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ABSTRACT: We characterize the atomic processes that underlie forming, reset, and
set in HfO,-based resistive random access memory (RRAM) cells through molecular
dynamics (MD) simulations, using an extended charge equilibration method to
describe external electric fields. By tracking the migration of oxygen ions and the
change in coordination of Hf atoms in the dielectric, we characterize the formation
and dissolution of conductive filaments (CFs) during the operation of the device with
atomic detail. Simulations of the forming process show that the CFs form through an
oxygen exchange mechanism, induced by a cascade of oxygen displacements from the
oxide to the active electrode, as opposed to aggregation of pre-existing oxygen
vacancies. However, the filament breakup is dominated by lateral, rather than vertical
(along the filament), motion of vacancies. In addition, depending on the temperature of the system, the reset can be achieved
through a redox effect (bipolar switch), where oxygen diffusion is governed by the applied bias, or by a thermochemical
process (unipolar switch), where the diffusion is driven by temperature. Unlike forming and similar to reset, the set process

involves lateral oxygen atoms as well. This is driven by field localization associated with conductive paths.
KEYWORDS: RRAM, valence change mechanism, MD, forming-reset-set, EChemDID

esistive random access memories (RRAMs) are
Rconsidered the most promising candidates for next
generation, high-scaling, ultrafast, and low power
consumption memories.' > RRAM cells, that typically consist
of a metal—insulator—metal (MIM) stack, store bits by
reversibly changing the resistivity of the insulator between a
high-resistance state (HRS) and a low-resistance state (LRS).
In order to enable this reversible change, the devices normally
require an initial and irreversible process called electroforming,
which is basically a current-controlled breakdown of the
pristine highly resistive oxide layer.*®
In most RRAM devices, the switching between LRS/HRS
originates from the formation/rupture of a nanoscale
conductive filament (CF) in the dielectric layer. This is the
case of memories operating through electrochemical metal-
lization mechanism (ECM), where the CF consists of cations
of a metal injected from an electrochemically active electrode,
which reduce and nucleate forming a filament starting from the
cathode or the anode, depending on which of reduction and
nucleation or cation transport is the rate-limiting process.” Also
exhibiting filamentary conduction are cells that operate via the
valence change mechanism (VCM); in this case, a variation in
local stoichiometry arising from the presence of oxygen
vacancies changes the valence of the metallic ions rendering
them conductive.* It should be noted that, in general, the
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presence of oxygen vacancies is not a sufficient condition to
obtain electronic conduction in an oxide. For example,
vacancies in zirconia can be generated by the addition of an
oxide with a lower valence cation, such as Y,0;, a procedure
used to stabilize the cubic phase of zirconia at low temperature
while maintaining its electronic insulator character.®® This is,
however, not the situation in HfO, or ZrO, without external
impurities, given that Hf,O; and Zr,O; have been predicted to
be semi-metallic by first-principles calculations."’

This paper focuses on HfO,-based RRAM devices that
operate through the VCM. In the valence change mechanism,
the formation and dissolution of the CF is governed by the
migration of oxygen anions, driven by an external electric field.
The reduction of the oxide in O-depleted areas results in a
change in valence of the metallic ions atoms (Hf in our case)
which, in turn, is responsible for the electronic conductivity in
the LRS.'"'* The details behind the migration of ions are not
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Figure 1. Atomic structure of sample A at (a) the initial state and (b) after the interface relaxation. (c) Stoichiometry profiles of the cell
along the z-axis at time 0 and 100 ps. (d) Initial and (e) final atomic charges. (f) Hf charge profile along the z-coordinate for the initial and
2,33

relaxed structures. The snapshots were generated with VMD software.

22,

known, and the nanoscale size of the devices compounded with
ultrafast switching makes the experimental characterization of
these processes extremely difficult. In this paper, molecular
dynamics simulations reveal the atomic level processes
associated with the forming, reset, and set processes.

