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Abstract

The grain coarsening in dense nanocrystalline gadolinia-doped ceria (CGO) and CeO2 was studied for the grain size regime from 10 to
250 nm. Dense ceria-based thin films were prepared by spray pyrolysis and pulsed laser deposition on sapphire substrates. The small
grain-sized CGO and CeO2 microstructures were surprisingly stable and showed self-limited grain growth and relaxation of the micro-
strain with time. In this regime, material transport occurs via grain boundary diffusion leading to densification and grain coarsening in
the thin films. A continuous transition to common grain growth kinetics was observed for larger grains at higher temperatures.
� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

In the last years, gadolinia-doped ceria (CGO) electro-
lytes have drawn much attention as electrolytes for solid
oxide fuel cells (SOFC) operating at intermediate tempera-
tures due to their high-ionic conductivity compared to
state-of-the-art yttria stabilized zirconia (YSZ) electrolytes
[1–4]. The use of thin film electrolytes minimizes the ohmic
loss across the electrolyte and SOFC operation at lower
temperatures is possible as the power output is increased
[5,6]. YSZ is used in micro solid oxide fuel cells (l-SOFC)
in the form of thin film electrolytes with thicknesses of
some hundred nanometer [7]. In an earlier paper
Gödickemeier and Gauckler [8] highlighted the conditions
when the mixed conducting ceria can be used as electrolytes
in SOFC avoiding short circuiting through its electronic
conductivity. In prior SOFC-related work, ceria thin films
were deposited by physical vapor deposition (PVD) [9],
chemical vapor deposition (CVD) [10], spin coating [11]
and spray pyrolysis [5,12]. The latter technique offers the
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possibility to produce dense thin films in the amorphous
state. These films can then be crystallized without the
development of columnar grains by heat treatment. Pulsed
laser deposition results in thin films with an average grain
size of roughly �15 nm after deposition. Both methods
allow the preparation of dense material and grain growth
kinetics can be studied.

Recently grain growth kinetics were reported for ceria
with a grain size in the micron and submicron regime
[13]. Indications for self-limited grain growth were shown
in ceria with a grain size of 50–250 nm. Whereas the coar-
ser grained material obeyed the classical parabolic grain
growth law, the fine microstructures attained a limited
grain size after a short dwell at low temperature.

The objective of this study is to investigate the grain
growth of nanocrystalline CGO solid solutions at the
potential operating conditions of l-SOFCs and gas separa-
tion membranes, e.g., 500–800 �C. The results will elucidate
whether the grain growth kinetics that prevail differ from
those associated with the classical view of grain-boundary-
controlled migration kinetics, and whether CGO thin films
develop microstructures that are sufficiently stable to allow
extended use in l-SOFC devices.
rights reserved.
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2. Grain growth kinetics

More than 50 years ago, Burke and Turnbull deduced
the kinetics of isothermal grain growth from the movement
of grain boundaries for polycrystalline materials [14,15].
The authors assume that the driving force for grain bound-
ary migration results from the grain face intersections at
nonequilibrium angles and from the strong curvatures at
grain faces. Both effects are connected, since if grain inter-
sections approach equilibrium angles, strong grain curva-
ture would be introduced, or, if the grain faces were
mechanically straightened interfacial angles would change.
In this sense, grain growth can be described as a curvature
induced process, where atoms diffuse across and along the
grain boundaries and the specific grain boundary area is
reduced. [14]. In Burke’s and Turnbull’s formulation of
the parabolic grain growth the grain growth rate dG

dt is
related to the mean radius of grain curvature, which is pro-
portional to the average grain size G [15].

dG
dt
¼ Mc

G
ð1Þ

Here, the proportionality constant is the product of the
grain boundary energy c and the grain boundary mobility
M. The solution of Eq. (1) leads to:

G2 � G2
0 ¼ k2t ð2Þ

where k2 = 2Mc is a characteristic material constant. How-
ever, in many of the grain growth experiments a non para-
bolic grain growth behavior is observed [16]. This is given
by [17]:

