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In this study, Density Functional Theory (DFT) calculations were
used to model the incorporation and diffusion of Ag in Ag/a-SiO2/Pt
resistive random-access memory (RRAM) devices. The Ag clustering
mechanism is vital for understanding device operation and at this
stage is unknown. In this paper an O vacancy (Vo) mediated cluster
model is presented, where the Vo is identified as the principle site for
Ag* reduction. The Ag" interstitial is energetically favored at the
Fermi energies of Ag and Pt, indicating that Ag" ions are not reduced
at the Pt electrode via electron tunneling. Instead, Ag*ions bind to Vo
forming the [Ag/Vo|" complex, reducing Ag* via charge transfer from
the Si atoms in the vacancy. The [Ag/Vo|* complex is then able to trap
an electron forming [Ag/Vo)® at the Fermi energy of Pt. This complex
is then able to act as a nucleation site for of Ag clustering with the
formation of [Ag2/Vo]* which is reduced by the above mechanism.

1. INTRODUCTION

In recent years, considerable effort has been devoted to the
development of RRAM devices. High switching speeds,
endurance and scalability combined with low power consumption
make RRAM a viable alternative to FLASH memory [1]. RRAM
devices operate via the resistive switching phenomenon, where the
generation and dissolution of electron transport modes across a
dielectric layer determine its resistance between high and low
states. Typically, before this switching is observed, a conductive
filament is formed across the dielectric layer in a process
analogous to soft dielectric breakdown.

The nature of the conductive path varies with material and
microstructure. Devices containing an oxide layer, typically
amorphous SiO; (a-Si0;), have been shown to operate under two
distinct mechanisms; the electrochemical metallization
mechanism (ECM) and the valence change mechanism (VCM)
[2], [3]. As such, understanding how these mechanisms interact is
important to the operation and optimization of RRAM devices. It
is generally understood for ECM memories that metal ions migrate
through the dielectric layer to the inert electrode via field-assisted
diffusion. Metallic clusters then form, creating a conducting path
across the dielectric. The specific oxidation and reduction
processes remain unclear and are the subject of vigorous debate.
An atomistic understanding of these processes is vital before the
nucleation and propagation of metal clusters can be understood
and optimized.

Ag/a-Si0,/Pt devices have been studied extensively
experimentally thus providing a wealth of experimental data for
comparison with theoretical calculations [3]. The Ag; and Vo-
mediated mechanisms for Ag reduction and cluster nucleation are
investigated in this work.

II. METHODOLOGY

The a-SiO, models were generated via molecular dynamics
melt-quench using the ReaxFF [4] force field as implemented in
the LAMMPS code [5]. The initial structure was a 216 atom
supercell of cubic PB-cristobalite (SiO;). To ensure sufficient
sampling of the amorphous structures was achieved, 30 models
were generated. In each case the system was first equilibrated at
300 K and a pressure of 1 atm. The pressure was fixed at 1 atm
whilst the temperature was linearly ramped to 5000 K using a
Berendsen thermostat [6]. The temperature was maintained at
5000K for 40 ps to ensure the initial structure had been completely
melted then cooled to 0 K at a rate of 8 K ps™'. The final structures
were then optimized using DFT with the PBEO-TC LRC
functional [7] in the CP2K code [8]. The densities (mean 2.20
g/em?), distributions of Si—O bonds and Si—O-Si angles, and
neutron structure factors of the models were consistent with those
obtained in previous studies [9], [10].

DFT calculations were carried out using the Gaussian Plane
Wave method (GPW) [11] in the CP2K code. A plane wave cut-
off and relative cut-off of 600 Ry and 40 Ry were used
respectively, with double zeta valence polarized (DZVP)
molecularly optimized (MOLOPT) basis sets [12] and Goedecker-
Teter-Hutter (GTH) pseudopotentials [13]. The PBEO-TC-LRC
functional truncated at 2 A was used with the auxiliary density
matrix method (ADMM) implementation to reduce computational
cost [14].

To study the Ag interstitial and its charge states in a-SiO,, the
complete sampling of one supercell was carried out for the charge
states -1 < q < +2. Out of the 30 produced models, the supercell
with the density closest to the mean density was selected. A 3-
dimensional grid with a 2 A spacing was generated across the
supercell giving 512 grid points. From these, grid points were
excluded if there was a silica atom less than 1.34 A away,
corresponding to the atomic radius of Ag [15]. The remaining 259
points were used as initial Ag interstitial site locations. In separate
simulations, Ag was added at each point and the geometry was
optimized using the PBE functional. Unique sites were determined
as those having any atom in the cell displaced by more than 0.2 A,
an energy difference of greater than 0.1 eV or a Mulliken charge
difference of greater than 0.05 |e|. The unique sites were then
optimized using the PBEO-TC-LRC functional.

