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Abstract— In this paper, we provide an overview of the current 
knowledge of radiation effects in anion-based memristive 
devices. We will specifically look at the impact of high dose 
rate ionizing radiation, total ionizing dose (TID), and heavy 
ions on the electrical characteristics of tantalum oxide (TaOx), 
titanium dioxide (TiO2), and hafnium oxide (HfOx)
memristors. The primary emphasis, however, will be placed on 
TaOx memristors. While there are several other anion-based 
memristive devices being fabricated by the semiconductor 
community for possible use in valence change memories, most 
of the present radiation work has focused on one of these types 
of devices. There have also been numerous studies on radiation
effects in cation-based chalcogenides such as germanium 
sulfides and selenides. However, that will not be discussed in 
this paper.
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1. INTRODUCTION

The use of commercial off the shelf (COTS) non-volatile 
memory (NVM) technologies to store mission critical 
information has become commonplace in space and 
strategic systems. One of the primary drivers behind this 
evolution has been cost. While many of the commercially 
available memories surpass performance requirements in a 
normal operating environment, there is no guarantee that the 
memories will be able to meet requirements in a harsh 
radiation environment. Furthermore, the commercial 
industry is continually pursuing new technologies that will 
improve memory performance characteristics compared to 
the previous generation and/or technology. This is 
potentially problematic for designers that need radiation 
tolerant circuits because many of the emerging technologies 
have not been well characterized in radiation environments.

One possible candidate that has emerged as a possible flash 
memory replacement as Si-based technologies approach 
scaling limits is resistive random access memory (ReRAM) 
[1]. ReRAM (also known as redox or memristive memory
or RRAM) is attractive to the electronic industry because of 
excellent scalability, high endurance, high switching speed, 
and low voltage operation [2-5]. Another benefit of ReRAM 
technologies is that most of the storage elements can be 
easily integrated into a back-end-of-the-line (BEOL) CMOS 
process which eliminates the need for an off-chip interface 
[6-10]. 

The storage elements within a ReRAM are two terminal 
metal-insulator-metal structures that are characterized by a 
low resistance on-state and a high resistance off-state 
depending on the electrical bias and bias history. These 
devices are often referred to as memristors or memory 
resistors. A schematic cross-section of the possible location 
of a tantalum oxide (TaOx) memristor within the 
metallization layers of a silicon on insulator (SOI) 
technology is provided in Fig. 1. Being able to insert a 
memristor into the metallization layers is a key benefit for 
radiation applications because designers would be able to 
integrate the memory elements into a radiation-tolerant 
CMOS process. This eliminates possible radiation issues in 
the surrounding circuitry (e.g., access transistors). Indeed, 
many commercially available NVMs are fabricated using 
radiation-sensitive CMOS technologies [11], [12]. 
Furthermore, because of low write voltage requirements, 
ReRAMs do not require charge pump circuits. This is 
beneficial because charge pump circuits can be radiation 
sensitive [12].

Figure 1. Schematic cross-section showing the possible 
location of a TaOx memristor within the metallization 

layers of a SOI CMOS process (after [13], [14]).
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Memristive devices have been fabricated with a variety of 
different switching materials [6], [7], [10], [15], [16]. One 
possible way to categorize ionic switching devices is by the 
switching material (i.e., anion or cation devices) as 
described in [10]. Examples of the switching materials used 
in anion-based devices include the transition metal oxides 
(TMOs) tantalum oxide (TaOx), titanium dioxide (TiO2), 
and hafnium oxide (HfOx) [6], [10]. Because the anion 
motion in these devices leads to valence changes of the 
metal, these devices are also called valence change 
memories [7]. Cation-based devices (also referred to as 
electrochemical metallization memory, conductive bridging 
RAM, or programmable metallization cells) typically have 
an electrochemically active electrode and use electrolytes 
such as germanium selenides and sulfides (i.e., 
chalcogenides) [7], [10], [15], [16]. For a complete 
description of the physics and operation of the different 
types of memristive devices refer to [6-8], [10], [15], [16]. 
The focus of this paper is on anion-based tantalum oxide 
(TaOx), titanium dioxide (TiO2), and hafnium oxide (HfOx)
memristive devices. 

