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Abstract Electrical conductivity relaxation measure-
ments were carried out on thin films of (La0.6Sr0.4)0.99

FeO3−δ deposited on MgO (100) substrates by pulsed
laser deposition in order to determine the surface ex-
change coefficient, kEx, of the oxygen incorporation
process in the temperature range 550–700◦C. The com-
position of the films was verified using wavelength
dispersive x-ray and Rutherford backscattering spec-
troscopy. Scanning electron microscopy showed small
triangular crystallites with the largest dimension 80 nm
and the smallest dimension 10 nm. X-ray diffraction
showed a cubic perovskite structure and significant
texturing. At a constant temperature, kEx was found to
be a function only of the final pO2 of the pO2 -changes
the sample was subjected to during conductivity relax-
ation experiments, confirming that the magnitude of
the exchange coefficient was not influenced by changes
in ionic defect concentrations. The kEx-values deter-
mined for these thin films were significantly lower than
for bulk samples. A value of 3.6 × 10−6 cm s−1 was
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obtained at 702◦C and a final pO2 of 0.048 atm,
approximately a factor of six lower than that ob-
tained for bulk samples. An activation energy of 282 ±
20 kJ mol−1 was found for the surface exchange
coefficient at pO2 = 0.048 atm. Possible reasons for the
reduced magnitude of kEx are discussed including the
role of thermal history in influencing surface morphol-
ogy and chemistry.
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1 Introduction

Perovskites in the system (La1−xSrx)sCo1−yFeyO3−δ

(with s ≈ 1) show a high oxide ion- and electronic
conductivity at high temperatures and high oxygen
partial pressures. They are therefore of interest for
applications as oxygen separation membranes, cath-
odes for solid oxide fuel cells (SOFCs) and sensors.
For a SOFC-stack, lowering the operating temperature
to the range 550–650◦C will increase the likelihood
of widespread commercialization of the technology, as
less costly steels can be used for interconnects and
supports. However, the minimum operation tempera-
ture will still be limited by the temperature at which
the electrode kinetics limit the overpotential losses to
an acceptable level [1–3]. It is therefore important to
obtain information on the kinetics of oxygen incor-
poration into perovskite type oxides at temperatures
expected to become relevant operating temperatures
for SOFCs. Recently, thin film electrodes have drawn
increasing interest as components of thin film or micro
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fuel cell structures offering reduced temperature and/or
portable operation [4–8].

To date, only few studies have attempted to de-
termine the kinetic parameters of thin film (TF)
Mixed Ionic Electronic Conducting (MIEC) per-
ovskites. Chen et al. [9] investigated the oxygen in-
corporation kinetics by conductivity relaxation of an
epitaxial La0.5Sr0.5CoO3−δ TF grown by pulsed laser
deposition (PLD). A main conclusions of the study was
that the surface exchange coefficient, kEx, was inde-
pendent of the initial pO2 , but depended only on the
final pO2 of the pO2 -changes the sample was exposed
to. If the film was annealed at 900◦C, the value of
kEx increased substantially with the increase reported
to be associated with a change in the film surface. The
surface exchange coefficient increased with increasing
temperature with an (here estimated) activation energy
of 168 kJ mol−1.

Hole et al. [10] investigated the electrical response
of TF LaFeO3−δ upon changes in oxygen partial pres-
sure. A significant p-type contribution was measured
at 1000◦C and pO2 > 10−10 atm, likely originating either
from back ground impurities (aliovalent) or from cation
vacancies in LaFeO3 as described by Wærnhus [11].

Baumann et al. [12] investigated TF microelec-
trodes of La0.6Sr0.4Co0.8Fe0.2O3−δ using impedance
spectroscopy. It was shown that the electrochemical
resistance towards oxygen reduction was dominated
by the oxygen exchange reaction at the surface of the
electrode.

Mosleh et al. investigated (La0.6Sr0.4)0.99FeO3−δ TFs
deposited on MgO (100) single crystals using PLD
[13, 14]. The film microstructure was characterised and
the electrical conductivity as well as the exchange ki-
netics studied as a function of pO2 and temperature.
It was found that a long annealing time (>300 h) at
950◦C was necessary to obtain stable values of the
electrical conductivity at temperatures below 950◦C.
During this annealing a structural relaxation of the TF
took place. Figure 1 shows a schematic of this relax-
ation. The pre-annealed film consisted of a dense film
with an approximate thickness of 150 nm with columnar
grains rising from this film surface. These grains were
often separated by a small space of few nanometers.
During the annealing, grain growth resulted in the
closing of these tiny gaps leaving a TF with larger closed
porosities.

