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Abstract Gadolinia-doped ceria (GDC) remains, up to
now, the most promising candidate for replacing yttria-
stabilised zirconia (YSZ) as electrolyte for solid oxide
fuel cells (SOFC) operating at intermediate temperature.
Literature data point out that GDC could be used as
electrolyte, anode material, or interlayers for avoiding
the chemical interactions occurring at the interfaces. In
the present work, GDC thin layers were produced by
d.c. reactive magnetron sputtering and deposited over a
thickness domain between 450 nm and 5.5 um.
According to our knowledge, the deposition of GDC
sputtered layers has never been reported. The physico-
chemical features of these thin films have been charac-
terised by X-ray diffraction (XRD) and scanning
electron microscopy (SEM). Impedance measurements
have been carried out in order to determine the electrical
properties of electrolyte thin films and in particular their
ionic conductivity.
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Introduction

One of the solutions in order to reduce the SOFC
operating temperature is the replacement of the state-of-
the-art electrolyte, yttria-stabilised zirconia (YSZ).
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Nevertheless, this is not an easy problem because most
of the materials with higher ionic conductivity than YSZ
are also electronic conductors, which may induce
potential losses and short-circuiting.

Ceria-based oxides are probably the most interesting
candidates for a new SOFC generation as electrolytes
and/or as catalysts in the anode side, most particularly
for methane oxidation [1, 2, 3]. Among the compounds
of this family, gadolinia-doped ceria (GDC) seems to be
the most suitable, but it can also be an electronic con-
ductor due to the reduction of Ce**at low oxygen par-
tial pressures [4]. This redox reaction can be avoided
either by adding a co-dopant to stabilise its structure [5,
6] or by reducing its thickness [7]. In the last case, an
ultrathin layer of YSZ could act as an electronic barrier
[8, 9]. In fact, combining the use of GDC with thin layer
technology, including YSZ, can be a very efficient way to
lower significantly the electrolyte resistance. Interesting
results have been obtained with bi- or multi-layers of
YSZ, YSB (yttria-stabilised Bi,O3) and YDC (yttria-
doped CeO») [10].

In the recent literature, different deposition tech-
niques have been used to produce thin layers of the
SOFC electrolyte, mainly YSZ but also YSB and YDC,
by magnetron sputtering [10, 11, 12, 13], vacuum plasma
spray [14], polymeric spin coating [15] and screen
printing [16]. In a previous paper, we have shown the
interest of using RF magnetron sputtering of oxide
targets and atomic layer deposition (ALD) to produce
homogeneous GDC layers of 1 to 5 um on lanthanum-
doped manganite (LSM) [17]. As far as we know, no
other works have been dedicated to the elaboration of
dense GDC thin layers with thickness less than 5 pm by
sputtering. Moreover, very few systematic works on the
electrical properties of GDC thin layers are available in
the literature. Recently, electrochemical measurements
have been carried out on nanocrystalline thin films of
CeO, or Gd* " -doped CeO, deposited by screen printing
on sapphire substrates: interesting correlations between
microstructure and electrical conductivity have been
described [15].
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In this work, d.c. reactive magnetron sputtering of
metallic Ce—Gd targets was used to deposit GDC thin
layers, less than 5 pum thick, on stainless steel substrates
which were systematically analysed by impedance spec-
troscopy in order to correlate the electrical properties
with the thickness and microstructure.

Experimental
D.c. reactive sputtering

GDC thin films of thickness varying between 0.5and 5 pm
were sputter-deposited on glass slides and thin ferritic
stainless steel substrates at low pressure (0.5 Pa) and low
temperature (<200 °C) by direct current sputtering of a
metallic cerium—gadolinium (10 at.% Gd) target, 50 mm
in diameter, in argon—oxygen reactive mixtures of various
compositions. The experimental device is a 40-L sputter-
ing chamber pumped down via a turbo-molecular pump,
allowing a base vacuum of about 10™* Pa. The sputtering
conditions adopted in this study are stable because of a
relatively high pumping speed compared with the area of
the receptive surfaces. Hence, the oxygen partial pressure—
oxygen flow rate curve is reversible with no hysteresis
phenomenon. Hence, inevitable target erosion becomes
significant in our reactor after about 3—4 h of deposition.
The substrates are positioned at about 45 mm from the
target axis, at a draw distance of about 110 mm. The
target is mounted on an unbalanced magnetron and is
powered by a 3-kW SAIREM pulsed d.c. supply, equip-
ped with a fast arc detector able to cut microarcs within
1-2 ps. In all the experiments, the discharge current is
maintained at a constant value of 0.5 A and the pulse
frequency at 33 kHz. The flow rates of argon and oxygen
are controlled with MKS flowmeters and the total
pressure is measured using an MKS Baratron gauge.