The potential use of ReRAM technologies in space or 
aerospace applications necessitates that we understand the 
susceptibility of memristive devices in various radiation 
environments. In this paper we will provide an overview of 
several studies that have investigated the impact of high 
dose rate ionizing radiation, total ionizing dose (TID), and 
heavy ions on the electrical characteristics of TaOx, TiO2, 
and HfOx memristors [3], [4], [14], [17-30]. However, an 
emphasis will be placed on the response of TaOx

memristors. The paper is organized as follows: In the 
second section, a brief discussion on the operation of anion-
based memristors is presented. After that, the results of 
several different ionizing radiation (dose rate and TID) and 
heavy ion experiments are provided. The fourth section
discusses some of the observed radiation responses and the 
implication of the results. The paper is then concluded.

2. DEVICE OPERATION

As mentioned previously, memristive devices act as 
electrical resistance switches. In order to activate the 
switching property between a low and high resistance state, 
an initial electroforming cycle is generally required. Once a 
low resistance channel has been formed, the device can be 
reset into the high resistance off-state (HRS) and 
subsequently set to a low resistance on-state (LRS) by 
applying the appropriate field or forcing the appropriate 
current. Shown in Figure 2 are typical hysteretic I-V loops 
for a TaOx memristor swept multiple times. For this 
hysteresis sweep, a positive current was forced to set the 
devices into a low resistance on-state and a negative voltage 
was applied to reset the devices into a high resistance off-
state. A positive voltage can also be used to set the devices 
as described in [20], [29]. Generally, the bias (or current) is 
applied to the top electrode (anode) and the bottom 
electrode (cathode) is grounded. In the figure, the arrows 
indicate the direction of the sweep and the labels specify the 
state of the memristor (i.e., high resistance off-state or low 

resistance on-state). The moderate variation between 
consecutive hysteresis sweeps is typical of these research 
devices. The dashed box denotes the “read” window.
Normally, a lower “read” voltage pulse is applied to the 
device to measure the resistance level. A read operation 
does not change the resistance state of the device. These I-V 
characteristics are similar to what is published in literature
on other devices. 

Figure 2. Representative electrical characteristics of a 
TaOx memristor swept multiple times. The arrows 

indicate the direction of the sweep and the labels specify 
the state of the memristor [14].

The switching mechanism in anion-based devices involves 
redox (i.e., reduction and oxidation) reactions and the 
migration of oxygen anions (O2-) or equivalently the 
positively charged oxygen vacancies [8], [10], [31]. The 
disassociation and transport of oxygen anions, which leads
to chemical changes in the oxides, is thought to be due to 
electric and thermal fields [10]. For example, in TaOx-based 
devices, these processes lead to the formation of a Ta-rich 
conducting filament of a certain radius when the device is 
set to a low resistance on-state [8], [31], [32]. Typically, the 
switching region is a localized conduction channel that is 
created in the electroforming process. A cross-sectional 
schematic of the formation (i.e., low resistance on-state) and 
dissociation of the filament (i.e., high resistance off-state) 
for a TaOx device is shown in Figure 3. The voltage labels 
(i.e., V+ and V-) represent the externally applied bias on the 
anode, and the black arrows indicate the direction of the 
electric field. For more details on switching/transport 
mechanisms refer to [8], [10].

Figure 3. Illustration of the buildup and dissociation of 
oxygen vacancies (white circles) within the TaOx layer. 

The voltage labels (i.e., V+ and V-) represent the 
externally applied bias on the anode (after [14], [31]).
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3. RADIATION EFFECTS IN MEMRISTORS

The study of radiation effects in anion-based memristive
devices has significantly increased in recent years. A subset 
of the different papers in literature that have investigated the 
radiation susceptibility of TaOx, TiO2, and HfOx memristors
is provided in Table 1. In the majority of the experiments, 
the devices were switched into the high resistance off-state
prior to being irradiated. This state is generally considered 
to be the most radiation susceptible state. However, the 
devices were also occasionally tested in the low resistance 
on-state to ensure that there were not any unforeseen 
radiation vulnerabilities. In the following subsections we 
will review the radiation responses observed for the 
different memristive devices.

