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180/160 exchange and subsequent time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis was
employed to investigate the transport of oxygen, and thus the behavior of oxygen vacancies, in [nominally
undoped, (100) oriented] single-crystal SrTiO; substrates. Isotope exchange anneals were performed as a function
of temperature, 948 < T /K < 1123, at an oxygen activity a0, = 0.50 and as a function of oxygen activity,
0.01 < a0, < 0.70, at T = 1073 K. All isotope profiles show the same characteristic form: an initial drop
over tens of nanometers close to the surface, which is attributed to an equilibrium space-charge layer depleted
of oxygen vacancies, followed by a profile extending several microns into the solid, which is attributed to
diffusion in a homogeneous bulk phase. The entire isotope profile can be described quantitatively by a numerical
solution to the diffusion equation with a position-dependent diffusion coefficient; the description yields the tracer
diffusion coefficient in the bulk D*(c0), the surface exchange coefficient k7, and the space-charge potential ®.
All D*(o0) data are consistent with nominally undoped SrTiO; substrates being weakly acceptor doped; the
activation enthalpy for the migration of oxygen vacancies in bulk SrTiOs is found to be A Hyio v ~ 0.6 €V. The
surface termination of the SrTiO; substrates was seen to affect significantly the surface exchange coefficient
k¥. Values of & obtained as a function of 7 and aO, are approximately 0.5 V, indicating strong depletion of
oxygen vacancies within the equilibrium surface space-charge layers. Thermodynamic modeling indicates that
space-charge formation at the TiO,-terminated (100) surface is driven by the Gibbs formation energy of oxygen
vacancies at the interface being lower than in the bulk.
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I. INTRODUCTION

There is renewed interest in the behavior of point defects
in the perovskite-type oxide strontium titanate, SrTiO3. For
decades point-defect behavior in SrTiO; was investigated
primarily because of the material’s ability to serve as a
proxy: SrTiOj3 is not only a representative system for closely
related, more complex perovskite-type oxides, such as BaTiOs,
Pb(Zr,Ti)O3, and MgSiOs, but also a model mixed ionic and
electronic conductor.'™® Increasingly, point-defect behavior
in SrTiOj3 is attracting attention in its own right because of
the material’s possible application as an active component in
all-oxide electronics,” '3 and as a memristive element.!*16 Tn
particular, the behavior of oxygen vacancies in the bulk SrTiO3
phase and at its extended defects (dislocations, interfaces)
has been implicated, to varying degrees, in determining the
principal phenomenon, the performance or the reliability of
such devices.!"??

One key method for probing the behavior of oxygen point
defects in an oxide is to study the diffusion of oxygen.
Indeed, oxygen diffusion in SrTiO3 has been studied since
the 1960s;2*° and from the earliest investigations there has
been universal agreement that oxygen diffusion occurs by a
vacancy mechanism. Yet, almost half a century later there
is little consensus as to the migration enthalpy of these
defects, AHpi, v, with experimental values varying from
0.3 to 2.1 eV,>*3*3942 and theoretical values varying from
0.4 to 1.4 eV.¥* The first aim of this study is to use a
well-established method for investigating oxygen transport
in solids—'30/'°0O isotope exchange and secondary ion
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mass spectrometry (SIMS) analysis’®>*—to determine the

activation enthalpy for vacancy migration in SrTiOsz. The
combination of isotope exchange and SIMS has been applied
in the past to SrTiO3,>37-3% but not with the express aim of
determining the vacancy diffusion coefficient Dy as a function
of temperature, and subsequently, the vacancy migration
enthalpy, A Hyig v [Dv = D(\), exp(—A Hpig v/ kT)].

The second aim of this study concerns the equilibrium
distribution of oxygen vacancies close to the (100) surface
of single-crystal SrTiO; substrates. In the case of grain
boundaries in acceptor-doped strontium titanate, it is well
documented (see Refs. 55-58 and references therein) that these
interfaces are enveloped in equilibrium space-charge layers
that are strongly depleted of oxygen vacancies (and also of
electron holes): it is this drastic reduction in point-defect con-
centrations that gives rise to the transport of charge and mass in
acceptor-doped titanate polycrystals being severely hindered.
In contrast, the effects of an equilibrium surface space-charge
layer on SrTiOj;’s physical, chemical, and electrochemical
properties are not well known. Part of the problem has been
the lack of a suitable experimental technique with which to
probe nonuniform point-defect concentrations at a gas-solid
interface under thermodynamically well-defined conditions.
Recently, studies of acceptor-doped SrTiO3 (Refs. 37 and 59)
and Pb(Zr,Ti)O3; (Ref. 60) have demonstrated that an isotope
exchange experiment with subsequent SIMS analysis provides
an elegant, though indirect, method for spatially resolving
the distribution of point defects in an equilibrium surface
space-charge layer. In this study we aim, by performing isotope
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exchange experiments as a function of temperature and oxygen
partial pressure, not only to characterize the behavior of the
space-charge potential at the (100) surface of SrTiOs, but also
to elucidate its origin.