The O vacancy was modelled at 37 sites in a periodic cell chosen
using a ring sampling method, where each O in an N-membered
ring was removed, and the geometry optimized (N =3 <N <9).



The defect formation energy, Epmm, is calculated using the
standard formalism of Northrup and Zhang [16]:

Eform = Edefect — Lpristine — Hx + Q(AEF + Ev) + Ecurr'

where Eqeec 1S the total energy of the system with the defect,
E,isiine 1s the total energy of the pristine system, i« is the chemical
potential of chemical species, g is the charge of the system, 4EF is
the Fermi level position, E, is the potential alignment and E. is
the charge correction. The Lany—Zunger finite size charge
correction scheme was utilized to correct the formation energies
of the charges defects [17]. The chemical potential of O, uo, is
calculated as one half the energy of an O, molecule. The chemical
potential of Ag, u4g, is calculated from a 162-atom cell of Ag,O
as:

1 1
Hag = %(EAgZO - En”02>'

where 7 is the number of Ag,O units, Eago is the total energy
of the Ag,O system and uo: is the chemical potential of an O
molecule. The Fermi energy positions of Ag and Pt have been
experimentally measured at 4.96 eV and 4.11 eV with respect to
the a-SiO; valence band respectively [18]-[20].

III. RESULTS AND DISCUSSION

To understand the redox processes involved in Ag migration and
clustering, it is first important to find the incorporation energy of
Ag as a function of Fermi energy. From this, the charge state of
Ag can be determined at the Ag and Pt electrodes under bias.
Furthermore, studying the unique sites for Ag can gleam
information about the accessible areas in a-SiO» during migration.
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Fig. 1 Schematic showing the HOMO state of two configurations of the Ag°
interstitial in a-SiO,. The silver, blue and red spheres correspond to Ag, Si and O
atoms respectively. The positive and negative charge density is shown as blue and
yellow iso-surfaces respectively at a value of + 0.07. a) Ag® occupies a void in the
lattice, with the HOMO state mostly Ag s in character. b) Ag’ resides near a wide
0O-Si-O angle bond, with charge donation from Ag to Si

In 18 out of the 34 unique sites found (Fig. 1a) Ag’ is located in
a void, where the highest occupied molecular orbital (HOMO) is
primarily Ag s-character. In this case the mean Mulliken charge of
Ag is 0.02 |e|l. The remaining 16 sites (Fig. 1b) involve the
widening of a proximate O-Si-O bond angle and the donation of
charge from Ag to Si. Mulliken charge analysis gives a mean Ag
charge of 0.25 |e| and with a mean charge of 0.19 |e| donated to the
Si. Previous studies have shown that O-Si-O bond angles > 130°
are precursor sites for electron trapping [21]. Precursor sites can
trap two electrons causing the weakening and stretching of an O-
Si bond by 0.5 A. This in turn results in lower barriers (~1 eV) for

Vo formation [22]. In this study 13 of the 34 unique sites resulted
in the sponaneous widening of an O-Si-O bond angle > 130°.

The mean, minimum, and maximum incorporation energies of
Aglare 3.1 eV, 2.8 ¢V, and 6.1 eV respectively. The incorpoation
energy of Ag’ was found to be strongly correlated to the local
steric environment. The coordination number (defined as the
number of atoms within 3 A of Ag’) increases with the
incorporation energy whilst the Mulliken charge on the Ag
decreases. The Ag? atoms interacting with a widened O-Si-O bond
angles have lower incorporation energies (~0.4 eV) than the void
type defects with the same coordination number, suggesting the
energetic cost of creating the wide angle O-Si-O is compensated
by its interaction with Ag.

