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Abstract— The effects of temperature on the total ionizing dose
(TID) response of tantalum oxide (TaOy) memristive bit cells are
investigated. The TaO, devices were manufactured by Sandia
National Laboratories (SNL). In-situ data were obtained as a
function of temperature, accumulated dose, and bias at the
Gamma Irradiation Facility (GIF). The data indicate that devices
reset into the high resistance off-state exhibit decreases in
resistance when the temperature is increased. However, an
increased susceptibility to TID at elevated temperatures was not
observed.

Index Terms—Combined environment, ionizing radiation,
memristors, tantalum oxide (TaO,), temperature effects, total
ionizing dose (TID).

I. INTRODUCTION

HE semiconductor community has been actively
researching and developing several storage class memory
(SCM) technologies that can meet high performance memory
needs as silicon based technologies reach scaling limits.
Resistive random access memory (also known as ReRAM,
redox, or memristive memory) has been identified as one of the
more promising SCM technologies by the International
Technology Roadmap for Semiconductors (ITRS) because of
excellent scalability, high endurance, high switching speed, and
low voltage operation [1-7]. 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 [3-5], [8].
This is a key benefit for radiation applications because
designers would be able to integrate the memory elements into
a radiation-tolerant CMOS process, thus eliminating possible
radiation issues in the surrounding circuitry (e.g., access
transistors). Indeed, many of the commercial nonvolatile
memories (NVMs) are fabricated using radiation-sensitive
CMOS technologies.
The storage elements in memristive memories are two
terminal metal-insulator-metal structures (refer to Fig. 1)
commonly referred to as memristors, memory resistors, or
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memristive devices. Memristors are characterized by a low
resistance on-state and a high resistance off-state that depends
on the electrical bias and bias history. These devices have been
fabricated with a variety of different switching materials as
described in [3], [4], [9-11]. For a complete description of the
physics and operation of the different types of memristive
devices refer to [3-5], [11]. The focus of this paper will be on
anion-based memristors fabricated with the transition metal
oxide tantalum oxide (TaOx). Note that the subscript x in TaOx
denotes that the material is substoichiometric tantalum
pentoxide (Ta205). A schematic cross-section of the possible
location of a TaOx memristor within the metallization layers of
a silicon on insulator (SOI) technology is provided in Fig. 1.
The potential use of ReRAM technologies in space and
strategic applications necessitates that we understand the
susceptibility of memristive devices in various harsh
environments. Several studies have investigated the impact of
total ionizing dose (TID) and heavy ions on different
memristive technologies, but minimal work has been completed
on these devices in radiation environments at elevated
temperatures. Other TID experiments on similar TaOx
memristive devices are summarized in [12-16]. These studies
revealed that TaOx dog-bone devices are not susceptible to TID
until a charge threshold is surpassed. In some cases, tens of
Mrad(Si) were required to switch the devices from a high
resistance state to a low resistance state. In this paper, we
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Fig. 1. Schematic cross-section showing the possible location of a TaOy
memristor within the metallization layers of a SOI CMOS process.
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Fig. 2. Electrical characteristics of a SNL-fabricated TaO, memristor swept
multiple times. The arrows indicate the direction of the sweep and the
labels specify the state.

characterize the effects of temperature on the TID response of
TaOx memristive bit cells currently being fabricated by Sandia
National Laboratories (SNL).

II. EXPERIMENTAL DETAILS

In this paper, vertical memristive structures that were
fabricated using the Full Short-Loop Process at SNL’s SiFab
were investigated [17]. All of these memristive structures were
considered research type devices and consisted of a 15 nm Ta
layer, 10 nm thick TaOy layer, and top and bottom titanium
nitride (TiN) electrodes 60 nm and 20 nm thick, respectively. A
cross-section of the memristive bit stack is provided in Fig. 1.
The bit stack was fabricated on top of a tungsten (W) via (900
nm)/Aluminum-TiN (Al/TiN) metal alloy (900 nm)/thermal
oxide/Si substrate stack. These memristors had a diameter of
approximately 500 nm with 350 nm diameter vias. This resulted
in an active area of approximately 1x107'* m?. More details
about the fabrication process and deposition techniques (e.g.,
tools, etc.) can be found in [17-19].

When conducting hysteresis sweeps on the devices examined
here, 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. In all cases, the bias
(or current) was applied to the top electrode (anode) and the
bottom electrode (cathode) was grounded. Shown in Fig. 2 are
multiple hysteretic I-V loops for one of the SNL TaOx
memristors. 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.
It should be noted that all of the devices required an initial
electroforming cycle to form a low resistance channel. Once the
channel was formed, the devices could be reset into the high
resistance off-state and subsequently set to a low resistance on-
state.

The devices were irradiated using a cobalt-60 (°°Co) decay
photon source located at SNL’s Gamma Irradiation Facility
(GIF). Step stress irradiations of ~500 krad(TLD) were

performed at each temperature (i.e., 25°C, 40°C, 65°C, and
80°C) to assess if temperature impacted the TID susceptibility
of the TaO, memristive technology. The dose rate during each
irradiation was ~645 rad(TLD)/s. The cumulative TID level
was greater than 2.5 Mrad(TLD). At %°Co energies, Dose(Si) =
Dose(CaF») x 1.02. The TID levels listed in this report have
been kept in rad(TLD) which is equivalent to rad(CaF,).
Previous 1-D radiation transport calculations indicate that the
amount of energy deposited (in units of MeV-cm?/g) in the
memristive layer is approximately 0.88x the energy deposited
in a CaF, TLD.