Gn � Gn
0 ¼ knt ð3Þ

with the material constant

kn ¼ nMcGn�2 ð4Þ

Eqs. (3) and (4) reduce to the special case of the parabolic
grain growth law (Eq. (2)) for a grain growth exponent
n = 2. Experimentally grain growth exponents between
n = 2 and n = 4, but in some cases even up to n = 10 were
reported [18–22]. Many reasons were put forward to ex-
plain deviations from the theoretically expected parabolic
law, e.g., that impurities or pores affect the grain growth
kinetics. Grain growth exponents also depend on tempera-
ture within a given polycrystalline system [13]. In many
cases these relations are still insufficient to describe grain
growth, especially when the grain sizes are small, e.g., in
the nanometer regime. Recently grain growth data from
microcrystalline metals were described by the generalized
grain growth model (Eq. (3)), whereas the grains in nano-
crystalline metals grew until a certain limited grain size
was reached, upon which grain growth ceased [23–25]. It
was shown that the limited grain boundary migration
was due to the grain size dependent solute drag of nano-
crystalline metals. In addition to being impeded by solute
drag, grain growth can also be impeded by defects in the
material. Nanocrystalline sputtered gold thin films showed
limited grain growth being strongly affected by the amount
of defects present [26]. During isothermal annealing the
grains grew as long as the microstrain decreased. Once
the microstrain relaxed in the thin films the grain growth
ceased and metastable microstructures developed. In stud-
ies on the crystallization of amorphous Zr–Ti(Nb)–Cu–Ni–
Be(Al) alloys it was confirmed that nucleation and crystal
growth occur simultaneously until a metastable equilib-
rium is reached where grain growth stops [27,28]. With
increasing temperatures a transition to classical parabolic
grain growth law was observed.

The aim of this study is to investigate the grain growth
and microstrain evolution in nanocrystalline ceramics of
undoped and gadolinia-doped ceria thin films for the grain
size range from 10 to 250 nm. In the present study we used
dense films where the film thickness was always kept larger
than the average grain size.

3. Experimental procedures

3.1. Thin film preparation and characterization

Undoped ceria (CeO2) and gadolinia-doped ceria,
Ce0.78Gd0.22O1.89, (CGO) thin films were prepared by an
airblast spray pyrolysis technique (SP) and by pulsed laser
deposition (PLD). The substrate material was in all cases a
sapphire single crystal (Stettler, Switzerland) with a ð11�20Þ
surface orientation parallel to the substrate. In spray pyro-
lysis a precursor solution is atomized to very fine droplets
by air pressure. Precursor droplets hitting the heated sub-
strate undergo pyrolytic decomposition and produce an
amorphous metal oxide thin film. The process is described
in detail elsewhere [29]. For the CGO thin films a precursor
solution of 0.1 mol/l was produced by dissolving 0.02 mol/l
gadolinium chloride (Alfa Aesar, 99.9% purity) and
0.08 mol/l cerium nitrate (Alfa Aesar, 99.5% purity) in a
solution of 33:33:33 vol% ethanol, diethylene glycol
monobutyl ether and methoxy propanol (all solvents from
Fluka Chemie, 99.0% purity). The precursor solution was
fed to the spray gun with a liquid flow rate of 34.4 ml/h
and atomized by the spray gun (Compact 2000KM,
Bölhoff Verfahrenstechnik, Germany) with 1 bar air pres-
sure. The droplets produced in this manner were sprayed
on a heated sapphire single crystal situated on a hot plate
(CERAN 500, type 11A, Germany) at a substrate temper-
ature of 310 ± 10 �C for 3 h. Before spray deposition, the
sapphire substrate temperature was directly measured on
the substrate by a contact thermocouple. For the undoped
ceria thin films, all parameters were kept identical to the
CGO films, except that no gadolinium salt was added to
the precursor.

