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Abstract

Gd-doped ceria (GDC) thin films, 0.5-1.8 wm thick, were deposited on Pt and sapphire substrates by pulsed laser deposition (PLD) method. The
in-plane and the perpendicular-to-plane conductivities (hereafter, “across-plane” conductivity) of thin films were measured and compared to that of
bulk sample. X-ray diffraction and electron microscopy results showed that the films on Pt and sapphire were polycrystalline cubic with a columnar
structure. The grain conductivities of the GDC films, obtained from the impedance spectra of in-plane and across-plane measurements, were slightly
lower than that of the GDC bulk. However, very little difference in conductivity was shown between films, regardless of substrates and measurement
modes. The activation energies and the Py, dependence of the GDC thin films were similar to that of bulk GDC. In the low temperature range, the
GDC films exhibited conductivities about one order of magnitude higher than that of the YSZ (Y'ttria-stabilized zirconia) film.
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1. Introduction

Solid oxide fuel cells (SOFCs) have been rapidly develop-
ing for clean and efficient power generation using a variety of
fuels. With the advent of thin film technology, efforts have been
made to make miniaturized SOFCs."? Miniaturized SOFCs
are potentially high efficiency, having high energy-density
replacements for batteries in the mW-W power generation for
portable consumer and military electronic devices. Miniaturized
SOFCs offer great advantages over their macroscopic coun-
terparts such as low operating temperature, easy integration
with the required electrical components, small size and reduced
weight.? Recently, considerable efforts have also been directed
to intermediate-temperature SOFCs based on thin-film elec-
trolytes of doped ceria. Rare-earth oxide-doped ceria is one of
the candidates for the electrolytes of intermediate temperature
SOFCs.*

The electrical characterization of thin film conductivity is
more complicated than that of bulk since thin film cannot be pre-
pared without substrate. Two different geometrical approaches
can be used for the electrical measurements. The first approach
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is based on measurement of conductivity perpendicular to the
film plane (“across-plane conductivity”). In this geometry the
contact problem may influence the conductivity.’ Impedance
spectroscopy is the only way to differentiate the effect of con-
tact resistance on the overall resistance. The second approach
is based on in-plane measurements (“in-plane conductivity”).
In this case substrates with high resistance should be used.
For this geometry, two-probe direct-current measurements can
be employed because the contact resistance is relatively small,
compared to the film resistance and grain, and grain boundary
resistances can not be separated due to the capacitance of the
substrate.%”

Compared with doped-zirconia such as YSZ, fewer stud-
ies have been done on doped-ceria such as GDC films, in part
because of the difficulty in obtaining uniform, continuous and
high quality film.3-!! Very few works deal with the across-plane
conductivity of the GDC film. The across-plane conductivity
characterization is important since current flows perpendicular
to film plane during the SOFC operation. In addition, there are
contradictions in the conductivity of GDC thin films among the
authors. Chen et al.® who investigated GDC20 (Ceo §Gdo202—5)
thin films prepared by PLD on MgO substrate, reported that the
film conductivity did not significantly depend on Po, in the range
from 1 to 10~!% atm at 655-818 °C. On the contrary, Suzuki et
al.!% who investigated GDC20 thin films prepared by a sol-gel
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process on sapphire substrate, reported that the film conductiv-
ity followed Pazl /* behavior at Po, in the range from 107 B to
10720 atm at 800 °C.

In this study, GDC thin films were deposited on Pt and sap-
phire substrates by pulsed laser deposition method. Across-plane
and in-plane conductivities of thin films were measured and
compared to that of bulk sample.

2. Experimental procedures

GDC films were deposited on Pt and sapphire substrates
using PLD method at oxygen partial pressure of ~50 mTorr.
The films were deposited on the commercially available Pt
(11 1)/Ti0,/S10,/Si and sapphire (000 1) substrates. A stain-
less steel chamber was evacuated to a base pressure of
5 x 1075 Torr. Pulsed laser ablation was carried out with a KrF
excimer laser (248 nm with 30 ns pulse width) at the energy of
~1.5J/cm? and the repetition rate of 10 Hz. To avoid cracking
films during the film deposition, the GDC film on Pt (1 1 1) sub-
strate was grown at 500 °C, and the film on sapphire (000 1)
was grown at 700 °C. For electrical measurements of across-
plane conductivity, 0.03 cm? Pt electrode was sputtered on the
surface of thin film.

The electrical conductivities of the films were measured as
a function of temperature and Po, using impedance and two-
probe d.c. method. The impedance spectra were obtained by
using an impedance analyzer (Model 4192a, Japan) and an
impedance Gain-Phase Analyzer (Solartron SI 1260, UK). The
Po, dependence of conductivity was measured for the Po, range
of 1 x 10727 atm between 600 and 700 °C. The phase of thin
film was characterized by X-ray diffraction (XRD) using Cu
Ka radiation (MAC Science, M18XCE, Japan). Microstructure
observation was performed by a field-emission scanning elec-
tron microscope (JEOL, Model 3330F, Japan). Average column
diameter was estimated by using the linear intercept method by
counting more than 200 grains. The compositions were also con-
firmed by using a FE-SEM equipped with an energy dispersive
X-ray spectroscopy system (EDS).

