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Oxygen Diffusion in Platinum Electrodes: A Molecular
Dynamics Study of the Role of Extended Defects

Alexander F. Zurhelle, Wilhelm Stehling, Rainer Waser, Roger A. De Souza,

and Stephan Menzel*

Platinum serves as a model electrode in solid-state electrochemistry and as
the inert electrode in redox-based resistive random-access memory (ReRAM)
technology. Experimental work has proposed that oxygen may diffuse faster
along platinum’s extended defects, but quantitative, unambiguous transport
data do not exist. In this study, the diffusion of oxygen atoms in crystalline
platinum and along its extended defects is studied as a function of tempera-
ture by means of molecular dynamics (MD) simulations with the ReaxFF
interatomic potentials. The MD simulations indicate that platinum vacancies
trap oxygen atoms, inhibiting their diffusion through the platinum lattice and
leading to a high activation enthalpy of diffusion of around 3 eV. This picture
of trapping is supported by static density-functional-theory calculations. MD
simulations of selected dislocations and selected grain boundaries indicate
that oxygen diffusion is much faster along these extended defects than
through the Pt lattice at temperatures below 1400 K, exhibiting a much lower

between an inert metal electrode and
an oxidizable metal electrode, for
instance, PYTiO|Ti,?3  P{TaO,|Tal*"]
and PY{HfO,|Hf[%") By applying appro-
priate voltages, the electrical resistance of
ReRAM cells can be changed reversibly
between high and low states. Apart from
their role as memory devices,® these
devices are also promising candidates for
in-memory computing®'®! and neuromor-
phic computingl due to their tunable
resistivity.1213]

The platinum electrodes in such cells
are usually considered inert, but there
are two ways in which they may cru-
cially affect the characteristics of ReRAM
devices: First, most ReRAM cells require
an initial electroforming step, which

activation enthalpy of =0.7 eV for all extended defects examined. Producing
specific electrode microstructures with controlled densities and types of
extended defects thus offers a new avenue to improve the performance of

ReRAM devices and to prevent device failure.

1. Introduction

Redox-based resistive random-access memory (ReRAM)M
cells typically consist of transition metal oxides sandwiched
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can be performed by applying a posi-
tive voltage to a platinum electrode.[*-20]
During this process, a conductive filament
or region is created by removing oxygen
from the oxide. Second, the switching
mechanism of ReRAM cells with anoma-
lous (or eightwise) I-V characteristics?!! has recently been
linked to oxygen exchange at the Ptjoxide interface.>?223 In
both cases, the removed oxygen will either diffuse through the
electrode or form bubbles between electrode and oxide. This
can influence devices and their characteristics in multiple ways:
Bubble formation can delaminate the interface, and thereby
cause device failure. If oxygen is removed too far from the
interface, it cannot be reincorporated and the device will be
stuck in a low-resistive state. Furthermore, the unwanted occur-
rence of eightwise resistive switching at Ptjoxide interfaces is
a failure mechanism for ReRAM cells with normal (counter-
eightwise) I-V characteristics,>?>?* and such a coexistence of
opposing switching mechanisms has been observed in several
systems.[3101719.20.22.25-30] For ReRAM cells, where the initial
electroforming occurred at the Pt|oxide interface, oxygen trans-
port into the platinum electrode is likely to impact the size and
the shape of the filament and thereby the device characteristics.

Platinum also often serves as electrode material in the field
of solid-state electrochemistry, for example, in oxygen sensors
or as model cathode in solid-oxide fuel cells.>*I Here, too,
oxygen transport through platinum electrodes can determine
the reaction rate.3137-3%

Oxygen diffusion in platinum has been studied both experi-
mentally®”*?#1 and computationally,*® but the picture that
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Table 1. Cohesive energy of Pt, formation energy of Pt vacancies, O, bond energy, incorporation energies of oxygen (AE;,) onto various sites in
platinum, and activation barriers (AEY) for interstitial oxygen migration, substitutional oxygen migration, oxygen detrapping, and vacancy migration in
crystalline platinum. See Table S1, Supporting Information, for energies calculated with DFT-D3 dispersion correction.>6€]