For comparison, Ce0.74Gd0.26O1.9�x thin films ranging
from 400 to 800 nm in thickness were also produced on
sapphire by PLD (SURFACE, Hückelhoven, Germany)
using a KrF excimer laser with 248 nm wavelength. The
PLD process was performed at room temperature at a
pressure of 10�3 mtorr, with 10 Hz laser pulse repetition
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frequency, 200 mJ energy per pulse and at 45 mm target
substrate distance. The targets were produced as follows:
Ce0.8Gd0.2O1.9�x powder (Praxair, purity 99.9%) was
uniaxially and then isostatically pressed (850 kN for
3 min). The resulting pellets were heated up to 1400 �C with
a rate of 3 �C/min, held at this temperature for 4 h and
cooled down to room temperature at 5 �C/min. The densi-
ties of the obtained pellets measured by Archimede’s
method were >98% of the theoretical value.

Film thickness, microstructure and morphology were
evaluated by scanning electron microscopy (Field emission
SEM, LEO 1530, Germany). Chemical composition was
determined by dispersive X-ray analysis spectroscopy
(EDX, LEO 1530) and X-ray photoelectron spectroscopy
(XPS, PHI Quantera SXM). The X-ray source of XPS
was a monochromatic Al Ka (1486.6 eV) run at 25 W
and 15 kV. Survey spectra were carried out at 280 eV pass
energy and 1 eV step size. The crystallinity was investigated
by X-ray diffraction (XRD, Bruker AXS D8 Advance). In
addition, differential scanning calorimetry and thermo-
gravimetry (DSC/TG, Netzsch STA 449 C) were per-
formed. Outgassing species attributed to mass losses
during TG, were detected by a mass spectrometer (M, Balzers
Quadstar 422).

3.2. Grain growth study

3.2.1. In situ XRD grain growth study for average grain sizes

below 80 nm

For average grain sizes smaller than 80 nm the time and
temperature dependence of grain growth was studied
in situ during heat treatment by X-ray diffraction and eval-
uated using the Scherrer equation. The line widths of the
Bragg peaks provide information on the average grain size
and on defects of the crystal lattice originating from micro-
strain. Grain orientation effects can be deduced from the
intensity ratio between the diffraction lines of different crys-
tal lattice directions. For the XRD experiments, the sam-
ples were enclosed in a furnace (Anton Paar HTK 1200),
which was integrated in the XRD set up. Diffracted X-rays
from the sample were detected by a position sensitive detec-
tor (Braun PSD ASA-S) with which X-ray photons from
400 nm thick CGO thin films could be detected with higher
resolutions and in shorter time intervals compared to
conventional scintillation counters. The XRD set up was
equipped with a copper radiation source (k =
0.15404 nm) at 40 kV and 40 mA followed by a Ka1–Ge
monochromator (Bruker AXS). For grain growth analysis
the (111) and (200) peaks were used within the 2h-range
26–32�. The 2h interval was kept as small as possible to
avoid perceptible microstructural changes during the
recording of the XRD pattern. A heating and cooling rate
of 3 �C/min was chosen for all experiments. Every 40 min
an XRD pattern was recorded for isothermal dwell times
between 1 and 30 h. This method allowed isothermal
in situ grain growth studies. The average grain size was
determined from the full width at half maximum (FWHM),
by using Fourier analysis of the XRD peaks, refined by a
split Pearson 7 function (Software EVA 6.0), of the (111)
peak. The FWHM results from peak broadening due to
instrumental broadening, FWHMi, and microstructure,
FWHMc. The instrumental peak broadening of the diffrac-
tometer was determined by measuring a commercially
available microcrystalline and stress-free CGO powder.
By the Warren and Biscoe equation the instrumental
broadening FWHMi can be eliminated from FWHM [30]:

FWHM2
c ¼ FWHM2 � FWHM2

i ð5Þ
Average grain size and microstrain were calculated from
FWHMc according to the Scherrer and Wilson equation
[31,32]:

FWHMc ¼
4Kk

3 cos h � Gþ 4e � tan h ð6Þ

Here, the Scherrer constant K equals 0.89 for spherical
grains, k denotes the X-ray wavelength, h the diffraction
angle, G the average grain size and e the microstrain.
Applying the so-called Williamson-Hall technique [33] to
Eq. (6), one plots the FWHMc cos h versus sin h and deter-
mines the average grain size and microstrain, respectively,
by extracting their value from the ordinate intersection
(4Kk/3G) and the slope (4e), respectively.