Figure 1 also illustrates that the electrochemically
active area, As, can be many times larger than the
geometrical area that the film has been deposited
onto (Ag). In studies on La0.58Sr0.4Co0.8Fe0.2O3−δ by
Plonczak et al. [7] it was shown that by tailoring of
the PLD deposition parameters an increase in electro-

Fig. 1 Schematic of the cross sections after deposition (left) and
after thermal annealing (right). As is the electrochemical active
area area of the thin film and Ag is the geometrical area onto
which the film is deposited

chemical active area, As/Ag, of a factor of 26 for a 680
nm film was feasible. It should in this respect be noted
that As/Ag for a typical SOFC cathode prepared using
conventional techniques (i.e. screen printing and sinter-
ing) is approximately 10–200. These numbers have been
estimated using conventional particle sizes (100 nm–
2 μm) and thicknesses of cathodes (1–50 μm). In addi-
tion, the oxide ions in a typical cathode are transported
through many grains in a circuitous path, resulting in
additional resistance. This highlights the possibilities of
using tailored thin films as highly efficient cathodes for
solid oxide fuels cells as a large surface area can be
combined with a short direct diffusion path.

The motivation of this study was to investigate the
properties of perovskites at temperatures relevant for
operation of future generations of SOFCs, ie. 550◦C.
As in the study by Mosleh et al. we study TFs of
(La0.6Sr0.4)0.99FeO3−δ (LSF) prepared using PLD on
single crystals of MgO. Contrary to the study of Mosleh
et al. [13, 14] we investigate the surface exchange ki-
netics on samples that have not undergone the struc-
tural relaxation shown in Fig. 1. The TFs have been
thoroughly characterized using a variety of techniques.
Moreover, when the material is studied in the form
of TFs, the surface exchange kinetics can be assessed
without interference from bulk diffusion leading to high
accuracy.

2 Theory: Electrical conductivity relaxation

Electrical conductivity relaxation (ECR) is a well es-
tablished method for determining the oxygen transport
properties of MIECs [11, 15–17]. Upon a change in
the oxygen partial pressure, the sample changes oxygen
stoichiometry leading as well to a change in charge
carrier concentration. A change in the charge carrier
concentration is reflected as a change in the electronic
conductivity.
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A schematic of a thin film sample as used in this
study is shown in Fig. 2. The dimension in the x—
direction is much smaller than the dimensions in the
y− and z− direction of the thin film. The diffusion
can therefore be approximated by a 1-dimensional
problem.

When correlating the response of the electrical con-
ductivity to Fick’s laws of diffusion, one can determine
a chemical diffusion coefficient, DChem, and a surface
exchange coefficient, kEx. By fitting the response of the
electrical conductivity as a function of time to Eq. 1,
DChem and kEx can be obtained [15–20].

σ(∞) − σ(t)
σ (∞) − σ(0)

=
∞∑

n=1

2L2
x exp

(−β2
n,x DChemt
(2lx)2

)

β2
n,x(β

2
n,x + L2

x + Lx)
(1)

σ(0) is the conductivity prior to the gas change and
σ(∞) is the steady state value after the change. σ(t) is
the conductivity at time t. The gas change is assumed
to be infinitely fast and to occur at t = 0. lx is half the
thickness of the sample and it is assumed that oxygen
can only penetrate from one surface. The other surface
is assumed impermeable (substrate/MIEC interface).
βn,x is the n’th positive root to the equation

βn,x tan βn,x = Lx (2)

where Lx is the dimensionless parameter

Lx = 2lxkEx

DChem
(3)

The assumptions needed for Eq. 1 to be valid are: (i)
local electro-neutrality (ii) proportionality between the
charge carrier concentration and the electrical conduc-
tivity (iii) a surface exchange reaction of first order, and
(iv) a constant diffusion coefficient between the initial

Fig. 2 Schematic of the sample on an MgO-substrate. The thick-
ness of the TF is grossly exaggerated when compared to the
thickness of the substrate

and final pO2 . The first order surface reaction can be
described by Eq. 4.

