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First-principles modeling of resistance switching in perovskite oxide

material
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We report a first-principles study on SrRuO;/SrTiO; interface in the presence of the oxygen
vacancy. While the oxygen vacancy on the side of SrTiOj5 significantly lowers the Schottky barrier
height, the oxygen vacancy close to the interface or inside the metallic electrode results in a
Schottky barrier comparable to that of the clean interface. Based on these results, we propose a

model for resistance-switching phenomena

in perovskite oxide/metal

interfaces where

electromigration of the oxygen vacancy plays a key role. Our model provides a consistent
explanation of a recent experiment on resistance switching in SrRuO;/Nb:SrTiO5 interface.
© 2006 American Institute of Physics. [DOI: 10.1063/1.2234840]

Reversible resistance-switching phenomena in transition
metal oxides such as NiO,' Ti02,2 and SrTiO; (Refs. 3 and
4) have recently been receiving attention in both fundamen-
tal researches as well as commercial applications. Relatively
simple metal-oxide-metal structures and good retention prop-
erties for resistance states could be exploited for a next gen-
eration nonvolatile memory device known as resistance-
switching random access memory (ReRAM). However, there
are many technical issues to be addressed before the actual
commercialization of ReRAM devices, and most of them are
related to the lack of fundamental understanding of the
switching phenomena, especially at the microscopic level.
Several phenomenological models have been proposed to
date; charge trap model,’ conducting domain model,’ metal-
lic filamentary path,2 Mott transition,’” and electrochemical
migration of point defects.*” Recently, based on a systematic
study on the Schottky junction formed by metallic electrode
of SrRuO; and n-type semiconductor of Nb-doped SrTiOs,
Fujii er al. claimed that the observed resistance switching
can be understood through a variable Schottky barrier
model.'’ An explanation at an atomistic level is yet to be
found.

In this letter, based on the results from first-principles
calculations, we propose a switching mechanism at the per-
ovskite oxide/metal interface where the oxygen vacancy (V)
plays a crucial role in changing a Schottky barrier height
(¢p) formed at the oxide/metal interface. For a computa-
tional package, we use Vienna ab initio simulation package
(vasp)."" We use projector-augmented-wave potentials12 for
describing electron-ion interactions and the energy cutoff for
plane waves expanding electronic wave functions is set to
400 eV. For k-point sampling, 6 X6X1 and 3X3X1
meshes are used for the clean and defective interface models,
respectively. We employ the local density approximation for
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the exchange-correlation energy of electrons. For all calcula-
tions, we relax internal positions until Hellmann-Feynman
forces are reduced to within 0.03 eV/A.

Figure 1(a) is a schematic picture of the model system
used in the present work. Our model system consists of four
layers of SrRuO; epitaxially built on eight layers of SrTiO;.
The lattice parameters are matched to those of SrTiO;. The
lattice mismatch between SrRuO; and SrTiO; is less than
1% both experimentally and theoretically. Due to the peri-
odic boundary condition required for plane-wave calcula-
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FIG. 1. (Color online) (a) A schematic picture of the unit cell of the model
system. The shaded squares represent octahedra formed by oxygens. (b)
Partial density of states (PDOS) for the clean interface, i.e., without any
defect, projected onto each layer indicated in (a). (c) PDOS in a similar style
with the oxygen vacancy present in the fourth TiO, layer in (a).
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FIG. 2. (a) Comparison of defect formation energies between configurations
with oxygen vacancies created in different layers (indicated at the top of the
figure). The formation energy of Vi is evaluated as E(Vo)+uo
—E(clean), where E,; is the total energy for defect-including and clean
interfaces and p is the chemical potential of an oxygen atom (set to the half
of the total energy of O,). The vertical dashed line indicates the interface
between SrRuO; and SrTiOs. (b) The change of ¢y as a function of the
vacancy position. Each plot is drawn by assuming experimental (3.2 eV) or
theoretical (1.7 eV) energy gap of SrTiO;. The arrows at the left y axis
indicate ¢y of the clean interface. HR and LR represent high and low resis-
tance regions, respectively.

tions, there are two symmetric metal/oxide interfaces formed
in our model system.