Depending on the choice of electrode materials, the devices
can be operated in unipolar or bipolar switching modes. For a
bipolar behavior, metals with high oxygen aflinity are chosen as
the active electrode (AE), whereas inert metals are preferred
for the inactive electrode (IE). The AE plays an important role
in the operation of VCM cells because it acts as an oxygen
exchange layer, creating a substoichiometric region at the oxide
interface that contributes significantly to reduce the forming
Voltage and improve the endurance and retention of the
cell.">™'° The most used AE materials are Ti, Hf, and Ta due
to their oxygen scavenging ability and good electrical
performance.' ™'

Despite the significant experimental'” and theoretical'®
evidence supporting the switching mechanism described
above, the nature of this phenomena, operating at the
nanoscale and in ultrafast regimes, has precluded the
development of a detailed, atomic-level understanding of the
formation and rupture of the CF, much less an understanding
of the variability in the switching and stability of the CF.

12946

Molecular dynamics (MD) simulations are an ideal tool to
address these questions as recent developments'’ enable the
application of an external electrochemical potential into
reactive simulations that track individual atoms. Furthermore,
as was demonstrated for ECM cells,”® the nanoscale
dimensions and ultrafast switching characteristics of these
devices enable an explicit, all-atom description of their
operation.

We report MD simulations of the operation of HfO,-based
RRAM cells that explicitly capture all the relevant processes
involved in the switching of the device, including redox
reactions, oxygen migration, growth of vacancy-rich regions,
and the effect of temperature. These simulations provide a
comprehensive dynamical picture of the formation and
dissolution of the CF in these devices. We studied cells with
metallic Hf as AE, and our simulations reproduce the
substoichiometric layer generated at the oxide/AE interface
during the fabrication of the devices. A detailed 3D analysis of
the motion of O ions during forming, reset, and set processes
reveal an unexpected phenomena. During forming, net oxygen
migration toward the AE dominates the formation of the CF.
Our results support the viewpoint that the filament rupture
during reset is governed by lateral oxygen migration, induced
by the complex 3D electric fields from the neighboring ions
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Figure 2. Snapshots of Hf atoms colored according their coordination number for (a) the initial structure, (b) the relaxed structure, and (c)
the relaxed structure plotting only under-coordinated Hf atoms. The snapshots were generated with VMD software.””*’

and irregular electrode shape during reverse bias in the bipolar
case, or by the effect of temperature under unipolar operating
conditions. Finally, simulations of the set process demonstrate
negligible vertical oxygen migration, in contrast to the forming
process, and the filament forms by the rearrangement of
oxygen atoms in the lateral directions. This takes place even in
absence of large temperature gradients, which are known to
favor tzhle set process by the appearance of thermophoretic
effects.

RESULTS AND DISCUSSION

Device Structures and Suboxide Formation. As
mentioned before, a robust switching in VCM devices requires
some amount of oxygen deficiency in the dielectric film. These
vacancy profiles can be generated by an electrode that partially
oxidizes'”'*'® or by other methods.">** In our simulations,
the relaxation of the HfO,/Hf interface naturally leads to the
generation of a suboxide layer and a high concentration of
vacancies in the initially stoichiometric dielectric. The
equilibration is carried out at T = 300 K and P = 1 atm for
100 ps to generate a fully relaxed HfO,/Hf interface. The time
considered is enough to ensure that further oxygen migration
toward the AE be negligible. In our samples, the diffusion of
oxygen atoms toward the AE increases the thickness of the
oxide layer by approximately 0.5 nm. Although there are no
experimental data for the thickness of the interlayer formed
between Hf and HfO,, our result is similar to the 1.3 nm
obtained via XRD for the TiOx layer at a HfO,/Ti interface.”®
This provides an important, if indirect, validation of our
approach.

Figure lab shows snapshots of the initial and relaxed
structures of one of the samples generated through melt/
quench process (sample A). Figure 1c plots the planar average
of the O/Hf atomic number ratio (stoichiometry) along z for
the two states. Here, it can be seen that the initial
stoichiometry, corresponding to HfO, evolves to a profile
HfO,, with x ranging from 2 at the IE interface, to 0.5 at the
AE interface. In the Supporting Information we display the
same plots for the five different samples generated, obtaining
similar results for all cases.

Figure 1d,e show the atomic charges corresponding to same
initial and final structures mentioned above, and Figure 1f

displays the planar average of the hafnium charge along the z-
coordinate. The figures demonstrate how self-consistent charge
equilibration results in neutral electrodes and positively
charged Hf ions in the oxide and suboxide layers. The atomic
charge evolution of the Hf atoms after the relaxation provides
clear evidence of the oxidation of Hf atoms at the AE and the
consequent reduction of amorphous HfO, (aHfO,).