J = −DChem
∂C(±lx, t)

∂x
= kEx

(
C(±lx, t) − C(±lx, ∞)

)

(4)

J is the flux of oxygen ions from the surface to the
bulk and C(lx, t) represents the concentration of oxide
ions at the surface to time t and C(lx, ∞) represents the
equilibrium concentration of oxygen ions (t = ∞). In
order to fulfill the conditions (ii) to (iv), the change in
oxygen partial pressure should be small corresponding
to a small change in the vacancy concentration com-
pared to the absolute vacancy concentration.

The characteristic thickness, Lc, can be calculated
from Lc = DChem/kEx, and defines the thickness at
which a given driving force distributes equally over the
surface reaction and bulk diffusion [21]. For a sample
with a thickness of 500 nm and assuming that kEx =
10−7 cm s−1, the value of DChem needs to be by far less
than 10−11 cm2 s−1 in order to change the relaxation
from mainly surface limited to diffusion limited. A
value of DChem= 10−11 cm2 s−1 is found at approxi-
mately 300◦C (extrapolated from Søgaard et al. [22]).
This temperature is far below that which has been
examined in this study. Given the small thickness exam-
ined in this study, the relaxations will not be influenced
by the chemical diffusion coefficient.

If only surface exchange limits the oxygen incorpo-
ration (Eq. 1) reduces to [17]

σ(∞) − σ(t)
σ (∞) − σ(0)

= exp
(

− kExt
2lx

)
(5)

Oxygen incorporation into the perovskite matrix is thus
described using a single exponential function.

3 Experimental

Samples were prepared by depositing LSF on MgO
(100) single crystalline substrates using PLD. The sub-
strate size was 1 × 1 cm. The nominal composition of
the target was (La0.6Sr0.4)0.99FeO3−δ . MgO was used as
the substrate in order to avoid reaction between the
substrate and the thin film [23]. Powder for the PLD
target was prepared using a glycine-nitrate synthesis
as described by Chick et al. [24]. Calcined powder
was pressed uni-axially and sintered at 1200◦C for
20 h. Deposition was performed at a substrate tempera-
ture of 550◦C in order to ensure the crystallinity of
the TF. A pressure of 1.32 × 10−4 atm pure oxygen
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was maintained in the chamber to ensure that the film
was not heavily reduced. Three samples were prepared
under identical conditions but with different deposi-
tion times. For the samples with 15, 30 and 45 min
deposition times, the abbreviations LSF(a), (b) and (c)
are used, respectively. After deposition the thin films
were characterized using scanning electron microscopy
(SEM) (FEI/Philips XL30 FEG ESEM).

The film thickness was measured with a Tencor
P10 profilometer and was averaged over seven mea-
surements with the uncertainty corresponding to three
times the standard deviation.

After deposition, all three films had a yellow/brown
color, contrary to the normal black color of the per-
ovskite. The brown color is assumed to originate from a
tri-valent state of all the iron ions. The composition of
the film after deposition is thus (La0.6Sr0.4)0.99FeO2.787

assuming that 1% cation vacancies are still present in
the TF. This will be referred to as the thin film is in a
reduced state. Subsequent annealing in air resulted in
significantly different properties such as color and high
electrical conductivity due to oxidation of the film. In
this state the film will be referred to as being oxidized.

Visible light absorption and thickness of the sample
LSF(c) (in the reduced state) were measured at room
temperature in air using a spectroscopic ellipsometer
(Sopra GES5 UV-VIS-IR).

X-ray diffraction was carried out using a Rigaku 185
nm Bragg Brentano Diffractometer equipped with a
rotating Cu-anode. The diffraction pattern showed a
highly oriented film with no peak splitting.

Wavelength dispersive x-ray spectroscopy (WDS)
(JEOL JXA-733) was carried out on the thickest of
the samples (LSF(c)). Rutherford backscattering spec-
troscopy (RBS) was carried out on the thinnest of the
samples (LSF(a)).

Samples were masked with vacuum tape such that
four Au-probes could be sputtered onto the film.
Figure 2 shows a schematic of the TF with the four Au-
probes. A current of approximately 0.5 mA was applied
between the two end electrodes leading to an electrical
potential difference between the two middle electrodes
of approximately 100 mV.