II. THEORY

We focus on acceptor-doped SrTiO; because chemical
analyses indicated that the (nominally undoped) single-crystal
samples we studied contained small amounts of Al as an
acceptor impurity (see Sec. III). The experimental data
obtained for the bulk tracer diffusion coefficient are also
consistent with the samples being weakly acceptor doped (see
Sec. V).

A. Bulk defect chemistry

The defect chemistry of SrTiO; doped with a fixed valence
acceptor is governed under dry conditions by three reactions'®
(cget 1s the concentration of defect def; a X is the activity of
component X and is numerically equal to the partial pressure
of X in bar):

(1) the generation of electrons and holes by thermal excita-
tion across the band gap,

null = ¢ +h, 1
with equilibrium constant,

Ken(T) = cer cns @)

(2) SrO-partial Schottky disorder,

Srg, + O = Vi, + V§ + SrO(g), 3)
with equilibrium constant,
Ksen(T) = cyy, cv, aStO; 4)

(3) reduction of the oxide to create oxygen vacancies and
electrons,

05 = 10a(9) + V¢ + 2¢, (5)
with equilibrium constant
Kgea(T) = (a02)' ey, (cer)’. (6)

Various sets of numerical parameters for the equilibrium
constants Ken(7'), Ksch(T), and Kreq(T) are given in the
literature.> 64!

To maintain charge neutrality within the bulk phase, the
concentrations of point defects must satisfy

Ce + Cace + 2evy, = cn + 2evy, @)

where the concentration of acceptor impurities is predomi-
nantly given by Al residing on Ti sites. Combining Eqs. (2),
(4), (6), and (7) allows all point defect concentrations to be
predicted as a function of T, a0, aSrO, and acceptor dopant
concentration.

Since cation diffusion only becomes appreciable at much
higher temperatures than those used in this study,®"-%> however,
the concentration of cation vacancies in the bulk phase may
be assumed to be frozen in from higher temperatures. As a
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consequence cation vacancies may be regarded effectively as
additional acceptors and aSrO is no longer a variable that needs
to be considered. Thus Eq. (7) may be approximated (for not
too high temperatures and not extremely reducing conditions)
by

CAce 20y > Cn > Cels (®)

i.e., the acceptor-dopant species (impurity acceptors and
frozen-in cation vacancies) are compensated by oxygen va-
cancies.

B. Probing inhomogeneous point-defect distributions close
to an interface

The current diffusion problem—isotope transport across
a gas-solid interface, through a space-charge layer depleted
of oxygen vacancies, and into a bulk phase of uniform
vacancy concentration—was treated within the framework
of linear irreversible thermodynamics in a previous paper.”’
Here a brief summary of the procedure for obtaining the
entire oxygen isotope profile in the solid is given. This
procedure, which approximates the solid as a one-dimensional
continuum, consists of two steps. The first step is to calculate
the equilibrium distribution of oxygen vacancies within the
space-charge layer,

ev, (x) = ey, (00)e ™2/, ©)
where ¢(x), the electrical potential, is obtained by solving
the appropriate Poisson-Boltzmann equation. In the present
case, it is assumed that the acceptor dopant is immobile,
and thus that its concentration in the space-charge layer is
constant (Mott-Schottky case).®*%* The appropriate Poisson-
Boltzmann equation is thus
d2

8O€rﬁ =—p= e[CAcc’ - 2cv-(-)(oo)e

—2ed(x)/ kT

— e (00)e VKT 4 cu(00)eHWIHT] - (10)

where ¢, is the dielectric permittivity and p is the space-
charge density. The two boundary conditions used for solution
are &g = ¢(00) — ¢(0) and V¢(oco) = 0; x = oo refers
to a position far away from the space-charge layer in the
electroneutral bulk phase. @, is the space-charge potential
and takes positive values, so that in the space-charge layer
the positively charged vacancies are depleted. The origin of
positive @ is discussed in Sec. V B.

From the oxygen vacancy distribution across the sample,
the variation in the local tracer diffusion coefficient across the
sample follows as (f* is the tracer correlation factor)

vy (x)

~ D*(oo)e—zmﬁ(x)/kT. (11)
Cog(x)

D*(x) = f*Dy

Thus, because oxygen vacancies are depleted in the space-
charge layer, D*(x) is strongly diminished towards the surface
[see Fig. 1(a)].

The second step to obtaining the isotope profile in the solid
is to solve Fick’s second law for the isotope fraction n*,

on* 9 D*( )8n* (12)
or  ox| x|
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FIG. 1. (Color online) Effect of an equilibrium space-charge layer depleted of oxygen vacancies on oxygen isotope transport. (a) Local
tracer diffusion coefficient D*(x). (b) Isotope fraction in the solid, n*(x). Inset shows the additional profile in the space-charge layer.
Red solid lines: with space-charge layer; grey dashed lines: without space-charge layer. Calculations performed for cpee = 10 m=3, T =750 K,
& =125 =04V, k¥ =75 x 1072 cms7!, D*(c0) =5 x 107 cm?s7!,+ = 10% s.