The suboxide layer formed as a consequence of the
oxidation/reduction process results in a change of the Hf
valence. Given the importance of the valence change in Hf ions
during the switching of the devices, we characterized it through
the oxygen coordination of Hf atoms, as detailed in the
“Filament Description” section below. The results are shown in
Figure 2a,b with the snapshots corresponding to the initial and
fully relaxed state, respectively. In the images, the color code
ranges from blue representing Hf atoms with no oxygen
neighbors (i.e., 100% metallic hafnium) to red representing Hf
atoms with at least 7 oxygen bonds (i.e., fully oxidized). Before
relaxation, Hf atoms from the oxide are mostly 7-fold
coordinated, as expected for the HfO, structure. When the
interface relaxation occurs, this value decreases, generating a
high concentration of Hf with metallic behavior, mainly at the
AE interface. This trend agrees with DFT calculations, which
predict that the formation energy of an oxygen vacancy
decreases toward the interface, suggesting that it is
thermodynamically more favorable to remove an oxygen
atom from the interface region than from the bulk region.”®
In Figure 2¢, we display only Hf atoms with coordination equal
or lower than S, considered as metallic. The representation of
dynamic bonds shows that the interface relaxation does not
lead to formation of the CF.

Forming. Simulating the forming process requires the
application of an external field between the metallic electrodes.
In experiments, the magnitude of the field applied during
forming depends on the original amount of oxygen vacancies
(i.e., the stoichiometry of the HfO, layer). For HfO,/Hf cells,
the values are few tens of meV/A (0.04'° and 0.06 eV/A)."
We simulated the forming process by applying 4 V difference
between the electrodes, which corresponds to an external field
equivalent to 0.2 eV/A. The voltage was applied in isochoric,
isothermal MD simulations (NVT ensemble) at 300 K,*”*
following the scheme described in the “Methods” section. The
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Figure 3. Switching dynamics of the five samples considered, carried out through cluster analysis of conductive Hf atoms, using a cutoff of
3.9 A. The switching state evolution has been averaged using a moving window of 0.02 ns for clarity.
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Figure 4. Snapshot of the (a) atomic charges, (b) coordination number of Hf atoms, and (c) potential of Hf atoms, at the beginning (¢ = 0
ns), just when the filament is fomed (¢ = 1.5 ns) and at the end of the simulation (¢ = 2.5 ns). The snapshots were generated with VMD
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software.”™

voltage chosen was high enough to ensure the formation of the
CF occurs within the time scales accessible to MD simulations.
The AE was polarized positively, with a potential of +2 V, in

order to attract the oxygen atoms, while the IE was set to —2

12948

V. Figure 3 shows that from a total of five independent samples
only three switched and two formed a stable filament within
the time considered of 2.5 ns. The relatively low probability of

switch of the simulated cells is related to the small cross-
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Figure S. (a) Switching dynamics of sample A under different voltages at 300 K, carried out through cluster analysis of conductive Hf atoms,
using a cutoff of 3.9 A. The switching state evolution has been averaged using a moving window of 50 ps for clarity. The —4 V curve has been
extended in order to show more clearly the tendency to break the filament. (b) Mean square displacement (MSD) of oxygen atoms in the
filament region (cylinder with radius 5 A and z between 27 and 40 A), along the xy-plane (radial coordinate, denoted as p) and z-coordinate.

sectional device area and short time scales of the simulations,
as detailed in Figure S9.

Figure 4 shows atomic snapshots at various times during the
process of forming of sample A. Figure 4a highlights atomic
charges and shows that the AE further oxidizes with the
applied potential, generating additional oxygen vacancies in the
oxide layer. Figure 4b colors atoms by Hf coordination, with a
value <5 corresponding to the conductive Hf atoms. Figure 4c
shows the electronegativity of metallic Hf assigned by
EChemDID. Before the forming, EChemDID propagates the
electronegativity over the metallic atoms according to their
connectivity with the electrodes. When the CF forms, the
electronegativity of the metallic ions varies linearly, according
to the atomic position between the two electrodes. These plots
provides an atomistic picture of the evolution of the CF, that
starts as a single-atom chain, just after the switching, and
subsequently grows while the potential is kept applied.
According to the results, the narrowest constriction is observed
near the inactive interface. These findings agree with the
quantum point contact model, which states the CF consists of
an atomic size chain, or constriction, that behaves as a
quantum wire.”

