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Abstract. The kinetics of oxygen incorporation are of fundamental importance for an application of acceptor
doped strontium titanate as a resistive-type oxygen sensor. The electrical conductance of the sample depends on
the ambient oxygen partial pressure pO2 due to oxygen exchange between gas phase and solid state which leads
to a flow of charge carriers. The kinetics of the incorporation process can be separated into two steps: the oxygen
surface transfer and the subsequent bulk diffusion of oxygen vacancies. The rate of the slower step determines the
kinetics of the overall incorporation process and thus the sensor’s response behavior.

A method for the investigation of the kinetic behavior is presented which is based on a frequency-domain
analysis. In the underlying model, a SrTiO3 single crystal is exposed to a harmonically modulated pO2. This leads
to a modulation of the sample’s electrical conductance. By way of calculation, it is shown that the shape of the
frequency response clearly allows to distinguish whether the kinetics of oxygen incorporation are determined either
by bulk diffusion or by surface transfer.

The experimental validation of this model is demonstrated by investigations performed on slightly acceptor doped
SrTiO3 single crystals of various thicknesses in a kinetic measurement setup at different temperatures.
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1. Introduction

Strontium titanate is a suitable material for a resistive-
type high temperature (T > 700◦C) oxygen sensor
which may be applied e.g. in automotive exhaust gas
monitoring. Its electrical conductivity σ depends on the
ambient oxygen partial pressure pO2. The defect chem-
istry of SrTiO3 has been treated at length, theoretically
as well as experimentally, e.g. by [1–11]. Owing to dif-
ferent electrochemical potentials of the oxygen species
involved, an oxygen exchange between gas phase and
solid state occurs. The following treatment shall con-
fine itself to the case of oxidizing conditions where the
solid is exposed to an oxygen-rich atmosphere: Oxy-
gen from the gas phase is incorporated into the solid,
occupying oxygen vacancies V··

O (twice ionized at the
temperatures under consideration), thus forming regu-
lar oxygen ions in the anion sublattice. In Kröger-Vink
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notation this reaction reads:

1/2 O2 + V··
O → Ox

O + 2h· (1)

The resulting flow of charge carriers associated with
the bulk diffusion of V··

O in order to maintain elec-
troneutrality [4] gives rise to a change of the material’s
electrical conductivity σ . Electronic contributions pre-
vail, under oxidizing conditions the current is car-
ried mainly by holes (defect electrons) h·, resulting in
p-type conductivity. Once electrochemical equilibrium
between gas phase and solid is established, the relation-
ship σ (pO2, T ) is well-defined:

σ ∝ e
−

(
E A/kT

)
pOm

2 (2)

The first r.h.s. factor describes the temperature (T ) de-
pendence, E A denoting an activation energy. Oxygen
partial pressure dependence is described by the second
factor. The value of the sensitivity m depends on the
dominant type of bulk defect.
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In this paper however, we shall turn our attention to
the non-equilibrium situation. The response behavior
of the sample is determined by the kinetics of equili-
bration, experimentally benchmarked by the response
times t90 during which the sample obtains 90% of its
final conductance value in response to a sudden pO2

jump. The commonly used time-domain method for the
measurement of t90 times, however, suffers from ex-
perimental limitations. In contrast, an alternative tech-
nique developed by Tragut et al. [12, 13] which is based
on a frequency-domain analysis not only allows the de-
termination of very short response times (in the order
of milliseconds) but, interestingly, also an in situ in-
vestigation of the kinetic behavior the sample shows in
response to a pO2 change. The underlying model shall
be presented in the following.

2. Frequency-Domain Analysis: Model

The oxygen incorporation process of Eq. (1) can be
subdivided into various consecutive transport and elec-
trochemical reaction steps, such as: (i) O2 transport
through a gas boundary layer surrounding the sample
surfaces, (ii) dissociation of oxygen molecules, (iii) ad-
sorption of oxygen atoms at the surfaces, (iv) ioniza-
tion, (v) transport through surface layers (space charge
effects) and (vi) subsequent bulk diffusion of oxygen
vacancies V··

O. This scheme of reactions might be even
more detailed, if not intricate [14–17].

The influence of (i) is only observed at higher fre-
quencies and/or for very thin samples when diffusion
processes in the gas phase cause a significant delay in
the response times. It shall be neglected in the follow-
ing. The kinetics of the elementary steps (ii)–(v) are not
known in detail, therefore they are summarized as one
surface transfer reaction which takes place previous
to bulk diffusion (vi). Thus, the oxygen incorporation
is virtually reduced to a two-step process. The rate of
the slower step determines the kinetics of the overall
process and thus the response behavior of the sensor.

