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The crystallization upon thermal treatment of 8 mol% yttria-stabilized zirconia thin films deposited by
RF-sputtering at room temperature is investigated. The as-deposited YSZ films are biphasic with crystallites
of 5–10 nm in diameter building a columnar-like microstructure. Fully crystalline YSZ thin films are obtained
after isothermal dwells in the temperature range 800–1100 °C. X-ray diffraction and Raman spectroscopy
demonstrate that the crystalline films have a cubic structure retained even after high-temperature annealing
while a strong texture is developed. Further, a stagnating grain-growth is observed, characterized by a final
grain size of about 60 nm and a micro-strain of 0.15%. Given the observed films' micro-structural stability,
their application in miniaturized electrochemical devices such as micro-solid oxide fuel cells or sensors can
be foreseen.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

In the last years the use of thin films in micro solid oxide fuel cells
(SOFC) [1,2] or chemical sensors [3,4] allowed to reduce their size and
operating temperature [5,6]. Yttria stabilized zirconia is used as elec-
trolyte membrane in micro solid oxide fuel cells with thicknesses of
some hundred of nanometers [7–9]. YSZ thin films can be produced
by physical vapor deposition techniques, including sputtering and
pulsed laser deposition, as well as by chemical and liquid precursor
precipitation methods like chemical vapour deposition, sol–gel, spin-
or dip-coating and spray pyrolysis [7,10]. Depending on the thin
films' deposition temperature crystalline [11,12], biphasic [7] or amor-
phous films [13,14] are obtained. Amorphous and biphasic thin films
are then crystallized by a post deposition annealing process in order
to tailor the thin films' properties. The microstructural characteristics
affect the electrical [15,16], optical [17,18] and mechanical [9,17,19]
properties of the thin films. Literature data of the total conductivity of
YSZ thin films differ more than two orders of magnitude [15,16,20].
).
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Such scatter may primarily originate from differences in degrees of
crystallinity, strain or phase composition [21–23].

Knowledge of the crystallization and grain growth processes is
therefore at the basis of microstructural engineering essential for the
production of electroceramic components with desired properties.
Despite their technological importance, the crystallization and grain
growth of ceramic metal oxide thin films have been only studied
in few cases [13,24–26]. Recently time-temperature-transformation
(TTT) diagrams have been proposed for ceria-based thin films to
describe the degree of crystallinity over time and temperature relative
to the films' deposition conditions [25]. In case of sputter deposition,
many studies were dedicated to the role of Y-doping level on the crystal
structure of the thin films [27–30], or to the deposition conditions on
the elemental composition [31,32]; no study focused on the crystalliza-
tion of YSZ thin films.

In this work, we study the thermal stability of the amorphous state
alongwith the kinetics of crystallization and grain growth of 8 mol%-YSZ
thin films deposited by radio frequency sputtering at low temperature.
The results will clarify whether YSZ-thin films processed by low tem-
perature sputtering develop a stable microstructure and will help to
optimize the thin films' properties for their use in micro-solid oxide
fuel cells.

http://dx.doi.org/10.1016/j.ssi.2012.11.014
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http://www.sciencedirect.com/science/journal/01672738


30 R. Frison et al. / Solid State Ionics 232 (2013) 29–36
2. Experimental

Yttria-stabilized zirconia (YSZ) thin films were deposited on c-cut
sapphire single crystal substrates (10×10×0.5 mm, b0001>, aAl2O3

=
4.763 Å and cAl2O3

=13.003 Å) by RF-sputtering technique using an Ad-
vanced Energy Cesar 1.36 generator operating at 13.56 MHz coupled
with a 25.4 mm Angstrom circular magnetron mounted on a standard
DN 400 KF recipient. Commercial YSZ powders, 8 mol% Y2O3 99.9%
purity TOSOH Inc. Japan, were pressed into pellets and air-sintered
at 1600 °C for 10 h in order to obtain a dense target of 25.4 mm diam-
eter. Before each process the deposition chamber was pumped down to
2×10−6 mbar, while during deposition a pressure of 8×10−3 mbar
was obtained introducing Ar and O2 in the ratio pO2

=pAr ¼ 0:2. The
RF-power was fixed to be 40 Wwhich, with a target-substrate distance
of 80 mm, allowed a deposition rate of 2 nm/min. The substrate tem-
perature during deposition was 120 °C as recorded by a thermocouple
embedded in the sample holder stage.