with D*(x) given by Eq. (11). The appropriate initial and
boundary conditions correspond to isotope exchange between
a large volume of gas and a semi-infinite medium with limited
surface kinetics:

n*(x >0, =0)= nﬁg, (13a)
n*(x =o00,t > 0) = n{gg, (13b)
P 3 * * 8n*
ks[ng—n x=0,)]=-D*(x=0) . (13¢)
dx x=0

ny is the isotope fraction of the annealing gas; ng, is

the background isotope fraction. Both partial differential
equations (first, Poisson-Boltzmann; second, Fick’s second
law) were solved numerically with the finite element
package coMSOL (COMSOL AB, Stockholm, Sweden), as no
analytical solutions are available. An example result is plotted
in Fig. 1(b): the region of locally reduced diffusivity, arising
from the surface space-charge layer, is seen to give rise to an
additional isotope profile close to the surface. It is emphasized
that (i) the extent of the additional profile is always smaller than
the extent of the space-charge zone because large deviations of
D*(x) from the bulk value are required to produce a noticeable
additional profile,’® and (ii) this additional profile cannot
be described by a simple exponential, Gaussian, or error
function.

It is also noted that the profile in the bulk phase (i.e.,
excluding the additional profile within the space-charge zone)
is described exactly by the analytical solution to the diffusion
equation for the initial and boundary conditions given in
Eq. (13) with bulk tracer diffusion D*(oc0) and an effective sur-
face exchange coefficient k%, which is a function of &} and ®.
In terms of the dimensionless parameters x” = x //4D*(0c0) t
and h' = k}y+/1/D*(00), the analytical solution is®’

n*(x,1) = np, + (ng — npgerfe(x’)

— exp(W'x’ + h'%) - exfe(x’ + h). (14)

III. EXPERIMENT

A. Sample preparation and characterization

Single-crystal samples of nominally undoped and (100)
oriented SrTiO3, measuring 10 mm x 10 mm x 1 mm and
polished on one large face, were obtained commercially from
CrysTec GmbH (Berlin, Germany). All samples were cut from
the same boule, so that the type and concentration of impurities
would not vary from sample to sample. Chemical analysis (and
SIMS) indicated that the predominant impurity in these single
crystals was Al (with small amounts of Mg). These species
are expected to substitute for Ti and thus to act as acceptor
dopants; the effective concentration of acceptors (including
frozen-in cation vacancies) is estimated to be 7 x 10'7 cm™3.

The as-received SrTiOj single-crystal samples were first
annealed at 7 = 1273 K in air for 24 h, in order to remove
polishing damage. They were subsequently cleaned with
acetone, isopropanol and demineralized water (in that order),
treated with buffered HF solution (NH4F:HF with a pH =4.5),
and then annealed at 7 = 1223 K for 2 h in air, in order to
produce TiO,-terminated surfaces.%¢’

Atomic force micrographs (AFMs) of the substrates’ sur-
face, after the second anneal at 7 = 1223 K, were acquired with
an ULTRA Objective PICO station (Surface Imaging Systems,
Herzogenrath, Germany). Measurements were performed in
noncontact mode.

Samples for analysis by transmission electron microscopy
(TEM) were prepared on an FEI Strata 205 Focussed Ion Beam
(FIB) workstation (FEI, Eindhoven, Netherlands). High res-
olution transmission electron microscopy (HRTEM) images
were obtained with a Tecnai F20 microscope (FEI, Eindhoven,
Netherlands) operated at 200 kV.

B. Isotope exchange experiments/ToF-SIMS analysis

The standard procedure for introducing an isotope pene-
tration profile into a solid from a large volume of gas was
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employed.’*>2 A sample was first equilibrated for a time 7
(teq = 101) at the temperature and oxygen partial pressure of
interest in oxygen of natural isotopic abundance, and then
quenched to room temperature. It was subsequently given
an anneal for a time ¢, in highly enriched '30, gas (Isotec
Inc., Miamisburg, USA) at the same temperature and oxygen
partial pressure. The '80 isotope fractions in the annealing
gases were determined prior to the exchange experiments by
SIMS analysis of pieces of single-crystal silicon that had been
oxidized in the respective atmospheres: ny, = 0.0024, n; =

0.96. The increased !0 isotope fraction in the equilibrating
gas [above the normal isotope abundance of (0.00205 =+
0.000 14)] is commonly observed for extremely high-purity
oxygen.>?

The oxygen isotope profiles in the SrTiO3; samples were
measured by means of time-of-flight secondary ion mass spec-
trometry (ToF-SIMS) on a ToF-SIMS IV machine (IONTOF
GmbH, Miinster, Germany), equipped with a high-energy
Ga™ gun for producing secondary ions for ToF analysis, a
low-energy Cs™ gun for sputter etching of the sample, and a
low-energy electron flood gun for charge compensation. The
Ga' gun was operated in burst mode, with an ion energy of
25 keV, an analysis raster of 100 um x 100 pm, and a cycle
time of 30 ws.”> For each sample, two long depth profiles
(up to 12 pum) and two short profiles (up to 150 nm) were
acquired. The long profiles employed 2 keV Cs™ ions, rastered
over 300 um x 300 um at a beam current of approximately
150 nA; the short profiles employed 0.5 keV Cs*, rastered
over 300 um x 300 um at a beam current of approximately
30 nA. Charge compensation was accomplished with <20 eV
electrons. The pressure in the main chamber of the SIMS
machine was below 10~ mbar during analysis. Negative
secondary ions were detected. An example profile is shown
in Fig. 2; the isotope diffusion profile is evident from both the
30~ and '80'°0~ signals.