Due to charge compensation effects within the an-
ion or cation sublattices, doping influences the kinetic
behavior. The materials system SrTi1−x Fex O3 in partic-
ular shows distinct features suggesting its application
as a fast oxygen sensor with response times down to
the figure of merit 10 ms when employed in thick film
technology [18–22]. For sake of mathematical simplic-
ity however, this paper deals with (nominally) undoped
SrTiO3 single crystals as well-defined model system. In

Fig. 1. Geometry of the sample: The two abutting faces of the SrTiO3

single crystal are Pt-contacted, the other four surfaces are exposed
to the ambient time-dependent pO2.

reality though, these all show a slight acceptor content
due to impurities.

Figure 1 shows the system under consideration. An
electrically contacted sample is exposed to a harmoni-
cally modulated pO2(t). In the case of sufficiently small
excitation the sensor characteristic can be linearized:
By applying only small pressure changes (pO2(t) =
pO(0)

2 + pO(1)
2 sin ωt, pO(1)

2 � pO(0)
2 ), linear system

behavior is ensured. Owing to the cubic crystal sym-
metry, diffusion of V··

O shall be assumed to take place
with the same chemical diffusion coefficient D̃V··

O
in all

directions within the solid.
In the following we shall treat two borderline cases

separately: the kinetics of oxygen incorporation be-
ing controlled by bulk diffusion or by surface trans-
fer. These can be pictured as “bottleneck” situations in
which the reaction rate of one step is far bigger than
that of the other.

2.1. Bulk Diffusion Control

The response behavior of the bulk sample, i.e. the ki-
netics of its conductance change due to a harmonic pO2

variation, is determined by the bulk diffusion of oxy-
gen vacancies. Oxygen transfer through the boundary
surfaces according to Eq. (1) is assumed to occur suf-
ficiently fast. The concentration of oxygen vacancies
[V··

O] can be expressed by Fick’s second law:

∂

∂t

[
V··

O

] = div
(
D̃V··

O
grad

[
V··

O

])
(3)

At elevated pO2, defect chemical considerations
taking into account charge compensation effects [23]
result in 2[V··

O] ≈ N′
A − p, N′

A being the (constant)
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acceptor and p the hole concentration. The influence,
especially at lower temperatures, of trapping effects
taking place in Fe-doped SrTiO3 [9, 24, 25] is neglected
in this regard. As a result, Eq. (3) can be modified:

∂p

∂t
= div

(
D̃V··

O
grad p

)
(4)

Considering samples with lateral dimensions far
bigger than their thickness (b, l 	 d), a one-
dimensional approach is justified:

∂p

∂t
= D̃V··

O

∂2 p

∂x2
(5)

Harmonic pO2 changes in the gas phase lead
to a harmonic modulation of the hole concentration
p(x, t) = p0 sin ωt for both major sample surfaces at
x = 0 and x = d . The partial differential Eq. (5) can
be reduced to an ordinary one by applying the Laplace
transformation:

d2 P

dx2
− s

D̃V··
O

P = 0, (6)

P(x, s) being the Laplace transform of p(x, t).
Considering the Dirichlet boundary conditions
described above for the time domain, Eq. (6) can
readily be solved. The resulting P(x, s) must then
be integrated over the sample thickness in order
to obtain a value for the mean hole concentration
in the sample P(s) = 1/d

∫ d
0 P(x, s) dx which is

directly proportional to the sample conductance (the
measurand) or, accordingly, the mean value σ (s) of the
material’s electrical conductivity. Since the direction
of the field current during conductivity measurements
is perpendicular to the diffusion current, the latter is
considered not to be affected by the former.