Atomistic Mechanisms Behind Forming. In VCM cells,
two different forming mechanisms have been proposed in
literature over the last years.”” The first one postulates the
generation of anti-Frenkel pairs (an interstitial oxygen O; and
an oxygen vacancy Vo) when an external electric field is
applied, followed by the migration of the interstitial oxygen
toward the AE. In this model, oxygen vacancies are assumed to
be immobile, providing conduction by trap-assisted tunneling.
The other mechanism postulates the vacancies are generated as
result of an oxygen exchange reaction at the anode (AE),
followed by the migration of the oxygen vacancy to the
cathode (IE). In this case, the vacancy migration occurs
through successive oxygen exchanges between the empty space
generated by the reaction with the AE and the adjacent oxygen
atoms.

MD simulations carried out on cubic and monoclinic HfO,
have demonstrated that anti-Frenkel pair generation/recombi-
nation is not possible in crystalline structures due to the
considerably high electric field required to create O;—V, pairs
(only sporadic defects are generated at 0.3 eV/A) and short
recombination times (1—4 ps) .>' This, plus some additional

general considerations regarding the observation of reprodu-
cible switching in electro-forming-free substoichiometric
HfO,,”* have led Menzel and Waser to conclude that a
switching mechanism based on anti-Frenkel pair generation/
recombination cannot take place in HfO,.*’

We analyzed the forming mechanism by plotting the
migration of oxygen atoms as a function of time for two
different kind of simulations: In one case, the electronegativity
was updated periodically as described in the “Methods”
section, and in the other case, the electronegativity was
modified only in 100% metallic Hf at the beginning and
maintained as fixed during the rest of the simulation. The aim
of this last procedure is to maintain fixed the AE/HfO,
interface during the forming process. The migration profiles
for both cases are displayed in Figure S6. For simulations with
the electronegativity fixed, the plots display abrupt oxygen
displacements that start at the upper oxygen layer and are
followed by displacements of the subsequent layers. Visual
inspection of the trajectories shows that each abrupt
displacement in the upper oxygen layers corresponds to a
large displacement in z of a single oxygen atom. This result
demonstrates that oxygen atoms from the first layer that diffuse
toward the AE leave behind empty spaces that are occupied by
oxygen atoms from the second layer, producing in this way a
cascade of displacements that attenuate as the distance to
interface increases. For the case where the electronegativity
updates during the simulation, the results are quite similar.
However, since there are Hf atoms from the oxide that become
metallic as the filament evolves, the potential propagates inside
the oxide, favoring the oxygen migration in the deeper layers.
Our results are a clear evidence that the forming mechanism
operating in amorphous HfO, is the oxygen exchange across
AE/HfO, interface.

Reset Process. To understand the nature of the reset
mechanism, we ran simulations under different voltages and
temperatures. We used sample A for the studies since this is
the MIM structure that demonstrated the strongest switch.
The switching behavior under different voltages at 300 K is
presented in Figure Sa. The results show that the filament
remains stable as long as the forming polarity is maintained
(i.e., positive potential in the AE and negative potential in the
IE). When the voltage is removed, the filament destabilizes
and, finally, it dissolves when the polarity is reversed, indicating

https://doi.org/10.1021/acsnano.1c01466
ACS Nano 2021, 15, 12945-12954


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01466/suppl_file/nn1c01466_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c01466/suppl_file/nn1c01466_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01466?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01466?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01466?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c01466?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c01466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

t=2.5"ns t=2.5%ns

X [ev]
2.00

1.00
0.00
-1.00
-2.00

t=4.0 ns t=4.5ns

X [eV]
1.00

0.50
0.00
-0.50
-1.00

Figure 6. Snapshot of the reset process colored by potential of Hf atoms for different times. The snapshots were generated with VMD
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software.”™

a clear bipolar behavior. The oxygen migration profiles in
Figure S7 demonstrate that the motion of oxygen atoms along
the field direction at 300 K is almost negligible; only
simulations with voltages of +4 V (—4 V) showed small
displacements toward the AE (IE). These results indicate that
the oxidation produced during the forming process is
irreversible, and the filament rupture must occur by a
reorganization of the oxygen atoms in the xy-plane. Figure
Sb) displays the lateral and z mean square displacement
(MSD) of the oxygen atoms in the filament region (a cylinder
with a radius of S A and z between 27 and 40 A), showing a
strong correlation with the filament stability. On the basis of
the snapshots of Figure 6, we infer that the driving force for the
localized xy oxygen migration is the positive potential
(negative electronegativity) propagated over the filament,
inducing a local oxidation.