The lattice parameter of the cubic CGO crystal lattice
was calculated from the position of the observed diffraction
lines in the XRD pattern, according to the following
relation:

a ¼
k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh2 þ k2 þ l2Þ

q
2 sin h

ð7Þ

In this equation a indicates the lattice parameter of the cu-
bic crystal lattice and h, k and l the Miller indices of the
considered Bragg reflection.

3.2.2. Ex situ SEM grain growth study for average grain

sizes larger than 80 nm

Average grain sizes larger than 80 nm cannot be deter-
mined by XRD because of its limited instrumental resolu-
tion. Hence, grain growth of larger grain sizes was
conducted by ex situ isothermal annealing of samples and
subsequent SEM analysis. For this purpose CGO thin films
were heated and cooled at 3 �C/min to the target tempera-
ture and isothermally held for times ranging from 1 to 30 h.
The samples were air quenched after an isothermal hold
and analyzed by SEM. The average grain size was deter-
mined by measuring up to 300 grain intercept lengths of
three different spots on the CGO thin film. Conversion of
intercept length to grain size was obtained by the multipli-
cation with the grain size conversion factor 1.56.

4. Results and discussion

4.1. Thermal treatment of spray pyrolysis thin films

The chemistry of our spray pyrolysis thin films was
analyzed as a function of temperature by DSC and TG
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Fig. 2. XRD pattern of a CGO spray pyrolysis thin film on sapphire
annealed at 800 �C. (The CGO peaks are designated by Miller indices and
the sapphire peak is denoted by s).
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measurements whereby outgassing species were detected by
mass-spectrometry during heating and cooling (Fig. 1).
When thin films are deposited by spray pyrolysis the mate-
rial is amorphous and crystallization occurs during the first
annealing for temperatures above the film deposition tem-
perature [29]. Amorphous thin films were scratched off
from the substrate and the obtained powder (with an
original mass of 126.24 mg) was heated in air from room
temperature to 1200 �C at 10 �C/min. By DSC and mass-
spectrometry a large endothermic signal with a peak
maximum at 180 �C due to adsorbed water and a broad
exothermic signal between 400 and 1000 �C due to carbon
combustion were detected. The remaining carbon content
in the thin films is from the alcoholic precursor used during
the spray pyrolysis process. The total weight loss between
room temperature and 1200 �C was 6.34% and it can be
confirmed that it is mainly due to outgassing water and
residual carbon.

In Fig. 2 the XRD pattern of a CGO spray pyrolysis
film annealed at 800 �C is shown. The XRD pattern shows
reflections of the cubic fluorite crystal structure type [34]
with a lattice parameter of 0.540 ± 0.001 nm for the
CGO thin film, see Table 1. The XRD pattern shown here
represent a well-crystallized material and the determined
lattice parameter is in good agreement with the one from
the literature [35–38].

In Fig. 3 the influence of the thermal treatments on the
XRD peak shapes of the (111) and (200) reflections
(Fig. 3a), the grain orientation along those reciprocal crys-
tal directions (Fig. 3b), and the microstrain (Fig. 3c) are
displayed.

In Fig. 3a it can be recognized that directly after thin
film deposition broadened (111) and (200) peaks appear.
Further temperature increase to 500 �C does not affect
the broad peak shapes of (111) and (20 0) and it can be
concluded that between room temperature and 500 �C a
predominantly amorphous thin film is present. At temper-
atures above 500 �C sharpening of the Bragg peaks indi-
Fig. 1. DSC and TG of a CGO spray pyrolysis thin film.
cates crystallization of the films. At temperatures above
800 �C well-crystallized material is obtained.

