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ABSTRACT: Resistive random-access memory (RRAM)
devices have attracted broad interest as promising building
blocks for high-density nonvolatile memory and neuromorphic
computing applications. Atomic level thermodynamic and
kinetic descriptions of resistive switching (RS) processes are
essential for continued device design and optimization but are
relatively lacking for oxide-based RRAMs. It is generally
accepted that RS occurs due to the redistribution of charged
oxygen vacancies driven by an external electric field. However,
this assumption contradicts the experimentally observed stable
filaments, where the high vacancy concentration should lead
to a strong Coulomb repulsion and filament instability. In this
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work, through predictive atomistic calculations in combination with experimental measurements, we attempt to understand the
interactions between oxygen vacancies and the microscopic processes that are required for stable RS in a Ta,Os-based RRAM.
We propose a model based on a series of charge transition processes that explains the drift and aggregation of vacancies during
RS. The model was validated by experimental measurements where illuminated devices exhibit accelerated RS behaviors during
SET and RESET. The activation energies of ion migration and charge transition were further experimentally determined
through a transient current measurement, consistent with the modeling results. Our results help provide comprehensive
understanding on the internal dynamics of RS and will benefit device optimization and applications.
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B INTRODUCTION

Nanoscale memristive devices (RRAM/memristors) have
recently attracted significant interest as promising candidates
for memory and computing applications due to their simple,
two-terminal structure that leads to high integration density' ~*
and the ability to modulate and retain their internal state
variable(s) on demand.”~” Specifically, the electrical resistance
of RRAM devices can be modulated in situ by an external
electric field either abruptly or gradually, making them
attractive for digital memory as well as artificial neural network
applications that require analog-type switching to emulate
synaptic plasticity.

The resistive switching (RS) behaviors originate from the
internal, microscopic redistribution of ions in response to an
applied electric field, leading to a reconfiguration of the
material (e.g, structure, composition, and chemical state) and
subsequently the modification of the switching material’s
chemical composition and physical properties.”®” Tonic
migration that leads to the formation of conductive filaments
(CFs) by metal cations (e.g, Ag and Cu ions) has been
directly observed using in situ transmission electron micros-
copy (TEM) in electrochemical metallization memory (ECM)
devices.'’~"* Additionally, atomic level dynamics in ECM cells
have been systematically studied based on the direct
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observations of CF growth and cyclic voltammetry measure-
ments, in which kinetic parameters such as the diffusion
coeflicient and the activation energy were successfully
determined.' "

On the other hand, it is more challenging to directly observe
the temporal CF growth in valence-change memory (VCM,
commonly referred as oxide RRAM), normally based on
transition metal oxides. Since the mobile species in VCM cells,
OXygen vacancies (Vs), are intrinsic defects, these devices
pose significant challenges for direct experimental analysis.”"®
Several theoretical studies have been performed to analyze the
RS process in oxide RRAMs, 6718 although comprehensive
atomistic models on internal dynamics during RS have been
lacking. Specifically, there appear to be contradictions in the
general description of the microscopic processes in RS. For
example, oxygen vacancies involved in RS are generally
considered as a positively charged (Vo>*) to explain the
electric field-driven RS process (i.e., field-driven Vo** drift)."”
However, in this case, a strong repulsive electrostatic force
between charged oxygen vacancies is expected, especially in
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Figure 1. (a) Atomistic configuration of an amorphous-Ta,O; supercell used to study the interactions of oxygen vacancy pairs through DFT
calculations. Tantalum and oxygen atoms are represented by gold and red spheres, respectively. The investigated interactions between vacancy pairs
at different distances are indicated by cyan circles and dashed lines. (b) The calculated binding energy of oxygen vacancy pairs as a function of the
distance. Charged vacancies show a strong Coulomb repulsion, whereas neutral vacancies exhibit a short-range attractive interaction. (c) A
schematic illustration of the repulsive interaction between charged vacancies, preventing their aggregation to form a stable CF. (d) Charge density
profile of a neutral oxygen vacancy as a function of the distance from the vacancy site, fitted with a decaying exponential function with a
characteristic decay length of 2.4 + 0.4 A. Inset: charge distribution of the V, defect state. (e) Experimentally measured conductivity of tantalum
oxide films of different stoichiometry (data from ref 25) as a function of distance between vacancies, showing different conduction mechanisms
(metallic vs hopping). The transition between the two mechanisms occurs at a vacancy distance of ~5 A, which is similar to the size of the V, wave
function. Reproduced with permission from ref 25. Copyright 2008 IEEE. (f) Charge distribution of oxygen vacancy pairs with different distances.
Top: 2.7 A and bottom: 13.2 A. A significant overlap between the two V, orbitals is observed for the short-distance pair, leading to hybridization.
(g) Energy levels of defect states of an oxygen vacancy dimer (Vo + Vi) and of two isolated vacancies, showing the lowering of two occupied

