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Mechanism for Unipolar Reset in Negative
Thermophoresis Resistive Memory Devices

Xu Xu

Abstract— Resistive switching behavior has been exper-
imentally observed in Hafnia-based unipolar memory
devices with negative thermophoresis. The traditional
mechanism of RESET where the vacancy moves away from
the filament fails to explain the reset behavior in these
devices. We propose a model for RESET that involves dif-
fusion of oxygen interstitials to break the vacancy-based
filament in a region close to the top electrode as opposed to
the center of the filament. Using Monte Carlo simulations,
we establish the validity of the mechanism and show that it
can model SET and retention.

Index Terms— Kinetic Monte Carlo (KMC), resistive ran-
dom access memory (RRAM), resistive switching.

|. INTRODUCTION

ESISTIVE random access memory (RRAM) devices are

a promising route to replace Flash memory with a simple
crossbar structure. Recent work also points to the potential of
RRAM in neuromorphic computing [1]-[5]. Various reports
show that in Hafina-based RRAM devices, the conducting
filament is due to oxygen vacancies. Recent experiments have
also shown negative thermophoresis in Hafnia devices [6]—[8].
Here, negative thermophoresis is the process by which oxygen
vacancies diffusion from colder to hotter regions. In these
devices, the mechanism of heat-induced rupture due to the
vacancy movement is not a practical mechanism for RESET
(transition from low to high resistance state). This is because
vacancies move inward toward the hotter filament regions
and aggregate; this process only further strengthens the
conductance.

With the scaling of devices to smaller dimensions, an under-
standing of the switching process at the atomistic level is
important. In this brief, we present kinetic Monte Carlo (KMC)
simulations to investigate the mechanism for the reset process
in Hafnia-based devices with negative thermophoresis.

Our model is based on the KMC method, where both
diffusions of oxygen vacancies and oxygen interstitials inside
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Hafnia are considered. We use a simulation framework that
was published by us recently [9]. The differences from our
prior work are that the memory cell is sandwiched between
two inert electrodes (cannot absorb or react with oxygen),
the reset is unipolar, and the generation of vacancies and
interstitials occurs in a grain boundary region that has a lower
formation energy (Fig. 1). The kinetics of vacancies and inter-
stitials are governed by heat and Poisson’s equations [9], [10].

A critical part of modeling is the choice of energy barriers
for various processes. Their values and the underlying reasons
for choosing them are discussed in detail in the following.
Ab initio calculations show that the formation energy (Eform)
of a Frenkel pair is around 5-8 eV [11]. From Arrhenius
law tG = toexp (Eform/kT), at 300 K with the prefactor of
to = 1071 s, the average generation time for one Frenkel pair
is about 10'9 s. However, experiments show that switching
can happen within 1 ms [2]. Both grain boundaries [10] and
mechanical stress [12] can decrease the formation energy.
In this brief, to include these results of formation energy
lowering, we introduce a grain boundary region with a for-
mation energy of 1.4 eV (which is in between the 3 and 4C
values) [13], whereas the formation energy is 6 eV outside.
The diffusion barriers are taken to be stress independent.
We take the barrier for vacancy diffusion from the low to
high formation energy regions to be 4.6 eV, whereas there is
no change for the interstitial.

When a voltage is applied, the macroscopic electric
field (F) can activate the diffusion of vacancies and inter-
stitials and affect the formation of Frenkel pairs. Since
the generation process dominates the time scale for fila-
ment formation (fform), in the presence of an electric field,
trorm ~ 10 €Xp ((Eform + Evarr — ¢ Fd/2)/kT). d is the lattice
constant of HfO, and g = 2|e|. On the other hand, the time
scale for retention (freention) 1S Mmainly determined by the
diffusion barriers (Epyyr) in the absence of an electric field;
therefore, fretention ~ 20 €Xp(Ebarr/kT). If we assume that the
diffusion barrier during forming and retention is similar, then
we have fretention/fform ~ €xp(qF /2kT)exp(—Eform/kT).
With an applied voltage of 2 V, an oxide thickness of L =
8 nm, and d = 0.5 nm, the approximate ratio of times for
retention and formation, (fretention/fform), 1S smaller than 148
at 300 K. The highest value occurs when Efory = 0. Since
experiments show that fretention/ fform > 108, the reduction in
diffusion rate due to the macroscopic electric field discussed
earlier is insufficient to explain the time scale difference
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Fig. 1. lllustration of the simulation system. The red and blue circles
are oxygen interstitials and oxygen vacancies, respectively. (a) Dark
gray region has a lower formation energy for the forming process.
The electric field can guide the diffusion of vacancy and interstitial in
opposite directions because they are positively and negatively charged,
respectively. (b) For the reset process, the interstitial diffusion is primarily
toward the hotter filament region due to the concentration gradient.

between forming and retention. Two additional factors are as
follows:

1) the difference in the diffusion rates during the processes
of retention and forming;

2) a much larger Frenkel pair generation rate due to the
local electric field in a high & dielectric.