3. Results and discussion

Fig. 1 shows XRD patterns of GDC bulk and thin films
deposited on Pt (11 1) and sapphire (000 1) substrates. The
XRD patterns obtained from the films were consistent with the
reference data for single phase GDC with cubic fluorite struc-
ture of bulk GDC20. Peaks due to different substrates were also
observed. The polycrystalline-cubic nature of the films is appar-
ent in XRD patterns. No secondary phases due to film/substrate
interaction were detected. It was also found that the crystal orien-
tation changed with substrate. A strongly preferential orientation
of (111) planes in the film was obtained on sapphire (000 1)
substrate.

Fig. 2 shows the surface (left) and cross-sectional (right)
SEM micrographs of GDC thin films deposited on (a) Pt (11 1)
and (b) sapphire (000 1) substrates. Although the columnar
growth of the grain is shown for all films, the columnar nature is
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Fig. 1. XRD patterns of (a) GDC bulk for comparison and thin films deposited
on (b) Pt (1 1 1) and sapphire (000 1) substrates.

less apparent for the film grown on a sapphire substrate. Since
these films have columnar structures, the grain size measured
from the surface view represents the diameter of the columns.
Nanocrystalline morphology was observed with an average col-
umn diameter of ~90 nm as shown in Fig. 2(a). Well-crystallized
GDC thin film was also obtained on sapphire (0001) sub-
strates with an average grain size of ~40nm as shown in
Fig. 2(b). Thin film GDC had Gd atomic contents of ~21%,
i.e., Cep79Gdo2102—5, determined by EDS. Thus, for the fully
oxidized GDC thin films, the film composition was ~GDC21,
close to GDC20 target.

The electrical conductivities of the thin films and bulk GDC
were investigated by impedance spectroscopy. For electrical
measurements of across-plane conductivity, Pt electrode was
sputtered on the surface of the GDC film. Pt electrode was
~150 nm thick with areas of 0.03 cm?. The incomplete contact
at the Pt/GDC film interface can cause the conductivity drop in
thin film. Since Pt electrode shows negligible pinholes in the
shown scale, the low measured conductivity due to the porous
electrode is not likely. Fig. 3 compares the impedance spectra
obtained for thin film and bulk GDC in dry air at 200 °C. The
impedance spectrum of thin film consists of a high-frequency
semicircle caused by a grain process and a low-frequency curve
attributed to the interface between GDC film and sputtered Pt
electrode. The spectra were analyzed by using an equivalent cir-
cuit shown in Fig. 3. A series connection of R;Q; and R,Q»
was used where R; is the resistance and Q; is the constant-phase
element. A fitting line was drawn for the film grownon Pt (1 1 1)
substrate. To confirm the grain conductivity in the thin film, the
relative dielectric permittivity (¢;) was obtained from the peak
of the high frequency semicircle. The ¢, value of GDC film on Pt
(111) was ~50. Although a small grain boundary contribution
was shown at intermediate frequencies for bulk GDC, no grain
boundary contribution was observed for the film. This differ-
ence may partly be due to the columnar structure of thin film, in
which the grain boundary is parallel to the current direction.!?
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Fig. 2. Surface (left) and cross-sectional (right) SEM micrographs of the GDC thin films grown on (a) Pt (1 1 1) and (b) sapphire (000 1) substrates. Scale bars are

100 nm, except for 1 wm bar in upper-right figure.

In order to calculate the conductivity of film, the resistance of
Pt electrode was separately measured and subtracted.

For the electrical measurements of in-plane conductivity, sub-
strates with high resistance need to be used. The measured
conductance of the sapphire substrate was about three orders
lower than that of the GDC film at 700 °C. Fig. 4 compares
the impedance spectra obtained for the thin film on sapphire
and bulk GDC by taking the geometrical factor into consid-
eration at 700°C. Only one semicircle was observed in the
spectra measured under in-plane mode. The electrode resis-
tance was not observed since it is negligible compared to the
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Fig. 3. Impedance spectra in across-plane mode of thin films deposited on Pt
(111) substrate were compared to that of the bulk GDC at 200 °C in air. The
equivalent circuit used for fitting the data was also shown.