ReaxFF (this work) DFT-PBE (this work) DFT-PW91(Stumpf et al.¥]) Exp. data Reaction
AEpy cohesion [€V] -5.77 —5.49 —5.861%¢ Pt (g) — Pt (s)
AEyqc [eV] 2.72 0.69 0.73 1.3 to 1.715758] @ — Vpy
AEo; [eV] -2.69 -3.04 -4.91% —2.580¢1 O (g) > %0, (g)
AEin (O octahedral) [€V] 1.99 3.20 2.95 72 O, (8) = Ojoctahedral
AEinc (O tetrahedral) [€V] 4.69 1.52 1.46 72 03 (8) = Ojjetrahedral
AEinc(Opt centered) [€V] 2.64 1.93 1.75 % O3 (g) + Vpt = Opt centered
AEinc(Opy,displaced) [€V] 0.52 0.47 72 Oy (8) + Vet = Opdisplaced
AFF5(0)) [eV] 1.99 1.67 1.49 0,-> 0
AE* i (Opu displaced) [eV] 3.28 2.65 Optdispl. = Opt™®
AE getrap (Opdisplaced) [€V] 3.34 2.50 Opt gispl = {Vp—Oi}"®
AEE o (V) [eV] 2.45 1.21 1.1to 1.557) Vpr = {Vpr—Pt—vp} ™

AOnly the value relative to the spin-averaged oxygen atom was given. "STransition state

emerges is far from clear. Indeed, of the experimental studies
of oxygen diffusion in platinum,*>~* only Velho and Bartlett!*
were able to detect oxygen diffusion, and thus, determine
chemical diffusion coefficients of oxygen in platinum (and even
this, only at elevated temperatures around 1750 K). They were
unable, however, to convert their chemical diffusion coeffi-
cients into tracer diffusion coefficients. Furthermore, the defect
structures of the samples they investigated (in terms of vacancy,
dislocation, and grain-boundary densities) were not reported.
It is unclear, therefore, which diffusion path was examined in
their transport measurements.

This is a critical point, for several reports propose fast
oxygen diffusion along extended defects in platinum,B374#1
and only rough estimations of diffusion coefficients are
available.*] DFT calculations by Stumpf et al. yielded an
activation barrier of 0.7 eV for oxygen migration along the
¥5(310)[001] symmetric tilt grain boundary,*® compared
with a value of 1.49 eV for oxygen migration through the
lattice.

In this study, we use atomistic methods to investigate how
fast oxygen moves in the platinum lattice and how fast it moves
along extended defects in platinum. To this end, we performed
defect energy and nudged-elastic-band (NEB) calculations, as
well as molecular dynamics (MD) simulations of oxygen dif-
fusion through crystalline platinum and along its extended
defects. With such knowledge, we discuss how oxygen trans-
port through platinum electrodes can influence the character-
istics of ReRAM cells.

2. Results and Discussion

First, we present energy calculations for oxygen defects in the
platinum lattice, followed by static calculations of the migration
barriers for these defects. Next, we move on to MD simulations
of oxygen diffusion through platinum and then at extended
defects. After presenting these results, we discuss their implica-
tions for ReRAM cells.

Adv. Mater. Interfaces 2022, 9, 2101257 2101257 (2 of 9)

2.1. Static Calculations: Defect Energies

We examined a number of processes concerning oxygen in plat-
inum using two methods: interatomic potentials (ReaxFF)H#%->%
and DFTP™ calculations (with the PBE functional). Table 1
summarizes our results. Literature data from experiments>¢->8l
and data from the previous DFT study!® by Stumpf et al. based
on the PW91 functional® are provided for comparison.

We consider first three energies for which experimental
data for comparison exist. Values of the cohesive energy of
Pt calculated by the two methods are in good agreement with
each other and with literature data.’® The calculated formation
energy of Pt vacancies AE,, is, relative to the range of experi-
mental values,””>8 strongly overestimated by ReaxFF but under-
estimated by DFT-PBE. This underestimation has previously
been addressed in the literature by Mattsson and Mattson, who,
applying a surface error correction (they reasoned that a vacancy
in a metal resembles an internal surface), arrived at AE,. =
1.16 eV, a value much closer, though still lower, than experi-
mental values.[*1 Lastly, the oxygen bond energy AE, is only
slightly overestimated with ReaxFF and more overestimated with
DFT-PBE, compared with values from experiment. Since Stumpf
et al. only provide the energy relative to spin-averaged oxygen
atoms, a direct comparison with this value is not possible.

