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Abstract

The defect induced optical absorption has been
investigated at different oxygen partial pressures and
at temperatures up to 800°C for the high tempera-
ture protonic conductor BaCeQj3. Thin films of pure
and 10 mol% Y-doped BaCeQj; with thickness up to
11um have been deposited on transparent MgO sin-
gle crystal substrates by means of RF-magnetron
sputtering techniques. After separating the different
contributions to the optical absorption we have con-
centrated on the part of the spectra which is attrib-
uted to free small polarons. Under reducing external
gas atmospheres these polarons are generated in the
film along with oxygen vacancies and contribute to
the electronic conductivity by their hopping pro-
cesses. We report on time resolved measurements of
the defect reaction kinetics after a change of the
external gas atmosphere and investigate the influ-
ence of the doping atoms by comparing
BaCey.0Y.;03.5 and BaCeOj3. The observations are
discussed in terms of the diffusion behavior of the
oxygen vacancies. © 1999 Elsevier Science Limited.
All rights reserved

electrical

Keywords: films, spectroscopy, con-

ductivity, perovskites.

1 Introduction

Rare earth doped BaCeO; has attracted much
attention due to its possible applications as a pro-
tonic conductor e.g. in fuel cells or gas sensors.!
BaCeOs crystallizes in the perovskite structure and
can be doped with rare earth ions which substitute
mainly Ce** ions? and are electrically compen-
sated by the formation of oxygen vacancies.
Therefore the doped material may be dominated
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by oxygen ionic conduction in dry oxygen atmo-
spheres and change to a protonic conductor in wet
atmospheres. In addition to this ionic conductivity
an electronic conductivity may arise under redu-
cing gas atmospheres where additional oxygen
vacancies are formed which must electrically be
compensated by electrons. As the corresponding
electronic conductivity may shortcut the ionic con-
ductivity, which is the basic property for the above
mentioned applications, the formulation of the
relevant defect equilibria must be known in detail.
These electronic properties can be investigated by
optical spectroscopy in-situ at high temperature
and in continuation of previous work® we report
here first results on the defect kinetics during
changes of the atmospheres.

In order to separate the different mechanisms for
the generation of oxygen vacancies we compared
pure and doped samples. This comparison directly
allows for conclusions on the underlying defect
equilibria. For the 10% Y doped samples vacancies
are introduced according to the charge neutrality
requirements

Y203 — 2Y/ + 30; + Vo (1)
Additional vacancies can be created at low oxygen
partial pressures by the reduction of the material,

OF < 1/20,(g) + V;; + 2¢ (2)

These electrons seem to be localized at the Ce**
sublattice forming free small polarons, Ce**, and
can be detected by optical absorption spectro-
scopy.>* As these electrons are directly related to
the additional vacancies [eqn (2)], the formation of
these vacancies can be detected by optical absorp-
tion. A possible additional introduction of elec-
trons along with the incorporation of hydrogen:
H,(g) + 20, -20H, +2¢', seems unlikely for the
present conditions® and is neglected in the follow-
ing discussion. As the vacancies can similarly be
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formed in the pure BaCeO5; we can follow the for-
mation and diffusion of vacancies by changing the
oxygen partial pressure at high temperatures for
both materials. Hence, the comparison of the dif-
ferently doped samples may yield some informa-
tion on the basic questions of possible influence of
defect complex formation at high concentrations of
vacancies and/or doping atoms. This complex for-
mation may influence the defect equilibria as well
as the diffusion behavior.

2 Experimental Methods

Pure BaCeO; as well as 10 mol% Y-doped BaCeO;
films with thickness between 10 and 11 um were
deposited by RF-magnetron sputtering on MgO
(100) substrates. The sputtering gas was a mixture
of Ar and 10% of oxygen and the substrate tem-
perature was 550°C. The films were characterized
by transmission electron microscopy (TEM),® sur-
face profiling, Rutherford backscattering spectro-
scopy (RBS), and X-ray diffraction (XRD). These
films grow initially with a high (001)-texture but with
increasing thickness above 1um the preferred
orientation turns slowly to (110). The chemical
composition is close to the target composition and
there were no indications of foreign phases from
the XRD data, however, Raman spectra show
some indication for the presence of small amounts
of CeO,.