The 80 isotope fraction can be calculated either from
O~ species or from O,~ species according to procedures
detailed elsewhere.”® Similar values were obtained from both
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FIG. 2. (Color online) Secondary ion intensities against sputter
depth obtained by ToF-SIMS depth profiling of an isotope exchanged
SrTiO; substrate. Raw data corrected for the dead time of the detector.
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procedures, as is to be expected if the ToF-SIMS detector
dead time is correctly taken into account. Crater depths
were determined postanalysis with an NT1100 interference
microscope (Veeco Instruments Inc., NY, USA). Values of
D*(c0), k¥, and @y were obtained by visual comparison
of experimental isotope profiles with theoretical profiles
computed numerically; the errors in these parameters corre-
spond to the range of values which give good visual agree-
ment between computed and experimental profiles. The first
1-2 nm of the isotope profiles were removed, as they
correspond to the interfacial core.””

IV. RESULTS

A. Near-surface structure and surface topography

In Fig. 3 we present a high-resolution transmission electron
microscopy image obtained from the near-surface region of
one of the samples used in the oxygen diffusion work, i.e.,
a nominally (100) oriented sample that had been subjected
to a high-temperature pre-anneal, then the standard treatment
in buffered HF, and finally, an '0/'°0 anneal. The image
shows that the entire region, extending from the original
surface some 30 nm into the bulk, is composed solely
of cubic perovskite lattice; neither SrO nor Ruddlesden-
Popper phases Sr,, 4 Ti, 03,41 nor Magnéli phases Ti, O,
were observed.®®® The appearance of such phases is driven
by an active partial SrO Schottky equilibrium [Eq. (3)],
expelling SrO from SrTiO;. The fact that no such phases
were detected suggests that the equilibrium is kinetically
hindered by low cation mobility.°"%> Visual inspection of
several bright-field TEM micrographs (not shown) failed to
find a single dislocation in the (limited) volume of material
investigated. This places an upper bound on the dislocation
density of 108 cm™2. For comparison the dislocation density in
single-crystal SrTiO3 has been measured to be 6 x 107 cm™2
in annealed specimens’” and 6 x 10° cm~? in polished but
unannealed specimens.”! Our results are thus consistent with a

FIG. 3. HR-TEM micrograph of the surface region of a pre-
annealed single crystal, showing only cubic perovskite lattice.
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FIG. 4. (Color online) AFM micrograph of a nominally (100)
oriented SrTiO; substrate subjected to a high-temperature pre-anneal,
then the standard treatment in buffered HF, and finally, an '80/'°0
anneal.

high-temperature pre-anneal yielding samples with diminished
dislocation density.

Along (100) directions, an ABOj; perovskite-type oxide
consists of alternating AO and BO, planes. Consequently
there are two possible terminations for a (100) surface: an
AO plane or a BO; plane. In the case of SrTiO3;, domains
of both terminations are commonly observed for a nominal
(100) surface,®”-”? because the surface energies of the two
terminations are rather similar.”>’* The surface topography
measured for the samples used in the oxygen diffusion work is
shown in Fig. 4. A rather disordered surface structure is seen,
and the step heights are multiples of 3.91 A. In agreement
with the TEM results, no evidence was found for SrO,
St +1Ti,O3;41, or Ti,,Oy,_;. Since buffered HF preferentially
etches away SrO (Ref. 66) and the step heights correspond to
multiples of SrTiOs’s unit-cell parameter (a = 3.905 A), this
surface is evidently TiO, terminated. It is emphasized that all
specimens treated according to the stated procedure exhibited
this irregular surface structure, i.e., it is reproducible.

For completeness we also examined samples for which
either the etching step or the high-temperature pre-anneal
was left out. Samples that were not treated in buffered
HF exhibited surface topography in which the step heights
were half multiples of SrTiOj3’s unit-cell parameter, that is,
the samples’ surfaces have domains of both TiO, and SrO
terminations. Preliminary oxygen isotope experiments on such
samples indicated low amounts of isotope incorporated (see
Fig. 5). On the other hand, samples that were not given a
high-temperature pre-anneal prior to the treatment in buffered
HF showed, as expected, the standard regular surface structure
consisting of terraces that is characteristic of a vicinal (100)
surface (see, e.g., Fig. 3 of Ref. 67). In preliminary oxygen
isotope experiments on such samples, however, unusual and
irreproducible features, which were attributed to the presence
of polishing damage, were found in the measured isotope
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FIG. 5. Comparison of oxygen isotope diffusion profiles mea-
sured for SrTiO; single-crystal samples treated in buffered HF (light
grey symbols) and not treated in buffered HF (dark grey symbols).
Calculated solutions are shown as solid black lines. The inset shows
the additional profile due to the space-charge layer. Both samples
were exposed to '®0-enriched gas at the same temperature (T =
1123 K) and oxygen activity (@O, = 0.50) for the same period of
time ( = 1.85 x 10% s).

profiles. Thus, whereas the high-temperature pre-annealing
step prevents the regular terrace structure forming, it is
evidently necessary to obtain reproducible isotope profiles.