The samples LSF(a) and LSF(b) were investigated
on a hot stage (Linkam Instruments TMS94) where
electrical contacts to the sample were made using a mi-
croprobe station (Karl Suss PM5) and tungsten probes
(Karl Suss). For the hot stage measurements the heat-
ing rate was approximately 10◦C min−1 and the hold
time at each point was 10 min. Sample LSF(b) was
also tested in a tube furnace. Sample LSF(c) was tested
thoroughly in a different tube furnace where the oxygen

partial pressure was varied between 1 atm to 10−3 atm.
A more detailed description of the tube furnace can be
found in Søgaard et al. [25] . In the test of LSF(c) in the
tube furnace, the sample chamber is small compared to
the flow rate of the gases. The change in conductivity as
a function of time can thus, be correlated to a surface
exchange coefficient. It should be noted that no kinetic
information could be obtained above 700◦C, since the
time response of the electrical conductivity was similar
to the time response of the external oxygen sensor
revealing that the response time was limited by the time
needed to displace the gas in the chamber.

4 Results and discussion

4.1 Thickness and composition

Table 1 lists the thickness and summarizes the charac-
terization methods performed on each sample.

Wavelength dispersive spectroscopy indicated the
composition La0.73Sr0.46FeOx, where x signifies that
the oxygen concentration is unknown. The La/Sr-ratio
was measured to be 1.6 which is close to the target
composition of 1.5. It is unlikely that the film can
have an excess of La and Sr on the A-site of this mag-
nitude without forming secondary phases detectable
in XRD. Hence, the apparent 19% A-site excess is
ascribed to measurement uncertainties.

Analysis of the data obtained using Rutherford
backscattering spectroscopy gave a nominal compo-
sition of La0.55Sr0.44FeOx, where x signifies that the
oxygen concentration is unknown. The composition
measured with RBS is thus very close to the target
composition. The thickness measured from RBS was
326 nm, which is consistent with the 280 ± 66 nm

Table 1 Thickness, 2lx, as measured by a profilometer (PM) and
characterization performed on each sample

Sample 2 lx(PM) 2 lx (RBS) 2 lx (AS) Experiments
[nm] [nm] [nm]

LSF(a) 280 ± 66 326 EC, RBS
LSF(b) 500 ± 60 EC, ECR
LSF(c) 570 ± 120 737 EC, ECR, AS, WDS

The uncertainty is three times the standard deviation
EC Electrical Conductivity, ECR Electrical Conductivity
Relaxation, AS Absorption Spectroscopy, RBS Rutherford
Backscattering Spectroscopy, WDS Wavelength Dispersive
x-ray Spectroscopy
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measured by profilometry. Hence, both techniques lead
to similar results.

The thickness of sample LSF(c) calculated from the
absorption spectrum was (737 ± 7) nm. Spectroscopic
ellipsometer measurements were performed across a
large area of the film, whereas the profilometer mea-
surements were limited to the edges of the film.

4.2 SEM investigations

Figure 3 shows an SEM image of sample LSF(c) be-
fore the initial heating. Many small triangular/pyramid-
shaped crystallites are observed. The largest crystallite
dimension is approximately 80 nm while the smallest is
approximately 10 nm.

After heating and electrochemical testing at high
temperature the surface morphology was investigated
again by SEM. A similar grain structure was found,
however, the grains had grown and had more rounded
edges as compared to the ones in Fig. 3.

4.3 X-ray diffraction

Figure 4 shows the x-ray diffraction pattern of the
target used for preparing the films in the range 31.5 <

2θ < 33.0 (dotted line) and the TF in both the reduced
(solid line) and oxidized state (dashed line). For the
target, the (110) and (104) peaks are clearly seen. The
peaks for the film in both the reduced and oxidized
state show no sign of splitting. This indicates that the
film has crystallized and remains in the cubic structure.
Assuming a hexagonal setting (as for the target), the
peaks originating from the film were attributed to the

Fig. 3 SEM top view image of the sample LSF(c) after deposition
at 550◦C and prior to the electrochemical measurements. After
the electrochemical measurements, the sample had a similar grain
structure but with more rounded edges

Fig. 4 Comparison of x-ray diffractograms of the target and TF
for the (110)/(104)-peaks. The reduced (red.) State of the TF is
the solid line and the oxidized state (ox.) is the dashed line

planes (110)/(104), (300)/(214)/(018), and (220)/(208).
Assuming a cubic phase, the peaks can be attributed
to (110), (210) and (220).

