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Abstract Electrical characterization of 10 mol% gadolinia
doped ceria (CGO10) films of different thicknesses prepared
on MgO(100) substrates by pulsed laser deposition is pre-
sented. Dense, polycrystalline and textured films character-
ized by fine grains (grain sizes < 18 nm and < 64 nm for
a 20-nm and a 435-nm film, respectively) are obtained in
the deposition process. Grain growth is observed under ther-
mal cycling between 300 and 800°C, as indicated by X-ray-
based grain-size analysis. However, the conductivity is in-
sensitive to this microstructural evolution but is found to be
dependent on the sample thickness. The conductivity of the
nanocrystalline films is lower (7.0 × 10−4 S/cm for the 20-
nm film and 3.6 × 10−3 S/cm for the 435-nm film, both
at 500°C) than that of microcrystalline, bulk samples (6 ×
10−3 S/cm at 500°C). The activation energy for the con-
duction is found to be 0.83 eV for the bulk material, while
values of 1.06 and 0.80 eV are obtained for the 20-nm film
and the 435-nm film, respectively. The study shows that the
ionic conductivity prevails in a broad range of oxygen partial
pressures, for example down to about 10 −26 atm at 500°C.
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1 Introduction

The development of low temperature solid oxide fuel cells
(LT-SOFCs) is believed to support the SOFC technology
in entering the energy market. In order to reach this goal,
two strategies are applied to lower internal resistive losses
yielding access to the lower operation temperatures at rea-
sonable cell performances. Firstly, electrolyte materials with
enhanced ionic conductivity, such as rare-earth-doped ce-
ria (CeO2–Re2O3), e.g. 10 mol% Gd2O3 doped CeO2

(CGO10), are applied instead of the conventionally used
8 mol% yttria stabilized zirconia (8YSZ) [1–4]. Secondly,
thin-film technologies are employed to reduce the elec-
trolyte thickness to the sub-μm level, as the ohmic resis-
tance scales linearly with the thickness. However, it was
shown that transport properties of thin ceria-based elec-
trolytes depart vastly from bulk, microcrystalline materials
[5–13]. For example, a wide range of conductivity levels
(from 3.4 × 10−6 S/cm [12] to 7 × 10−3 S/cm [8], both
at 500°C) and a significant variation of activation energy
(from 0.81 eV [10] to 1.3 eV [9]) have been reported. More-
over, n-type conductivity, developing under reducing con-
ditions, can be observed at higher oxygen partial pressure
than in bulk materials (∼10−15 atm at 600°C for thin films
[8, 9], compared to ∼ 10−22 atm at 600°C for bulk materials
[5, 14]). In addition, the performance of the thin elec-
trolytes might suffer from structural instability, likely re-
lated to the low film density [7, 15]. In this context, the
investigation of optimal structural and transport properties
of thin CGO10 films is of importance. Furthermore, as
the thin-film LT-SOFC designs show different trends re-
garding the electrolyte film thickness (very thin ∼50 nm
[21] or thicker ∼500 nm [18–20] electrolytes are applied),
thickness-dependent properties of the CGO10 films also
need to be investigated.
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The aim of this study is to investigate the transport prop-
erties of two CGO10 films deposited for 5 min and 120 min,
resulting in approximate thicknesses of 20 and 435 nm.
The films are prepared by pulsed laser deposition (PLD),
a versatile technique that allows for film-density adjustment
[15, 16]. PLD is expected to find large-scale industrial appli-
cations [17] and has already been utilized for preparing thin
electrolytes in micro-SOFCs [18–21]. Electrical characteri-
zation of dense, nanocrystalline and textured CGO10 films
prepared on MgO(100) substrates is studied by impedance
spectroscopy and DC measurements.

2 Experimental procedure

Thin films were prepared by the PLD technique in a vacuum
chamber with a base pressure of 10−6 mbar. An excimer
laser beam at a wavelength of 248 nm, a pulse length of
20 ns, 350 mJ direct output energy and 10 Hz repetition rate
was focused to a spot of 0.036 cm2 on a rotating target. The
target was prepared from commercial CGO10 powder pro-
vided by Rhodia, by pressing in a uniaxial (2 tons for 1 min)
and in an isostatic press (60 tons for 0.5 min) and by sinter-
ing at 1500°C for 12 h. The laser fluence on the target was
1.1 J/cm2. The pressure of the oxygen background gas was
kept at 10−2 mbar. The laser-ejected material was collected
on substrates placed at a distance of ∼68 mm from the tar-
get. Single-crystal MgO(100) substrates used in the experi-
ments were cleaned in ethanol prior to the depositions. The
temperature of the substrates was kept at 400°C. The films
were deposited for 5 and 120 min, leading to the film thick-
nesses of 20 and 435 nm, respectively.