Given s = iω (i being the imaginary unit), σ is a
complex function of the angular frequency ω of mod-
ulation. The ratio between output and input signals in
the frequency domain then defines a complex transfer
function or frequency response G:

G(iω) = σ (iω)

PO2 (iω)
, (7)

PO2 (iω) being the frequency transform of the input par-
tial sine pressure signal. Since the system is linear, a
harmonic input signal pO2(t) ∝ sin ωt will result in
a harmonic output σ (t) ∝ |G(iω)| · sin(ωt + �ϕ),
|G(iω)| =

√
[ReG(iω)]2 + [ImG(iω)]2 being the am-

plitude and �ϕ = arctan(ImG(iω)/ReG(iω)) the

phase shift of G. For the simple case just considered,

G(iω) ∝ 1/

√
iωd2/4D̃V··

O
× tanh

√
iωd2/4D̃V··

O
.

For very thick samples (d > 0.1 · b), d being the
thickness and b the width (cf. Fig. 1), a correction must
be taken into account as the influence of the two re-
maining sample surfaces exposed to the ambient atmo-
sphere can no longer be neglected. The third dimension
of the sample is still considered to be large in compar-
ison with the other two (l 	 d, b). A two-dimensional
diffusion calculus for this geometry of a rectangular
parallelepiped is to be found in the literature [26]. The
single solutions for each of the four surfaces penetrated
by oxygen are derived under the boundary conditions
P (x = 0, 0 < y < b, 0 < z < l) = const. (and, ac-
cordingly, for the three other surfaces to be considered).
These solutions are then superposed to form the overall
solution for the transfer function which is given by

G(iω) = G0

∞∑
ν=0

tanh
(

d
2 ξ

)
(2ν + 1)2ξ

, with

ξ =
√

(2ν + 1)2π2

b2
+ iω

D̃V··
O

, (8)

G0 being a constant. Only the shape of the trans-
fer function amplitude |G(iω)| is of interest. This
renders the constant insignificant; for convenience
|G(iω)| henceforth denotes the normalized amplitude

(|G(0)| != 1). As shown in Fig. 2, |G(iω)|, plotted as a
function of the angular frequency of modulation on a

Fig. 2. Amplitude |G| of calculated transfer functions in the case of
bulk diffusion controlled (solid curve) and surface reaction controlled
kinetics (dashed curve).
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double-logarithmic scale (Bode plot), decreases with a
slope of −1/2 (neglecting dimensions). As remains to
be seen, this is the noteworthy result of the calculation.
The phase shift shall not be treated any further, as it
does not provide any additional information. Besides,
it exhibits significant behavior only at higher frequen-
cies, where it is measurable but with difficulty due to
the diminishing values of the signals.

2.2. Surface Transfer Control

If the oxygen surface transfer reaction (1) is rate-
determining for the response behavior of the sample,
then a one-dimensional treatment is justified because
surface transfer control must occur only for suffi-
ciently thin samples. The basic approach thus con-
sists of solving Fick’s second law (5) with suitable
boundary conditions again. These arise from the fol-
lowing considerations. Throughout the surface transfer
reaction

O2 + 2V··
O ⇀↽ 2Ox

O + 4h· (9)

which takes place at x = 0 and x = d, [V··
O] and [Ox

O]
remain nearly constant [12]. The more O2 molecules
reach the surface, the faster the oxygen incorpora-
tion proceeds. Assuming all changes to the system
are small, the forward reaction rate rf of (9) should
then, as a first-order approximation, be proportional
to the concentration of gas molecules at the surface:
rf ∝ [O2]|x=0,d . The backward reaction rate rb of (9)
should accordingly only depend on the hole concen-
tration p at the surface. To simplify matters, this rela-
tionship is also linearized by a first-order approach:1

rb ∝ p|x=0,d . A difference between rf and rb must re-
sult in a diffusion current of oxygen vacancies to or
from the surface. Since the latter is coupled with the
hole current, these considerations lead to:

kf[O2]|x=0 − kb p|x=0 = −D̃V··
O

∂p

∂x

∣∣∣∣
x=0

(10)

at the sample surface at x = 0. Eq. (10) describes
a net flux density of particles through the surface in
x-direction in a simple linear approach. kf and kb

are constants of proportionality. They are interrelated
through the equilibrium concentrations [O2] and p
when rf equals rb [12].