There were also several studies presented at the 2014 IEEE
Nuclear and Space Radiation Effects Conference (NSREC)
and recently published in the IEEE Transactions on Nuclear 
Science that looked at single event effects in memristors.
This included several HfOx papers as well as papers on 
commercial ReRAMs. However, these modeling and 
experimental efforts are beyond the scope of this paper.

Table 1.  Radiation Studies on Memristors

Device 
Type

Papers

[references]

Radiation 
Environment

TaOx
[3], [4], [14], [17-19], 

[23], [33], [34]
Dose rate, TID, 

heavy ion

TiO2 [4], [20-22], [24], [25] TID, heavy ion

HfOx [26], [28-30] TID, heavy ion

TaOx-based Memristive Devices

As mentioned previously, the primary focus of this paper 
will be on TaOx-based memristive devices. To date, the 
paper by McLain, et al. [14] is the only paper in literature 
that has looked at the effects of high dose rate ionizing 
radiation on memristive devices . In that paper, the focus 
was on two-terminal TaOx memristors fabricated at Sandia 
National Laboratories (SNL). Transient data were obtained 
at a linear accelerator (LINAC) in electron beam mode for 
dose rates ranging from approximately 5.0x107 rad(Si)/s to 
4.7x108 rad(Si)/s and for pulse widths ranging from 50 ns to 
50 µs using. Shown in Figure 4(a) is a representative plot of 
the transient data obtained during a pulsed exposure for 
multiple devices under test (DUTs) on the same chip. The
dose rate was 4.3108 rad(Si)/s, the radiation pulse width 
was 500 ns, and the bias was -100 mV on the top electrode 
(anode). The bottom electrode (cathode) was connected to 
the 50 Ω terminator on the scope. As shown in the plot, 
DUT8 switched from a high resistance off-state (~11 kΩ) 
before irradiation to a low-resistance on-state (~160 Ω) after 
radiation. Radiation begins at time t=0 s. The other eight 

devices (not all shown in the figure) on this chip had a much 
smaller transient response and returned to their original pre-
exposure levels. Indeed, the memristor response follows the 
radiation pulse shape and begins to recover after the pulsed 
exposure if there is not a state change. Note that the RF 
output of the LINAC was 5 µs wide which can be observed 
in the transient data. As would be expected, the device with 
the largest transient response (i.e., DUT8) was more 
susceptible to the high dose rate ionizing radiation. Despite 
the radiation-induced resistance change, this device could be 
reset into a high resistance off-state and was still fully 
functional following the radiation exposures. Further details 
on the experimental setup and results can be found in [14].

Figure 4.  Transient response of (a) several DUTs at a 
dose rate of 4.3108 rad(Si)/s and a pulse width of 500 ns. 
The anode of each device was biased at -100 mV during 
the exposure. The resistance versus time plot shown in 

(b) is for the same shot/devices in (a) [14].

Provided in Figure 4(b) is a plot of the resistance versus 
time for the same shot/devices shown in Figure 4(a). These 
resistances were calculated from data obtained on a scope 
with a higher voltage resolution. This was accomplished by 
splitting the signal to two scopes. Notice that the resistance 
level of both DUT3 and DUT9 changed after the radiation 
exposure; however, neither device changed states similar to 
DUT8. The enhanced susceptibility observed in some 
devices is still under investigation and is likely the key to 

(a)

(b)
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Figure 5.  Plot of the pre- and post-exposure resistance 
versus dose for different dose rates. The data were 

obtained at the LINAC on a single device. In the last 
two exposures at the higher dose rate, the device was 

kept in the low resistance on-state [14].

determining the usefulness of these types of devices in a 
higher dose rate environment. Similar results were obtained 
for the other devices tested. More specifically, radiation-
induced switching and resistance changes were observed in 
some of the devices at a nominal dose rate of 4.0108

rad(Si)/s but not below 4.0108 rad(Si)/s.

Static dose rate upset tests were also performed at a dose 
rate of ~3.0x108 rad(Si)/s using a pulsed X-ray machine 
[14]. The data suggest that the test condition influenced the 
radiation response. In particular, when the devices were 
floating and isolated during irradiation, some of the devices 
changed from a high resistance off-state to a low-resistance 
on-state. However, when the devices were grounded or 
shorted together but floating, a resistance change was not 
observed in any of the memristors. These results suggest 
that a power gating configuration is not the best option if 
using TaOx memristors in dose rate environments. The 
power gating technique would allow control logic to turn off 
the power to a given memristor during an inactive period, 
effectively floating and isolating the terminals [35]. It is 
speculated that floating the terminals might be worst-case 
because of the lack of a discharge path. Similar to the 
LINAC results, there was variation in the dose rate response
and all devices remained functional following the pulsed X-
ray exposures.