GDC film resistance due to the small geometrical factor, A/£
(area/length) ~ 1.7 x 10~*, and thus the large resistance of thin
film. On the other hand, due to large geometrical factor (~1)
and thus small resistance of bulk GDC sample, electrode resis-
tance was not negligible and thus shown in an impedance plane.
The calculated capacitance (~10~11 F) of GDC thin film was
similar to the substrate capacitance. Thus the impedance spec-
trum cannot distinguish between the effect of film sample and
substrate. Only the total resistance value can be obtained by
impedance spectrum analysis. Fig. 4 shows a good agreement
between the resistivity values obtained by a.c. and d.c. mea-
surements for the GDC thin film. The grain boundary effect
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Fig. 4. Impedance spectra of GDC thin film on sapphire, measured under in-
plane mode, was compared to that of bulk GDC at 700 °C in dry air.
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may not be neglected since current flow is now perpendicular
to the columnar grains. However, impedance spectrum analy-
sis in the in-plane conductivity cannot separate the grain from
the grain boundary contribution due to the insulating substrate.
We may only estimate the effect of the grain boundary by
considering other properties. The activation energy of the film
(0.86 £ 0.001 eV, >500 °C) on sapphire was similar to or slightly
higher than that of the bulk grain (0.76 &+ 0.004 eV, >500°C).
In addition, negligible grain boundary contribution was shown
for the bulk GDC that was used as a target. Thus we conclude
that the total conductivity of the film on sapphire was mostly
determined by the grain conductivity.

The measurement of the film conductivity as a function
of Pp, and temperature may confirm the quality of the GDC
film. Fig. 5 shows that the plot of logo versus log Pp, can
be divided into two regions. In the high-Po, region, the con-
ductivity is independent of Po,. In this region, the electrical
conductivity is predominantly ionic. In the low-Po, region, the
conductivity increases with decreasing Pp, due to the elec-
tronic conduction. The conductivity can be expressed by the
sum of Pp,-independent ionic (ojon) and PS; / 4-dependent elec-
tronic (o.) conductivity. The Pg of the GDC film, which
represents the oxygen partial pressure at which ojo, =0, has
a value ~107232 atm at 600 °C, similar to the reported value
~10722% atm for the GDC20 bulk.* Thus film shows a similar
conductivity curve to a bulk sample.

Fig. 6 compares the grain conductivity of thin films. For
comparison, the grain conductivity of the bulk GDC20 and
other reported data of the GDC20 thin films and 8YSZ (8 mol%
Y,03-doped ZrO;) thin film were also shown 081011 A]] the
reported data of the GDC20 film, representing total (grain and
grain boundary) conductivities, were obtained from in-plane
measurement. Across-plane measurement is difficult due to the
leakage through thin film unless the film has a good quality. In
this study, the grain conductivities of the GDC films, obtained
from the impedance spectra of in-plane and across-plane mea-
surement, were slightly lower than that of GDC bulk. However,
very little difference in conductivity was shown between films,
regardless of substrates and measurement mode. The activation
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Fig. 5. The electrical conductivity of GDC thin film on sapphire was plotted as
a function of oxygen partial pressure (Po,) and temperature (600 and 700 °C).
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Fig. 6. The grain conductivities of GDC thin films, both in-plane and across-
plane modes, and that of bulk GDC20 measured in this study, as a function
of temperature, were compared (filled symbols). Literature data for thin films
(GDC20 and 8YSZ) were also shown for comparison (open symbols).

energies of the GDC thin films deposited on Pt (1 1 1), sapphire
(0001) were 0.85+0.03 (200<T<450°C), 0.86+0.001 eV
(T>500°C), and those of the bulk GDC were 0.76 4+ 0.004
(T>500°C),0.84 +0.007 eV (T'< 500 °C), respectively, as indi-
cated by the solid fitting line. Thus, both the across-plane
conductivity curve, obtained at a low temperature and the
in-plane conductivity curve, obtained at a high temperature,
become nearly straight lines when connected. Both the acti-
vation energy and the Po,-dependence of the GDC thin film
were similar to that of the bulk GDC. In the low tempera-
ture range (300—450 °C), the GDC films exhibit conductivities
about one order of magnitude higher than that of the YSZ
film.

4. Conclusions

Well-crystallized GDC thin films were successfully fabri-
cated on Pt and sapphire substrates by using PLD method. The
across-plane conductivity measurement became possible and
the conductivity was similar to the conductivities of film in in-
plane mode. X-ray diffraction and electron microscopy results
showed that the films on Pt and sapphire were polycrystalline
cubic with columnar structure. The grain conductivities of the
GDC films, obtained from the impedance spectra of in-plane
and across-plane measurements, were slightly lower than that of
GDC bulk. However, very little difference in conductivity was
shown between films, regardless of substrates and measurement
modes. The activation energy and the Po, dependence of the
GDC thin films were similar to that of bulk GDC. Thus we may
conclude that there is no unusual observation such as the conduc-
tivity enhancement or the appearance of electronic conductivity
in high Pg, for nano-crystalline GDC films in this study. Our
conclusion may be limited to the grain size or column diam-
eter of 40-90 nm. In the low temperature range (300-450 °C),
the GDC films exhibit conductivities about one order of magni-
tude higher than that of the YSZ film. From the observation in
this study, we believe the GDC film can be a good electrolyte
material for low-temperature SOFCs.
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