Moving onto the incorporation of oxygen from the gas phase
into Pt, we investigated the energy of oxygen at different sites
within the platinum crystal, in order to determine the preferred
sites (with only the DFT-PW91 results of Stumpf et al. available
for comparison). For the incorporation of an oxygen atom from
an oxygen molecule onto an interstitial site, the results obtained
with ReaxFF and DFT-PBE disagree: While the ReaxFF calcula-
tions predict that oxygen prefers the octahedral to the tetrahe-
dral site (1.99 eV versus 4.69 eV), the DFT-PBE results indicate
the opposite (3.20 eV versus 1.52 eV). Both methods agree, how-
ever, that the preferred mode of incorporation from an oxygen
molecule is into a platinum vacancy, with relatively similar
energies of 0.52 eV (ReaxFF) and 0.47 eV (DFT-PBE). It is note-
worthy that with both methods two different oxygen positions
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Figure 1. a) Incorporation energies AE;,. for an oxygen atom at a Pt vacancy, calculated with ReaxFF and DFT-PBE for two sites — in the center of
the Pt vacancy and the minimum energy position, where the oxygen atom is displaced towards three Pt atoms. Images are rendered with VESTA.[%
b) Migration barriers for interstitial oxygen diffusion, substitutional oxygen diffusion, and the barrier for oxygen detrapping from the platinum vacancy,
calculated with the climbing-image nudged elastic band method. The according structures are shown in Figure S2, Supporting Information.

at a platinum vacancy can be distinguished (see Figure 1a). At
the very center of a platinum vacancy, the energy is higher than
at the preferred, off-center site, for which the oxygen atom is
displaced towards three platinum atoms. The energy landscape
of an oxygen atom in crystalline platinum predicted by ReaxFF
is shown in Figure S1, Supporting Information.

Earlier work by Stumpf et al., using DFT-PW91 calcula-
tions, arrived at very similar results, but with lower energies
for the interstitial defects: 2.95 eV for the octahedral intersti-
tial and 1.46 eV for the tetrahedral interstitial. The energy they
obtained for an oxygen atom at a platinum vacancy (substitu-
tional defect), however, only agrees well with the energy that
we calculated for the position at center of the platinum vacancy,
which according to our calculations is not the minimum energy
position. As a consequence, Stumpf et al. predicted incorrectly
that the tetrahedral site is the most favorable one for oxygen in
bulk platinum. Further differences between the energies calcu-
lated in this work and the results of Stumpf et al. can be attrib-
uted to the different computational approaches: While we used
the PBE functional and the projector augmented wave (PAW)
method with an energy cutoff of 400 eV, Stumpf et al. used the
PW91 functional and ultrasoft pseudopotentials (USPP) with an
energy cutoff of 270 eV. In general, the PAW method is consid-
ered to yield better results than calculations employing USPP.

Thus, our defect energies (shown in Table 1) indicate that
oxygen will be preferentially present as a substitutional defect
in Pt. If oxygen is present as an interstitial defect, it will to some
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degree become trapped if it meets a Pt vacancy. The degree
to which trapping takes place and thus how the macroscopic
diffusion of oxygen is affected depends on the availability of Pt
vacancies, the energy barriers for trapping and detrapping, as
well as the migration barriers for interstitial and substitutional
oxygen diffusion. These are considered in the next section.