A pseudo cubic lattice constant can be calculated
from the diffractograms; a value of ac = 3.899 is found
for the target, and a cubic lattice constant for the re-
duced state of the film to ac = 3.929 Å, corresponding to
a film strain of ε = 0.76%. The cubic lattice constant for
the film in the oxidized state is ac = 3.921 Å leading to a
strain of ε = 0.57% when compared to the target. Upon
annealing, the films take up oxygen and an increase
in the oxygen content causes the material to contract
[26–28] consistent with the above lattice parameters.
According to the results of Mosleh et al. [14] it seems
reasonable to assume that the film is completely oxi-
dized such that δ ≈ 0.00. A significant strain is thus still
present in the film compared to the target.

4.4 Optical absorption measurements of sample
LSF(c) in the reduced state

Figure 5 shows the optical absorption of the as-
deposited sample as a function of the energy of the
incident photons. A band edge is observed at approx-
imately 2.1 eV in accordance with the yellow/brownish
color of the sample.

In Fig. 5, two features at 3.1 eV and 3.8 eV are
prominent. According to Chainani et al. [29], the peaks
at 3.1 eV and 3.8 eV must be assigned to transitions
from the valence band into the t2g↓ and eg↓ levels,
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Fig. 5 Optical absorption spectrum of sample LSF(c) prior to
heating. The different transitions from the valence band into the
unoccupied Fe 3d- states are marked in the figure

respectively. The large feature at 4.5 eV is assigned to
La 4 f states. No spectral intensity is observed at the
Fermi level consistent with the insulating properties at
low temperature. Chainani et al. also observed a feature
at 1.2 eV above the Fermi level for Sr-doped LaFeO3−δ

which was attributed to transitions from the valence
band to the eg↑ state. This feature is not observed in
our absorption spectrum since the sample is in the
reduced state, where the Fe 3d configuration is t3

2g↑e2
g↑.

Transitions into the eg↑ level is thus not possible. The
optical spectrum thus strongly supports the assump-
tion that the TF is oxygen deficient right after depo-
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Fig. 6 Electrical conductivity in air upon heating and cooling
sample LSF(b) on the hot stage. The inset in Fig. 6 shows
ln(σ T) as a function of the reciprocal absolute temperature. The
activation energy for electronic conduction is shown

sition. Also an electronic structure similar to LaFeO3 is
obtained.

4.5 Electrical conductivity measurements

Figure 6 shows the electrical conductivity for LSF(b)
upon heating and cooling the TF in air. The electrical
conductivity was not measurable at room temperature
before the first heating. Upon heating, the conductivity
increased orders of magnitude at approximately 250◦C,
which is marked in the figure. At the same time the film
changed color from dark yellow to black.

When cooling, the conductivity was not reversible
but remained at a significantly higher level than when
heating, and the film remained black. The second heat-
ing was similar to the first cooling. We have estimated
the uncertainty of the electrical conductivity to be 25%,
mainly due to the uncertainty in the thickness of the
film. The strong increase in conductivity at 250◦C is
attributed to oxygen incorporation into the perovskite
resulting in the formation of p-type charge carriers
(electron-holes). This transition is thus where the film
is transformed from the reduced to the oxidized state.

The inset in Fig. 6 shows a plot of ln σ T vs. T−1

exhibiting an activation energy of 0.28 ± 0.05 eV in
the low temperature range (T < 200◦C). Mosleh et al.
determined an activation energy of 0.31 eV [13] where
the bulk material is 0.30 eV. Our value of the activation
energy is thus in good agreement with both the values
determined for a bulk sample and TFs.

Table 2 shows the maximum conductivity, σMax, and
the temperature at which σMax is obtained for the
three different samples. It should be noted that sam-
ples LSF(a) and (b) were measured on a hot stage
with some uncertainty on the actual temperature, while
sample LSF(c) was measured in a furnace where the
temperature was very constant. For a bulk sample, we
have measured σMax = 228 S cm−1 at 579◦C [22]. The
reason for the higher conductivity for LSF(a) can be
understood from Fig. 1. As a larger part of the thinnest
film (LSF(a)) is dense compared to the thicker films
(LSF(b) and LSF(c)), this also results in an apparent