Physicochemical characterisations

Optical transmission interferometry (OTI) was per-
formed, using a halogen lamp (41=550 nm) as light
source, through the glass substrate located at 45 mm
from the magnetron axis, with a normal incidence. The
signal, sent via an optical fibre to an Acton spectrometer
with a 1,200 groove.mm™' grating and a photomultiplier
tube (Hamamatsu R 636), was recorded to a computer.
Optical indexes and thicknesses of the coatings were
obtained by fitting the interferometric measurements
with a simple Matlab simulation program, following a
theory developed elsewhere [18]. The thicknesses of the
films were also measured by the step method, with a
Talysurf profilometer, allowing an accuracy of the
measurements of about 40 nm.

The structural features of the coatings were
assessed by grazing angle (4°) X-ray diffraction
(XRD:Axco=0.17889 nm) using an Inel diffractometer,
and morphological features by scanning electron

microscopy (SEM: Phillips XL30S.FEG). Finally, the
intrinsic stress of the coatings was estimated via mea-
surements after deposition of the resulting curvature of a
thin cantilever steel foil (150 um thick) using the Stoney
formula [19].

Electrical characterisation

Electrical measurements were carried out using a fre-
quency-response analyser, PGStat30 Autolab Ecoche-
mie BV. A two-electrode configuration was used to
realise impedance spectroscopy measurements. The
metallic substrate (stainless steel) constituted the first
electrode and a spiral of platinum wire the second one.
The platinum electrode geometric surface was 0.35 cm?.
In order to separate the electrical contribution of the
thin layer from the electrode response, the a.c. signal
amplitude was varied from 100 to 300 mV. The mea-
surements were realised from 1 MHz to 1 Hz, using 11
points per frequency decade. All measurements were
carried out under atmospheric pressure, as a function of
temperature, from 200 to 440 °C.

The impedance diagrams were deconvoluted using
the fitting software EQUIVCRT, commercialised by
Boukamp [20]. The equivalent capacitance was calcu-
lated from the following formula:

(-
Ceq =R 7

n) 1
n
Y 0

where Y, and nare the parameters related to the constant
phase element.

The relaxation frequencies were calculated using this
equation:

1

) —
2n(RY,)"

Due to the non-symmetrical two-electrode configura-
tion, the analytical calculation of the conductivity from
the measured resistance has not been possible. Thus,
only resistances are discussed in the paper and not the
conductivity. In terms of geometrical parameter, the
thickness of the deposited layers varied, but the surface
of the electrodes was kept constant.

Results and discussion

The standard deposition conditions were determined
according to three simultaneous criteria:

— The first consists of minimising the intrinsic stress
level in order to allow the deposition of relatively
thick coatings of about 5 um without spalling.

— The second is ascribed to the deposition of films
presenting a rather good thickness homogeneity along
a distance from the magnetron axis, especially to
guarantee convenient OTI measurements.

— The last is ascribed to the deposition of dense coat-
ings.
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Fig. 1a,b OTI measurements vs. time performed in cases of a
perfectly stoichiometric (a) and a substoichiometric (b) GDC film

Within the conditions adopted in this study, OTI
measurements revealed the heating of the target. Indeed,
in the case of insufficient oxygen flow rate introduced
into the reactor, the coating, initially transparent, be-
comes more and more opaque during deposition, which
leads to the deposition of a substoichiometric film as
shown in Fig. 1b. It is thus necessary to increase the
oxygen flow rate to guarantee the stoichiometry of the
coatings, as seen in Fig. la. This behaviour is consistent
with previous measurements performed as a function of
the target temperature [21]. Indeed, as increasing the
target temperature decreases its poisoning by oxygen,
the higher the target temperature, the higher the depo-
sition rate (i.e. frequency of the OTI signal) which can
produce a loss in impinging oxygen at the surface of the
substrate (i.e. attenuation of the OTI signal).

The GDC films deposited under the standard condi-
tions crystallise in the expected suitable f.c.c. fluorine
structure, as observed in Fig. 2. Obviously, the XRD
spectra exhibit the substrate (110)o and (200) lines only
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Fig. 2 XRD spectra performed with a 4° grazing incidence on

GDC coatings of different thickness showing the convenient f.c.c.
fluorine structure
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Fig. 3 SEM brittle-fracture cross section of a GDC coating, 5.5 pm
thick, sputter deposited on a glass slide

for the thinnest films. The fact that change in neither the
wideness of the peaks nor in their angular position is
observed confirms that the film composition and
microstructure are quite constant. As shown in the
scanning electron micrograph in Fig. 3 performed on
brittle-fracture cross sections, the coatings are dense and
present low defect densities, which are expected to be
favourable parameters to the ionic conductivity of O*~
whatever their thickness.