Ab initio calculations estimate the diffusion barrier to be
1.4 eV for a neutral vacancy and 0.9 eV for a neutral
interstitial [13]. Duncan et al. [14] suggested that the diffusion
barrier for a charged vacancy is ~0.8 eV lower than a
neutral one. This contributes to a multiplicative factor of
exp(AE/kT) ~ 2.6 x 1010 in calculating tretention/ fform- TO get
a more realistic estimate of fform, We note that Efory = 1.4 eV
corresponds to a Frenkel pair generation time of ~ 10° s.
As per McPherson’s theory [15], this time becomes smaller
by a multiplicative factor equal to exp(—p - Fioe/kT), where
p is the local dipole moment. The local electric field Fjqc is
related to the macroscopic electric field F and the relative
dielectric constant ¢, by Fioc = (¢, + 2)F/3. For Hafnia,
the dielectric constant ¢, = 25, and as a result, the local
electric field is nine times larger than F. As a result, fform
decreases further by a multiplicative factor of exp(—9p -
F/kT). Now, utilizing both the increase in the diffusion barrier
by AE ~ 0.8 eV for a neutral vacancy and reduction in
forming time by exp(—9p - F/kT), we find that fretention/ tform
can be larger than 1.31 x 10°. This value is more inline with
experiments. We note that while this discussion brings out
important elements in estimating fretention/ fform, itS purpose is
to motivate more accurate theoretical and experimental studies
to determine various energies barriers and glean an intuitive
understanding of the processes.

A major difference from our prior work [10] is also the
inclusion of negative thermophoresis for vacancy movement.
Before we discuss vacancy diffusion, we state that the rate of
interstitial diffusion is

KT ey
where Ry is the attempt frequency and 7; is the temperature
of the initial site from which the interstitial hops to a final
site after a single hop. The location of the interstitial before
and after a single diffusion event is shown in Fig. 2(a) and (b).
Here, if the temperature T} is higher than 7>, the diffusion rate
from the left to right site is higher than the rate from the right
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Fig. 2. (a) Initial site of interstitial. (b) Final site of interstitial after

diffusion (positive thermophoresis). (c) Initial state of vacancy and lattice
oxygen along with the rate for diffusion of lattice oxygen, which is the
same as the rate for diffusion of oxygen vacancy. (d) Final site of oxygen
vacancy and lattice oxygen after diffusion. The equations imply negative
thermophoresis of oxygen vacancies. Red solid circle: interstitial. Red
empty circle: lattice oxygen. Blue solid circle: vacancy.

to left site, according to (1). As a result, the net diffusion of
interstitials will be from hotter to colder regions (left to right).
The diffusion of oxygen vacancy in Fig. 2(c) is induced by the
diffusion of lattice oxygen, which is located at the destination
site of the vacancy [see Fig. 2(d)]. As the diffusion rate of
lattice oxygen depends on the temperature of its initial site,
the diffusion rate of the vacancy depends on the temperature
of the vacancy’s final site (which is the initial site of the lattice
oxygen). The vacancy diffusion rate depends on the vacancy’s
final-site temperature (7y)

Evarr(v) — qu/2] @)

ka

With (2), vacancies prefer to stay at sites with a higher tem-
perature, in accordance with the negative Soret coefficient, for
example, if we have two regions with different temperatures,
Ty and T, as shown in Fig. 2(d). If the temperature 77 is
higher than 7>, the vacancy diffusion rate from right to left is
higher than the diffusion rate from left to right. As a result,
the vacancy is more likely to aggregate in the hotter region.
This prevents the dissolution in the reset process, as vacancies
stay near the hotter filament region, which contradicts the
heat-induced dissolution theory. Epar(sy and Epar(vy are the
diffusion barriers for interstitials and vacancies, respectively.

In solving the heat equation, the mean free path of the
phonon should be considered. Joule heating is induced by
the interaction between electrons and phonons, and a length
scale of the order of the mean free path is necessary to
reach thermal equilibrium. The phonon mean free path in an
oxide is estimated from the thermal conductivity (x) to be
Ly = 3x/Cv, where C is the heat capacity and v is the speed
of sound. With the parameters of HfO,, x = 1.1 W/(m - K),
C = 1.16 J/(cm? - K), and v = 2815 m/s, we find that the
phonon mean free path is approximately 1.12 nm. In reality,
the phonon mean free path would be larger than 1.12 nm
because optical phonons contribute to heat capacity but not to
thermal conductivity [16]. To account for the finite length scale
associated with the phonon mean free path, in our calculations,
we take the Joule heat dissipated at each grid point (m, n, 1) to

Rpitt(v) = Ro exp [—
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Fig. 3. (a) Steady-state power generated in the red and black regions
is 32 uW/nmd and zero, respectively. The red regions mimic resistive
regions of the filament here. The steady-state temperature in the filament
is obtained by solving the heat equation both (b) without and (c) with
considering the phonon mean free path. While the maximum temperature
in (b) is over 1600 K, it is below 800 K in (c).