Table 2 Maximum measured conductivity, σMax, and the temper-
ature for, σMax, for the three investigated samples

T/[◦C ] σMax/[S cm−1]

LSF(a) (280 ± 66 nm) 482 82
LSF(b) (500 ± 60 nm) 490 50
LSF(c) (570 ± 120 nm) 615 39
LSF(bulk) 579 228

The thicknesses of the films are also listed (profilometer). Values
for a bulk sample are also shown
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(a) (b)

Fig. 7 (a) Equilibrium electrical conductivity measurements for sample LSF(b). (b) Equilibrium electrical conductivity measurements
for sample LSF(c)

conductivity that is higher. Comparing the thickness
(Table 1) with the value of the maximum conductivity
(Table 2) it actually seems that the porous part of the
film does not contribute significantly to the conduc-
tance of the sample, consistent with the fact that the
porosities are located perpendicular to the current path.

Figure 7(a) and (b) shows the logarithm of the con-
ductivity as a function of log(pO2 ) for sample LSF(b)
and LSF(c), respectively. Bulk values from Søgaard
et al. [22] are also shown in Fig. 7(a). The values of
the conductivity measured in the furnace at 600 and
700◦C are seen to be consistent with those measured
on the hot stage (Figs. 7(a) and 6).

From Fig. 7(a) and (b) it is seen that the conductivi-
ties at 600 and 700◦C for the films are very similar. With
increasing temperature, the conductivity decreases at a
constant pO2 . This decrease is attributed to an increas-
ing oxygen vacancy concentration and the associated
loss of p-type charge carriers. A slope of 1/4 expected
for large values of δ is illustrated in the figure. The
samples approach this pO2 -dependence only at high
temperature and low pO2 .

The sample LSF(b) was heated to 800◦C and
900◦C and subjected to changes in the pO2 . Short equi-
libration times were used when measuring the con-
ductivity for sample LSF(b) as it was observed that
the conductivity of the sample was not completely re-
versible, especially at the high temperatures. Therefore
the maximum temperature of sample LSF(c) was kept
below 752◦C. However, despite the relatively low tem-
perature, the initial conductivity in oxygen (pO2=1.0

atm) at 752◦C was 40.0 S cm−1 but when returning to
oxygen (from a pO2= 1.2 × 10−3 atm), the conductivity
dropped to 33.2 S cm−1, which is a decrease of 17%.
This suggests possible degradation in the film, morphol-
ogy changes or interaction with the substrate.

4.6 Electrical conductivity relaxation

Figure 8 shows a typical conductivity relaxation at
702◦C. Also shown is a fit with a single exponential
function (dotted line), which assumes that only one

Fig. 8 Electrical conductivity of sample LSC(c) upon a change in
pO2 . The relaxation was fitted with a single exponential function
(Eq. 5) and with two exponential functions (Eq. 6), respectively
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process (oxygen incorporation) contributes to the re-
laxation process.

The measured relaxations can be fitted with a single
exponential function, however, it is observed that the
fitting is not satisfactory at long times. In order to
describe the measured relaxations more accurately, we
have therefore assumed that one additional process
is occurring. We have chosen to describe this second
relaxation with one more exponential function accord-
ing to the equation:

σ(∞) − σ(t)
σ (∞) − σ(0)

= A1 exp
(

− kExt
2lx

)
+ A2 exp

(
− t

τ2

)

(6)

Where the condition A1 + A2 = 1 applies. For the
relaxation shown in Fig. 8 the following parameters
where obtained: A1 = 0.922, A2 = 0.078, τ2 = 1221 s. τ2

is typically in the range 1,000–20,000 s and showed ther-
mal activation. The second term in Eq. 6 is attributed
to the physical process of grain growth (closing of the
gaps present between grains) in the TF or possibly
diffusion of cations in the smaller columnar grains. All
data were fitted using this two process model in order
to extract kEx values at all temperatures and oxygen
partial pressures.

Figure 9 shows the logarithm of the surface exchange
coefficient, kEx, as a function of log(pO2 ) in the tem-
perature interval 548–702◦C. Also shown are values of
kEx for a bulk sample. The values of kEx are plotted as
a function of the end log(pO2 ).