The thickness and structure of the nanocrystalline films
were analyzed by a scanning electron microscope (SEM,
Zeiss Supra) equipped with a field-emission gun. The mi-
crographs were obtained by an in-lens detector.

The crystallographic phase and film orientation of the as-
prepared and heat-treated films were obtained by X-ray dif-
fraction (XRD) using a STOE diffractometer with Cu-Kα ra-
diation. Typically, θ–2θ XRD scans were obtained in the 2θ

range of 20–90 deg with a resolution of 0.05 deg/step and 5 s
integration time per step. Following the outline given in [22],
the XRD analysis leading to grain-size estimation was per-
formed. Single-line analysis, performed using the Origin-
Pro7.5 software, with pseudo Voigt peak shapes was used to
calculate the peak positons and the internal breadths β . For
each Bragg reflection a linear background was subtracted.
The average grain size was estimated by the Scherrer equa-
tion with a Cauchy type of line shape. The internal breadth
of the instrument (0.15 ± 0.02 deg) was measured using a
LaB6 NIST standard 660.

The ‘in-plane’ electrical characterization of the films
was performed by impedance spectroscopy. Sputtered sil-
ver electrodes of about 400-nm thickness and 5 mm apart

were contacted with Ag paste and Pt wires for all experi-
ments. A Hioki 3250-50 frequency response analyzer in the
42 Hz–1 MHz frequency range and a Solartron 1260 in the
0.01 Hz–2 MHz frequency range were employed for the
electrical characterization. An excitation amplitude (RMS)
of 0.5–3 V applied to the samples yielded coinciding im-
pedance spectra, indicating linear response to the electrical
signal. The conductivity measurements were performed in
an air flow of 10 ml/min and in a temperature range of 300–
700°C (435-nm film) or of 450–800°C (20-nm film) with a
2°C/min heating and cooling rate, and 30 min dwell time be-
fore each measurement. Multiple heating and cooling cycles
were applied, in order to validate the electrical sample sta-
bility. For comparison, continuous two-point DC measure-
ments were performed with a 5°C/min ramp rate by a Keith-
ley 2700 multimeter. An YSZ oxygen sensor was used to
monitor the partial pressure of oxygen, while O2, air, N2 and
mixtures of N2 and N2/H2 (9%) in 1% H2O were supplied
to the furnace during the oxidation–reduction cycling.

Impedance spectroscopy, in a 250–600°C temperature
range, was also undertaken on a bulk CGO10 pellet. Silver
electrodes were painted on both sides of the pellet and baked
out for 1 h at 600°C in order to remove organic residues.
All impedance data were analysed using the ZSimpWin 3.21
software [23].

3 Results

An example of the structural characteristics of the as-
prepared and thermally treated films is presented in Fig. 1.
The plan view and the cross-sectional SEM micrographs
reveal densely packed columnar structures without visible
porosities or cracks. Figure 1a presents the as-prepared film,
whereas Fig. 1b depicts the film after thermal cycling in the
conductivity measurements. It is worth noticing that thermal
treatment and extended oxidation–reduction cycling do not
influence the film–substrate adhesion. Moreover, no signif-
icant microstructural evolution of the film is observed (see
the insets in Fig. 1).

A summary of the film’ crystallographic properties is
depicted in Fig. 2. Figure 2a shows the variation of the
films’ texture, inferred from XRD spectra. The orientation
of the as-deposited and thermally cycled films is presented
and compared with a randomly oriented powder sample.
The temperature-driven texture evolution is observed in both
polycrystalline films. The 20-nm film is initially mainly
{111} textured, and it develops a variety of orientations
within the thermal cycling time. The 435-nm film transforms
from polycrystalline with dominating {111} texture at the
as-deposited state to predominantly {200} oriented after the
heat treatment. Figure 2b presents the grain sizes derived
from Bragg reflections for the as-prepared and thermally cy-
cled films. Thermally activated coarsening of grains is ob-
served in the films. The grains grow at the expense of each
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Fig. 1 SEM micrographs of
435-nm (a) as-deposited and
(b) thermally treated films.
Cross-sectional images are
obtained on fractured samples.
Insets: plan-view micrographs
of the films

