about 30% of the bars crossing. A func-
tional memristor is formed when a vertical and horizontal “dog-
bone” electrode cross, serving as the top and bottom electrodes
respectively. The nominal device dimensions were m

m. The approximate insulating layer thickness was
10 nm. There was a 10 nm layer of platinum and 50 nm of tan-
talum above the oxide layer and a 30 nm platinum contact on
the bottom, the same structure as presented in [11]. However,
the devices used in this work are from a different manufacturing
batch. For devices, the layer thickness was approx-
imately 28 nm with a 30 nm platinum electrode on top and a
15 nm platinum electrode on the bottom. The parts irra-
diated with 800 keV Ta ions and 28 MeV Si ions come from
the same wafer and the devices irradiated with those ions
come from the same wafer. For the X-ray irradiation the parts
include devices taken from the same wafers used in the ion irra-
diations, as well as some additional devices from another
wafer.
For radiation measurements, several memristor die were

packaged in standard 28 and 40 pin DIPs; a typical sample had
six devices bonded. Some memristors can wear out over time,
where off resistance changes over time until it is similar to the
on resistance [14]. In order to make sure failures were due to
irradiation, devices were switched numerous times prior to ex-
periments, and only devices without significant degradation of
the off resistance were chosen for use in radiation experiments.
The parts used in this study were research devices and there

was variation between the parts. Primarily, this was a differ-
ence in the off-state resistance, which could range from a few
kilo-ohms, to tens of kilo-ohms for the parts. On-state
resistances were generally one hundred to two hundred ohms.
Typical devices showed hysteresis loops similar to Fig. 1,
though there was some variation between parts due to differ-
ences in off-state resistance. Devices that failed had loops that
showed significant changes in resistance (generally much larger
than a 10% change) from loop to loop and would fail within
five to ten loops. Devices that did not exhibit this character-
istic were looped for numerous cycles, typically about twenty
to thirty times (though some parts were cycled more than fifty
times), and there were no such changes (though off-state re-
sistances often showed variation). Additionally, these
devices did not wear out during the testing. The devices that
were tested in these experiments showed stable and consistent
(within 10% variation) off-state resistance values during hys-
teresis loops prior to irradiation.

devices showed larger variation in off-state resistance
(stable parts could vary by up to 20%) and sometimes exhib-
ited off-state resistance degradation. In those cases, the off-state
resistance would be lower after each loop, degrading one to
two orders of magnitude over five to ten loops. Typical starting
off-state resistance values for devices were tens of kilo-
ohms to hundreds of kilo-ohms and on-state resistances were
four hundred to five hundred ohms. The devices tested in
this work showed consistent off-state resistance values that did
not vary more than 20% and did not show pre-rad off-state re-
sistance degradation.
Electrical measurements were made using an Agilent 4156C

Semiconductor Parameter Analyzer. Typically, a read measure-
ment was made after each shot, whereas a full set/reset char-
acterization was performed following a series of irradiations.
Read measurements consisted of a 50 mV sweep and resistance
values were taken at a voltage of 25 mV. The 4156C was in
voltage forcemode for the read sweeps. For the hysteresis loops,
the 4156C was in current force mode and devices were set into
the on-state using 3 mA and reset to the off-state using - mA
for devices. The devices were set into the on-state
using 2 mA and reset to the off-state using - mA.
A four point measurement setup was used due to the high

series resistance of the crossbar structure. The resistance in-
troduced by the elongated electrodes was often several .
One set of electrodes supplied the current through the device
and the other set measured the voltage drop across the device.
This is necessary because the voltage applied across the current
sourcing contacts is higher than the voltage across the device
due to the added electrode resistance.