In addition to using the LINAC for assessing the dose rate 
vulnerability of SNL-fabricated TaOx memristors, the 
authors in [14] also used the LINAC to investigate TID 
effects. The primary purpose of those experiments was to 
determine if the dose received during the dose rate 
experiments was impacting the observed response. The data 
suggest that the cumulative dose does not impact the dose 
rate response. This can be seen in in Figure 5 for the pre-
and post-exposure resistance versus accumulated dose for a 
single device tested at the LINAC. The resistances were 
calculated with transient data at nominal dose rate levels of 
1108 rad(Si)/s and 4108 rad(Si)/s and pulse widths 
between 50 ns and 50 µs. As the data indicate, switching 
was observed at 4108 rad(Si)/s but not at 1108 rad(Si)/s. 
At the highest dose rate level, the response varied from 
device to device. It is interesting to note from the plot in 
Figure 5 that at higher dose levels, but lower dose rates, the 
DUT did not switch states or have a significant resistance 
change. However, at lower dose levels, but higher dose 
rates, the DUT switched states. This suggests that the dose 
rate (i.e., rate of energy deposition) is the cause of the 
resistance changes and not the dose. When the DUT was 
kept in the low resistance on-state during the radiation 
exposures, there was not a large change in the resistance as 
shown in the last two higher dose rate data points.

There have also been numerous other studies looking at the 
TID response of TaOx memristors using 10 keV X-rays, 
Cobalt-60 -rays, and heavy ion sources as described in [3], 
[4], [14], [17-19], [33], [34]. In these studies the devices 
slightly differed (e.g., oxide layer thickness and/or contact 
materials). Overall, the results were very promising and 

suggest that there was minimal impact on the electrical 
characteristics until higher TID levels were reached. Similar 
to the LINAC experiments, devices set to the low resistance 
on-state before irradiation were tolerant to TID effects. 
However, when the devices were set to the high resistance 
off-state before irradiation, state changes were observed 
once a TID threshold was surpassed. In most of the previous 
work, the devices were floating during irradiation. Thus, 
electrical measurements were performed prior to and 
immediately following the TID exposures using a parameter 
analyzer.

There have also been studies characterizing devices that 
were biased or grounded during the radiation exposures 
(e.g., work by McLain, et al. [14], [33]). An example of one 
set of data is presented in Figure 6. Here, the resistances of a 
single TaOx dog-bone device are plotted as a function of 
accumulated dose and applied bias. The step-stress 
exposures were completed consecutively using a Cobalt-60
-ray source. The resistance values were determined at a 
voltage of ~50 mV from in-situ read measurements 
performed immediately after each radiation exposure. As 
indicated by the data, the DUT had a radiation-induced 
resistance change when the step stress was 1 Mrad(Si). For 
lower step stress levels, the DUT did not change states. 
Furthermore, neither the bias nor the polarity of the bias 
appeared to impact the radiation response. The DUT could 
be reset into a high resistance off-state and was still fully 
functional following the exposures. There was, however, a 
slight shift in the off-state resistance after the first radiation-
induced resistance change. This is still under investigation 
but is similar to the stress effects observed when trying to 
reset a device after an abnormally large bias is applied to set 
the device. What is also apparent in this work is that not 
every device is susceptible to TID even at higher levels.