Fig. 2 (a) Comparison of CGO10 film texture with randomly oriented
powder sample (theo). Textures of the as-deposited films and films
subjected to thermal cycling in the conductivity measurements. Graph
includes peaks with intensity error <20%. (b) Variation of the grain

size vs. grain orientation for as-deposited samples and samples ther-
mally cycled in the conductivity measurement. Errors estimated by the
error propagation method based on errors of peak position and FWHM

other, but in each case the {200}-oriented grains remain the
largest: 12 ± 3 nm and 18 ± 2 nm in the as-prepared and the
heat-treated 20-nm films, and 50 ± 7 nm and 64 ± 12 nm
in the as-prepared and the thermally cycled 435-nm films,
respectively.

Figure 3 shows the impedance spectra of a thin (20 nm)
polycrystalline CGO10 film. In contrast to bulk polycrys-
talline samples, typically showing contributions from grain
interiors, grain boundaries as well as the electrodes (each
of them modelled by a RC circuit with resistance (R) and
characteristic capacitance (C) connected in parallel [24]),
the impedance spectra of the thin films are described by one
semicircle represented by a RC equivalent circuit. The ca-
pacitance value (∼10−11 F) describing this RC circuit is of
the order of the stray capacitance of the measuring cell, in-
dicating that the C value might not be characteristic of the
film. This fact indicates that the ‘in-plane’ characterization

of the thin films by alternating current may give limited in-
formation about the thin sample, i.e. restricted only to the
total resistance of the thin electrolyte film. Figure 3 also
shows that the real component derived from the impedance
spectra and the resistance measured by the two-point DC
method are equal and are ascribed to the total resistance of
the electrolyte. However, literature data [7, 8, 25, 26] show
that equivalent circuit modelling the response of a thin film
to an electrical excitation is subject to a variety of interpre-
tations.

The temperature-dependent total electrical conductivity
is shown in an Arrhenius plot (Fig. 4) for thin films and
bulk material. Figure 4 presents conductivity data obtained
within two heating and cooling cycles. It is noteworthy that
the multiple thermal cycling has no influence on the con-
ductivity. The conductivity level of the 20-nm film (7.0 ×
10−4 S/cm at 500°C) is distinct from bulk CGO10 (6 ×
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Fig. 3 Impedance spectrum of the 20-nm thin film. The spectrum is
obtained at 600°C with RMS = 1 V (closed symbols) and 3 V (open
symbols). The fit to the experimental data (RMS = 1 V) is indicated
in the graph. The real part of the impedance spectrum (Zre) assigned
to the total resistance of the electrolyte, Relectrolyte, is the sum of the
grain interior (Rgi) and grain boundary resistance (Rgb), and equals
the resistance measured in the two-point DC measurement (2-p DC)

10−3 S/cm at 500°C), whereas the conductivity of the 435-
nm film (3.6 × 10−3 S/cm at 500°C) approaches the bulk
value. The activation energy of both thin films, derived from
the Arrhenius plots, i.e. ln σT vs. 1/T , varies. The acti-
vation energy for the 435-nm film is Ea = 0.80 ± 0.01 eV,
whereas a relatively high activation energy is obtained for
the 20-nm film, i.e. Ea = 1.06 ± 0.05 eV. For compari-
son, the activation energy of bulk CGO10 is presented. It
equals 0.83 ± 0.01 eV in the 250–600°C temperature range,
where the contribution from the grain interior results in
0.727 ± 0.002 eV and from the grain boundary results in
0.939 ± 0.004 eV (see inset in Fig. 4).