We first estimate ¢y at the clean STO/SRO interface. In
Fig. 1(b), we plot the partial density of state (PDOS) pro-
jected onto each TiO, layer indicated in Fig. 1(a). It can be
observed that the valence-band offsets (Eygo) from the
Fermi level are similar from layer to layer, and ¢ for elec-
tron carriers can be directly defined as follows:

¢B=Eg_EVBO7 (1)

where E, indicates the energy gap of SrTiO; which is
1.72 eV (theory) or 3.2 eV (experiment). It is well known
that the local density approximation underestimates the en-
ergy gap by 30%-40% and we assume that the error in the
position of valence edge is much smaller than that for the
conduction edge.13 The ¢p estimated in this way is 0.37 eV
(theory) or 1.85 eV (experiment). There is another widely
used method of evaluating ¢z for a heterojunction using the
macroscopic average of the local potential.]4 Applying this
method to clean SRO/STO interface, we obtain ¢z of
0.67 eV (theory) or 2.15 eV (experiment) which is in reason-
able agreement with direct evaluations from the PDOS. The
small discrepancy of 0.3 eV can be ascribed to insufficient
layers of SrRuQj; in the model system.

Next we introduce Vg by removing an oxygen atom with
a 2 X 2 lateral (xy) periodicity. This corresponds to a nominal
stoichiometry of SrTiO, ¢;. Vo in SrTiO;5 is known to result
in the electron doping of the material by shifting the Fermi
level into the conduction band."” The defect formation ener-
gies for different V, configurations are presented in Fig. 2(a).
The chemical potential of an oxygen atom is set to the half of
the energy of the oxygen molecule. For comparison, the de-
fect formation energy of Vg in the bulk is calculated to be
4.7 eV. It is found that V, is more stable when it is located in
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FIG. 3. (Color online) The macroscopically averaged local potential along
the z direction for clean or defect-including interfaces. The corresponding
position of V, is indicated by a vertical line with the same line style. When
Vo is inside SrRuOj; (dashed line), the average potential is close to that of
the clean interface (solid line).

TiO, or RuQ, layers rather than SrO layers. This is related to
the screening capability of the layer containing Vy which
lowers spurious Coulomb energies around the vacancy site.
We note, however, that the relative difference should depend
on the V-V, separation in the xy plane.

In Fig. 1(c), PDOS for each TiO, layer is shown when
Vo is located at the fourth TiO, layer [see Fig. 1(a)]. Com-
pared to the clean interface shown in Fig. 1(b), a rigid shift
of PDOS is clearly noticeable. The PDOS shifts slightly from
layer to layer, reflecting weak band bending. The valence
edge is still well defined for each TiO, layer, allowing for a
reasonable estimation of ¢z. On the other hand, the macro-
scopic average of local potential (see Fig. 3) does not exhibit
a flat bottom to set the reference energy, which makes it
difficult to assign ¢y on the basis of band lineup. Therefore,
we rely on the direct extraction of Eygg from PDOS, as was
done for the clean interface. Since valence edges change
layer to layer slightly due to a band-bending effect, we
choose a band offset at the innermost layer, i.e., fourth TiO,
layer in Fig. 1(a). The variation in ¢ is reminiscent of the
Schottky limit of metal-semiconductor interface. This is con-
sistent with the low density of interface states as found in
Figs. 1(b) and 1(c).

In Fig. 2, we plot ¢ as a function of the vacancy posi-
tion. Both experimental and theoretical energy gaps are con-
sidered in Eq. (1). It is noticeable that ¢ changes substan-
tially depending on the position of Vy. When Vj, is inside
SrRuO; electrode, its effect on the potential is mostly
screened due to the metallic property of StRuO; and ¢y of
the clean interface (indicated by arrows) is recovered. On the
other hand, if V is away from the interface, ¢p is reduced
down to —0.33 eV (theory) or 1.15 eV (experiment). The
negative sign of theoretical ¢z means that the valence edge
of SrTiO; is lower than the Fermi level of the metallic elec-
trode. This is ascribed to the underestimation of energy gap
in the local density approximation. In fact, it is found that
one to two electrons are transferred from the metallic elec-
trode to the dielectric. This increases the electronic potential
in SrTiO3, which has an effect of shifting up the valence
edge of SrTiO; and hence ¢p. Therefore, we expect that
reduction of ¢y in real materials would be greater than that
observed in Fig. 2(b). One can divide SRO/STO interface
into two regions in terms of the position of Vy; HR is the
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high resistance region with ¢z comparable to that of the
clean interface. LR is the low resistance region with lower
¢g or even Ohmic contact [see Fig. 2(b)].