Analysis of the 50 unique Ag" ion sites shows that Ag"
maintains a nearest neighbour distance of between 2.2 and 2.6 A
to an O in the lattice. This differs from Ag® where 18% of sites are
in voids greater than 3 A from their nearest neighbour. The mean
Mulliken charge of Ag in the +1 state is 0.78 |e|, with a strong
correlation to the crowding of the lattice around the ion. As with
Ag®, an increased coordination number yields a higher
incorporation energy and a lower Mulliken charge ( min/max ~ 0.4
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Fig. 2 Formation energy diagram of 259 Ag interstitial sites in a-Si02

Fig. 2 shows the defect formation energy of Ag in a-SiO,. The
Fermi position of Ag relative to a-SiO, suggests that the mean
defect formation energy of Ag*is 0.3 eV lower than Ag® at the Ag
electrode under equilibrium with the mean (+1/0) transition at 5.25
eV. This is problematic in understanding RRAM operation as
devices operate under bias with forming voltages as high as +10
V and switching voltages < +5 V. Under these conditions, the
Fermi energy position of Ag would shift towards the silica
conduction band. In this case, Ag’ would be favored over Ag"
meaning an alternative interaction must be involved in the Ag" ion
generation process, with previous experiments suggesting the
presence of water in devices playing a crucial role in ion
generation [23], [24]. The switching mechanism in ECM
memories is usually bi-polar with negative bias applied to reset the
device. In this case, further calculations are required to study the



stability and charge transition levels of larger Ag clusters under
operation.

Furthermore, from Fig. 2 we see that the defect formation
energy of Ag' is 1.1 eV lower than that of Ag’ at the Pt Fermi
energy. This suggests that the reduction of Ag® ions by the
tunneling of electrons from the Pt electrode is not energetically
favorable. In this situation, Ag" ions are not reduced and clustering
will not occur due to electrostatic repulsion between the charges.
As such, the interaction of Ag with other defects in these devices
is vital for understanding the redox processes. A plausible starting
point is the Vo as the high bias applied across the dielectric may
assist in Vo generation as seen in VCM devices.
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Fig. 3 a) Formation energies of 37 O vacancies as a function of Fermi energy,
AEF, where AF = 0 at the VBM. The dashed lines represent maxima and minima in
the data distribution. b) a histogram showing the (0/-1) charge transition position c)

a histogram showing the (-1/-2) charge transition position.

Analysis of the 37 O vacancies give mean, minimum and
maximum Vo formation energies of 5.3 eV, 4.2 ¢V and 6.1 eV;
single and double electron trapping become favorable at Er > 7.2
eV and 7.8 eV respectively suggesting that electron trapping may
happen at 3 V. The calculations show a negative correlation of the
(0/-1) and (-1/-2) transitions to the Si-Si bond length, suggesting
that vacancies with short Si-Si bond lengths are energetically
unfavorable to trap electrons. Fig. 4 compares the sampling
method used in this study to the complete sampling of an a-SiO»
cell, showing the data in this study is skewed due to the higher
number of 2.3 A to 2.4 A bond lengths sampled. Correcting for
this would yield a lower mean defect formation energy and also
reduce the Fermi energy of the (0/-1) and (-1/-2) transitions.
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Fig 4. Histogram showing the Si-Si bond lengths for the Vo sampling method used
in this study compared to a complete sampling method, where every O is removed
from the cell [25].

As the neutral vacancy (Vo?) is favored at the Fermi energy of
both Ag and Pt, its interaction with Ag" is studied. For each of the
37 vacancies sampled, a Ag" ion was placed in between the
contributing Si atoms and the geometry was relaxed. In 27 of the
37 sampled sites the ion interacts with the vacancy to form a
[Ag/Vo]" complex. The mean Mulliken charge for Ag in the
[Ag/Vo]" defect (Fig. 5a) is 0.17 |e| compared to 0.82 |e| for an
Ag'interstitial. In this case, charge is donated from the Si atoms
involved in the vacancy to Ag, showing the Vo to be a reduction
site for Ag" ions. Ag can be further reduced by nearby oxygens to
give a Mulliken charge of 0.05 |e| (Fig. 5b) again highlighting the
importance of local geometry on the Ag charge state.

Fig. 5 Schematic showing the HOMO state of two configurations of the [Ag/V,]*
defect. The silver, blue and red spheres correspond to Ag, Si and O atoms
respectively. The positive and negative charge density is shown as blue and yellow
iso-surfaces respectively at a value of = 0.07. Two configurations of the, a) typical
[Ag/V,]" defect, b) [Ag/V,]" defect with nearby oxygens.