Resistance data obtained for two dog-bone devices 
irradiated with a 10 keV X-ray Aracor source are shown in 
Figure 7 [33]. In this experiment, the devices were switched 
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into the high resistance off-state prior to irradiation. During 
the step stress exposures, all terminals were either grounded
or floating. Note that before conducting the X-ray 
experiments, the devices were exposed to Si ions. In that 
experiment, the devices were switching resistance states at 
much lower fluence levels than expected. Because Si ion 
exposures will also cause high levels of ionization, it was 
postulated that the observed resistance changes in the 
devices were due to ionization. Therefore the devices were 
irradiated with the 10 keV Aracor source. It is certainly 
possible that the ion exposures impacted the TID response 
due structural changes in the memristive layer that are not 
apparent in the electrical characteristics, but the high TID 
threshold seemed to suggest that this was not the case. As 
observed in the data, there were minimal changes in the off-
state resistance of DUT2 for three different runs. However, 
there were radiation-induced resistance changes in DUT1 
depending on the step stress TID level and the bias 
condition during the experiment. It should be noted that 
DUT1 enters an intermediate state and not a low resistance 
on-state. One possible reason for this response is that the 
photoelectrons produced by the X-rays could be just a few 
keV (e.g., 1-5 keV). This would likely lead to a non-uniform 
deposition of charge (trapped or delayed charge) resulting in 
a non-uniform, transient electric field across the device that 
would impact the formation of a conducting filament.

The TID experiments conducted by Hughart, et al. and 
published in [4], [17], [34] also indicate that TaOx dog-bone 
devices are not susceptible to TID until a TID threshold is 
surpassed. In some cases, tens of Mrad(Si) were required to 
switch the devices from a HRS to a LRS. In other cases, 
some of the devices switched after a few Mrad(Si). In either
situation, these levels surpass those required for space or 
aerospace applications. Furthermore, Cobalt-60 gamma rays 
and 4.5 MeV protons did not change the resistances 
significantly at TID levels up to 2.5 Mrad(Si) and 5 
Mrad(Si), respectively. Similar to what was observed in 

[33], floating the electrodes appears to make the device 
much more susceptible. This is apparent from the plot 
shown in Figure 8. More specifically, when floating the 
device, there is a resistance change around 100 krad(Si), and 
when shorting the electrodes together, the device did not 
change resistance states (up to ~11 Mrad(Si)).

The data obtained from the TID experiments indicate that it 
is possible for TaOx devices to switch from a HRS to a LRS
after a TID step stress threshold has been surpassed. If a 
read measurement is performed prior to reaching the charge 
threshold, the devices ‘reset’ back to a pre-irradiation state. 
This suggests that the devices do not have a cumulative TID 
effect. It is also apparent that these devices are minimally 
affected by step stress TID levels less than the TID 
threshold level at which the devices switch resistance states
and that the threshold level varies from device to device. 

Figure 7.  Plot of the resistance versus step stress 
TID level for devices tested with a 10 keV X-ray 

source. The resistance values were calculated at a 
voltage of ~50 mV. The in-situ read measurements 
were performed immediately after each shot [14].

Figure 8.  Resistance vs. rad(Si) per shot for a TaOx

memristor irradiated with 70 keV electrons. The 
part was reset between runs. The dose per shot 

threshold is ~100 krad(Si) in the floating case. When 
all pins are shorted, no change is observed for doses 

per shot up to 18 Mrad(Si) [34].

105 106 107 108
101

102

103

10
4

Pre-rad/Reset
Run 1 - Float
Run 2 - Float
Run 3 - Float
Run 4 - Shorted
Run 4 (cont.) - Float
Run 5 - Float

Threshold
Critical Dose

R
e
si

s
ta

n
ce

 (


)

rad(Si) per shot (70 keV electrons)

Figure 6.  Plot of the resistance versus accumulated dose
for three different biases (i.e., grounded and ±100 mV).
The on-state resistance before irradiation was ~200 Ω. 

The device was reset after each observed radiation-
induced state change [14].
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As described in [18], TaOx memristors with an oxide 
thickness of 50 nm had large resistance changes after a dose 
of 180 krad(Si), but devices with a thickness of 25 nm had 
much smaller changes in resistance. This suggests that the 
TID response may depend on the thickness of the oxide film 
similar to what has been shown in silicon dioxide. Some of 
the work by Hughart et al., also seems to indicate that 
thicker devices are more susceptible to TID [4].  