The conditions are the same for the second sample
surface at x = d . So, for symmetry reasons, a further

boundary condition reads:

∂p

∂x

∣∣∣∣
x= d

2

= 0 (11)

We shall turn to the frequency domain again. Solv-
ing Eq. (6) with the boundary conditions given by
the frequency transforms of Eqs. (10) and (11), and
subsequently integrating over the sample thickness d,
leads to a solution for the frequency response which
reads:

G(iω) = G1 sinh

(
d

2
�

)
×

[
� · cosh

(
d

2
�

)

+ iω

k
· sinh

(
d

2
�

)]−1

(12)

with � =
√

iω/D̃V··
O

and k := kb.2 G1 is, as above, a
constant without further significance. If surface trans-
fer dominates the kinetic behavior, very fast bulk dif-
fusion can be assumed, corresponding to a diminishing
influence of D̃V··

O
in Eq. (12). The response behavior is

that of a first-order low-pass filter with its well-known
transfer function depicted in Fig. 2 (dashed curve). In
contrast to bulk diffusion controlled kinetics, the am-
plitude of the response signal, plotted as a function of
modulation frequency in a Bode plot, decreases with a
slope of –1 (neglecting dimensions).

By means of an analysis of the system’s frequency
response, it should therefore be possible to clearly dis-
tinguish between bulk diffusion or surface transfer re-
action as rate-determining processes for real samples.
The Bode plot in the former case decreases with a slope
of –1/2, in the latter with –1. Furthermore, the cut-off
frequency ωco, corresponding to a 3 dB attenuation,
is proportional to the reciprocal of the sample’s t90

time.

3. Experimental

3.1. Samples

Single crystal SrTiO3 substrates from CrysTec, Berlin,
Germany, and SrTiO3 single crystals from Verneuil-
grown boules by Litzenberger, Idar-Oberstein,
Germany, both nominally undoped, were used.
Conductivity measurements and defect-chemical
modelling yielded natural acceptor contents in the
order of NA ≈ 1018 cm−3. The crystals presented here
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were cut to thin slabs with thicknesses of 44 µm, 75
µm (lateral dimensions in the order of 10 mm) as well
as a thick sample with a thickness of 5.83 mm and a
width of 10.33 mm. The samples were polished with
diamond spray, electrically contacted with Pt paste
and fired at 1100◦C in air for half an hour.

3.2. Measurement Setup

A fast kinetic measurement setup first presented and
described in [12, 13] was used. pO2 is periodically
changed with an angular frequency ω by varying the
total gas pressure pgas(t) instead of the oxygen-gas ra-
tio xO2 so that pO2(t) = xO2 · pgas(t), xO2 = 0...100%.
This is achieved by means of alternatively activated
magnetic valves with an angular frequency ω up to 300
s−1. The base line oxygen-gas ratio in the experiments
performed was xO2 = 21% . The sample can be heated
up to 1000◦C. pO2 is measured by a reference pressure
sensor. In order to ensure linear system behavior, the pe-
riodic pressure changes were in the order of 1...10% of
the mean pressure. Recently, a similar method was em-
ployed by Izu et al. [27] for investigating the response
behavior of oxygen gas sensors based on cerium oxide
thick films.

4. Results and Discussion

For the purpose of an experimental validation of the
model presented in this paper, the frequency responses
of the samples described in the last section were mea-
sured. Figures 3 and 4 show the Bode plots of the fre-
quency responses of two single crystals with different
thicknesses (5830 µm and 44 µm, respectively) mea-
sured at temperatures in the range from 700...1000◦C,
in comparison to calculated amplitude values accord-
ing to (8) and (12), respectively. Due to their con-
spicuous slopes, the curves can clearly be assigned to
the cases of bulk diffusion (thick sample) or surface
transfer reaction (thin sample) dominating the kinet-
ics, respectively. The in situ frequency-domain analy-
sis method obviously allows a discrimination between
behavior either controlled by bulk diffusion or by sur-
face transfer reaction, in perfect accordance with the
model.