When the system temperature is increased to 400 K, the
filament destabilizes and breaks in all cases, as shown in Figure
7. This is true even when applying a bias with the same polarity

LRS

HRS

time [ns]

Figure 7. Switching dynamics of sample A under different voltages
at 400 K, carried out through cluster analysis of conductive Hf
atoms, using a cutoff of 3.9 A. The switching state evolution has
been averaged using a moving window of 0.05 ns for clarity.

as the forming process, which induces a small additional
oxygen migration toward the AE (Figure S7) that, in principle,
would favor filament stability. This is because increasing the
temperature of the system favors diffusion, not only along the
field direction, but also in the xy-plane, which is the main cause
of the filament dissolution, as observed previously for samples
at 300 K.

Our findings are in agreement with experiments where the
current compliance is released during reset to produce the
filament rupture by Joule heating,® suggesting that reset in
bipolar HfO,-based cells can also be induced by thermal
activation. Similar results where observed in bipolar TiO,-
based RRAM cells, where by setting a large compliance current
value, the cell turned to unipolar switching.32

Set Process. The set process was simulated by reversing
the polarity of the external field for a second time. In this case,
we applied 4V between the metallic electrodes to ensure that
the filament formation occurred within the time accessible to
the simulations. Since the characteristic time for oxygen hops
within the oxide is relatively slow (~0.5 ns), we slightly
increased the temperature (up to 325 K) in order to accelerate
the process. We used the MIM structure obtained after the
bipolar reset at —2V and 300K, which demonstrated a
complete dissolution of the conductive filament. The results
are shown in Figure 8, where we observe that the filament
starts forming after 0.5 ns, and it remains stable during the rest
of the simulation. Again, the process occurs with a significant
contribution by the reorganization of oxygen atoms in the xy-
plane, which leads to a new filament. We also see that no set
event occurs when the applied bias is 0 or —4 V.

The resulting filament at 4V (Figure 9) differs from the
initial one, obtained after the forming process. However, since
the area of the device considered here is relatively small, this
finding is not indicative that the filament might form in a
different region during the successive set.

CONCLUSIONS

In summary, we presented atomic simulations of the forming,
reset, and set processes in HfO,-based MIM devices. We
generated substoichiometric HfO, profiles consistent with
those obtained experimentally during the fabrication of RRAM
cells by relaxing hafnium/hafnia interfaces. The relaxed
samples were used to simulate the forming, reset, and set
processes under operating conditions. To simulate the
application of external electrochemical potentials in the
metallic electrodes, we generalized the EChemDID method
for valence change systems. This method, combined with
reactive MD simulations, enabled the atomic-level description
of the redox and transport processes responsible for resistance
switching.

The dynamics associated with the change in valence,
responsible for resistance switching, was characterized on the
fly by tracking the correlated motion of O ions and change in
O-coordination of the Hf atoms. With this approach, we
identified the formation and rupture of an atomic conductive
filament. The simulations revealed the atomistic mechanism
for the forming process in nanoscaled cells, consisting in a
cascade of oxygen displacements initialized at the interface,
similar to the oxygen exchange mechanism previously
proposed based on experiments. We also found that under
the model assumptions and the considered filament size the
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reset and set processes occur through a local reorganization of
oxygen atoms in the filament region; these processes are
dominated by lateral oxygen migration with minimal motion
toward the AE or IE. These insights into the switching
mechanisms behind nanoscale HfO,-based RRAM devices
could enable further materials optimization efforts and the
assessment of ultimate scalability of this technology.

METHODS

Atomistic Device Model. The simulated RRAM cells consist of
an amorphous HfO, (aHfO,) layer sandwiched between an AE and
an IE. We use Hf as the AE as it is widely used experimentally to
induce the formation of a substoichiometric HfO, layer at the HfO,/
Hf interface. To simplify the simulations, the IE is also described by
Hf atoms, but the positions of these atoms are fixed throughout the
simulation rendering them inactive. The initial simulation box consist
of a 10 X 8 X 6 hep-Hf supercell with 960 atoms in the AE, an aHfO,
supercell containing 900 atoms, and a 10 X 8 X S hcp-Hf supercell in
the IE with 800 atoms.