III. RESULTS

and memristors were irradiated using 800 keVTa
ion and 28 MeV Si ions at the SNL Ion Beam Laboratory (IBL)
to investigate the effects of displacement damage and ioniza-
tion. To study the effects of displacement damage we used an
800 keV Ta beam, for which we expected vacancies/ion/A
in the critical oxide region of the devices compared to
- vacancies/ion/A for the 28 MeV Si beam. For ionization

studies we used a 28MeV Si beam producing significantly more
ionization than the 800 keV Ta beam. This combination allows
us to start understanding and separating the effects due to ion-
ization and displacement damage. The beam was focused to a

cm spot size which covered the entire m m de-
vice. The irradiation was performed in vacuum at approximately
- torr. The device was cycled (put through the full set/reset

loop) pre-rad prior to pumping down to vacuum and then reset
to a high resistance state. Electrical measurements were made
in situ, with read measurements taken between each irradia-
tion without disturbing the chamber vacuum. Pins were floating
during irradiation. The devices were not cycled in vacuum, as
previous devices sometimes failed under those conditions.

A. 800 keV Ta Ion Irradiation–

Five memristors were irradiated with 800 keV Ta ions
to study the effects of displacement damage. Fluence values
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Fig. 2. Resistance versus calculated average oxygen vacancy concentration
(bottom x-axis) and fluence (top x-axis) for a memristor irradiated with
800 keV Ta ions. The part was reset between each run.

have been converted to the average concentration of oxygen va-
cancies created in the insulating layer, and ionizing dose deliv-
ered to the insulating layer. Conversions were calculated using
SRIM assuming an oxide layer of [15]. The calculations
were performed using SRIM 2012with full cascade calculations
for 10,000 particles. The ionizing dose calculation was calcu-
lated in rad(Si) and we note that the actual value will be lower
since charge yield effects were not taken into account. This
means that some percentage of the electron-hole pairs created
will recombine immediately, so the actual dose will be lower
than the calculated dose. Without further experiments the mag-
nitude of the effect is difficult to estimate. However, the current
results provide a useful relative indication of ionizing dose to
facilitate comparison between devices tested with 800 keV Ta
and 28 MeV Si ions.
Fig. 2 plots , the off state resistance, for a mem-

ristor irradiated with 800 keV Ta ions versus the calculated
average concentration of oxygen vacancies created as a result
of the irradiation on the bottom x-axis and the fluence on the
top x-axis. All runs in the figure are for a single device, with
read sweeps applied between each shot and a set/reset cycle ap-
plied after each run in the irradiation sequence. The off-state re-
sistance gradually degrades when the average oxygen vacancy
concentration reaches roughly cm- , corresponding to a
rather high fluence of cm- . After each run, the device
is able to be reset, but the reset process does not completely re-
store the original off-state resistance. Later runs tend to start to
degrade at lower fluence values. Runs four, five, and six begin
to degrade at roughly half the fluence of earlier runs and show
larger initial drops in resistance. At higher fluences the resis-
tance curves for all runs tend to show similar behavior. The
differences between runs may indicate that there is cumulative
damage occurring. The decreases in initial off-state resistance
from run to run also suggest cumulative damage is occurring
and resetting the device does not return it to its original condi-
tion. Possible reasons for this will be explored in the discussion
section.