Each of the 10 sites that did not form a [Ag/Vo]" complex
involved an Vo with a Si-Si bond length less than 2.4 A,
suggesting that the percentage of Ag” ions reduced by Vo will be
higher than the 72 % found with the sampling method used in this
study. Fig. 6 shows the (+1/0) transition energy of the 37 vacancy
sites sampled. In 9 of the 37 cases the neutral state was not
favoured at any Fermi energy, with the (+1/-1) transitions marked
with a star. For each of the complexes, a binding energy was
calculated by removing the Ag from the vacancy and placing it in
the lowest energy interstital site away from the vacancy. A postive
binding energy was found for 10 of the 27 sites with a mean



binding energy of 0.48 eV, each of which may serve as a Ag
cluster nucleation site.
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Fig. 6 Scatter diagram showing the +1/0 (dots) and +1/-1 (stars) charge transitions
and its correlation to the Si-Si bond length. Red dots represent sites where Ag”
does not bind to Vo, green dots represent sites where Ag” is reduced by Vo and
blue dots represent sites where Ag" is reduced by Vo and has a positive binding

energy.

The neutral charge state of [Ag/Vo]° is energetically favored at
the Fermi energy of Pt for 9 of the 37 sites sampled. This suggests
that Ag" ions will interact with Vo to form [Ag/Vo]™ complexes,
which then trap an electron to form [Ag/Vo]° near the Pt electrode.

c) [AgVg]' complex
traps 1 electron to form
[Ag/Vol

a) Ag* 1on approaches b) Ag~ion binds to Vi
Vo to form [Ag/ V]
complex

d) Ag* 1on binds to e) [AgVg]* complex
[AgVg]° complex to traps one electron to
form [Agy/Vo]™ form [Agy/Vo]®

Fig. 7 Schematic showing the Vo as a Ag" reduction site and subsequent cluster
nucleation site. The silver, blue and red spheres correspond to Ag, Si and O atoms
respectively. The positive and negative charge density is shown as blue and yellow

iso-surfaces respectively at a value of + 0.07.

To study the Vo as a cluster nucleation site (Fig. 7), a [Ag/Vo]
complex with a (+1/0) transition below the Pt Fermi energy was
selected, and a second Ag ion was added to the system. The

binding energy of the first Ag" to the Vo in this case is 0.6 eV
(Fig.7b). The [Ag/Vo]" is then favored to trap an electron with the
(+1/0) transition at a Fermi energy of 3.9 eV compared to Pt at
4.11 eV (Fig. 7c). Calculations for the additional Ag" ion in the
[Agx/Vo]" state compared to occupying an interstitial site away
from the vacancy give a binding energy of 0.6 eV for Ag" to
[Ag/Vo] (Fig. 7d). The (+1/0) transition of the [Ag>/Vo] complex
was found to be at 3.6 eV, showing that the [Ag:/Vo]" complex
would then be favored to trap an electron from the Pt electrode to
form [Agy/Vo]° (Fig. 7¢). Though a more complete sampling of
the Agi/Vo interaction is required, it is clear Vo plays a crucial role
in clustering.

IV. CONCLUSION

Two configurations of the Ag® interstitial were found. In the
first, Ag® occupies a void in the lattice, with the HOMO consisting
primarily of Ag s-character. The second involves the widening of
an O-Si-O bond angle, and a subsequent charge donation from Ag
to Si. The Ag" interstitial was found to maintain a nearest neighbor
distance of 2.2 - 2.6 A to an O in the lattice. The correlation of
incorporation energy to the steric crowing around Ag by the lattice
suggests that Ag will traverse a-SiO, via a void crossing
mechanism.

The Ag" interstitial defect was found to have the lowest defect
formation energy at the Fermi energies of Ag and Pt, though the
proximity of the (+1/0) transition to the Ag Fermi energy suggests
Ag® will be favored under bias. The Ag" interstitial is favored at
the Pt Fermi energy, suggesting Ag" ions are not reduced at the Pt
electrodes via electron tunneling. Instead, Ag*ions are reduced by
O vacancies after forming [Ag/Vo]'. [Ag/Vo] are then able to trap
an electron to form an [Ag/Vo]°. Due to biases introduced in the
sampling method, it can be assumed that the rate of Ag* reduction
is higher than calculated in this study. A second Ag" ion can bind
to [Ag/Vo]° to form [Ag:/Vo]*, which is again favored to trap an
electron giving a Ags dimer bound to a Vo [Ag2/Vo]°, suggesting
the Vo site is a strong candidate for Ag cluster nucleation.
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