The grain orientations as a function of temperature are
shown in Fig. 3b. The peak intensity ratio I(111)/I(200) is
mapped for various annealing temperatures. (The change
of the grain orientations during thermal treatment is indi-
cated by changes in the proportion of the different peak
intensities.) For temperatures lower than 600 �C the
(11 1) peak shows the highest peak intensity and the
(20 0) the second highest (I(111)/I(200) > 1). At higher
temperatures the (200) peak dominates with respect to
the (111) reflection (I(111)/I(200) < 1) as the (200) peak
intensity increases rapidly in contrast to the intensity of
the (111) peak with temperature. Preferred (200) grain ori-
entation perpendicular to the substrate develops during
heating from room temperature to 1200 �C in as-deposited
CGO thin films and texture develops. Similar grain orienta-
tions have already been observed for spin coated films on
sapphire and chemical vapor deposited (CVD) CGO thin
films on NiO-YSZ discs [11,39]. In those films I(111)/
I(200) > 1 was observed for low, and I(111)/I(200) < 1
for high temperatures. However, the temperature where
I(111)/I(200) = 1 occurs in our films is roughly 550 �C,
whereas the CVD film showed I(11 1)/I(200) = 1 at
500 �C and the spin coated film at 1200 �C. As this
Table 1
Lattice constants of CGO

Lattice
constant (nm)

Average grain
size (nm)

Sample preparation

0.540 20 Spray pyrolysis [this study]
0.542 65 Powder [35]
0.541–0.542 – Sintered pellet [36]
0.541–0.542 1000–3000 Sintered pellet [37]



Fig. 3. (a) Thermal treatment of CGO spray pyrolysis thin films:
crystallization, (b) grain orientation given by the peak intensity ratio
I(111)/I(200) and (c) microstrain.
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observation has been made on different substrates with dif-
ferent orientations, it is reasonable to assume that these
texturing effects are not related to the substrate orientation.

Fig. 3c displays the influence of temperature on the
microstrain within the CGO film. Between room tempera-
ture and 500 �C the microstrain remains unchanged, due to
the amorphous nature of the films (see also Fig. 3a). With
progressing thermal treatment (500–1000 �C) the micro-
strain decreases due to ordering of the atoms in the crystal
lattice and the concentrations of stacking faults and point
defects are reduced. Suzuki et al. observed a similar
decrease of microstrain when crystallizing doped and
undoped (amorphous) spin coated ceria thin films [11,40].
At an average grain size of 20 nm Suzuki et al. report a
microstrain as low as �0.003% for CGO. The films gener-
ated by spray pyrolysis in the present study exhibit a larger
microstrain of 0.125% for the same average grain size.
Therefore, a higher defect concentration appears to exist
in our films.

Microstructures were also characterized by SEM. In
Fig. 4 the microstructures of a CGO SP sample annealed
at 1100 �C for 0 h are shown in top (Fig. 4a and b) and
cross section views (Fig. 4c and d). It is evident that even
at a temperature as high as 1100 �C and after air quench-
ing, crack- and pore-free thin films are retained. The high
magnification plane view of the CGO film of Fig. 4a shows
dark and light shaded regions referring to thickness differ-
ences of the thin film. Those thickness differences result
from the statistic distribution of droplets arriving onto
the substrate during spray pyrolysis deposition. For the
SP film thicknesses in the present study, local variations
of ±40 nm might be present. From the micrographs of
the cross sections a film thickness of 400 nm was deter-
mined for 3 h deposition time. This corresponds to a thin
film SP deposition rate of 130 nm/h. As the average grain
sizes throughout all experiments were smaller than
250 nm, the kinetics of grain growth were not affected by
the finite thickness of the film. The influence of different
annealing temperatures from 1000 to 1200 �C without iso-
thermal hold on the microstructure is shown in Fig. 5. The
grains have globular shape and have not developed flat
habitus planes on the film surfaces, even for the highest
temperature. This is different from high-temperature iso-
thermally annealed films (1100 and 1200 �C) in which flat
habitus planes and finally faceting developed with pro-
longed dwell times.