B. 28 MeV Si Ion Irradiation -

memristors were also irradiated with 28 MeV Si ions.
As before, a read sweep was applied between each individual
shot unless otherwise noted, and a full set/reset cycle was ap-
plied between each run in the irradiation sequence. Compared
to 800 keV Ta, 28 MeV Si ion irradiation produces more elec-
tron-hole pairs that can potentially be trapped at defects (like
oxygen vacancies) and build up in insulating regions. Since ap-
plying a read sweep may remove charge that is building up in
the devices, Fig. 3(a) plots off-state resistance versus the cal-
culated dose delivered per shot (which may be viewed as the
dose delivered between read sweeps since a sweep was per-
formed after every shot for the data plotted). When the dose
delivered between sweeps reaches roughly 120 Mrad(Si) as cal-
culated by SRIM, the resistance changes dramatically. This in-
dicates that once these devices reach a certain dose per shot
threshold, the device switches to the on-state. The threshold for
this device appears to be in the range of 60-120Mrad(Si), shown
in Fig. 3(a) as the critical dose threshold. This is significantly
higher than what has been required for several space vehicles
and payloads [16] and what is considered significant radiation
requirements ( krad(Si)) [17] and rad-hard from a total
dose perspective (100-1000 krad(Si)) [18]. Resetting the device
returns it to the initial off state with fairly little apparent accu-
mulated damage. Unlike the resistance degradation attributed
to displacement damage, the resistance change in this case is
abrupt and consistently changes to the same resistance six times
( ). This change does not appear to be affected by the total
dose delivered, only the dose between read sweeps. Fig. 3(b)
plots versus calculated total dose for each run (each run
is a set of shots that end after the device resistance changes
and the part is reset) for the same data plotted in Fig. 3(a). The
total dose per run ranges from 120 Mrad(Si) to 1.2 Grad(Si),
demonstrating that there is not a clear threshold for accumu-
lated dose. The resistance only changes once the dose delivered
between read sweeps is equal to or greater than 120 Mrad(Si).
A sixth run was also performed and the final three shots were all
60 Mrad(Si) (i.e. less than the critical dose per shot threshold),
however, there was no read sweep applied between the final two
shots. The first 60Mrad(Si) shot showed no change in resistance
when a read sweep was applied. After two consecutive shots of
60 Mrad(Si) with no read sweep between them, the device had
switched on, just as in the cases when 120 Mrad(Si) was deliv-
ered in a single shot. This suggests that applying a read sweep
can prevent this resistance change, likely by removing charge
from the device. Additionally, the time between shots is on the
order of minutes, so there is no apparent time dependence on
that time scale.
While we are using 28 MeV Si ions primarily for ionization

effects, displacement damage is still present. The oxide region
of the device is relatively shallow compared to the range of the
typical 28 MeV Si ion, as a result the energy loss of the ions
is primarily in electronic stopping power (or ionization) with
a small fraction of the ions generating recoils (or displacement
damage). The effects of both mechanisms are demonstrated in
Fig. 4, which plots versus the calculated average concen-
tration of oxygen vacancies created on the bottom x-axis and
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Fig. 3. (a). Resistance vs. rad(Si) per shot for a memristor irradiated
with 28 MeV Si ions. The part was reset between runs. Duplicate shots are
omitted for a given run. The dose per shot threshold appears to be in the range
of 60-120Mrad(Si). (b). Resistance vs. rad(Si) for a memristor irradiated
with 28 MeV Si ions. The part was reset between runs. The dose is cumulative
for a given run. There is not a clear total dose threshold.

the fluence on the top x-axis for another device irradi-
ated with 28 MeV Si. In this experiment, the first and third runs
end with an abrupt change likely due to ionization, whereas the
second run shows gradual resistance degradation. The shots in
run one and three that change the resistance of the device de-
liver doses of 1.1 Grad(Si), whereas each shot in run two de-
livers 550 Mrad(Si), indicating that the critical dose per shot
may range from 550 Mrad(Si) to 1.1 Grad(Si). This switching
behavior is consistent with the critical ionizing dose threshold
per shot seen for the previous part (Fig. 3(a)), but the threshold
for switching due to ionization is roughly an order of magnitude
higher for this part. This may be due to device to device vari-
ation, as these are research quality parts. For the second run,
the dose per shot remains below the threshold for switching due
to ionization and shows gradual resistance degradation similar
to the parts irradiated with 800 keV Ta. Resistance degrada-
tion due to displacement damage does not occur until a con-
centration of cm- oxygen vacancies are created,
which corresponds to a Si ion fluence of cm- . The
oxygen vacancy concentration threshold is consistent between
devices irradiated using 800 keV Ta ( cm- ) and 28 MeV

Fig. 4. Resistance versus calculated average oxygen vacancy concentration
(bottom x-axis) and fluence (top x-axis) for a memristor irradiated with
28 MeV Si ions. The part was reset between each run.

Si ( cm- ). Thus, the gradual resistance degra-
dation seen in these experiments are likely due to oxygen va-
cancies created by displacement damage. The similar threshold
also suggests that ionization effects may not have a significant
impact on the resistance degradation caused by displacement
damage.