The film thicknesses were analyzed by surface profilometry and
scanning electron microscopy (SEM) using a Dektak 8 system and a
Zeiss Supra VP55, respectively. Grain size distributions were obtained
from top view scanning electron microscopy (SEM) images by the
Heyn's mean lineal intercept method [33], measuring at least 500
individual grains. Rutherford backscattering spectroscopy (RBS) and
particle-induced X-ray emission (PIXE) using 2 MeV 4He ions and
3 MeV protons as projectiles provided information on the chemical
composition of the films.

In order to study the crystallization of the 8 mol%-YSZ thin films,
the as-deposited samples were annealed in air at different tempera-
tures between 800 and 1100 °C for dwell times from 1 min to 85 h.
The as-deposited and annealed samples were analyzed with X-ray
diffraction (XRD) using a Bruker D8 Advance diffractometer with a
Copper anode and a Ni-filter. For the analysis of the crystallinity,
because of the limited number of diffraction peaks and the strong
texture observed, only (220) peak of the YSZ film was fitted with a
pseudo-Voigt function using the FIT software [34], from which the
integrated peak area A(t) and the integral breadth β(2θ) of the peak
were determined. The volumeweighted average diameter of crystalline
grains D and microstrain εwere determined from the integral breadths
of the Lorentzian and Gaussian components of the pseudo-Voigt
function, respectively βL and βG, as described in Ref. [35]:

D ¼ Kβλ
βLcos θð Þ ð1Þ

ε ¼ βG

4 tan θð Þ ð2Þ

where Kβ is the Scherrer constant, which for (hh0) reflexes and cubic
shape is 3= 2

ffiffiffi
2

p� �
[36].

Transmission Electron Microscopy (TEM) analyses were performed
on specimens prepared by the classical cross-section technique, with
the thickness reduced to electron transparency by ion-etching using
Ar gas (4.3 kV acceleration voltage, 4° etching angle of the beamrelative
to the surface). Conventional bright field images were acquired using a
Philips CM30ST and a FEI Tecnai F30 FEG transmission electron micro-
scope (300 keV, point to point resolution: ~0.2 nm).

Additional information about the film phase composition was
obtained by Raman spectroscopy employing a confocal Raman micro-
scope (LabRAM Series, Horiba Jobin Yvon) with a He\Ne excitation
laser (λ=632.8 nm, output power ~10 mW) focused to probe an
analyte volume of ~1 μm3. The YSZ thin filmsmeasured byRaman spec-
troscopy were deposited on 5.0 mm×5.0 mm×0.5 mm LaAlO3(100)
crystalline substrates (aLaAlO3

=3.821 Å), as described above. The choice
of different substrateswas necessary in order to avoid the superposition
of film's and substrate's Raman peaks.
3. Results and discussion

3.1. Thin film morphology

The as-deposited films, 200±10 nm thick, showed a good adhe-
sion to the sapphire substrate with homogeneous and dense micro-
structure as revealed by SEM analyses, (see Fig. 1).

Additionally, SEM cross section-images revealed a tendency to
develop a columnar microstructure, as it is represented in Fig. 1. Typ-
ical column width ranged from 20 to 40 nm.

High resolution TEM micrographs of as-deposited samples, Fig. 2,
confirmed SEM results and, additionally, revealed the formation of a
biphasic polycrystalline structure with small crystallites (dark spots)
of size from 5 to 10 nm, dispersed into a low-contrast matrix which
could be attributed to crystallites out of Bragg condition (respect to
the electron beam direction) or to amorphous material. This is a
typical effect observed in a polycrystalline material deposited at
low temperature [37]. We conclude that a biphasic amorphous-
crystalline microstructure for the as-deposited film was obtained.
The crystallites, starting from the initial nucleation centers, grow
along a preferential direction with the grain boundaries oriented ver-
tically building up an array of rod-shaped columns each surrounded
by lower density material. In TEM micrographs of 500 °C-annealed
samples, shown in Fig. 3, an increase of crystallized phase volume
with respect to the as-deposited sample (Fig. 2) could be qualitatively
estimated by observing the density of the dark spots and the columnar
alignment. Further, after a close inspection of the TEM micrographs
(Figs. 2 and 3), presence of pores could be excluded as, if present,
they would appear as light spots within the sample matrix. Additional
scanning TEM pictures were acquired confirming such conclusion.