During the radiation exposures, the anode was biased within
the “read” window (i.e., -100 mV) and the cathode was
connected to the 1 MQ input of an oscilloscope. The concurrent
scope measurements enabled in-situ resistance measurements
to be captured as a function of time. Typically, the devices were
reset into the high resistance off-state prior to irradiation. The
off-state has been shown to be the more susceptible state in
radiation environments. Prior to irradiation and after the final
step stress irradiation, full set/reset sweeps were performed on
the devices.

III. EXPERIMENTAL RESULTS

Shown in Fig. 3(a) and Fig. 3(b) are data obtained from the
0Co y-ray experiments. In these plots, the resistance of three
devices is plotted as a function of time and temperature. DUT16
and DUT20 were irradiated in the test cell, and the control
device was located in the instrumentation room. All of the
devices were reset into the high resistance off-state prior to the
start of the experiment. As mentioned previously, the anode of
the devices was biased with -0.1 V and the cathode was attached
to the 1 MQ input of an oscilloscope. The dose of each step
stress irradiation was ~500 krad(TLD), and the step-stress
exposures were completed consecutively. As indicated by the
data in Fig. 3(a), DUT16 and DUT20 had minimal resistance
shifts during the step stress irradiation up to 500 krad(TLD) at
a temperature of 25°C. Note that the data for DUTI16 is
underneath the data for DUT20. The control device did not
exhibit major resistance shifts either. The dashed lines in the
figure represent when the radiation exposure started and
finished.

When the temperature was elevated, the off-state resistance
of the DUTs decreased. This is evident in the 80°C data shown
in Fig. 3(b) and Fig. 3(c) prior to the start of the radiation
exposure. As shown in the plots, DUT16 and DUT20 had
resistance decreases of ~10 kQ and ~7 kQ, respectively, as the
temperature was ramped from room temperature to 80°C. Once
the temperature reached 80°C, there was a gradual decrease in
the resistance up to the start of irradiation (~700 Q). During
irradiation, the resistance of each DUT continued to gradually
decrease. This is likely due to the elevated temperature and not
the TID or a synergistic effect since the slope of the resistance
change is approximately the same prior to and during the
radiation exposure (refer to Fig. 3(c)). A similar response was
observed in the other elevated temperature experiments (e.g.
65°C). Also notice that the resistance of each DUT started to
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Fig. 3. Plot of the resistance versus time at temperatures of (a) 25°C and
(b) 80°C during irradiation. The step stress TID levels were ~500
krad(TLD). The data in (c) is a zoomed in view of (b).

increase and approached pre-irradiation levels as the
temperature was decreased back to room temperature following
the radiation exposure.

Following the TID exposures at elevated temperatures, the

DUTs were still in the high resistance off-state and fully
functional. At the end of the 80°C step stress exposure, the
cumulative dose delivered to the parts was greater than 2.5
Mrad(TLD). This suggests that these TaO devices do not have
a cumulative TID effect even at elevated temperatures. When
the devices were set into the low resistance on-state prior to
irradiation, resistance shifts were not observed (data not
shown). Furthermore, the devices set into the on-state did not
exhibit resistance shifts when the temperature was increased. In
the full paper, data obtained on other devices and at other
temperatures (above and below ambient) will be presented.

IV. DISCUSSION

Recall that the switching mechanism in anion-based
memristors involves oxidation-reduction (redox) reactions and
the transport of oxygen anions/vacancies [3]. These processes
are controlled by electric and thermal fields and can lead to the
formation of Ta-rich conducting filaments [5], [20], [21].
Within the interior of the devices, it has been shown that the
transport is dominated by hopping. At the interfaces it has been
postulated that tunneling dominates. From a thermal respective,
elevated temperatures will increase the mobility of ions and the
probability of thermally-activated hopping and tunneling. This
will inherently increase the conductivity of the oxide, thus
reducing the resistance of the memristive layer. This is evident

from the equation for the electronic resistance in an oxide film
[22]

R(T) = BTexp (;TT) (1)

where [ is a constant, kg is the Boltzmann constant, £, is the
activation energy, 7 is the temperature, and # is a constant that
depends on the adiabatic versus non-adiabatic behavior of the
polarons. When dielectrics are exposed to ionizing radiation,
electron-hole pairs are created via interactions between incident
particles/photons and the insulating material. The free electrons
and holes (i.e., excited electrons in the conduction band and
holes in the valence band) generated during a radiation
exposure can lead to a time-dependent increase in the electrical
conductivity. However, the data suggest that the radiation-
induced carries had a minimal impact on the devices up to a
temperature of 80°C. In the full paper, more discussion of the
physics and numerical calculations will be included to explain
the observed experimental results.

V. CONCLUSION

The TID response of TaOx memristive bit cells was
characterized as a function of temperature using a decay photon
source at the GIF. The TaOy devices were manufactured by
SNL and considered research type devices. The data indicate
that the devices in the high resistance off-state exhibit decreases
in resistance when the temperature is increased, but the ionizing
dose has a minimal impact. Furthermore, an increased
susceptibility to TID at elevated temperatures was not observed.
More specifically, it was apparent that these devices were
minimally affected by step stress TID levels less than or equal
to 500 krad(TLD) at elevated temperatures up to 80°C. This is
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important since many space and industrial applications will
require not only radiation hardened circuits but also circuits that
can operate over extreme temperature ranges. The devices set
in the low resistance on-state prior to irradiation did not exhibit
any resistance shifts at elevated temperatures during the TID
exposures (data not shown). Overall, the memristor
performance was promising and could enable the discovery of
a nonvolatile memory technology to be used in harsh
environments.
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