C. 800 keV Ta Ion Irradiation–

memristors irradiated with 800 keV Ta show different
behavior compared to memristors. Fig. 5 plots
for a memristor versus the calculated average concentra-
tion of oxygen vacancies created on the bottom x-axis and flu-
ence on the top x-axis. For the first three runs the resistance in-
creases slightly, beginning around a fluence of cm- , then
decreases. The fourth run shows a significant drop in resistance
at similar fluence levels. After run two the device was cycled re-
peatedly, being set and then reset. The off-state resistance was
initially reset to k , a typical value for the first two runs
as seen in Fig. 5. At this point, the device was set and reset five
times to see if the off-state resistance was consistent. During the
process of being set and reset between run two and run three, the
resistance degraded from k to over the course of five
cycles. A larger reset current of - mA (increased from - mA)
was applied, resulting in a higher of k , which can be
seen for run three in Fig. 5. did not show the same degra-
dation after the remaining runs, but the variation increased with
the resistance varying between k and k over five cy-
cles after the final run.
The radiation response of another memristor is plotted

in Fig. 6. Similar to the degradation of the previous device, after
the final run, the resistance dropped from k to k
after being set and reset twice. The resistance begins to change
around a fluence of cm- . Unlike memristors, the re-
sistance of the memristors tends to increase gradually then
decrease abruptly, instead of just degrading gradually. However,
while the devices show abrupt decreases in resistance, the re-
sistance does not decrease to the levels seen in devices,
which would degrade to resistances in the hundreds of ohms,
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Fig. 5. Resistance versus calculated average oxygen vacancy concentration
(bottom x-axis) and fluence (top x-axis) for a memristor irradiated with
800 keV Ta ions. The part was reset between each run. Between run two and
three the part was reset five times and the off-state resistance gradually de-
graded. The reset current was increased from - mA to - mA for runs three
and four.

Fig. 6. Resistance versus calculated average oxygen vacancy concentration
(bottom x-axis) and fluence (top x-axis) for a memristor irradiated with
800 keV Ta ions. The part was reset normally between run one and two.

a common on-state resistance for the set currents used for both
types of devices.

D. 28 MeV Si Ion Irradiation–

A memristor irradiated with 28 MeV Si ions showed
evidence of ionization effects similar to devices, which
display a high critical threshold for ionizing dose per shot
between reads, below which no effect is observed. Fig. 7(a)
plots the off-state resistance versus calculated dose per shot.
The device switches to a lower resistance when the dose deliv-
ered per shot between reads reaches 300 Mrad(Si). Fig. 7(b)
plots off-state resistance versus calculated total dose per run.
The values at which the device changes resistance range from
100 Mrad(Si) to 1 Grad(Si), indicating that the resistance
changes in these devices are also not likely due to total dose.
Unlike the device, there is variability in both the fluence
required to switch the resistance of a single device from run to

Fig. 7. (a). Resistance vs. rad(Si) per shot for a memristor irradiated with
28MeVSi ions. The part was reset between runs. Duplicate shots are omitted for
a given run. The dose per shot threshold appears to be roughly 300 Mrad(Si),
although one resistance change occurred at 150 Mrad(Si). (b). Resistance vs.
rad(Si) for a memristor irradiated with 28 MeV Si ions. The part was
reset between runs. The dose is cumulative for a given run. There is not a clear
total dose threshold.

run and the resistance value to which the device switched. The
device switches to resistance values ranging from

to k . Also, one of the five shots that caused the changes
in resistance was 150 Mrad(Si), half the value of all the other
values of 300 Mrad(Si).

E. 10 keV X-Ray Irradiation – and

and memristors showed a high tolerance for ion-
izing dosewhen being irradiated with 28MeVSi ions. However,
the total dose required to change resistance may be different
for X-ray irradiation due to potential differences such as charge
yield. 10 keV X-rays only cause ionization, unlike 28 MeV
Si ions which cause displacement damage as well. Previously,
10 keV X-ray experiments showed memristors changing
resistance states at doses as low as 10 krad(Si), although ir-
radiation up to a dose of 500 krad(Si) did not significantly affect
them [11]. memristors and a memristor exposed
to 10 keV X-ray irradiation in this study showed little change
in resistance. Devices one and four are from the same
wafer as the devices irradiated with heavy ions, while devices
two and three are from a different wafer. Device five is
from the same wafer as the devices irradiated with heavy
ions. Devices were irradiated after being switched into either the
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Fig. 8. Resistance versus krad(Si) for four parts and one part.
DUT 4 was set to the on-state prior to irradiation. All other parts were set to
the off-state. Solid lines indicate pins were grounded, dotted lines indicate pins
were floating. Read measurements were taken at every point. The highest dose
per step was 9 Mrad(Si) for DUT 1 and 18 Mrad(Si) for DUTs 2-4.