2.2. Static Calculations: Migration Barriers

Figure 1b shows energy profiles for the migration of oxygen in
Pt determined with ReaxFF and DFT-PBE using the climbing-
image nudged elastic band method (CI-NEB).263] From these
profiles, we extracted the migration barriers, AE¥;, (values
given in Table 1). For the interstitial diffusion of oxygen
through crystalline platinum, ReaxFF predicts an energy barrier
of 1.99 eV. Here, the oxygen atom moves from one octahedral
site to an adjacent one, passing between two platinum atoms
that form the common edge of the edge-sharing octahedra.
Our DFT-PBE calculations predict that the interstitial migration
occurs from tetrahedral site to tetrahedral site passing through
an octahedral site with a barrier of 1.67 eV. Because the oxygen
atom at the octahedral site resembles the transition state of this
migration process, we can extract the migration barrier from
the data of Stumpf et al. by calculating the difference between
the tetrahedral and octahedral interstitial energies. This yields a
slightly lower migration barrier of 1.49 eV.

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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The oxygen migration processes involving substitutional
oxygen atoms show significantly larger activation barriers. We
distinguish between two different migration processes: The
first is substitutional diffusion, where the oxygen atom moves
from one platinum vacancy to another. The second is detrap-
ping, where the oxygen atom escapes the platinum vacancy and
is free to migrate as an interstitial defect. (A detailed descrip-
tion of these processes is given in Figure S2, Supporting Infor-
mation.) With ReaxFF, the activation energy for substitutional
diffusion is 3.28 eV and for detrapping 3.34 eV. DFT-PBE pre-
dicts these energies to be 2.65 and 2.50 eV, respectively. That
is, the oxygen migration barriers predicted by DFT-PBE are
lower than those predicted by ReaxFF (by up to 0.84 eV). Both
methods, however, indicate that interstitial oxygen diffusion
has a significantly lower activation energy than the two pro-
cesses involving substitutional oxygen, around 1.3 eV (DFT-
PBE) and 0.9 eV (ReaxFF). Consequently, interstitial oxygen
will diffuse faster through crystalline platinum than substitu-
tionally dissolved oxygen. Furthermore, with both methods, the
energy barriers for substitutional oxygen diffusion and oxygen
detrapping are very similar (within 0.2 eV from each other). As
oxygen detrapping results in fast diffusing oxygen interstitials,
it can be expected to play an important role in oxygen diffusion.

Since the substitutional diffusion path requires a large
number of mobile Pt vacancies, we have also calculated migra-
tion barriers for platinum vacancies. While the DFT-PBE result
of 1.21 eV agrees well with measured values® that range from
1.1 to 1.5 eV, ReaxFF strongly overestimates this migration bar-
rier with 2.45 eV. Thus, the effects of Pt vacancy diffusion may
be underestimated in ReaxFF-based MD simulations. (The
effects of Pt vacancy diffusion may nevertheless be correctly
reproduced in ReaxFF-based MD simulations, since there
seems to be a difference between the static and MD results,
differences that we attribute to finite-temperature effects, see
next section.)

The calculated activation barriers for migration and detrap-
ping suggest that an interstitial oxygen atom travels rapidly
through the platinum lattice until it meets a Pt vacancy and
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becomes trapped as a substitutional defect. Whether oxygen is
mainly present as a substitutional or interstitial moiety will also
depend, however, on the availability of Pt vacancies, that is, the
ratio of Pt vacancies to dissolved oxygen atoms.

2.3. MD Simulations: Oxygen Diffusion through the Lattice

We investigated in our MD simulations at a range of tempera-
tures a number of scenarios for oxygen diffusion in crystalline
platinum. From the simulations, we extracted the develop-
ment of the mean squared displacement of oxygen as a func-
tion of time (Figure 2a). As linear behavior was observed, we
fitted the Einstein equation (see Computational Details) to the
data to obtain tracer diffusion coefficients of oxygen in Pt (see
Figure 2b).