The electrical characteristics of three different layer
thicknesses have been analysed. Considering a typical
impedance plot, in Nyquist representation, two main
contributions can be distinguished: the highest fre-
quency contribution does not depend on the a.c. signal
amplitude, in opposition to the lowest frequency con-
tribution. An illustration is given in Fig. 4 at 320 °C in
the case of the 5.5-um GDC layer; the frequency limit
was 10 kHz, as shown on both plots (Nyquist and Bode,
Fig. 4 and Fig. 5, respectively). This allowed us to dis-
criminate the layer response from the electrode response.
Indeed, the GDC layer presents mainly ionic conduction
under the temperature and oxygen partial pressure
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Fig. 4 Nyquist impedance plots of a 5.5-um GDC layer, registered
at 320 °C, as a function of a.c. signal amplitude. Logarithms of
frequency are indicated in the figure. Only the frequency domain
between 1 MHz and 100 Hz is reported
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Fig. 5 Bode impedance plots of a 5.5-um GDC layer, registered at
320 °C, as a function of a.c. signal amplitude

conditions used in this work. It is well known that it is
easier to influence the electrode phenomena by signal
amplitude than the electrolyte behaviour. Therefore, the
well-defined semi-circle at high frequency corresponds to
the layer contribution.

As mentioned in the experimental procedure part,
only the thickness of the deposited layer varied. It al-
lowed us to compare the different resistance but unfor-
tunately without considering all the microstructure
effects. So we have reported for the three layers the
resistance and not the conductivity as a function of the
temperature, in Arrhenius coordinates. These variations
are reported in Fig. 6, in which the variation of the
resistance follows an Arrhenius-type law with an asso-
ciated activation energy of 0.94 eV. This value does not
depend on the thickness, but is higher than the values of
about 0.75 eV reported in the literature for sintered
GDC samples [22, 23]. As expected, the layer resistance
is lower when the thickness decreases. Srivastava et al.
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Fig. 6 Arrhenius plots of the layer resistance as a function of
temperature, for three different thicknesses

[24] observed an opposite tendency with thicker YSZ
d.c. magnetron sputtered layers of more than 5 ym. In
terms of impedance plots, compared to the sintered
materials with two semi-circles (as a minimum), only one
main semi-circle constitutes the layer response. This is
commonly reported for nanoscaled materials, either for
nanometre grain size or very thin layers [15]. Consider-
ing the relaxation frequency of a given contribution as a
way to identify its origin (bulk or blocking effects, such
as grain boundaries or porosity effects) [25], we have
reported the calculated frequencies as a function of the
temperature for each thin-layered sample and also for a
3.6-mm-thick sintered material (Fig. 7). As this param-
eter is not a function of the geometric factor related to
the studied sample thickness and the electrode area, it
can be justified to use it as a signature of each compo-
nent of the electrical contribution. As shown by Scho-
uler [25], considering one material composition, the bulk
relaxation frequency is independent of the sample geo-
metrical ratio. Thus, this parameter should be the same
between sintered material and thin layers. Considering
now the grain boundary (or blocking elements in gen-
eral) relaxation frequency, the frequency range can be
larger than for the bulk, due to the complexity of those
elements (distribution in size, segregation effect...), but it
is in the same order of magnitude. In the case of the
studied layers, the observed high-frequency semi-circle
seems to correspond to the blocking elements (grain
boundaries, porosity...), and not to the bulk, as can be
seen in Fig. 7, when superimposing relaxation frequen-
cies for sintered samples and thin layers.

The activation energy associated with the variations
of the relaxation frequency is the same as the energy
associated with the layer resistance, confirming that the
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Fig. 7 Arrhenius plots of the relaxation frequency as a function of
temperature, for the different thicknesses compared to the sintered
sample
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Fig. 8 Evolution of the equivalent capacitance as a function of
temperature, for different thicknesses

equivalent capacitance remains constant with the tem-
perature, as reported in Fig. 8 for each thickness.

Conclusions

Thin, dense and well-crystallised films of gadolinia-
doped ceria have been deposited on stainless steel
substrates by d.c. reactive magnetron sputtering. The
electrical properties of the GDC thin layer were char-
acterised by impedance spectroscopy, showing a
preponderant contribution of the intergranular network
compared to the bulk. This identification has been
realised from the relaxation frequencies, and confirmed
by the activation energy, which is higher for the grain
boundary than for the bulk. The present study consti-
tutes a preliminary work in order to evaluate the feasi-
bility of GDC material as an SOFC electrolyte, whose
operating temperature should be reduced. In the near
future, GDC thin layer deposition will be carried out on
the usual anode and cathode porous substrates, Ni-YSZ
cermet and LSM. Nevertheless, according to literature
data, determination of electrical features for thin layers
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prepared on porous substrates is more difficult than on
dense and flat substrates, mainly because of the com-
plexity of the electrode/electrolyte interface (adherence,
active surface reaction, substrate porosity).
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