The 435-nm film was chosen to study transport behav-
ior in reducing conditions, as the higher conductivity makes
it a potentially better electrolyte choice for LT-SOFC ap-
plications. The total electrical conductivity (σtot) of the
film was investigated in a broad range of oxygen partial
pressures (pO2) and temperatures (Fig. 5). In the high-and
intermediate-pO2 regimes σtot is pO2 independent, whereas
in the low-pO2 region σtot increases. This relationship is
given by the equilibrium condition between the solid oxide
(film) and the gas phase, that induces the oxygen depletion
and an increase in the concentration of electronic charge car-
riers, i.e. the reduction of the Ce+4 to Ce+3, in the solid ox-
ide, as pO2 decreases. At high pO2 the ionic component, de-
termined by the doping level [3, 4], dominates in the electri-
cal conductivity (plateau in the σtot vs. pO2 plot). In Fig. 5a,
where the 435-nm film is compared with bulk materials, one

Fig. 4 The total electrical conductivity of CGO10 thin films (20 and
435 nm) in air. Closed symbols indicate total conductivity during the
thermal cycling. Large symbols correspond to the impedance mea-
surements, whereas small dots represent two-probe DC measurements.
Comparison with conductivity of the bulk CGO10 (solid line) is in-
cluded in the graph. The activation energy (Ea) below 600°C for the
conduction in the thin films and the bulk CGO10 is indicated in the
graph. Inset: contributions of the grain interior (σgi) and the grain
boundary (σgb) to the total conductivity (σtot) of the bulk CG010 ma-
terial. The activation energy of the grain interior (Eagi) and the grain
boundary (Eagb) in the 250–600°C temperature range is indicated in
the inset. Errors of the activation energy are based on the errors of the
geometrical factor L/A for each sample

can notice that the range of the dominant ionic conduction
in the 435-nm film is similar to the bulk microcrystalline
CGO10 and CGO20 [5, 14]. The ionic conduction of the
film prevails down to ∼10−32 atm at 400°C, ∼10−26 atm
at 500°C and ∼10−22 atm at 600°C. The domination of
the electronic defects in the low-pO2 region is expressed in
a distinct pO−1/n

2 dependence. The value of the exponent
−1/n yields −1/4 or −1/6 depending on the doping regime
[3, 4]. The value of the exponent for the 435-nm film (see
Fig. 5b) is not clear, as the extent of the experimental points
at the knee of the pO−1/n

2 dependence is narrow.

4 Discussion

The development of polycrystalline CGO10 films on
MgO(100) substrates (see Fig. 2) can be explained by the
large lattice mismatch characterizing the MgO/CGO10 sys-
tem, i.e. 29% relative lattice mismatch in the case of the cube
on cube growth (aCGO10 = 5.418 Å [27], aMgO = 4.211 Å
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Fig. 5 The total conductivity (σtot) as a function of the oxygen partial
pressure (pO2). (a) Comparison of the extent of predominantly ionic
conductivity for 435-nm film (this work) and bulk data: CGO10 [14]
and CGO20 [5]. Solid lines are drawn as eye-guides. The exponent
−1/4 is indicated for the bulk data. (b) Comparison of σtot vs. pO2

dependence at 600°C for 435-nm film (this work) with thin-film data
from the literature: CSO20 [8], CGO20 [5], CGO20 [5], CGO20 [6]
and CGO20 [9]. The solid lines are drawn as eye-guides. Reported lit-
erature values of exponents, i.e. −1/4 and −1/6, are indicated in the
graph

[28]), that impedes the epitaxial film growth. In addition,the
growth of polycrystalline grains might be enhanced by the
atomically rough MgO surface [29].

The nanocrystalline, columnar microstructure (see Figs. 1
and 2) of the CGO10 films implies a high sensitivity to
grain-boundary effects in the ‘in-plane’ electrical measure-
ment geometry, since the direction of the charge-carrier
transport is perpendicular to the main axis of the colum-
nar grains. This effect cannot be however directly derived
from the conductivity measurements (see Fig. 3), but it can
be anticipated from the XRD data (see Fig. 2), i.e. from the
relationship between the film thickness and the film grain
size. The influence of the grain-boundary contribution on
the electrical performance of the films increases with the re-
finement of the grain sizes. This effect is thus expected to
be most pronounced in the 20 nm film with high grain in-
terface density, as evidenced by the small grain sizes (see
Fig. 2b). Accordingly, the film activation energy (1.06 eV)
is significantly higher than the grain interior activation en-
ergy found for the microcrystalline bulk CGO10 (0.727 eV).
The low conductivity of the film indicates blocking nature
of the grain boundaries, in accord with the report by Chiang
et al. [30]. In the 435-nm film, the ionic transport character
changes due to the smaller grain interface density indicated
by larger grain sizes (see Fig. 2b). Consequently, the con-
ductivity of the 435-nm film increases and approaches the