The first system that we considered is a supercell of crys-
talline platinum-free from any Pt vacancies with a size of
15 a x 15 a x 15 a, where a = 3.95 A is the lattice parameter of
Pt. 100 oxygen atoms were inserted at random into interstitial
sites, resulting in an oxygen concentration of 0.7 at.-%. From
the temperature dependence of the diffusion coefficients, we
determined an activation enthalpy of (1.6 + 0.1) eV. For this
determination, we only considered data for temperatures up to
2000 K, because at higher temperatures the data in the Arrhe-
nius plot deviated increasingly from linear behavior. Exami-
nation of the simulations suggested that this non-linearity
might be caused by oxygen interstitials forming clusters over
the course of the simulation. We also note that the activation
energy obtained in the MD simulations is lower than the migra-
tion energy determined from static calculations with ReaxFF
(199 eV), but in good agreement with the DFT result of 1.52 eV
(see Table 1). This discrepancy between the static ReaxFF and
MD values may be the result of oxygen interstitial interactions,
but it may also be due to the MD simulations referring to finite
temperatures, and thus to different lattice parameters, whereas
the static calculation corresponds to T = 0 K. These data, it is
emphasized, are important, as they provide a reference against
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——5 7
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Figure 2. a) Mean squared displacement (MSD) of oxygen atoms for three different cases. For each case, the MSD at the highest, one intermediate,
and lowest temperature are shown together with a linear fit. From the slopes of these linear fits, diffusion coefficients are determined. b) Oxygen tracer

diffusion coefficients (open circles) determined for three different cases compared to chemical diffusion coefficients from experiments (bullets)
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which the effects of other defects on oxygen diffusion can be
studied.

Since Pt at equilibrium at a finite temperature will contain
vacancies, and since the static results (Table 1) suggest that the
interactions with Pt vacancies are critical, we examined oxygen
diffusion in a second system, in which we started with all
oxygen atoms placed in Pt vacancies. The 100 Pt vacancies were
generated by randomly deleting Pt atoms. In this case, the dif-
fusion of oxygen is orders of magnitudes slower and exhibits
a much larger activation enthalpy, of (2.4 £ 0.1) eV, than in the
previous case. This system is somewhat artificial, though, as
it contains exactly as many Pt vacancies as oxygen atoms. Far
more likely is that there is an excess of one or the other. If there
is an excess of O atoms, oxygen diffusion will take place rapidly
by an interstitial mechanism, as examined in the first scenario,
since one Pt vacancy will only trap one oxygen atom, thus
leaving a large number of freely diffusing oxygen interstitials.
The opposite case, an excess of Pt vacancies, was considered in
the third scenario.

Specifically, 100 platinum vacancies were placed in a
15 a x 15 a x 15 a supercell of platinum, but now only 30 of
these vacancies were occupied initially by an oxygen atom. Now,
oxygen diffusion is even slower than in the previous scenario,
and the activation energy increases to (2.7 £ 0.4) eV. The dif-
ference in behavior is attributed to the relative availability of
empty vp. In the second scenario, a substitutional oxygen atom,
having escaped from the trap of a platinum vacancy, is forced
to migrate as a (mobile) interstitial moiety until it encounters
one of the very few empty vacancies. In the third scenario, there
are many empty vp, traps available. Indeed, further MD simu-
lations (see Figure S3, Supporting Information) confirm that
interstitial oxygen atoms are quickly trapped at available plat-
inum vacancies, and then mostly remain trapped throughout
the simulation.

Also shown in the Figure are the chemical diffusion coef-
ficients obtained by Velho and Bartlett.] Assuming that these
are equal to the tracer diffusion coefficients, as suggested by
Velho and Bartlett, we find acceptable agreement between
their data and our data for the third scenario, both in terms
of the absolute magnitude and temperature dependence,
their value of (3.4 + 1.1) eV according well with our value of
(2.7 % 0.4) eV.

It is noteworthy that Velho and Bartlett estimated the con-
centration of dissolved oxygen to be 0.6 at.-% at 1750 K.l The
concentration of Pt vacancies at this temperature has been
determined from specific heat measurements to be around
0.2 at.-%.58 These concentrations suggest an excess of oxygen
atoms over Pt vacancies rather than an excess of Pt vacancies
that we assumed above. Strictly speaking, however, one would
need to know the concentration of Pt vacancies in the samples
studied by Velho and Bartlett, and one would also require con-
firmation of the oxygen concentration reported by Velho and
Bartlett. In any case, our simulations clearly indicate a surplus
of Pt vacancies relative to dissolved oxygen atoms.