defect states due to the hybridization and interaction with the conduction band. The energy levels are referenced to the valence band maximum.

filaments where the concentration of oxygen vacancies is very
high. This, in turn, contradicts the experimentally observed
long retention and excellent stability of CFs in oxide-based
RRAM. Developing an atomistic picture that can comprehen-
sively explain the internal dynamics of RS in oxide-based
RRAM thus becomes critical to improving the understanding
of RS processes and guide continued device optimization and
applications.

In this work, we investigate the interactions between oxygen
vacancies in different charge states in an amorphous Ta,Og
cell, shown in Figure 1la, using first-principles calculations
based on density functional theory (DFT) implemented in the
Vienna ab initio simulation package (VASP).”” We find a
strong repulsive interaction between charged vacancies,

whereas neutral vacancies experience short-range attraction.
Based on our theoretical predictions, we propose a model
consisting of a series of charge transition processes that
successfully explains the drift and aggregation of vacancies
during RS. Our model reconciles experimental observations,
including the field-driven ionic transport and the formation of
stable filaments with high V, concentration. We further
validate the model with electrical measurements. Our results
show accelerated resistive switching behavior and lower
activation energy under visible-light illumination, which can
be ascribed to the enhanced charge transition of oxygen

vacancies under light illumination.
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Figure 2. (a) Schematic of the proposed charge transition and migration processes of oxygen vacancies during RS. (b) Illustration of the formation
of a CF including the charge transition processes and ionic migration in a bilayer Ta,0;-based RRAM device. (c) Formation energy of an oxygen
vacancy (neutral and +2 charged states) in amorphous Ta,Os as a function of the Fermi level.>* Reproduced with permission from ref 34.
Copyright 2017 The Royal Society of Chemistry. Neutral vacancies near the anode can transit to the charged state (A), followed by a drift toward
the cathode. The charged vacancies convert back to the neutral state as they approach the cathode due to the increased Ege,,; (B) under negative

bias on the cathode.

B RESULTS AND DISCUSSION

The details of our DFT calculations can be found in the
Supporting Information. Specifically, the binding energy of
oxygen vacancy pairs (ie., the difference between the
formation energy of a vacancy dimer and two isolated
vacancies) at different distances, as indicated in Figure la,
was calculated by the following equation'”*"

Epinaing(@) = E'TVE + V] = (EIVE] + ETVE]D (1)