total conductivity of the bulk CGO10. The film activation
energy (0.80 eV) resembles the overall activation energy of
the bulk microcrystalline CGO10 (0.83 eV). However, the
grain interface density cannot explain the observed transport
properties alone, as thermally activated grain size evolution
is observed (see Fig. 2b) and does not affect the conductiv-
ity of the films (see Fig. 4). Further explanation is given by
the relationship between the material microstructure in the
film–substrate interface and the film conductivity. Although
the exact mechanism for the oxygen conduction within in-
terfaces is not yet fully understood [31–33], the investigation
of the conduction of thin (10–20 nm range) YSZ prepared
on MgO(100) in a polycrystalline [31] and epitaxial [32]
form indicates that the interfacial crystallographic faults de-
veloping in order to accommodate the film material on the
substrate can lead to oxygen-diffusion blocking, resulting in
deteriorated transport characteristics [31]. This effect, pro-
nounced in the case of the 20-nm film, relaxes in the 435-nm
film, as the interfacial crystallographic faults are averaged
over a thickness of ∼800 unit cells compared to ∼40 unit
cells in the case of the 20-nm thin film. However, this as-
pect of thin-film conduction has to be further investigated,
in order to clarify the observed variations.

The σtot vs. pO2 dependence indicates that the 435-nm
film displays characteristics comparable with bulk mater-
ial. However, in thin films prepared by various methods and
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at different deposition conditions this performance is sub-
jected to a significant variation (see Fig. 5b) often related to
the grain size dependent properties of ceria-based materials
[5, 9]. For example, despite the large scattering of the con-
ductivity values, one can notice that at 600°C the predomi-
nantly ionic conductivity can be found between ∼10−22 atm
[6] and ∼10−15 atm [8, 9] (a value that is obtained at
∼800°C in bulk, microcrystalline CGO10 [14]). Moreover,
Fig. 5a indicates that in bulk materials a −1/4 exponent is
followed at low temperatures but a change of defect chem-
istry in thin films (see Fig. 5b), exemplified by a change of
the −1/n exponent from −1/4 [5, 6, 9] to −1/6 [8] (a value
that can be seen in bulk CGO10 only at ∼1000°C [4]), can
be observed. No evidence for such departure from defect
chemistry characteristic of bulk materials can be anticipated
in our case.

Despite the multiple thermal treatments during conduc-
tivity characterization, a stable electrical performance of
both films was obtained. In our opinion, this is primarily
due to the high density of the as-deposited films, as the con-
ductivity variations are often related to the low film density
[7, 15]. In addition, in our study, no relationship between
grain size and electrical response can be found, as the ther-
mally induced grain evolution does not affect the conduc-
tivity of the films. Although this is in disagreement with
other reports [9, 11] which relate conductivity and grain size
(boundary density) in the nano-grained materials, no agree-
ment in this topic has been reached so far [30, 34]. More-
over, no relationship between film texture and film conduc-
tivity was found. To our knowledge, there exists no report
in the literature on this subject for ceria-based films. How-
ever, Sanna et al. [8] indicated that highly textured (epitax-
ial) films (∼400-nm thickness) are more structurally stable
in the oxidation–reduction cycling, i.e. no microstructural
degradation resulting in open porosities or film delamination
is observed. Neither of these structural features was seen in
our case (see Fig. 1b), indicating that texture might not be a
major player in the films’ structural stability.

5 Conclusions

The temperature- and oxygen-dependent transport proper-
ties of CGO10 electrolyte films prepared by the PLD tech-
nique on MgO(100) substrates were investigated. Under ex-
tended thermal treatment in the conductivity measurements,
nanocrystalline and textured films undergo structural reor-
ganization, characterized by grain coarsening and crystallo-
graphic reorientation. These two factors have no influence
on the conductivity of the samples, which is likely due to
the high density of the as-prepared films. The conductiv-
ity and the activation energy are affected by the film thick-
ness (lower conductivity and higher activation energy in the

20-nm film). This is explained by the strong effect of mi-
crostructural complexity at the film–substrate interface and
the differences in the grain-boundary density in both films.
The 435-nm film displays transport properties similar to
bulk materials due to decreased grain-boundary contribution
and the smaller effect of the film–substrate interface quality.
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