B. Oxygen isotope diffusion

All isotope diffusion profiles measured for the single-
crystal SrTiO; substrates displayed the same characteristic
form: a sharp drop near the surface followed by an extended
penetration profile into the material. The appearance of the
additional isotope profile at the surface of these single-crystal
samples unambiguously indicates the presence of an extended
region of reduced diffusivity. We could assign this region
of reduced diffusivity to an equilibrium space-charge layer
that is depleted of (doubly) charged oxygen vacancies, first,
and most importantly, because it is possible to describe (see
Fig. 5) an entire isotope profile, from the surface, through
the space-charge layer and into the bulk phase, with a
single mathematical solution that contains only three fitting
parameters [D*(o00), k¥, and ®¢]; and second, because the
TEM results rule out alternative explanations, such as a layer
of dislocations from polishing damage hindering diffusion or
the presence of a second phase of lower diffusivity, formed by
redistribution of SrO. It is also worth noting that no isotope
profile exhibited a slowly decaying tail at large depths. Such
features correspond to fast diffusion along dislocations’>7°
but are not expected here on account of the samples’ low
dislocation density.

Figure 5 compares oxygen isotope profiles obtained from
two different samples, one treated in buffered HF to yield a
TiO,-terminated surface, and one not treated in buffered HF to
maintain a mixed SrO/TiO,-terminated surface. Both samples
were exposed to '8O-enriched gas at the same temperature
and oxygen activity for the same period of time. For the
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FIG. 6. (Color online) Temperature dependence at a0, = 0.50
of (a) the bulk tracer diffusion coefficient D*(c0), (b) the surface
exchange coefficient k, and (c) the surface space-charge potential
®,. The solid lines are fits to Arrhenius behavior.

etched sample, the experimental profile is best described
with D*(00) = (2.1703) x 107" em? s, k¥ = (4.30705%) x
1078 cms~!, and &y = (0.33 &+ 0.08) V; the profile for the
nonetched sample, with D*(00) = (1.4758) x 10" em?s7!,
k= (62108 x 107 cms™!, and &y = (0.43 £ 0.01) V.
Comparing bulk tracer diffusion coefficients, one finds that
the values are similar: this is to be expected, since the bulk
phase should not be affected by the etching of the surface. The
precision, however, is greater for the etched sample because
the degree of isotope enrichment is higher, n*(x) decreasing
for the bulk profile by a factor of 75 to ng, as opposed to
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FIG. 7. (Color online) Oxygen activity dependence at 7 = 1073 K
of (a) the bulk tracer diffusion coefficient D*(c0), (b) the surface
exchange coefficient k7, and (c) the surface space-charge potential
®,. The solid lines are fits to power-law behavior.

a factor of 5 for the nonetched sample. As one of the aims
of this study was to determine bulk diffusion coefficients with
high precision, we used such HF-etched samples for all further
diffusion experiments.

The drastic increase in the amount of incorporated isotope
is due to kY being two orders of magnitude higher and &
being possibly lower for the etched specimen. It is difficult to
ascertain whether @, for the etched specimen is significantly
lower because of the large uncertainty associated with this
value (the additional isotope profile can be described equally
poorly by a large range of @ values). Such a large uncertainty
was only obtained for the sample subjected to the highest
temperature exchange anneal. This may be due to strontium
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vacancies starting to become mobile. The effect of surface
treatment on k' and ® is currently under investigation.

Tracer diffusion coefficients in the bulk D*(oc0), surface
exchange coefficients k" and space-charge potentials @
obtained as a function of temperature 7' are summarized in
Fig. 6 and as a function of oxygen activity aO; in Fig. 7.

V. DISCUSSION
A. Bulk diffusion

The bulk tracer diffusion coefficient D*(oc0) can be written
as [see Eq. (11)]

. . CV5(00)
D*(00) = f* Dy ———. 15)

Cop (00)
In view of f* being a constant (equal to 0.69 for an ABO;
perovskite-type oxide),”” Dy only being a function of tem-
perature, and cqx(00) hardly varying with oxygen activity, the
isothermal variation of D*(oc0) with oxygen activity indicates
directly how the oxygen vacancy concentration varies with
oxygen activity. Describing the behavior with a power law,
D*(00) x (aO,)"v*e one finds that the power-law exponent

1S
mpe = (2PN (dlnevy (o)) - o
preo dlna0, /, dlna0, ),

The data plotted in Fig. 7(a) yield m p«oo) = (—0.037
0.026), where the error is the standard error in fitting a
power law to the data. To a first approximation this value
is zero. Thus it confirms unequivocally that these nominally
undoped SrTiO; crystals are indeed acceptor doped: cy;(00)
is independent of oxygen activity because it is fixed by
the concentration of acceptor species [see Eq. (8)]. Taking
the full charge neutrality condition that includes electronic
defects [Eq. (7)], we predict, by defect chemical modeling
with cace = 7 x 107 cm™ and numerical values of the
equilibrium constants K (T) taken from Shin et al.,”® a value
quantitatively consistent with experiment, 7 p«o) = —0.009.
If oxygen vacancies were generated solely by reduction [see
Eq. (5)], that is, if the samples were not acceptor doped
but undoped, one would expect a far stronger dependence,
namely 1 p+) = —0.167. The corollary is that annealing such
SrTiOj; substrates in oxygen does not change the concentration
of oxygen vacancies appreciably (though it does modify
considerably the proportion of electron to holes).