off-state or the on-state and a read sweep was applied after each
irradiation to determine the resistance. During some irradia-
tions, all pins were grounded together. For other irradiations, the
parts were left floating. While these parts may not necessarily
be floating in applications, these tests were performed to see
whether either setup is more vulnerable to charge buildup. The
dose rate was 6000 rad(Si)/s. Fig. 8 plots the resistance versus
dose for several memristors and a memristor. Each
was irradiated under both grounded and floating conditions (ex-
cept DUT 4, which was only irradiated in the floating condition).
Based on ionization data from 28 MeV Si irradiations, applying
a read sweep mitigates the effects of ionization, so an increas-
ingly higher dose per step was used. Three of the devices
shown are in the off-state, while DUT 2 is in the on-state. DUT
5, the device, is in the off-state. DUT 4, one of the
devices, is the only device that showed any change in resistance
during irradiation. The dose of the step that caused this resis-
tance change is 7.2 Mrad(Si). The part did not fully switch to
the on-state and reset back to its original resistance without in-
cident. Further irradiations up to a dose of 18 Mrad(Si) at a time
did not cause any further changes. Two additional devices
(not shown) were also irradiated with single step doses of up to
18 Mrad(Si) and showed no changes in resistance.
Aside from one partial switch that was not repeatable, there

was no effect from 10 keV X-ray irradiation up to doses of
18 Mrad(Si) per step and total doses of up to 63 Mrad(Si).
Although the relationship between the calculated dose for the
28 MeV Si results and the dose for the 10 keV X-ray results is
unknown, given the extremely high dose calculations from the
28 MeV Si data, the lack of response to 10 keV X-rays is not
surprising. Further work is needed to more fully explore the po-
tential differences between floating and grounded irradiations.
The X-ray results in this work do not show the sensitivity

seen in [11]. Most devices show little change at doses beyond
the 10 krad(Si) that upset many devices previously. There were
some differences between these experiments. While the device
structure and packaging were the same, the devices irradiated in

[11] were from an older manufacturing batch and device quality
may have been improved. Cable connections were shielded to
reduce potential noise in this work. An Agilent 4145B was used
for X-ray data collection in [11] and a 4156C was used in this
work.

IV. DISCUSSION

The percolation model for oxide breakdown [19], [20] has
been used as a framework for modeling resistive switching [21].

devices fall into the valence change mechanism class of
memristors, and switching can be understood in terms of oxygen
vacancies either forming a conductive pathway or dispersing to
rupture a conductive pathway. Displacement damage is believed
to affect memristor resistance through the creation of oxygen
vacancies, which modulate the conductivity of the oxide layer
[7], [11], [22]. Resistance likely begins to change when enough
oxygen vacancies have been created near enough to each other
to form a pathway that completes the conduction channel.
Resetting a memristor with degraded resistance after irradi-

ation restores much of its original off-state resistance, as seen
in Figs. 2 and 4, and the devices tested so far remain functional
after irradiation. However, there appears to be some cumulative
damage from the irradiation. The off-state resistance tends to
decrease after each irradiation, which can be seen in Figs. 2 and
4. Subsequent irradiations in Fig. 2 show resistance degrading at
earlier fluences and in larger increments. If not all of the oxygen
vacancies that are created are removed through oxidation or dif-
fusion then it may be easier to create a percolation path of de-
fects during subsequent irradiations.
Resetting a device multiple times may gradually return the

conduction channel region closer to its original state. Fig. 9 plots
resistance versus calculated average oxygen vacancy concen-
tration on the bottom x-axis and fluence on the top x-axis for a

memristor irradiated with 800 keV Ta ions. The first four
runs show similar trends of resistance degradation at lower flu-
ences as the number of runs increases. After run four, the device
was reset ten times. Subsequently, the fluence required for the
onset of degradation is seven times higher than the previous run.
After run five, the device was reset twenty times. The initial re-
sistance of the device then doubled from the previous run. There
was an initial drop in resistance at lower fluences, but all of the
remaining degradation occurred at the same fluence as run five,
seven times higher than the runs before them.