3.2. Thin film structure

The results obtained from the TEM analyses were confirmed by
the results of the XRD experiments as shown in Fig. 4, where a
comparison of diffraction pattern of the as-deposited and ex-situ
annealed samples is presented. In the case of the as-deposited sam-
ples (lowest panel) the diffraction pattern clearly showed a distinct
though very broadened Bragg peak, typical of small crystallites and
lattice defects [38]. The diffraction patterns, Fig. 4, matched both the
reference patterns of the cubic: ICDD PDF-card #01-030-1468 and
tetragonal: ICDD PDF-card # 01-070-4432 phases of 8 mol%-YSZ
though with a significant peak shift of Δ2θ(200)~0.15°. The thermal
treatment in air led to the crystallization of the films. Fig. 4 presents
the diffraction patterns of 8 mol%-YSZ thin films ex-situ annealed
at different temperatures for 20 h, where the characteristic peaks of
YSZ could be observed. The comparison of the diffraction pattern
clearly revealed a systematic shift to larger Bragg angles of the peak
maxima with increasing annealing temperature. Additionally the
diffraction peaks became progressively sharper and more intense
indicating a simultaneous increase of the crystallized fraction and
domain size. Further, a strong (220) preferential orientation devel-
oped. A (220) preferential orientation differs from usual pulsed
laser deposition and spray pyrolysis [13,26,39,40] where a (111) or
(100) preferential orientation is generally observed. In case of sputter
deposition, however, the (220) is observed when deposition condi-
tions similar to the present were employed [18,41]. In a detailed
study on ion beam assisted electron beam YSZ thin films deposition
Sonnenberg et al. [42] established a correlation between growth
direction and ion/atom ratio in the gas: at low values of ion/atom
ratio (220), whereas at high values (111) developed. Thus, following
Sonnenberg et al., the present observations could be the result of a
low ionization level of the plasma produced by the mild sputtering
power applied, the relatively high deposition pressure and the atmo-
sphere composition which favours the ions recombination. The
topmost panel in Fig. 4 shows the XRD pattern of an 8 mol%-YSZ



Fig. 1. SEM images: a) top view b) and cross section of ~200 nm thick as-deposited 8 mol%-YSZ thin film on sapphire substrate.
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thin film ex-situ annealed at 1000 °C and deposited on a LaAlO3 sub-
strate. No significant change in the structural properties of the film
could be observed compared to the thin films deposited on sapphire
substrates.

Fig. 5 shows the Raman spectra of the RF-sputtering deposited
8 mol%-YSZ thin films annealed at different temperatures along
with the spectra of an uncoated LaAlO3 substrate.

The as-deposited sample presented a broad Raman signal at
~618 cm−1 with a shoulder at lower frequencies, while the Raman
spectra of annealed samples showed a sharpening and shift towards
higher wave numbers up to 630.0 cm−1. The cubic phase of micro-
crystalline YSZ (c-YSZ) is characterized by only one active Raman
mode for the F2g stretching of the oxygen and cation ions, with refer-
ence position 617.2 cm−1 [45,46], while the tetragonal phase of YSZ
(t-YSZ) by six distinctive Raman modes [43,44], as it is summarized
in Table 1. Thus the cubic phase of YSZ was obtained as the six addi-
tional peaks characteristic of the tetragonal phase were absent
(see Fig. 5). The only observed Raman mode, with peak position
ranging from 617.6 to 630.0 cm−1, could be therefore associated to
the unique F2g mode of the cubic phase of YSZ (c-YSZ) [45,46]. For
Y-concentration higher than 8.6 mol% Gao et al. [30] observed only
the F2g-mode of the cubic phase with a shift to its reference position in-
versely proportional to the Y-concentration. Thus, the cubic-tetragonal
Fig. 2. TEM micrographs: a) cross section and b) detail of as
phase boundary was approximately located at a Y-concentration of
8.6 mol%, very close to the value of 8.53 mol% found in this study.