Fig. 9 Values of log(kEx,1) (defined according to Eq. 6) as a
function of log(pO2 ) measured on LSF(c). Open symbols are
for measurements performed under increasing pO2 and closed
symbols for decreasing pO2 . Also shown are values obtained for
a bulk sample [22]

From Fig. 9 it is observed that kEx decreases with de-
creasing pO2 as also observed for bulk samples [16, 22].
Assuming that kEx ∝ pn

O2
we get n = 0.67 and n =

0.69 at 599 and 652◦C, respectively. The values of kEx

determined from oxidation and reduction are almost
the same when plotted as a function of the final pO2 .
This was also found by Chen et al. [9] for the composi-
tion La0.5Sr0.5CoO3−δ . We estimate the uncertainty on
kEx to be 25%, originating mainly from the uncertainty
in the fitting procedure. The finding that the surface ex-
change coefficient is the same, as long as the final pO2 is
the same indicates that sufficiently small steps in the
pO2 have been performed. If significantly larger steps
were performed, the influence of the changes of defect
concentrations (ie. electron holes, oxygen vacancies)
would also contribute significantly to kEx as treated by
Merkle and Maier [30].

At 700◦C it is possible to compare the surface ex-
change parameters for the film and the bulk. It should
be noted that it was only possible to measure two values
of kEx for the bulk sample at 700◦C due to the long
relaxation times (∼24 h). The values of kEx for bulk
samples are significantly higher, by a factor of 6 (pO2 =
0.048 atm), than the values for the TF. For LSF samples
that have been thermally relaxed at 950◦C, Mosleh et al.
found values of kEx that are approximately two orders
of magnitude smaller than what has been reported here.
The reason for the higher values of kEx measured in this
study compared to the thin film study of Mosleh et al.
[14] can be assigned to the much larger electrochem-
ically active surface area of the present investigated
specimen given that this film has not been exposed
to the higher temperatures leading to structural relax-
ation. Nevertheless, it seems that a tendency exists for
LSF-TFs on MgO to exhibit significantly lower surface
exchange parameters when compared to bulk speci-
ments. The reason for this difference remains unknown,
but a different surface composition or different facets
than normally obtained for bulk samples could be at
play. The activation energy of kEx for the film has been
calculated to be (282 ± 20) kJ mol−1 (pO2 = 0.048 atm).
From a study of (La0.6Sr0.4)0.99FeO3−δ on a bulk sam-
ple the activation energy was observed to be 199 ±
23 kJ mol−1 (pO2 = 8.7 × 10−4 atm) [22]. Hence, also
in terms of activation energies, the thin films deviate
from bulk indicating that a different mechanism or a
different step in the multi step incorporation reaction
is rate limiting the oxygen incorporation. A number of
speculations that can account for the observed results
can be listed: (i) Recent studies indicate that strontium
segregation to the surface of films prepared by PLD
can have a very detrimental effect on the oxygen ex-
change kinetics [31]. (ii) As the films have been kept
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at relatively low temperature, it is also possible that
SrCO3 have formed on the surface resulting in lower
oxygen exchange coefficients. (iii) Strain in the films
due to substrate—film interactions [32, 33] or (iv) The
very small crystallite sizes can be speculated to lead
to compositional differences at the surface that are
different from that of the bulk.

5 Conclusion

Thin films of (La0.6Sr0.4)0.99FeO3−δ on MgO substrates
have been deposited by PLD. After deposition, the
films were in a reduced state. Using a spectroscopic
ellipsometer, the band gap of the reduced state was
measured to be 2.1 eV. The electronic structure of the
TF was found to be similar to that of the bulk material.

At 700◦C the electrical conductivity of the film
(pO2 = 0.048 atm) was 26 S cm−1 compared to that for
the bulk sample which is 180 S cm−1, a reduction of
the electrical conductivity by a factor of 7. The lower
conductivity originates from the high effective porosity
present in the TF, as the upper part of the film consists
of columnar grains with gaps of a few nano-meters in
between.

Using electrical conductivity relaxation, kEx as a
function of pO2 and temperature was determined. It
was found that kEx, at a constant temperature, was a
function of the final oxygen partial pressure, showing
that the magnitude of the exchange coefficient was
not influenced by changes in ionic defect concentra-
tions. The values of kEx measured for thin films were
demonstrated to be highly sensitive to the thermal
annealing/history of the films and lower by a factor
of 6 when compared to values measured for a bulk
sample. Variations in surface chemistry and structure
are suspected to be the cause of the difference.
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