Furthermore, it is possible to calculate the chemical
diffusion coefficients from the kinetic response data, by
varying the parameters D̃V··

O
and k and fitting calculated

Fig. 3. Amplitude |G| of transfer function calculated from measured
frequency response of thick SrTiO3 single crystal (d = 5830 µm) as
a function of angular frequency ω of modulation at different temper-
atures. The kinetic behavior of the sample can clearly be identified
as bulk diffusion controlled.

Fig. 4. Amplitude |G| of transfer function calculated from measured
frequency response of very thin SrTiO3 single crystal (d = 44 µm)
as a function of angular frequency ω of modulation at different tem-
peratures. The kinetic behavior of the sample can clearly be identified
as surface transfer controlled.

response curves to the measured data. For sufficiently
thick samples, there is no influence of k (cf. Eq. (8)),
which allows the determination of D̃V··

O
at different

temperatures. Using these values, it is then possible to
extract the surface rate constants k from further mea-
surements conducted on very thin crystals. It remains to
be stated, however, that only samples with thicknesses
in the order of several mm or more are clearly bulk dif-
fusion controlled. The amount of oxygen which can be
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incorporated into the sample depends on its volume.
With thicknesses decreasing, the surface-to-volume
ratio steadily increases. Therefore, the surface reac-
tion is eventually expected to completely control the
kinetic behavior [13]. However, this is only the case
for very thin samples (d ≈ 50 µm) in the temperature
range under consideration. For thicknesses in between
these limits, the influence of both mechanisms can be
observed.

Moreover, a distinct temperature dependence is
found: At sufficiently high temperatures, surface trans-
fer occurs fast enough, so that the subsequent bulk
diffusion becomes rate-determining. At reduced tem-
peratures (T < 800◦C) however, the surface transfer
reaction is slowed down which makes it the rate-
determining step. Figure 5 illustrates this behavior for a
sample with 75 µm thickness. This temperature depen-
dence must be ascribed to an inhibited surface trans-
fer of oxygen at lower temperatures. The rate of at
least one of the elementary transfer reaction steps dis-
cussed in Section 2 can be assumed to be consider-
ably decreased, therefore decelerating the overall oxy-
gen incorporation kinetics. Several investigations as to
which elementary surface transfer reaction step is re-
sponsible for this behavior, as well as the search for
surface treatments capable of augmenting the reaction

Fig. 5. Amplitude |G| of transfer function calculated from mea-
sured frequency response of SrTiO3 single crystal with thickness
d = 75 µm as a function of angular frequency ω of modulation at
different temperatures. A change from basically bulk diffusion con-
trolled kinetics to predominantly surface transfer controlled can be
observed with decreasing temperature. Note that the crystals were
supplied by different manufacturers which accounts for the higher
cut-off frequency (faster response) of this crystal despite its greater
thickness compared to the sample in Fig. 4.

rate of this specific step, are reported in the literature
[17].

5. Conclusions

The frequency-domain analysis, in combination with
the in situ kinetic measurement setup described in [12,
13], is not only capable of measuring very short re-
sponse times, but obviously of providing information
on the kinetic behavior the sample shows in response
to a pO2 change, too. This makes it a powerful tool for
the investigation of the kinetics of oxygen incorpora-
tion into sensor materials.

Notes

1. Applying a mass-action law to Eq. (9) leads to a non-linear de-
pendence: rb should obviously be proportional to p4, but due to
the assumption of small changes this relationship can be approxi-
mated, putting it in formal terms, by expansion into a Taylor series
and stopping after the first-order term.

2. Note that k, as defined by Eq. (10), has the dimension of a velocity.
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1663 (1990).
8. R. Waser, J. Am. Ceram. Soc., 74, 1934 (1991).
9. T. Bieger, J. Maier, and R. Waser, Sensors and Actuators B, 7,

763 (1992).
10. I. Denk, W. Münch, and J. Maier, J. Am. Ceram. Soc., 78, 3265

(1995).
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