The optical absorption spectra were measured in
the wave length region between 200 and 1000 nm
with the sample in a special furnace described else-
where.” Well defined oxygen partial pressures
p(0,) were established by flowing water vapor
saturated H,/N, mixtures at a total pressure of 1
atmosphere. The water vapor partial pressure was
controlled by the temperature of the water bubbler.

The quantity determined from the experiment is
the absorption coefficient, «, which is defined as
a=In(ly/I)/d where I, is the intensity of the
incoming light, I that of the transmitted light and d
is the sample thickness. Spectra were measured at
temperatures between 600 and 800°C and Fig. 1
shows typical examples. The spectra can be sepa-
rated into three contributions: first an absorption
background which corresponds to the perfect,
defect free crystal and includes reflection losses at
the surface, secondly the strong increase of the
absorption close to the band-gap energy which can
be described by a disorder induced Urbach tail’
and thirdly a broad maximum which can be
attributed to electrons in the form of small polar-
ons. This latter contribution is a measure of the
electron concentration and will be investigated in
the following. In order to observe changes

within the time scale of seconds this part of the
spectrum was measured simultaneously by using an
imaging spectrograph and a linear array of Si
diodes.

The polaron absorption can be quantitatively
described (for details see 4):

arsp = &°[(1 — exp(—E/kT))/(E/KT)|X
exp — {(E — 4E,) /(16 ExkT + T2}

E=photon energy, k=Boltzmann factor, T=
Temperature, Ej, = E,—T'?/24 kt; E, is the activation
energy for small polaron hopping and I" considers
an additional broadening due to the distribution of
localized energy levels of the polarons. From a fit
of the observed line position and shape of the FSP
band the thermal activation energy for the polaron
hopping (and the additional parameter I') can be
deduced.?

Assuming a Gaussian line profile which is a rea-
sonable approximation here* we can approximate
the FSP absorption by a Smakula type formula: by
considering the absorption in the maximum, ofgp,
the width of the band, AEgsp, and the oscillator
strength, f, of the transition the electron con-
centration is determined:

(€] =9 x 10'°(n/(n* + 2)*)(1//)tispAErsp  (4)

n denotes the refractive index. Unfortunately the
oscillator strength is not known for the FSP tran-
sition in BaCeQOs3, therefore we will consider here
only relative changes of the electron concentration.

3 Experimental Results

Figure 2 shows examples of the built up and the
decay of the FSP absorption upon a change of the
ambient oxygen partial pressure. After switching
from a nitrogen atmosphere to a hydrogen atmo-
sphere we observe a fast increase and—within the
experimental uncertainties—the approximation at
a saturation value of the absorption. After rever-
sing to nitrogen a corresponding decrease is
observed and these changes are completely rever-
sible and can be cycled for many times. The
amount of the change depends on the temperature.
The similar behavior of the pure and the yttrium
doped samples show directly that the stoichio-
metric vacancies are not involved in the process
and that the processes are essentially dominated by
the equilibrium indicated in eqn (2).
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Fig. 1. Absorption spectra of BaCe(.9Y(.103.s at 800°C and for different oxygen partial pressures. The experimental data points are

fitted by a model considering the general background, oy, the Urbach tail, oy, and the scattering by the free small polarons, apsp.

(a) p(0,)=10"37 bar, p(H,O)=17-5 mbar and (b) p(O,)=10~2""¢ bar, p(H,O)=17-5 mbar; the essential change is the appearance
of the broad FSP absorption band.
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Fig. 2. Change of the absorption coefficient due to the FSP as a consequence of the change of the atmosphere nitrogen—hydrogen—
nitrogen. Data points are taken at the maximum of the FSP absorption at 2.1eV and are shown for pure BaCeOj; at temperatures
of 600, 700 and 800°C.