where E' is the formation energy of oxygen vacancies (see eq
S1 in the Supporting Information) and q is their charge state.
The calculated binding energy as a function of distance
between two vacancies is shown in Figure 1b. First, we found
that the binding energy of vacancy pairs in the +2 charge state
is positive, consistent with previous calculations in TiO,,'"**
and also increases with decreasing distance, indicating the
expected strong repulsive interaction between charged
vacancies. The repulsive energy is inversely proportional to
the distance between the charged vacancies (Vo's), consistent
with electrostatic Coulombic repulsion between charged
particles. It should be noted that although the repulsive
interaction between charged vacancies becomes negligible at
distances larger than ~13 A, the estimated distance between
oxygen vacancies in CFs is typically much shorter. For
example, Chen et al. reported an O/Ta ratio of ~2:1 in the
filament region in amorphous Ta,Os-based RRAM devices
from cross-sectional TEM and energy dispersive X-ray
spectroscopy (EDS) analysis,”> which corresponds to a high
V) concentration with a distance between vacancies of ~5 A in
the filament region. Therefore, a strong repulsive force should
exist between charged V>'s in CFs for typical vacancy
concentrations, potentially preventing vacancies from aggregat-
ing and forming stable CFs, as illustrated in Figure lc. This
contradicts the experimentally observed stable CFs in Ta,O;-
based RRAM devices with long retention at high Vg
concentration conditions.”**

On the other hand, our calculations show that neutral
oxygen vacancies (V") exhibit short-range attraction with a
negative binding energy,”’22 as shown in Figure 1b. To
understand the driving force of the attractive interaction

between neutral vacancies, we determined the localization
length of electrons in occupied midgap states from neural
vacancies. Our results show that electrons bound to neutral
vacancies are highly localized and their charge density
decreases exponentially with increasing distance from the
vacancy, as shown in Figure 1d, with a localization length of
2.4 + 04 A. The diameter of the Vo wave function in
amorphous Ta, Oy is remarkably consistent with the critical V,
distance for the transition between metallic and hopping
conductions in Ta,O; RRAM devices from experimental
conductivity measurements.”> Specifically, we plotted the
experimentally measured conductivity of tantalum oxide films
with different stoichiometry,” as a function of Vg concen-
tration (Figure S1) and correspondingly the V distance
(Figure le). Here, we note that tantalum oxide films with
different stoichiometry were considered as amorphous Ta,O;
films having various V concentrations, because Ta,Ojy is the
solely stable phase in Ta—O system, whereas substoichiometric
phases are not thermodynamically stable according to the
phase diagram. In the regime of high V,, concentration (>7 X
10*' cm™), the conductivity of Ta,Oj films increases linearly
with increasing Vo concentration, whereas the trend of
conductivity below the critical concentration N exhibits not
a linear but an exponential dependence, indicating metallic and
hopping conduction mechanisms in these two regimes,
respectively.”***” The corresponding critical distance (~5 A)
of Vs at the critical Vg concentration N¢ is in very good
agreement with the calculated size of the Vg, wave function in
our study and also agrees with the experimentally estimated Vi
distance in a stable CF based on EDS analysis.”> These
agreements reveal the change of the conduction mechanism
during RS in Ta,O; devices. Specifically, metallic conduction
of the on-state is caused by continuous overlapping of the
localized electron states induced by V, (as defects), where the
V, distance is shorter than the size of the V5 wave function,
thus creating electronic conduction paths connecting one
electrode to the other. During the reset process, Vo migration
reduces the V concentration and leads to an increased V,
distance, resulting in a reduced electron overlap. As a result,
electrical conduction in the off-state is dominated by the
hopping mechanism with a lower conductivity.
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Figure 3. (a) Schematic of a Ta,O-based bilayer device structure with a thin top electrode to enable light illumination on the switching layer (left),
and optical-microscope image of the device illuminated by a green-light laser during electrical measurements (right). (b) Direct current I-V
characteristics during the electroforming process with and without light illumination. Inset: average and standard deviation of the forming voltage
measured from multiple devices under light and dark conditions. (c) Current evolution of as-fabricated devices under constant voltage stress (—2
V), with and without light illumination. Inset: current level of the devices after SO s under the constant bias. (d) The current evolution of devices in
LRS under constant erasing voltage stress (0.8 V). Inset: current level after 1000 s under the constant bias.