The heavy ion response of TaOx devices is extremely 
promising. This is illustrated in Figure 9 with data from an 
experiment on a TaOx memristor that was irradiated with 
800 keV Ta ions. Here, switching was not observed until a 
vacancy concentration of ~1019 cm-3 and an ion fluence of 
~1011 cm-2. Also notice that the devices have a gradual 
reduction in resistance at high fluences. However, after 
irradiation, the devices remained fully functional. While
some memristors show signs of cumulative damage after 
heavy ion irradiation, resetting the device multiple times 
may help restore degraded off-state resistances. 
Furthermore, continually resetting the device may gradually 
return the conduction channel region closer to its original 
state as discussed in [4], [34]. All of the heavy ion 
investigations suggest that the TaOx technology is not 
susceptible to displacement damage effects for fluences less 
than 1010 cm-2. 

Figure 9. Resistance versus average oxygen vacancy 
concentration for a TaOx 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 [4].

TiO2 and HfOx-based Memristive Devices

There are also numerous papers that have investigated the 
TID and heavy ion response of TiO2 [4], [20-22], [24], [25]
and HfOx [26], [28-30] memristors. In general, the results 
are promising and suggest that there is minimal impact on 
the electrical characteristics until higher TID and fluence 
levels have been reached. An example of the TID 
performance of a TiO2 technology is provided in Figure 10. 
Here we see that the TiO2 memristor stays in the off-state 

after being irradiated whether the electrodes of the device 
are grounded or floating. The results provided in [21], [22]
also indicate that TiO2 memristive devices have a high 
tolerance to TID.

HfOx-based memristive devices have also performed well in 
a TID environment. The work by Bi, et al., revealed that 
devices exposed to 10-keV X-ray irradiation did not have 
significant changes in resistance up to 7 Mrad(SiO2) [28]. 
Furthermore, it was shown in [26], [29] that proton and -
ray radiation did not have a major impact on the 
functionality, switching characteristics, or resistance until 
very high TID levels (i.e., greater than 5 Mrad).

With respect to heavy ions, there have been varying results 
presented in literature, but in general they have been 
positive. Shown in Figure 11 is a plot of the resistance 
versus the calculated concentration of oxygen vacancies 
created for a TiO2 memristor irradiated with 800 keV Ta [4], 
[34]. The part was reset after each run. For the first three
runs the resistance increases slightly (beginning around a 
fluence of 1011 cm-2) and then decreases. The fourth run 
shows a significant drop in resistance at similar fluence 
levels. After run two, the device was cycled multiple times. 
During this process, the resistance degraded from 15 kΩ to 
750 Ω after five cycles. Therefore, a larger reset current was 
applied, resulting in a higher off-state resistance (ROFF ≈ 30 
kΩ at the start of Run 3). ROFF did not show the same 
degradation after the remaining runs, but the variation 
increased. Refer to [4], [34] for more information on this 
experiment.

Both TaOx and TiO2 technologies show changes in 
resistance when exposed to 800 keV Ta ion irradiation. 
However, TiO2 memristors show gradual increases in 
resistance with inconsistent decreases. The work by 
Barnaby, et al. and DeIonno, et al. also suggest that very 
high fluences of heavy ions are required to impact the 
electrical characteristics and the resistance of TiO2-based 
memristive devices.
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Figure 10. Resistance versus rad(SiO2) for four TaOx

parts and one TiO2 part. All parts (except DUT4) 
were set to the off-state. Solid lines indicate pins were 
grounded and dotted lines indicate pins were floating 

[4].
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4. DISCUSSION

From the illustration in Figure 3, one can see how radiation-
induced carriers generated by ionizing radiation could create 
local fields/currents in the memristive layer that would 
affect the operation of the device. More specifically, if 
radiation-induced carriers build up near the contacts, the 
internally generated field could impede the movement of the 
oxygen vacancies and the anions. If the polarization effect is 
large enough to create a field reversal, the device could 
switch resistance states. The transport of the radiation-
induced carriers could also produce a transient current that 
is comparable to the current forced to set the devices into a 
low-resistance on-state. This could result in a state change 
as well. The reason that high dose rate ionizing radiation
seems to be more of an issue in these devices compared to 
TID is probably due to the fact that more recombination 
occurs at longer times. 