In conclusion, our simulations indicate that trapping at plat-
inum vacancies can significantly reduce the diffusion of oxygen
through platinum single crystals. The ratio of dissolved oxygen
atoms to available platinum vacancies can therefore strongly
influence oxygen transport through crystalline platinum.
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2.4. MD Simulations: Oxygen Diffusion Along Extended Defects

In order to study the oxygen transport along dislocations in
platinum, three small-angle grain boundaries [symmetrical tilt
misorientation angles of 5°, 6°, and 7° around the (001) axis]
were constructed. 100 oxygen atoms were placed at random
positions along these dislocations. To study the transport along
high-angle grain boundaries, five different systems were gen-
erated with randomly selected misorientation angles, and then
100 oxygen atoms were placed at these grain boundaries. (Fur-
ther details on the generation of the extended defects are given
in the Computational Methods section.)

The mean squared displacements of oxygen atoms obtained
from the MD simulations at T = 1500 K are shown in Figure 3a
for two directions, along the extended defects (colored) and
perpendicular to them (grey). These data as well as the jump
trajectories displayed in Figure 4 demonstrate that significant
transport only occurred along the dislocations or grain bounda-
ries, and not perpendicular to them. Thus, diffusion coefficients
were calculated for diffusion in one dimension (dislocations) or
two dimensions (grain boundaries).

The tracer diffusion coefficients of oxygen obtained in this
way are compared in Figure 3b with data obtained for the cells
without extended defects (all three scenarios). The transport
of oxygen along dislocations or along grain boundaries occurs
with very similar diffusion coefficients and, in both cases, with
an activation enthalpy of (0.7 £ 0.1) eV. This value agrees excel-
lently with the migration barrier of (0.7 + 0.1) eV, determined
for one specific grain boundary by Stumpf et al.l*8l At tempera-
tures below 1400 K, the diffusion along these defects is faster
than the transport through the lattice, especially in the presence
of platinum vacancies. Extrapolating down to 800 K, we find
that diffusion along extended defects is faster than interstitial
diffusion by 3 orders of magnitude, and faster than diffusion
in the presence of excess platinum vacancies by 9 orders of
magnitude.

3. Discussion

In this study, we presented ReaxFF and DFT-PBE calcula-
tions of the energy of an oxygen atom at different sites in a
platinum crystal. Both descriptions appear to have their weak-
nesses: For example, while ReaxFF strongly overestimates the
formation energy for a platinum vacancy, DFT-PBE underes-
timates this formation energy and overestimates the oxygen
bond energy. The most striking discrepancy between ReaxFF
and DFT-PBE results is the energy at the different interstitial
sites. However, both descriptions also agree on several critical
points: They predict the most favorable site for an oxygen
atom to be at a platinum vacancy (not at its center but dis-
placed toward three platinum atoms, see Figure 1a) and they
agree on the required incorporation energy of around 0.5 eV
(see Table 1). Nudged elastic band calculations with both
methods showed that the migration barriers for such a sub-
stitutional defect and the energy barrier for oxygen detrapping
from the platinum vacancy to an interstitial site are at least
0.8 eV larger than the interstitial migration barrier. Further-
more, the activation energy of (1.6 £ 0.1) eV for interstitial

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. a) MSD along extended defects (colored) and perpendicular to them (grey). b) Oxygen diffusion coefficients along extended defects (disloca-
tions: red, grain boundaries: blue). For comparison, the bulk diffusion coefficients from Figure 2 are shown in grey.

diffusion extracted from ReaxFF-based MD simulations is in
excellent agreement with the corresponding migration barrier
predicted by the DFT-PBE nudged elastic band calculations
(see Figure 2b and Table 1). The same applies to the activa-
tion energies of (2.4 £ 0.1) eV and (2.7 + 0.4) eV for substi-
tutional diffusion determined from the MD simulations and
the corresponding migration barriers calculated with DFT-
PBE. Furthermore, the activation energies of about 0.7 eV for
oxygen diffusion along several grain boundaries and disloca-
tions agree well with the migration barrier of (0.7 £ 0.1) eV
determined for a specific grain boundary in a previous
DFT-PW91 study by Stumpf et al.® Consequently, the
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discrepancies between ReaxFF and DFT calculations appar-
ently do not affect the key messages of this work.