The short-range attractive interaction between neutral
vacancies (Figure 1b) can be ex?lained by the hybridization
of overlapping electron states.”**” The overlap of two electron
states localized at different neutral oxygen vacancy sites (Figure
1f, top panel) gives rise to two midgap defect states that are
lower in energy compared to those of isolated vacancies
(Figure 1g). The lower-V, level moves downward as a result of
hybridization between the two defect orbitals,”” whereas the
upper-V, level is also pushed down due to repulsion by the
conduction band. Consequently, both occupied defect levels
become lowered in energy, leading to a negative binding
energy and attractive interaction at vacancy—vacancy distances
shorter than the size of neutral vacancy orbitals. We believe
that this attractive interaction facilitates the aggregation of
vacancies and the formation of stable CFs with high Vg
concentration during RS.

On the other hand, even though neutral vacancies can
explain the aggregation and the formation of stable CFs, their
charge neutrality precludes the field-driven drift, as observed
during RS. To resolve these contradictions, we consider a
series of charge transition processes during the RS process,
which enables both the field-driven Vq drift and allows stable
Vo aggregation. Figure 2a shows a schematic of the proposed
charge transition and drift processes that result in CF
formation/rupture during RS. Note that the formation energy
of charged defects (e.g, Vo>*) depends on the Fermi level, and
that the formation energy of neutral vacancy lies within the
range of the charged V,** formation energy between the cases
that the Fermi level is near the valence band maximum (Ey)
and near the conduction band minimum (E¢), as shown in
Figure 2c. As a result, the stable V5 charge state can change
between neural V,° and charged V,**, depending on the Fermi
level, which is in turn affected by the applied voltage during the
device operation. For example, the lower Fermi level near the
anode stabilizes the +2 charge state, whereas the neutral charge

state becomes more stable near the cathode due to the elevated
Fermi level.

Figure 2b shows how isolated oxygen vacancies aggregate
and form a CF during RS, along with changes of the relative
stability between neutral and charged vacancies. Starting from
the neutral charge state, isolated Vs become ionized into
Vo>*s near the anode with lower Fermi level. Then, the
charged V*'s migrate toward the cathode through the field-
driven drift process and accumulate there in which the applied
electric filed enables V**s to overcome the repulsive force
during programming. As more Vo*'s accumulate near the
cathode and the V concentration increases, the Fermi level
rises, leading to another charge transition from +2 to the neural
state (Figure 2b). As a result, a stable CF consisting of
aggregated V's is formed without repulsive interactions. On
the other hand, if the applied field is removed without the
subsequent charge transition process, the formed CF
(consisting of Vo*'s) will become unstable. Therefore, this
model can explain the experimentally observed excellent
retention of Ta,Os-based devices at high V, concentra-
tion,”**" providing an atomistic picture on the stability of CFs
during RS and offering design guidelines to achieve desirable
device properties such as long retention. For example,
retention failure can occur when oxygen vacancies diffuse out
from the CF by overcoming both the migration barrier and the
binding energy due to vacancy interactions. Indeed, the
experimentally measured vacancy diffusion activation energy
is 1.6 eV through retention tests,”* which is larger than the
value of 1.2 eV obtained from profiling oxygen concentration
during annealing in which diffusion is due to noninteracting
vacancies.” This discrepancy can be explained by the
increased barrier height in the filament due to the attractive
interaction energy. Therefore, resistive switching devices with
long retention (where the activation energy is determined by
interacting vacancies) and low programming voltage (where
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Figure 4. (a) I—t characteristics of as-fabricated devices under constant positive bias with light illumination at different temperatures, showing
transient current peaks. (b) The Arrhenius plot of the transient current peaks, showing lower activation energy under illumination. (c) Simulated
I—t characteristics showing a transient current peak. Inset: Arrhenius plot of the current peak position obtained from the simulation vs temperature.
The activation energy extracted from this method is indeed the migration barrier used in the numerical simulation setup. (d) Simulated V,
concentration profile at each stage indicated in (c). The conductive region initially expands and subsequently contracts, leading to an increase and

decrease of the device conductance and the observed current peak.

the migration of vacancies is determined by noninteracting
vacancies) can be achieved by utilizing defects with short-range
attractive interactions.