The measured activation enthalpy of isotope diffusion is
determined from the data in Fig. 6(a) tobe A Hp«(oo) = (0.58 £
0.08) eV. Assuming that defect interactions are negligible, one
can express AHp+) as the sum of the migration enthalpy
of oxygen vacancies and the generation enthalpy of oxygen
vacancies (the enthalpy change reflecting the variation in

vacancy concentration with temperature),’”
dIn D*(00)
AHpiooy = —| ————
a(1/RT) ] .0,
_ (all’le> <81ncv-(-)>
d(1/RT) / 0, d(1/RT) / 0,
= A[-Imig,V + Angn,Vo (17)
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TABLE I. Activation enthalpies for oxygen vacancy migration in
SrTiO;. C denotes a computational study.

AH, mig,V

Method €eV) Ref.
Isotope diffusion 0.6 this study
Isotope exchange 1.13 23
Chemical diffusion 0.98 24
Chemical diffusion 0.3 26
Isotope exchange 1.06 28
Chemical diffusion 0.65 29
Chemical diffusion 2.1 31
Electrical conductivity 1.0 4
Nuclear-spin relaxation 0.62 32
Electrical conductivity 0.86 33
Anelastic relaxation 0.98 39
Anelastic relaxation 0.60 40
Electrical conductivity 1.4 41
Thermally stimulated relaxation 0.91 42
C: Empirical pair potentials 0.65 43
C: Empirical pair potentials 0.76 44
C: Density functional theory 04-0.7 45
C: Empirical pair potentials 0.9 46
C: Density functional theory 0.6 47
C: Density functional theory 0.6 48
C: Empirical pair potentials 0.96 —1.35 49

Consequently if we assume Eq. (8) as the bulk charge
neutrality condition, cy; (00) does not change with temperature
(it is fixed by the concentration of acceptors), and there-
fore AHgen v is zero, and AHpisv = AHp«oo) = (0.58 &
0.08) eV. If, once again, we extend the charge neutrality
condition to include electronic defects [Eq. (7)], we predict, by
defect chemical modeling, AHgenv = —0.04 €V, and hence
AHyigv = (0.62 £ 0.08) eV. We therefore conclude that,
regardless of which charge neutrality condition is used, the
activation enthalpy for oxygen vacancy migration in SrTiOj3 is
approximately 0.6 eV.

This value is in excellent agreement with oxygen-vacancy
migration enthalpies determined for SrTiO3; from macroscopic
chemical diffusion measurements [(0.65 £ 0.06) eV],* and
from microscopic investigations of vacancy hopping by means
of nuclear-spin relaxation (0.62 eV),? and anelastic relaxation
(0.6 eV).*% The latest theoretical calculations based on density
functional theory (DFT) also give a value of 0.6 eV.*”*® Other
experimental data*?32428:3%41 tend to cluster around 1 eV (see
Table I), and we discuss possible reasons for this scatter below.

Absolute values of Dy extracted from the data in Fig. 6(a)
with Eq. (15) are compared as a function of temperature
in Fig. 8 with literature data for SrTiQ;.+2426:29:31=3341 Qur
values of Dy agree well with data from both macroscopic
and microscopic methods: low-temperature conductivity,*
chemical diffusion,”*? and nuclear-spin relaxation (NSR).3?
Hereby it should be noted that the NSR data®? represent an
upper limit, as Dy was calculated from the NSR correlation
time Tnsr according to Dy = (4a? fusr )/(6TNsR) assuming
fnsr = 1, whereas fysg < 1 is expected.®® In addition, it is
surprising that the data from Ref. 4 agree so well, given that
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FIG. 8. (Color online) Comparison of oxygen vacancy diffusion
coefficients in SrTiO; determined by various experimental methods.
A: chemical diffusion (Ref. 24); B: chemical diffusion (Ref. 26); C:
chemical diffusion (Ref. 29); D: chemical diffusion (Ref. 31); E:
nuclear-spin relaxation (Ref. 32): F: electrical conductivity (Ref. 4);
G: electrical conductivity (Ref. 33); H: electrical conductivity
(Ref. 41); I: isotope diffusion (this study). Dashed lines are
extrapolated from lower temperatures. Solid lines refer to the exact
temperature interval investigated.

the data are extrapolated from much lower temperatures with
a vacancy migration enthalpy of 1 eV. Bearing these points
in mind, we obtain a global expression for the temperature
regime, 948 > T /K > 1623, that describes our data and the
data from chemical diffusion measurements:**>’