The increased susceptibility when floating the electrodes 
during a dose rate exposure is likely a consequence of the
inability of generated charge to exit sensitive regions of the 
device (i.e., the TaOx memristive layer). Intuitively, if the 
electrodes are floating and there is not a discharge path for 
the generated carriers, there may be an enhanced buildup of 
ionized carriers near the electrodes. This would create an 
internal field. If the internal field is comparable to the 
voltage required to set the device to a low resistance on-
state, the device will change resistance states. Eventually the 
carriers will recombine, but because of the non-volatile 
properties of the memristive layer, the device will stay in the 
low resistance on-state once the device has switched states. 
When the terminals of the device are grounded, there is a 
discharge path for the generated carriers. Similar types of 
effects are also likely contributing to the TID response on a 
much smaller scale.

It is currently unknown what factors contributed to the 
increased vulnerability in certain devices. However, we 
speculate that the electroforming step stresses one device 
more than another. This could lead to a variation in the 
density of oxygen anions and vacancies, impact the 
formation, location, and number of filaments, and affect the 
overall integrity and reliability of the memristive layer. 
These differences would almost certainly be exacerbated by 
the addition of radiation-induced carriers. Another 
possibility is non-uniformity in the thickness of the 
memristive layer which is currently being investigated. 

The anion-based devices discussed in this paper are likely 
insensitive to heavy ions due to the fact that they already 
have a large concentration of oxygen vacancies. For 
example, it is believed that TaOx devices have an initial 
oxygen vacancy concentration on the order of 1018 to 1019

cm-3. Therefore, the resistance of the devices will only 
degrade when a comparable amount of oxygen vacancies 
are introduced into the memristive layer in a localized 
channel region. This requires extremely high fluence levels 
that are not necessarily realistic in space or aerospace 
environments.

5. SUMMARY 

In this paper, an overview of the effects of ionizing radiation 
and heavy ions on tantalum oxide (TaOx), titanium dioxide 
(TiO2), and hafnium oxide (HfOx) memristive devices was 
presented. The radiation response of each type of device 
was promising in both TID and heavy ion environments. 
Despite observing state changes from the high resistance 
off-state to the low resistance on-state after a threshold (TID 
level or oxygen vacancy creation due to displacement 
damage in the memristive material), all devices were still 
functional following irradiation. Moreover, the level at 
which the dose or heavy ion damage impacted the devices 
was higher than what would be required for most space and 
aerospace applications. It was also observed that the 
experimental conditions impacted the radiation response of 
TaOx devices. More specifically, when the terminals of the 
memristor were left floating during irradiation, it appeared 
that the devices were more susceptible and changed 
resistance states at much lower doses. This is likely a 
consequence of the inability of generated charge to exit 
sensitive regions of the device. It was also observed that 
different devices were more vulnerable than others to total 
ionizing dose and that the thickness of the memristive layer 
impacted the radiation response. 

The effect of high dose rate ionizing radiation on TaOx-
based memristors was also investigated in this paper. The 
experiments were performed using a Scandiflash Flash X-
ray source and a LINAC in electron beam mode. The pulsed 
dose rate experiments were the first dose rate studies 
performed on any type of memristive memory technology. 
The data indicate that at higher dose rates, it is possible for 
the devices to switch from a high resistance off-state to a 
low resistance on-state. Despite the radiation-induced 
resistance changes observed in some of the devices, all 

Figure 11.  Resistance versus average oxygen 
vacancy concentration for a TiO2 memristor 

irradiated with 800 keV Ta ions. The part was reset 
between each run. A higher reset current was used 

for runs three and four [4].
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devices were still functional following the dose rate 
exposures. From the LINAC dose rate data, it was also 
determined that the dose rate (i.e., rate of energy deposition) 
was the cause of the resistance changes and not the dose. 
This is a significant finding. The data also revealed that the 
dose rate at which a device switches resistance states varies 
from device to device; the enhanced susceptibility observed 
in some devices is still under investigation. In addition to 
that, it was found that the experimental conditions impacted 
the radiation response. More specifically, when the 
terminals of the memristor were isolated and floating during 
irradiation, it appeared that the devices were more 
susceptible and changed resistance states at much lower 
dose rates. Overall, the radiation performance of anion-
based memristors is promising and could potentially enable 
the discovery of a radiation-hardened nonvolatile memory 
technology to be used in aerospace and space applications.
However, we must continue to investigate and better 
understand the deleterious effects of various types of 
radiation on these devices.
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