To test the hypothesis of charge transition of oxygen
vacancies during RS in oxide-based RRAM, we designed an
experiment that employs visible-light illumination to control
the Vi charge state. Specifically, electrons trapped at the
midgap defect states of V,? can be excited into the conduction
band by light absorption, inducing a charge transition from 0
to +2 state. For example, it has been reported that Vg
migration in SrTiOj; is accelerated by visible-light illumination
due to the photoexcitation of midgap states, where V'"s in the
form of Ti—V complexes are ionized to V>*s with a lower
activation energy for ionic migration.32 In our experiment, we
employed green light (520 nm) whose photon energy is larger
than the absorption energy of oxygen vacancies in Ta,Og but
smaller than the Ta,O; band gap.*”** As a result, the
characteristics of RS behaviors in Ta,Os-based RRAM devices
would be affected by visible-light illumination if the charge
transition processes are indeed involved in the RS. Figure 3a
shows the structure of a Ta,Os-based bilayer device used in
this study, where a thin (10 nm) Pd top electrode (TE) was
used to allow light pass through onto the switching layer.
Devices with the thin TE are still fully functional and show
reliable RS characteristics that are almost identical to standard
devices with thick TE (Figure S2). A device being illuminated
by a green-light laser (520 nm) during electrical measurements
is shown in Figure 3a.

The effects of light illumination on the RS behavior were
first examined in the electroforming process. As shown in
Figures 3b and S3, illuminated devices show a smaller forming
voltage at which the device conductance abruptly increases
from the highly resistive virgin state. For example, the average

11583

forming voltage for the illuminated devices is —2.3 + 0.05 V,
which is smaller than that of unilluminated devices, —2.45 +
0.04 V. To more clearly illustrate the light-induced effects,
devices in virgin state were subjected to a low voltage (—2 V)
stress, where the applied voltage was lower than the typical
forming voltage, and the current through the devices was
monitored. Figure 3c shows the current evolution for devices
with and without light illumination. The average current value
for the illuminated device is clearly larger than the dark case, as
further verified in the inset of Figure 3c. In addition, an abrupt
drop of resistance, corresponding to the electroforming
process, occurs only under illumination conditions within
our measurement time at this low bias conditions.

Such behavior of the resistance decrease can be well
understood in the picture of Vy-migration from the Vg-rich
TaO, layer to the Vy-poor Ta,Oy layer during the electro-
forming process. Since the Ta,O; switching layer is electrically
much more resistive than the TaO, layer, the total device
resistance is determined by the V concentration in the Ta,O;
layer. As charged oxygen vacancies migrate to the switching
layer due to field-driven drift under the negative voltage
applied to the top electrode, the total resistance of the device is
reduced over time. Here, the light illumination speeds up the
injection of charged V, into the switching layer by facilitating
the charge transition from V° to Vo>*. That is, light
absorption converts more neutral vacancies to the +2 charged
state. It is these charged V*'s that respond to the applied
electric field and migrate into the switching layer, so the higher
Vo concentration due to light-induced charge transition leads
to larger conductance increase and reduced electroforming
voltage.

The effect of visible-light illumination was further inves-
tigated in the RESET process. Similarly, a constant voltage (0.8
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V), which is lower than the typical RESET voltage, was applied
to devices with and without light illumination. Prior to this
measurement, the devices were switched to the LRS under
dark conditions with similar resistance values. Figure 3d shows
the change of the normalized current over time under a
constant positive 0.8 V voltage bias, for the illuminated and
dark cases. Both cases show the degradation of the LRS current
over time. However, the illuminated devices show much faster
decay, followed by an abrupt drop of current that corresponds
to the breakage of the CF. The inset of Figure 3d shows the
average value of current after 1000 s under dark and
illuminated conditions from multiple devices, verifying the
accelerated erasing process under light illumination. The
accelerated RESET transition by visible-light illumination
observed here is consistent with a previous work in which
the electrical conductivity and the size of a nanoscale CF
(formed by a conductive atomic force microscope tip) in HfO,
became reduced upon white-light illumination.”