0.62 eV
In[Dy fem?s™'] = —5.05106) _ 222 (g
: kT
Alternatively, with the global expression
0.67 eV
In[Dy/em?s™'] = —4.96704 — k—Te’ (19)

we can describe our data, the data from Paladino’s chemical
diffusion measurements,”* and two data points at much
lower temperatures (473 and 573 K) derived from Blanc
and Staebler’s electrocoloration experiments.?’ Refining these
global expressions further requires tracer diffusion data for
T < 950 K. Due to low k¢* values, however, catalytically
active metal-oxide layers are necessary for sufficient '30 to be
incorporated into SrTi0;.%

Last we return to the question of why is there so much
scatter in the experimental values of Dy, and especially
A Hyig,v. We mention here three possibilities. One possible
source of scatter arises from performing or evaluating a
diffusion experiment incorrectly. The evaluation, for instance,
will be incorrect if the wrong solution of Fick’s second
law is used to extract a diffusion coefficient: wrong because
the boundary conditions employed in solving Fick’s second
law do not correspond to the experimental conditions.””
Another source of erroneous values of Dy and thus A Hyje v
is incomplete or incorrect knowledge of the point defect
chemistry of the actual samples investigated. As demonstrated
here, calculating Dy from a measured diffusion coefficient

PHYSICAL REVIEW B 85, 174109 (2012)

(here, the isotope diffusion coefficient) requires quantitative
knowledge of the samples’ point defect chemistry, that is, one
needs to know the type and concentration of acceptor dopants
present. A third possibility is that the oxygen vacancy diffusion
coefficient depends on the type of acceptor dopant, for exam-
ple, because of association between oxygen vacancies and
acceptor-dopant moieties. Al’; appears not to bind vacancies
at all in the temperature window investigated here (viz. we find
no evidence for a significant binding energy), but Fer; and Nir;
certainly bind vacancies at lower temperatures.®! This may not
only explain some scatter in reported migration enthalpies but
also why they group around 1 eV.

VI. Surface space-charge layer

The space-charge potential is not a material-specific pa-
rameter. It is specific to a particular sample and a particular
set of measurement conditions; it may thus exhibit rich
behavior as a function of temperature, oxygen activity, and
dopant concentration. Also, it only represents an intermediate,
phenomenological level between measured properties and the
fundamental thermodynamic driving energies for space-charge
formation. It is these thermodynamic driving energies that
are characteristic of the material system [e.g., SrTiO3] and
of the interface orientation and termination [e.g., a (100)
TiO,-terminated surface].’®

A thermodynamic driving energy for space-charge forma-
tion for the defect building unit {def} (e.g., {V{} = Vi — O3)
is defined as the difference in the standard chemical potential
of {def} in the interface core and in the bulk phase, Aujy.r =

/L?def}(core) — ,u‘{’def}(bulk).58’64’82‘84 It is equivalent to the

trapping energy of that defect at the interface.”® Nonzero
values of Apufy, force the redistribution of point defects
between the interface core and the adjoining bulk phase. For
example, in the case of a negative thermodynamic driving
energy, Au*{’:jef} < 0, the building unit {def} prefers to reside
in the interface core. Given sufficient mobility, this building
unit {def} will segregate to the interface core, electrically
charging it in the process, and forming space-charge zones
depleted of {def} in the adjacent bulk regions. The system has
lowered its Gibbs free energy by redistributing defects between
interface core and bulk phase. Equilibrium space-charge layers
have formed when the electrochemical potentials of all mobile
defects are constant throughout the system, V fi(ger; = 0. The
electrochemical potential of building unit {def} in the bulk and
in the interface core is assumed to take the form>:648>

C{def}

idefy = Kigepy + RT In + Z(aery €. (20)

Nigery — Cdefy

Nygery 18 the density of available sites. Nyge(core) is not
necessarily equal to Ngerj(bulk); it is generally some fraction
thereof. In the following we assume a flat TiO,-terminated
surface and thus Ny (core) = Nygr(bulk) for all mobile
defects.

In this section the concern is the extraction of the
relevant fundamental thermodynamic driving energies from
experimental values of ®(. The sample is approximated as a
continuum, as before (Sec. II B). It is considered to consist of
an interfacial core phase of thickness w, in contact with a bulk
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FIG. 9. Comparison of experimental data (open circles) and theoretical prediction (solid lines) for the surface space-charge potential @,
(a) as a function of temperature 7' at a0, = 0.50, (b) as a function of oxygen activity aO, at T = 1073 K. Theoretical calculations assumed
V fiaery = O for {def} =V, ,h, with w. = a/2, Nef)(core) = N4y (bulk) and A;f(’vé) = —142eV.

phase of infinite extent, with A u‘{’def} changing abruptly across

the junction.’® The calculation of ®, from a set of AM‘{’:M}
requires, in addition to Eq. (20), that the sample as a whole is

electrically neutral,>®80
d¢
SOSFE + we Z Z(defyelcqaery (core) — caer(bulk)] =0,
x=0