The chemical compositions of the SP films were ana-
lyzed by EDX using the cerium and gadolinium L-lines.
All CGO thin films showed 22 ± 2 atom% of gadolinia
(based on the sum of the cations) in the ceria lattice. No
additional phases could be identified either by SEM,
EDX, XPS or XRD. From the literature it is known that
impurities like SiO2 can occur as grain boundary films in
zirconia and ceria ceramics which influence grain growth
kinetics [41]. However, with XPS analysis no silicon could
be detected in the spray pyrolysis thin films either prior to
or after the isothermal dwell experiments.

4.2. Isothermal grain growth and microstrain analysis of

spray pyrolysis thin films

The isothermal grain growth data from XRD (in situ)
and SEM (ex situ) analysis of CGO SP thin films are shown
in Fig. 6. The grain growth occurs mostly in the first 5–10 h
of dwell for an average grain size below 140 nm and an iso-
thermal dwell temperature below 1100 �C. Then suddenly
grain growth slows down and stable microstructures estab-
lish at an apparent limited grain size below 140 nm. This
self-limited grain growth can be described by a relaxation



Fig. 4. Micrographs of the nanocrystalline CGO spray pyrolysis thin film on sapphire substrate annealed at 1100 �C: (a and b) top views and (c and d)
cross sections at different magnifications.

1726 J.L.M. Rupp et al. / Acta Materialia 54 (2006) 1721–1730
function characterized by a relaxation time s1, the limited
grain size GL, average grain size G, the initial grain size
G0 and time t:

G� G0 ¼ ðGL � G0Þ 1� exp�
t

s1

� �
ð8Þ

In samples with grain sizes larger than 140 nm and for
dwell temperatures higher than 1100 �C the grains continue
to grow and common grain growth according to the gener-
Fig. 5. Nanocrystalline CGO spray pyrolysis thin films on sapphire substrat
(b) 1100 �C and (c) 1200 �C.
alized grain growth Eq. (3) is observed. For the isothermal
hold at 1200 �C a grain growth exponent of 7 with a corre-
lation coefficient of 0.98 was determined.

The grain size distributions of CGO samples were fol-
lowed for isothermal dwells from 1000 to 1200 �C. Results
for 1100 �C are shown in Fig. 7. The frequencies of the
grain sizes were plotted versus the normalized grain sizes.
The size distributions are invariant with dwell time and
e as a function of temperature without an isothermal hold: (a) 1000 �C,
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Fig. 6. Average grain size of the CGO spray pyrolysis films as a function
of dwell time and temperature. Full symbols represent grain growth data
determined by in situ measured by XRD technique and open symbols
those from ex situ SEM analysis.

Fig. 7. Log normal grain size distributions in CGO spray pyrolysis thin
films for isothermal hold at 1100 �C revealed from SEM micrographs.
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fulfill a log normal distribution with correlation coefficients
in excess of 0.98. An example of the microstructures that
develop during annealing at 1100 �C is shown in Fig. 8.
The grains increase from 75 to 132 nm before 10 h dwell
time and cease to grow further. For 0 and 1 h dwell times
the grains show globular surfaces whereas flat and facetted
grain faces developed after 4 and 30 h. An average number
of grain faces in the plane 2D views from all examples of
Fig. 8 of 5.7 ± 0.6 was obtained (6.5 for 0 h, 5.1 for 1 h,
5.24 for 4 h and 6.24 for 30 h). No significant changes of
the coordination number of grains could be detected in this
time span. The SEM microstructures for the isothermal
dwell at 1000 and 1200 �C were also analyzed. For an iso-
thermal dwell at 1000 �C faceting of the grains with
increasing dwell time could not be deduced. However, at
1200 �C faceting of the grains can already be observed after
1 h of dwell, leading to the conclusion that the grain facet-
ing is thermally activated, but is in no relation to the lim-
ited grain growth.