The accelerated degradation of the LRS under illumination
is again attributed to photoinduced charge transition from V°
to V", In general, the RESET process is believed to be driven
by out-diffusion of oxygen vacancies due to Joule heating
followed by Vq drift that creates and widens a V-depleted
gap.'” However, the applied bias in this measurement itself is
not large enough to cause significant diffusion or drift of Vs
from the CF. This is consistent with the slow degradation of
the conductance observed under dark conditions. On the
contrary, light illumination leads to photoexcitation of
electrons from the midgap states of Vo's. As a result, the
aggregated Vs constituting the CF are transited to V*'s that
experience strong repulsive interactions, thus accelerating the
migration of the vacancies and deteriorating the stability of the
CF. Additionally, the light-assisted charge transition to the +2
state causes vacancies to respond to the applied electric field
and enables V, drift. The observed faster RESET under light
illumination thus further supports our model of the charge
transition processes in oxide RRAM devices.

The activation energies of ion migration and charge
transition were then experimentally determined through a
transient current measurement.’*”” Under constant positive
bias, the as-fabricated devices exhibited transient current peaks
when the current is plotted against time, as shown in Figure 4a.
The positions of the transient current peaks can be fitted with
the Arrhenius equation, as shown in Figure 4b. We found that
illuminated devices exhibit lower activation energy (0.42 eV)
than unilluminated devices (0.64 eV), consistent with our
experimental results showing the light-induced accelerated RS
behaviors (Figure 3). Specifically, since the charge transition
from the neutral to the +2 state is facilitated by light
absorption, vacancies in an illuminated device are in the
charged state, and the estimated value from the transient
current measurement is the activation energy for the migration
of charged V,**. Indeed, the experimentally estimated value of
the activation energy under light illumination is in very good
agreement with the theoretically calculated migration barrier of
Vo2t in Ta,O4 (~0.4 €V),* supporting the charge transition
model. On the other hand, the activation energy measured
under dark conditions (0.64 eV) should correspond to the
charge transition process, since this process requires higher
energy and dominates during the measurement of V*" drift.
We note that the ionization energy of oxygen vacancy (0.6—0.8
eV)**7% s indeed consistent with our experimentally
obtained value.

An analytical model that reveals the relation between the
peak position from the transient current measurements and the
activation energy was developed as described in eq 2

T ( E, ) qE
— = aD, exp| —— |, wherea = —
T kT xk (2)

where T is absolute temperature, D, and E, are the pre-
exponential constant and the activation energy of V, diffusion,
x. is the boundary position (measured from the interface) of
the conductive region having vacancy concentration above the
critical V concentration, k and g are the Boltzmann’s constant
and the charge of the oxygen vacancy, respectively (derivation
of eq 2 can be found in eqs S2—S8 in the Supporting
Information). Here, the position of the transient current peak
() was determined as the time at which the time derivative of
the Vg concentration becomes zero, corresponding to when
the diffusion and drift fluxes become equal with opposite sign.
This analytical model was confirmed through numerical
simulations in which the electronic continuity equation, the
ionic drift/diffusion equation, and the Fourier equation for
Joule heating are self-consistently solved.'” With a simulation
cell including V-rich and V-poor switching layers, a transient
current peak was indeed observed under constant bias, as
shown in Figure 4c. The activation energy determined from
the peak positions (Figure 4c inset) is indeed the energy
barrier for ionic migration used in the simulation, thus
validating the results obtained in Figure 4b.