For platinum electrodes, our results indicate that oxygen
diffuses orders of magnitudes slower through crystalline plat-
inum, if platinum vacancies are present. It is noteworthy that
the situation might be very different microscopically: It is con-
ceivable that oxygen atoms incorporated into platinum at an
interface, for example, during reactions in solid-oxide fuel cells
or in resistive switching cells, will be incorporated interstitially
and, until they meet an empty platinum vacancy, be transported
much faster than macroscopic measurements of the diffusion
coefficient suggest. Furthermore, locally high concentrations of
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Figure 4. Oxygen trajectories (red) for 100 oxygen atoms placed at a) dislocations, b) grain boundaries in platinum over a simulation time of 400 ps

at 2000 K. These images are rendered with OVITO.[*"]
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dissolved oxygen atoms could saturate the platinum vacancies
preventing further oxygen trapping.

As oxygen transport occurs much faster at extended defects in
platinum electrodes, adjusting the microstructure of electrodes
during preparation might offer new opportunities to engineer
ReRAM cells. Extended defects such as dislocations could be
used to influence the position at which the filament is formed
in the oxide, for example, to avoid filament formation at the cell
boundary. An increased concentration of extended defects in
the platinum electrode, for example, through a smaller grain
size, could accelerate the removal of oxygen from the inter-
face to mitigate bubble formation or to allow the formation of
more oxygen vacancies in the oxide, creating a larger conduc-
tive filament and decreasing the resistance of the low-resistive
state. Transporting oxygen away from the interface could also
lead to a more stable low-resistive state. On the other hand,
this might entirely prevent the reincorporation of oxygen into
the oxide, and thereby the reset of the device to the high-resis-
tive state. Lowering the concentration of extended defects in the
platinum electrode could suppress the oxygen exchange at
the Ptoxide interface, and thus prevent the occurrence of anom-
alous (eightwise) switching in cells with a different (counter
eightwise) switching mechanism.

4, Conclusions

We presented static calculations (defect energies and nudged
elastic band) and MD simulations to arrive at a far clearer pic-
ture of oxygen diffusion through platinum electrodes. Defect
energy calculations showed that oxygen atoms prefer to reside
at platinum vacancies. This contradicts previous DFT work, 8!
possibly because a configuration with lower symmetry was
not investigated. While we arrive at a similar energy, when the
oxygen atoms reside in the center of the Pt vacancy, we find a
lower energy for a configuration, in which the oxygen atom is
displaced away from the cube center towards three of the sur-
rounding Pt atoms.

Nudged elastic band calculations yielded large activation bar-
riers for substitutional oxygen diffusion (above 2.65 eV) and
oxygen detrapping (above 2.50 eV) from the platinum vacancy
into interstitial sites. The migration barrier for interstitial oxygen
atoms was found to be more than 0.8 eV lower. MD simulations
of oxygen transport through crystalline platinum yielded diffu-
sion coefficients with an activation energy of (1.6 + 0.1) eV for
interstitial oxygen, and above (2.4 £ 0.1) eV for substitutional
oxygen. Together with chemical diffusion coefficients measured
by Velho et al.,* this suggests that trapping of oxygen atoms at
platinum vacancies significantly limits oxygen diffusion through
crystalline platinum.

From MD simulations of oxygen transport at extended
defects in platinum, we determined an activation energy of
(0.7 £ 0.1) eV for oxygen diffusion along both, dislocations
and grain boundaries. This is in excellent agreement with the
migration barrier for oxygen calculated for one specific grain
boundary in a previous DFT study.®¥! The diffusion coefficients
determined in this work show that the oxygen diffusion along
these extended defects occurs orders of magnitudes faster than
the transport through the lattice. Furthermore, these diffusion
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coefficients enable the simulation of oxygen transport through
platinum electrodes under consideration of the electrode micro-
structure, which could improve models of ReRAM devices as
well as other electrochemical cells.