To consider the natural device-to-device variability of the real cells,
five different aHfO, structures were generated through a melt/quench
process and attached to metallic electrodes. The melt of a $ X § X 3
monoclinic HfO, supercell was carried out by increasing the
temperature up to 3300 K, corresponding to the melting point
temperature of hafnia, and equilibrating the systems for 100 ps. To
obtain statistically independent amorphous structures, we carried out
the quench of the liquid every 5 ps decreasing the temperature to 1 K
in 100 ps. During the entire process, the volume was allowed to

change in the z-axis to maintain the pressure at 1 atm. Also, in the
process, the cross section of amorphous samples (of ~2.5 X 2.5 nm?)
is kept fixed to match the Hf electrodes, while the z relaxation gives to
an initial dielectric thickness of approximately 1.5 nm.

Periodic boundary conditions (PBCs) were applied to the lateral
dimensions. There is minimal crosstalk between filament instances, as
the visualization of the filaments shows that their diameter is much
smaller than the cell size, and typical diffusion lengths are also smaller
than the cell size. These diffusion lengths can be estimated, for
example, from Figure Sb). We see there that the radial MSD for the O
atoms in the filament region at —2 V is ~0.67 A% Even in the worst
possible scenario where all the MSD were attributed to the motion of
a single vacancy, which would correspond to an in-plane displacement
of ~5.11 A, this value is obtained by multiplying the average radial
MSD of 0.67 A? times the number of O atoms in the cylinder
enclosing the filament, 39, and then taking the square root, which is
below our lateral cell size, thus ensuring there are no spurious
interactions between the PBC replicas of the simulation cells.

Filament Description. In order to characterize the formation and
dissolution of the CF, it is necessary to identify and track the change
in valence of the Hf atoms which can be done by following oxygen
vacancies. In monoclinic hafnia (mHfO,), vacancies are well-defined
with respect to the perfect crystal structure,”> > since each atom has
a specific atomic site, with a defined number of bonds, or
coordination. In aHfO,, this is not possible because there is no
reference structure, and the Hf atoms have a distribution of possible
coordination number, see Figure S2. To overcome this issue, we
characterize changes in the dielectric and the formation of the CF
during the operation of our cells, by computing the coordination of
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Hf atoms (which determines their valence), instead of oxygen
vacancies.

First-principles transport calculations have demonstrated quantized
conductance in metal/mHfO,/metal structures with single vacancy
filaments, > resulting in Hf atoms bridging two oxygen vacancies (i.e.,
S-fold coordinated hafnium). Therefore, we use the coordination
number as the criterion to preform the CF analysis, defining as
conductive those hafnium atoms with an oxygen coordination <S.
Thus, in order to visualize the filament formation and disruption, we
computed the oxygen coordination of all Hf atoms throughout the
MD simulations using a cutoff for inclusion of 2.7 A (corresponding
to the minimum in the Hf—O radial distribution function; Figure S1).
To find not-simply connected regions of high conductivity, we
perform a cluster analysis between the Hf atoms with coordination
<5, this enables us to determine the connectivity of the filament with
the electrodes and the percolation of conductive states. The cluster
analysis is carried out using a cutoff radius of 3.9 A which corresponds
to 30% of the bond order for two isolated Hf atoms.

Movies S1, S2, and S3 show the representative forming, reset, and
set events.

Force Field and External Electrochemical Potential. All
atomic interactions are described with a ReaxFF force field*’ ™’
parametrized for Hf—O systems, provided in the Supporting
Information. As detailed in the Supporting Information, this force
field reproduces some key structural parameters of aHfO,, as well as
the self-diffusion coeflicient of oxygen, which at 500 K lies within a
factor of 3 of the experimental value."” ReaxFF describes covalent
interactions using partial bond orders and electrostatic interactions
through environment-dependent partial atomic charges.*' The atomic
charges are calculated self-consistently according to the atomic
structure, equaling the electrochemical potential of every atom in the
system [electronegativity equalization method (EEM)].*