Figure 4d shows the concentration profile at each stage
during the transient current measurement (under a constant
positive bias on the TE). In the beginning, V,, diffusion is
dominant due to the large V concentration gradient, driving
the boundary at which the V concentration is equal to N
toward the right, and thus leads to the expansion of the
conductive region. The length of the conductive region reaches
a maximum when the diffusion and drift fluxes become equal,
corresponding to the maximum conductance and the observed
current peak (the red circle in Figure 4c). Beyond this point,
the boundary starts to move toward the left due to the
dominating Vg drift term, resulting in a reduction of the
conduction region and a decrease of the device conductance
and consequently a decrease in current. These microscopic
processes explain the transient current peak during constant
positive bias as observed in the experiment and numerical
simulation.

B CONCLUSIONS

In summary, we show that positively charged oxygen vacancies
(Vo*) in Ta,Og show a strong mutual repulsion due to
electrostatic Coulomb interaction, whereas neutral vacancies
exhibit a short-range attractive force that facilitates aggregation
to form a stable conductive filament. Neutral vacancies,
however, do not produce Vg drift in an applied electric field.
We, therefore, propose a model based on a series of charge
transition processes to consistently explain both the
aggregation and the field-driven drift of oxygen vacancies
during RS. Our proposed model is further supported by
experimental studies. Specifically, oxide RRAM devices exhibit
accelerated switching under illumination due to the light-
assisted charge transition of oxygen vacancies, supporting the
charge transition model. Furthermore, we experimentally
determined the activation energies of the charge transition
and the Vy-migration processes based on the transient current
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measurement. Illuminated devices show an apparent lower
activation energy, with an experimentally estimated value in
good agreement with the calculated migration barrier of charge
vacancies (Vo?*). The development of the transient current
peak can be explained by V, drift and diffusion processes,
where the dependence of the peak location as a function of
temperature was verified by numerical simulations. Our results
help provide a understanding of the internal dynamics of
resistive switching in oxide RRAM and will help guide device
optimization and applications.

B EXPERIMENTAL SECTION

Computational Calculation. The equilibrium geometry of the
atoms, the total energies, and electronic wave functions are obtained
using the Vienna ab initio simulation package (VASP) with a plane-
wave cutoff of 400 eV and included the Ta 5s*5p®5d®6s* and O 2s%2p*
electrons in the valence.”® The formation energy of defects was
calculated by the following equation®’

Efx? = E.[X% — E,[bulk] — Z np + qu + Eoy )

where E[X?] and E,[bulk] are the total energy of a cell having a
defect with charge g and a defect-free bulk cell, respectively. The
parameters ; and . are the chemical potentials of atoms that are
removed (y; < 0) or added (i; > 0) and the chemical potential of the
electron. A large supercell consisting of 252 atoms was employed to
investigate a V dimer with long distance while minimizing artificial
interactions with periodic images in finite-size supercell approach. The
binding energy was calculated with the Perdew—Burke—Ernzerhof
functional*' and a 1 X 1 X 3 supercell that allows the distance of a
vacancy dimer to vary up to 15 A.

Experimental Method. Ta,0;-based RRAM devices used in this
work were fabricated in a crossbar structure. The bottom electrode
(Pd, 40 nm) was patterned by photolithography and deposited by an
e-beam evaporation and lift-off. Then, a tantalum suboxide (TaO,)
layer (40 nm) was deposited by reactive sputtering using a Ta target
with a gas flow of Ar/O, (32.3:1), followed by the deposition of a
tantalum pentoxide (Ta,O5) layer by radio frequency sputtering using
a Ta,O;s ceramic target without breaking vacuum. Next, the top
electrode (Pd, 10 nm) was deposited and patterned as the top
electrode followed by reactive ion etching process to open the bottom
electrode pads. A green-light laser (520 nm) with a power of 16 mW
was employed for the light-illumination experiments.
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