(4

be distributed uniformly on those grid points whose distance to
(m,n,1) is less than L. We remark that electrons also relax
in the transport direction over a finite length scale, but this is
not accounted for explicitly here. As shown in Fig. 3(a), the
power density is distributed in several regions (shown in red)
inside the oxide layer as several electrons lose their energy
at these points in the forming process. Without considering
the effect of mean free path, the maximum temperature can
be 1600 K or higher, as in Fig. 3(b). On the other hand, with
Ly = 1.5 nm, we find that the maximum temperature in the
oxide is reduced to less than 800 K, as shown in Fig. 3(c),
that is, the temperature is lower even if the power density is
large in a localized region. We take 10% Joule heating in the
filament to yield comparable temperatures.

The simulation box is an 8 nm-thick HfO, layer with a
cross-sectional area of 11 nm x 11 nm. The central 9 nm?
region has the formation energy of Efom = 1.4 eV, whereas
the formation energy is 6 eV outside. An isolated interstitial
has a charge of —2¢ and a diffusion barrier of 0.4 eV. An
isolated vacancy has a charge of +2¢ and a diffusion barrier
of 0.6 eV. However, when the vacancy is attached to the bottom
electrode or to other neutral vacancies that are electrically
connected to the bottom electrode, electrons fill the vacancy
energy level and neutralize the vacancy. As said before, such a
neutral vacancy has a higher diffusion barrier of 1.4 eV. This
is essential for a switching time that is short while making
the retention time long. A typical curve of switching current
versus time is shown in Fig. 4(a). The applied voltage is
2 V. The current through the memory cell rises at a time
of approximately 100 us when the filament bridges the two
electrodes. The current continues to increase until current
compliance is reached. Then, the voltage across the device
is lowered, which slows down further generation.

In unipolar reset, the polarity of the applied voltage does
not change from the set process, but the temperature is larger
because there is no current compliance and the applied voltage
is smaller. The combination of the change in the charge state
of the interstitial due to the applied voltage, which lowers the
diffusion barrier and the high temperature due to the absence
of current compliance, activates the diffusion process. As a
result, the interstitials that have accumulated near the electrode
can diffuse actively (Fig. 5). We find that the interstitials
diffuse back into the filament due to the concentration gradi-
ent and recombine with the vacancies to break the filament
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Fig. 4. (a) Current versus time in the processes of form with 8 nm
(solid lines). (b) Reset. (c) Retention. (d) Second set process after reset
is shown in (b), for an 8-nm-thick oxide (solid lines) at 2-V applied bias.
To illustrate the validity of the model, (a) shows the results for oxide
thicknesses of 4 nm (dashed) at 2-V applied bias and 12 nm (dotted—
dashed) with 2.5-V applied voltage.

(a) (b)

Fig. 5. (a) and (b) Filament shape in the forming process. Intersti-
tials accumulate at the top electrode—oxide interface, and the filament
grows and bridges the two electrodes; then, the current increases.
(c) and (d) Filament shape in the reset process. The interstitials move
as a result of heat and begin recombining with vacancies in the filament;
then, the filament breaks at the tip close to the top electrode.

[see black arrows in Fig. 1(b)]. The vacancy—interstitial
recombination causes an insulating gap at the top of the
filament (Fig. 5), which causes the reset as the resistance
increases. We note that the higher temperature also makes the
generation rate larger in RESET. A cursory look might seem
to say that the generation of new Frenkel pairs would lead
to the reformation of the filament, making RESET difficult.
However, we find that the smaller local electric field (Fjoc) due
to the smaller applied voltage in RESET makes the vacancy
generation process insignificant.

In the absence of an applied voltage, the electric field alone
is not enough to create the enormous difference between the
retention time and the set time. Since the applied voltage
is zero, defects have a large diffusion barrier since they are
charge neutral. In our simulations, when the diffusion barrier
is 1.2 eV for the neutral interstitial, we find that the device
can retain the low-resistance state for more than 10° s.

Authorized licensed use limited to: University of Washington Libraries. Downloaded on November 19,2020 at 19:00:42 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON ELECTRON DEVICES

Il. CONCLUSION

We have developed a 3-D model to simulate filament for-
mation, reset, and retention processes in HfO,-based resistive
memory devices with electrodes that do not react with oxygen,
under the condition of negative thermophoresis. By detailed
numerical simulations, we propose a mechanism for unipolar
RESET in a material with a negative Soret coefficient for
vacancies. In the unipolar RESET process, the temperature
in the filament region is higher than the surrounding region.
Under these conditions, negative thermophoresis causes the
oxygen vacancies to diffuse into the filament region. In other
words, the negative thermophoresis phenomenon eliminates
the possibility of filament rupture due to vacancy diffusion
alone. Our 3-D simulations show that the filament breaks
because of interstitial diffusion close to the electrode as a
result of the large concentration gradient. The diffusion of
interstitials in the reset process leads to a highly asymmetric
breakage of the filament.
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