We simulate the effect of an external voltage to our MIM structures
during forming, set, and reset via EChemDID."”*® This method
describes an external electrochemical potential by adding an extra
term to the electronegativity of metallic atoms in electrical contact
with the electrodes. To apply a voltage @, we set the electronegativity
of the atoms in the positive electrode to y, — ®/2 (with y, a force
field parameter), and those in the negative electrode to y, + ®/2. The
electronegativity represents the local energy of electrons and is used
to predict polarization and charge transfer via EEM. Prior work has
shown that this approach results in a self-consistent description of
electric fields and atomic changes.'” The challenge is that in reactive
simulations the atoms belonging to the electrode change with time; in
our case, as conductive atoms become in contact with electrodes, the
external potential needs to be applied to them. Thus, EChemDID
assigns the desired constant external potential to a subset of atoms in
both electrodes far away from the reactive interfaces and propagates
and equilibrates the extra electrochemical potential through all atoms
deemed metallic (i.e,, Hf atoms with an oxygen coordination < § as
metallic ions). This is done via a nonphysical, but computationally
efficient, diffusion equation:

& = kv (1)

where k is a diffusive constant. The details of this equilibration process
are unimportant since the time scale of the relaxation of the
electrochemical potential is much shorter than those of the atomic
processes of interest. This equation is solved numerically on-the-fly
during the MD simulations using atoms as a grid through the
following expression:

) D,(t) — D(t)
D=k %W(Rr) - F(W) @,
; IR,/ ’ )

where 7 is a relaxation rate, F(W) is a switching function that turns on
when a metallic ion detaches from the other metallic atoms contacting
the electrode, W, is the total coordination of the atom i, and w(Rij) isa
weight function, calculated as

R 2P
Y .
N|1 - [— ifR; <R
=P[R | oo

0 otherwise (3)

Here N is a normalization constant, and R is a cutoff radius below
which two atoms are considered part of the same metallic cluster, and
therefore, have the same electronegativity. The calculated potential ®;
is then added to the atomic electronegativity of the metallic ions, y;(t)
=)o + ®@,(t), used in charge equilibration to adjust the energy of
valence electrons.

To solve EChemDID, the diffusion eq 2 was integrated 10 times
per MD time step, while the atoms are maintained as fixed, using k = 6
A%/fs and i = 0. The parameters used in eq 3 were Rc = 3.9 A and N
= 0.5. Since the character of the atoms evolves during the reactive
simulation, as conductive filaments form and break and the
coordination of Hf atoms changes, the group of metallic ions over
which EChemDID propagates the potential was updated every 50 ps.
Updating the electronegativity as the simulations proceeded was
necessary in order to obtain robust reset events, or set events at all.
This stresses the importance of describing field enhancement and its
3D nature by tracking metallic atoms and their connectivity, which
enables the application of accurate electrical boundary conditions
crucial to the device operation. All the MD simulations have been
carried out using the LAMMPS code,** with a time step of 0.2 fs.

REMARKS

The cycles we have presented all took place at the expected
polarities for a bipolar device; no switching events were
observed at the opposite polarity (e.g., reset for positive bias
applied). However, a fraction of samples did not establish
forming/switching under the corresponding bias, or it was
unstable. This can be due to a number of causes. First, the
small lateral dimensions of our simulated devices only lead to
the presence of a single filament at a time; larger devices will
have a higher chance of presenting a favorable region for
filament formation, or the formation of multiple filaments (see
section “Forming in larger samples” in the Supporting
Information). Second, the forming step has only been allowed
to run for 2.5 ns; the number of samples presenting filament
formation might increase if forming had been allowed to run
longer. Third, the thickness of our oxide, which is already quite
small, is further lowered after the initial suboxide formation. A
low oxide thickness favors successful forming; but on the other
hand a longer filament in a thicker oxide might have several
candidate spots for rupture, thus causing more robust reset
events.

Finally, the effects of localized Joule heating (JH) are not
included in our simulations (we do increase the temperature of
the whole device to study the role of temperature in filament
breakdown). JH would favor reset at high compliance currents,
since atoms in the filament would have a higher diffusivity due
to the increased temperature. Under a lower compliance
current JH might favor the set as well, since a positive thermal
feedback accelerating the set process is established in some
cases,”” or in large temperature gradients thermophoretic
(Soret) forces may stabilize the conducting path against
filament-breaking outward radial Fick diffusion,”"*® although
other authors did not observe this effect, and attributed
filament breakup to the axial movement of the oxygen

.47
vacancies.
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