2

that is, the charge within the space-charge layer [obtained by
integrating once the Poisson-Boltzmann equation, Eq. (10)]
is exactly compensated by the charge of the surface core
(due to the redistributed charged point defects). In the case
of extended defects in acceptor-doped SrTiO;3 there are two
possibilities that result in a positive space-charge potential,
i.e., the formation of space-charge zones depleted of oxygen
vacancies: A,bb?vé} <0, A,t;r} < 0.5% For the (100) TiO,-
terminated surface of SrTiO; theoretical calculations provide
evidence for both: the valence-band edge is shifted up into the
band gap by approximately 1 eV at the surface’>* and the
formation energy of an oxygen vacancy is 1.5 eV lower at
the surface.®

In Fig. 9 space-charge potentials predicted for A/L?V6} =
—1.42 eV (with redistribution of oxygen vacancies, electrons,
and electron holes allowed) are compared with those deter-
mined experimentally. It is seen that a single thermodynamic
driving energy is able to describe the variation of ®(; with
both temperature and oxygen activity. This provides additional
evidence for the existence of an equilibrium space-charge layer
at the surface of acceptor-doped SrTiOj3. Further calculations
indicate that A u‘{’h.] may take values up to —0.7 eV without
influencing the predicted value of ®(. In other words, both
A M?vb} and Ay, may be negative, but for this interface under
these thermodynamic conditions, space-charge formation is
driven by the former, the trapping of oxygen vacancies at the
interface.

There is remarkably good agreement between the driving
energy extracted from experiment and the value of —1.5 eV
predicted from DFT calculations.?> Theory, however, refers to
neutral vacancies at an atomically flat TiO,-terminated surface,

whereas experiment refers to charged vacancies at a TiO,-
terminated surface with terrace edges and corners (see Fig. 4).
We therefore consider it satisfactory to have extracted from
experiment a thermodynamic driving energy for space-charge
formation that has the appropriate order of magnitude.

A. Surface exchange

Several detailed studies have been devoted to investigating
the surface reaction between gaseous oxygen and acceptor-
doped SrTiO3.323%:39-92 Nevertheless, the results obtained in
this study are surprising in several respects. First, it is very
surprising that etching away SrO-terminated regions increases
k¥ at T =1123 Kby almost two orders of magnitude. Evidently
the TiO, termination exchanges oxygen faster than the SrO
termination, as removing regions of the latter increases k. The
area fraction of the active, TiO,-terminated regions, however,
increases perhaps by a factor of 5, and certainly not by two
orders of magnitude, upon going from a mixed SrO/TiO,
termination to a pure TiO, termination.®’-’> It appears that
etching the (100) surface of SrTiO; with buffered HF alters
more than just the termination.

The second surprising point is the large scatter in the
data obtained—both as a function of temperature and as a
function of oxygen activity—as evidenced by the large errors
in the activation energy, A H;: = (3.01 +0.28) eV, and in
the power-law exponent, m: = (0.29 £ 0.13), respectively.
By using high quality single-crystal samples cut from a single
boule and treated to yield the (100) TiO, termination, we aimed
to produce surfaces of identical structure and composition.
The large scatter strongly suggests that we did not achieve our
aim, and the reason for this is unclear. Does the local surface
structure (terrace edges and corners, surface reconstructions)
or surface composition (segregated impurities/residual SrO)
vary over a sample surface and between samples?

Third, there is surprisingly little difference between the
activation energies for k7 and k; even though k7%; includes the
effect of the space-charge potential. In this respect it is to be
noted that AH: = (2.95 &+ 0.25) eV is comparable to those

reported for Fe-doped SrTiOs single crystals (2.5-2.9 eV).%
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Furthermore, the observed dependence of kZ; on oxygen

activity, mys = 0.23 £0.11 is consistent with the empirical
prediction® for a wide band-gap perovskite oxide doped with
a fixed valence acceptor of my» = 0.25.

Last we call for the results and conclusions of previous stud-
ies of the oxygen surface reaction on acceptor-doped SrTiO; to
be re-examined.?>3%:89-2 In no study was the presence of the
space-charge layer taken into account properly. In particular
it needs to be recognized that the defect concentrations at the
surface, that is, those that are relevant for the surface reaction,
are not those in the bulk [Eq. (7)] but those in the surface core
[Eq. 21)].%°

VII. CONCLUSIONS

Oxygen vacancies govern diverse bulk and interfacial
properties of the perovskite oxide SrTiOs. Their behavior can
be probed in oxygen diffusion experiments. Of the various
types of diffusion experiment, the combination of isotope
exchange and SIMS is the most time consuming and the most
difficult to execute, but it is capable of delivering high quality,
unambiguous diffusion data. In this study we have used isotope
exchange experiments with ToF-SIMS analysis:

PHYSICAL REVIEW B 85, 174109 (2012)

(1) to clarify the diffusion kinetics of oxygen vacancies in
bulk SrTiOs and to derive a global expression to describe our
data and selected literature data;

(2) to show that the oxygen vacancy concentration in
nominally undoped SrTiO; single-crystal substrates is not
altered significantly by annealing in oxygen owing to the
samples being weakly doped with acceptor impurities;

(3) to demonstrate in detail that diffusion of a labeled
isotope through a depletion space-charge layer can make the
layer “visible” by giving rise to an additional isotope profile;

(4) to determine that space-charge formation at the (100)
TiO,-terminated surface of SrTiOj3 is driven by the preferential
formation of oxygen vacancies at the surface.
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