Figure 3 shows the details of kinetics of the built < (1) > —c(0) 8
up and decay of the FSP absorption on a shorter W =1 2
time scale. All examples refer to a measuring tem- 00 ) ; (5)
perature of 700°C. In addition to the experimental Zﬁexp [_(2}1 1) _}
points different model calculations for the diffusion =0 (2n+1) 2

limited charging and decharging reactions are
plotted for comparison. These calculations are
performed for the model of a thin platelet which is
open from one side only® as the MgO substrate is
assumed to be completely unaffected at the given
temperatures. For the given boundary conditions
we can express the time dependent average con-
centration <c¢(t)> within the platelet in the form
of a series expansion:

¢(0) and ¢(oo) are the initial defect concentration
and the saturation value respectively. t is the
relaxation time and is related to the diffusion coef-
ficient, D:t=4d?/(n’D). As the average con-
centration is directly proportional to the measured
average absorption coefficient, «, the relaxation
time, 7, can be determined from a fit of eqn (5) to



942 H. Huck et al.

“ 300
200 |-
A I
5 I
] 100 L “ T =700°C
b H, T= 40s
[ /22— t= 30s
O = 20s
OL A
- = 10s
L 1 1 L ! : : ; : : I I I l
0 300 600 900
time t (s)
® 300 -
A exp.data
250 | T = 700°C v = 500s
: N e t = 350s
200 [ 2
= 150 [
S :
100
3 i
< s0f
0F
C | . . . , | , . . L . " ' : :
0 300 600 900
time t (s)

Fig. 3. Kinetics of the (a) growth and (b) decay of the FSP band for BaCe(.9Y(.;O5.5 at a measurement temperature of 700°C. The
different lines correspond to the diffusion limited charging and de-charging reaction for a thin platelet (11 um) from one side. The
parameter t is the relaxation time.

the experimental data. After long times the first few
terms in eqn (5) yield a sufficiently good approx-
imation, but in order to obtain a good approxima-
tion also for short times we included the first 16
terms into the calculations shown in Fig. 3.

The good qualitative description of the time
dependence of the charging reaction, (H>), indicates
a diffusion limited reaction and the best fit of the
parameter, 7, yields finally the diffusion constant,
D. We observed a similar behavior for both types

of samples, however, the decharging reaction (N,)
indicates a slower reaction and a lower quality fit.
This behavior might be attributed to the slower
removal of the hydrogen from the sample atmo-
sphere and similar observations have been reported®
for SrCeOj;. Therefore we consider in the following
only the charging reaction.

The observed effective diffusion constants are
summarized in an Arrhenius diagram in Fig. 4. The
values for D are in reasonable agreement with the
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Fig. 4. Arrhenius plots of the diffusion coefficients in pure and 10% Y-doped BaCeOs.

values of the oxygen diffusion'® in Gd-doped
BaCeOs, however, they must be considered as che-
mical diffusion coefficients. We will discuss here
only the activation energies which represent the
activation energy for vacancy migration, HM, as
the oxygen diffusion is attributed to vacancies on
the oxygen sublattice. Although the diffusion coef-
ficient for the doped sample seems to be system-
atically somewhat higher than that of the undoped
sample there is no relevant difference for the acti-
vation energy within the given error bars.

4 Conclusion

We have demonstrated that the optical absorption
due to small polarons in BaCeO3 can be used for
time resolved measurements of the defect reaction
kinetics after a change of the external gas atmo-
sphere. As the change of the polaron concentration
can be assumed to be directly related to the con-
centration of oxygen vacancies the diffusion beha-
vior of the oxygen vacancies could be investigated.

The activation energy for the diffusion of oxygen
vacancies is determined to HM =0-72+0-2eV. This
value is in reasonable agreement with conclusions
from measurements of the electrical conductivity
for 19% Y doped single crystals'' which yielded
a value of 0-71eV. Similar values are also
observed for different doping atoms in BaCeO;
(for Gd doped samples values between 0-69¢V!?

and 0-79 eV %12 have been reported), as well as for
yttrium doped CeO,(HM =0-67eV'3).

The influence of the doping atoms has been
investigated by comparing BaCey.9Y(.1O5.s and
pure BaCeO3. Remarkably the observed activation
energy for vacancy migration is not affected by the
presence of the doping atoms and the large amount
of compensating vacancies (5%). This observation
means that there is no indication of defect interac-
tions. Hence, these results give no support to the
assumption of a decrease of the activation energy
with decreasing vacancy concentration.'?
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