Our observation of vacancy-dependent ¢ can explain a
recent experimental observation of hysteretic I-V character-
istics of the Schottky junction formed at SRO/Nb:STO
interface.'’ In that work, a forward bias scan drove the junc-
tion to low resistance state while the reverse bias scan re-
sulted in high resistance states. Based on our computational
results, this can be explained in terms of electromigration of
Vo; oxygen vacancies are easily generated in Nb-doped
SrTiO5 due to high growth temperatures.”’ Since the effec-
tive charge of Vj is positive, the forward bias (or positive
voltage at electrode) will drive V, away from the interface or
into LR in Fig. 2(b). The opposite thing will occur for a
reverse bias scan and V5 now moves into HR. With the in-
crease of the extreme value of each bias scan, the chance of
electromigration of V( also increases, resulting in a larger
variation of ¢p. This is in qualitative agreement with the
experiment. On the other hand, V5 may not be able to move
easily into STRuO; due to the metallic screening. Therefore,
a reverse bias larger than the forward bias will be required to
drive Vj, into the electrode, also consistent with the experi-
ment.

An explanation about the time scale of electromigration
of Vg in actual devices is in demand. The migration barrier
of Vg in the bulk SrTiO; was measured to be 0.67—1.27 eV
(Ref. 17) and we also obtain 0.6 eV using the nudged-
elastic-band method.'® A rough estimation gives =10 ms for
a single hopping event of Vg at 300 K (see below), in con-
trast with the experiment in Ref. 10 where the switching
behavior was observed for a pulse duration as small as 1 us.
This strongly implies that the electrical bias should lower the
migration barrier substantially. The first-principles descrip-
tion of V migration at the biased metal/oxide interface is
beyond the scope of this work. Instead, we estimate the mi-
gration time based on a simplified model of local environ-
ments at the interface. We first note that the depletion length
at the SRO/Nb-STO interface would be very small since Nb-
doped SrTiO; is a good conductor. Using a formula known
for the metal-semiconductor interface,' the depletion length
is estimated to be 5—10 nm from the interface. (The electric-
field dependence of the dielectric constant of StTiOj; is also
accounted for.) As the voltage drop occurs only along this
narrow width, a large electric field will be applied in the
depletion region. As a specific case, 10 V bias will result in
an electric field of 1-2 V/nm, which decreases the activa-
tion energy approximately by 0.2—0.4 eV since V carries a
nominal charge of +2|e| (or oxygen carries —2|e|). Within the
harmonic transition state theory, the average migration time 7
is given by 7=1/[vexp(=E,/kzT)], where v is the attempt
frequency and E, is the activation energy. With v~ 1 THz,
which is a typical frequency of soft mode in SrTiOj, the
migration time at 300 K lies in the range of nanosecond to
microsecond which are far shorter than ~10 ms for the un-
biased case. This is in reasonable agreement with the experi-
ment in Ref. 10 where the switching behavior was observed
at 300 K as long as the time duration of 10 V pulse was
longer than 1 us.
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For a microscopic understanding of ¢y variation, we
look into the macroscopic average of the local potential in
the presence of Vj, as shown in Fig. 3. It is noticeable that
Vo lowers the local potential around the vacancy site. This
leads to a rigid downshift of local electronic structures. Ac-
cordingly, the conduction edge of the dielectric moves closer
to the Fermi level that is mostly determined by the metallic
electrode. On the other hand, when Vj is in close proximity
of the interface or inside the electrode, free electrons screen
the positive potential of V and the potential profile of the
clean interface recovers.

In summary, we have presented a resistance-switching
model based on first-principles calculations on SRO/STO in-
terface containing V. The change of ¢p as dictated by the
electromigration of V( in response to the external bias was
found to provide a consistent explanation of a recent experi-
mental report. Although we employed a specific model of
SRO/STO interface, our results also have implications for
other metal/perovskite interfaces.®*
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