The grain size distribution studies and SEM observa-
tions as a function of dwell time showed that no abnormal
grain growth occurred during self-limited grain growth. It
can also be concluded that faceting is not the cause for
the self-limited grain growth, as it can only be observed
at 1200 �C after short dwell times and at 1100 �C after long
dwell times, but not at lower temperatures where the self-
limited grain growth predominates.

In Fig. 9 the evolution of microstrain is analyzed as a
function of temperature and dwell time and compared to
the self-limited grain growth data. The microstrain
decreases within the first 10 h of isothermal hold and is
characterized by a relaxation time s2 and a residual micro-
strain eL. Latter signifies the reached microstrain after the
relaxation. For the description of microstrain e over time
an exponential decay function was chosen:

e ¼ eL þ e0exp�
t

s2 ð9Þ
Both the grain growth and the microstrain are for tem-
peratures below 1100 �C and grains smaller 140 nm charac-
terized by relaxation times and limited grain size GL or
residual microstrain eL. In Fig. 10 the relaxation times of
the grain growth and the microstrain are summarized.
Increasing temperature within the self-limited grain growth
regime leads to a decrease of the relaxation times for grain
growth as well as for microstrain. Microstrain and grain
growth show relaxation times in the same order of magni-
tude and the kinetics are obviously temperature dependent.

The diffusion coefficients Di have been determined as a
function of annealing temperature according to [27]:

Di ¼
ðGL � G0Þ2

4s1

/ � Q
kBT

� �
ð10Þ

where GL is the limited grain size, G0 is the starting grain
size, s1 is the relaxation time of the self-limited grain
growth (see Eq. (8)), Q the activation energy, kB the Boltz-
mann constant and T the temperature. From Fig. 11 an
activation energy of 1.32 ± 0.1 eV with a correlation coef-
ficient of 0.98 was calculated for the diffusion coefficient.
Activation energies between 6.6 and 9.6 eV have so far
been determined for the contribution of grain boundary
and volume diffusion in micrometer grained CGO [13,42].
For the low activation energy of 1.32 eV in the present
study mainly grain boundary diffusion can be assumed to
contribute in the grain coarsening. So far, volume diffusion
seems not to contribute to the self-limited grain growth of
the nanocrystalline CGO thin films.

We observe at low temperature (61100 �C) self-limited
grain growth and the relaxation of the microstrain after a
relaxation time. When the temperatures are above
1100 �C the microstrain of the thin films fully relax and
the temperature is sufficiently high to activate volume diffu-
sion in addition to the grain boundary diffusion and com-
mon grain growth kinetics (see Eq. (3)) dominate.



Fig. 8. Micrographs of nanocrystalline spray pyrolysis CGO thin films on sapphire substrate for different dwell times at 1100 �C: (a) 0 h, (b) 1 h, (c) 4 h
and (d) 30 h.
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Fig. 9. Grain growth and microstrain of the CGO spray pyrolysis films as a function of dwell time and temperature as determined from in situ XRD
measurements.
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4.3. Influence of the preparation method on self-limited grain

growth of CGO thin films

The influence of spray pyrolysis related impurities, i.e.,
carbon residues present up to 1000 �C (Fig. 1) on the
observed self-limited grain growth was investigated by a
study of the grain growth kinetics in PLD prepared
CGO thin films. The PLD thin films preparation is com-
pletely different compared to spray pyrolysis as no
organic precursors are involved and the starting material
is a sintered ceramic pellet. The dense PLD films had a
thickness of 800 nm. After deposition of the PLD films
the initial average grain size was 15 nm and the chemical
composition of Ce0.74Gd0.26O1.9�x was confirmed by EDX
analysis. Annealed CGO films prepared by PLD were
analyzed by XPS at the surface and after etching roughly
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Fig. 10. Microstrain and grain growth relaxation time as a function of
dwell temperature for CGO spray pyrolysis thin films.
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Fig. 11. Diffusion coefficient Di as a function of temperature for CGO
spray pyrolysis thin films.