Finally, we suggest that engineering the microstructure of
platinum electrodes, for example, by creating defects at selected
locations or by influencing the density of defects, might
improve ReRAM characteristics, for example, by stabilizing the
low-resistive state or preventing device failure.

5. Experimental Section

Static Calculations (Defect Energies and Nudged Elastic Band): For
the interatomic potential calculations, we used the ReaxFF potentiall*’]
as implemented!®®%% in the LAMMPS software package.’® The ReaxFF
potential used here was parameterized by Fantauzzi et al. to specifically
describe Pt—Pt and Pt-O interactions by fitting the energies and
structures for several platinum and platinum oxide bulk phases as
well as surface structures to DFT-PBE data.’” This potential was then
applied on oxygen surface diffusion and oxygen adsorption on platinum
as well as the oxidation of platinum surfaces.’%772 Relaxation of
crystalline platinum yielded the lattice parameter a as 3.947 A. Defect
structures were created by placing the defect in a 5a x5 a x 5a
supercell of crystalline platinum and then relaxing all atomic positions
and the cell volumes without symmetry constraints. Migration barriers
were determined by performing climbing image nudged elastic band (Cl-
NEB)[6283 calculations with 15 images. All optimizations continued until
all forces were below 0.05 eV A-\. The convergence with respect to the
supercell size was checked.

For the electronic structure calculations, we performed DFT-PBER!
calculations with the Vienna Ab Initio Simulation Package (VASP)[2-54
and the PAW method[>! (cutoff energy of 400 eV for energy calculations
and 520 eV for force calculations, valence electron configurations: Pt
6s'5d°, O 2s22p*). For the single oxygen and platinum atoms as well
as the oxygen molecule, spin-polarized calculations were performed
with rectangular cuboid cells (edge lengths around 10 A). Apart from
the single atom calculations, which were performed at the gamma
point only, all DFT calculations were carried out on a 7 X 7 x 7 gamma-
centered Monkhost-Pack k-point grid”? with Gaussian smearing with
10 meV. The convergence criterion for the electronic structure was
an energy difference of 0.1 meV. Relaxation of crystalline platinum
yielded the lattice parameter a as 3.968 A. The defects were placed in
2 a x2ax2 a supercells of crystalline platinum; all atomic positions
and the cell volume were relaxed without symmetry constraints.
CI-NEB calculations were performed with 3 images and variable cell
parameters. All optimizations were continued until all forces were
below 0.01 eV A",

MD Simulations: MD simulations were performed using LAMMPS
and the ReaxFF potential as described above. For bulk structures,
15 a x 15 a x 15 a supercells of crystalline platinum were generated
with different numbers of platinum vacancies. To investigate the oxygen
transport along extended defects, systems were generated with the
“polycrystal” mode of Atomsk.™ For dislocations, small-angle grain
boundaries were constructed by placing two grains with a misorientation
angle of 5°, 6°, or 7° around the (001) axis into a simulation cell with
a size similar to the bulk systems. Due to the periodic boundary
conditions, this resulted in two grain boundaries with an array of
dislocations. Similarly, large-angle grain boundaries were created with
five random sets of misorientation angles (see Supporting Information)
along all directions. In these five structures, the periodic boundary
conditions also lead to two grain boundaries each. Oxygen atoms were
placed at different sites in these systems. All atomic positions and the
lattice parameters were then optimized. Subsequently, MD simulations
were performed with a time step of 1 fs. The structures were equilibrated
for at least 100 ps in the NpT ensemble with a pressure of p =1 bar
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and at different temperatures T, ranging from 1200 to 2500 K. Then, the
mean squared displacement of oxygen atoms MSDg was recorded for
at least 150 ps. For temperatures above the melting point of platinum,
the crystallinity of the simulated platinum was checked visually and by
checking the radial-distribution function for long-range order.

Oxygen Diffusion Coefficients: The time dependence of the MSD was
then linearly fitted. According to the Einstein equation

1 dMSDg
Ng M

D5 =

the oxygen diffusion coefficient was obtained from the slope of this linear
fit. In this equation, Ng;,, denotes the number of dimension along which
diffusion occurs: equal to 1 for dislocations, 2 for grain boundaries, and
3 for bulk diffusion.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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