memristors also belong to the valence change mech-
anism class of memristors and are often considered similar to

memristors, but their response to displacement damage
is significantly different. Instead of a gradual degradation of re-
sistance with increasing fluence, resistance gradually increases
and occasionally drops. The fluence required to cause a drop in
resistance varied from part to part and even on different runs on
the same part. Some devices show decreasing resistance during
repeated cycling after irradiation. The only change observed in
post-rad behavior for devices is a gradual recovery of re-
sistance discussed in the preceding paragraph. The reason for
the difference in radiation responses between and
memristors is unclear at this point. It may be due to differences
in the chemical bonding in the materials or differences in the
size and shape of the channel region and the ensuing changes
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Fig. 9. Resistance versus calculated average oxygen vacancy concentration
(bottom x-axis) and fluence (top x-axis) for a memristor irradiated with
800 keV Ta ions. The part was reset between each run. The device was reset ten
times after run four and twenty times after run five.

that radiation causes. devices appear to be more resis-
tant to large resistance changes caused by displacement damage
initially, but are more prone to having degraded reliability in
post-radiation behavior. Radiation may simply be exacerbating
a difference between the material system as tantalum based de-
vices have shown some of the highest endurance [8], or it may
be due to a difference in switching mechanisms, or a combina-
tion of factors.
10 keV X-ray exposures suggest that charge buildup (ion-

ization) effects are minimal in both and memris-
tors, but the ion beam results indicate that there is an effect if
enough charge is deposited. Previously, based memris-
tors with an oxide thickness of 50 nm showed changes in resis-
tance after doses of 180 krad(Si) from gamma rays [23].
Devices with a thickness of 25 nm showed fewer changes in re-
sistance. memristors tested last year by Sandia showed
little change after 500 krad(Si) [11] and devices presented here,
which have an oxide thickness of 10 nm, were unaffected by
doses of 18Mrad(Si) from 10 keV X-rays and doses in the range
of 60 Mrad(Si) to 1 Grad(Si) from 28 MeV Si ions. Decreasing
the thickness of the oxide may reduce the vulnerability of these
devices to ionization damage.

V. CONCLUSION

Our results indicate that there are differences in the radiation
response of and memristors. However, both types
appear to be tolerant to very high levels of radiation before de-
vice characteristics are affected, in excess of those required for
most rad-hard non-volatile memory space applications. It ap-
pears that both materials have a critical ionizing dose threshold
between read operations below which they are insensitive to ra-
diation and beyond which resistance changes significantly. Ap-
plying small read before this threshold is reached appears to pre-
vent these changes, possibly by draining accumulated charge.
This realization may be useful for rad-hard implementation as
read voltages can be applied periodically, potentially making the

devices practically insensitive to total ionizing dose effects. De-
vices do not show changes in resistance due to displacement
damage from fluences of cm- or below for 800 keV Ta
ions or fluences of cm- or below for 28 MeV Si ions. Ion-
izing doses of up to 18 Mrad(Si) per step from 10 keV X-rays
did not consistently change resistances. Ionizing doses in the
range of 60 Mrad(Si) to 1 Grad(Si) were required to change the
resistance of devices exposed to 28 MeV Si ions and applying
small voltages and current may mitigate vulnerability to ioniza-
tion damage.
The behavior of the devices irradiated with 800 keV

Ta ions appears more consistent and stable after irradiation
compared to the post-irradiation off-state resistance degrada-
tion seen in the devices irradiated with 800 keV Ta ions
in this work, though further investigation on a larger number
of devices would be useful. Additionally, devices show
the potential to recover degraded resistance due to displace-
ment damage with repeated cycles. Further investigation is
required to identify and understand the different mechanisms
responsible for the degradation in these materials. Regardless,
device characteristics appear unchanged for both materials at
high total doses and fluences and show great promise for use in
radiation-hardened non-volatile memory applications.
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