[
]

 [ ]

Fig. 12. Comparison of the grain size versus dwell time of spray pyrolysis
and PLD prepared CGO thin films.
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Fig. 13. Grain growth of doped and undoped ceria for isothermal dwell at
700 �C. Thin film preparation method was in both cases spray pyrolysis.
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90 nm of the film thickness away. Neither silicon nor
other impurities could be detected. The grain growth of
the PLD thin film was studied by in situ XRD and the
grain size is shown in Fig. 12. At dwell temperatures of
500 and 800 �C grain growth occurred during the first
15 h of dwell, then grain growth ceased. Once a metasta-
ble microstructure has established no further grain growth
was observed for over 60 h, as demonstrated for the case
of the 800 �C sample.

These results demonstrate clearly that the self-limited
grain growth occurs at low annealing temperatures
independent on the CGO thin film preparation method,
which means independently of residual carbon impurities
that are inevitably present up to 900 �C in the SP films.
4.4. Influence of gadolinia doping in ceria on self-limited
grain growth

The influence of the gadolinia doping on grain growth is
demonstrated in Fig. 13. Here, a comparison of the grain
growth of undoped CeO2 and CGO (Ce0.78Gd0.22O1.89,) is
shown. Both films were prepared by the SP method and
crystallized upon heating (at 3 �C/min) to 700 �C, where
the films were isothermally held. The undoped material
already shows an average grain size of 18 nm after crystal-
lization whereby the ceria solid solution shows a smaller
grain size of 12.5 nm. As expected from solute drag theory
[43] grains grow faster in the undoped material compared
to grains of the solid solution. Similar to the CGO the
undoped ceria shows stable microstructures after 10 h iso-
thermal annealing reaching a limited grain size of 27 nm.
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The gadolinia doping in ceria retards grain growth due
to solute drag. However, self-limited grain growth is
observed in doped as well as in undoped spray pyrolysis
thin films and is not caused by the trivalent doping.

5. Summary and conclusion

Amorphous, dense and crack free undoped and gadoli-
nia-doped ceria thin films were deposited by spray pyroly-
sis and PLD on sapphire single crystal substrates. Dense
amorphous (SP) and nanocrystalline films were obtained.
Isothermal grain growth studies show that the grains grow
within the first 5–10 h of dwell for temperatures below
1100 �C and average grain sizes below 140 nm until
metastable microstructures with limited grain sizes are
established. At higher annealing temperatures common
curvature-driven grain growth is observed.

At low temperatures (<1100 �C) the thin films are in a
metastable state characterized by self-limited grain growth
and the microstrain relaxation. The grain growth in this
metastable state is characterized by grain boundary diffu-
sion. At higher temperatures (>1100 �C) the microstrain
has fully relaxed and the material is well-crystallized. Then
common grain coarsening and grain growth kinetics like in
microcrystalline ceramics can be observed. From the corre-
lation between self-limited grain growth and microstrain
relaxation it can be concluded that PLD films deposited
at room temperature under vacuum contain less micro-
strain than SP films deposited at 310 �C.

The self-limited grain growth in these nanocrystalline
ceramics for temperatures <1100 �C is not dependent on
the thin film processing method. Grain coarsening in pure
CeO2 shows accelerated kinetics compared to solid solu-
tions (CGO) as expected from the influence of solute drag
by the gadolinia dopant.

CGO thin films prepared by spray pyrolysis and PLD
with grain sizes below 140 nm are surprisingly resistant
towards thermally activated microstructural coarsening
and are therefore promising electrolytes for operating tem-
peratures below 800 �C and might be useful for l-SOFC
applications.
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