This outcome, however, was found to differ substantially from re-
cent results on 8 mol%-YSZ deposited by pulsed laser deposition [13]
and spray pyrolysis [26] where the formation of a tetragonal phase of
YSZ (t-YSZ) upon annealing of as-deposited amorphous YSZ thin films
was reported. The origin of such different behavior could be ascribed
to the interplay of a markedly distinct initial microstructures and thin
films' stoichiometry. In the present case the YSZ-thin filmswere charac-
terized by a biphasic microstructure with preferentially oriented
columnar nano-grains, (see Figs. 2 and 3), and an oxygen deficient com-
position as a stoichiometry of Zr0.841±0.004Y0.159±0.004O1.85±0.004 was
found in the sample annealed at 1000 °C. Thus it could be reasonable
to expect that, upon annealing, the systems evolved towards an ener-
getically favored final state characterized by a different microstructure,
microstrain, texture and possibly also crystallographic symmetry. As
8 mol%-YSZ is located at the borderline of cubic-tetragonal in the YSZ
phase diagram [47] even relatively small differences in terms of stoi-
chiometry and microstructure may drive the system upon thermal
treatment towardsmarkedly different final states. Position, width and
shape of the Raman modes are generally modified by several factors
like crystallinity [49], defects [50,51], stress [52], micro-strain and parti-
cle size [53]. Asymmetric and shifted Raman spectrum with tailing
-deposited 8 mol%-YSZ thin film on sapphire substrate.

image of Fig.�2


Fig. 3. TEM micrographs: a) cross section b) and detail of 8 mol%-YSZ thin film annealed at 500 °C for 20 h.
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towards lower wave numbers has been observed and modeled in a
number of studies on micro- and nano-crystalline materials like Si
[54], CeO2 [53] and TiO2 [55]. In 8 mol%-YSZ powders a broad and asym-
metric F2g mode of the cubic phase with blue-shifts up to 8 cm−1 was
observed [56,57]. Such value reasonably compares with the maximum
shift of 13 cm−1 observed in this study, which could be well explained
if additional contributions from strain and lattice contraction are
assumed. Cai et al. [52], for instance, measured a blue shift of the F2g
mode up to 3 cm−1 in 10 mol%-YSZ under uniaxial stress. Compressive
stress may originate from difference in the thermal expansion coeffi-
cient of the substrate and thefilm (Δα~1.0×10−6 K−1), or the relative-
ly large difference between the lattice parameter of the substrate and
YSZ thin film: being aLaAlO3

=3.821 Å and aYSZ=5.139 Å, respectively.
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Fig. 4. XRD patterns of 8 mol%-YSZ thin films annealed at 1000, 800, 500 °C for 20 h and
as-deposited. Asterisks (*) denotes contribution from the alumina substrate, 2θ-axis brake
masks the (0001)-peak of Al2O3. In the topmost panel the XRD pattern of a 8 mol%-YSZ
thin film deposited on LaAlO3 substrate and annealed at 1000 °C is shown.
Generally, lattice defects, stress, limited domain size and micro-
strain are often simultaneously present in nano-crystalline thin
films, therefore for a precise estimation of their relative contribution
to sputtered films of 8 mol%-YSZ under investigation further struc-
tural studies are required.

3.3. Crystallization and grain growth

The degree of crystallinity of the thin films, i.e. the transformed
volume fraction during the crystallization process, was calculated as
the ratio between the integrated peak area for the given annealing
time, A(t), and the reference value Ac of a complete crystallization
obtained by annealing of 8 mol%-YSZ thin films at 1150 °C for 20 h
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films 1 μm thick. Spectra are background corrected for clarity. The vertical line marks the
reference position of Raman bands in bulk cubic YSZ [43,44].
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Table 1
Raman shifts, FWHMs and corresponding modes observed in YSZ powders of the cubic
(c-YSZ) [45,46] and tetragonal (t-YSZ) [43,44] phases. LaAlO3 is included for completeness.

Material Raman shift FWHM Mode assignment

[cm−1] [cm−1] band phase

LaAlO3(100) 492.52 5.91 Eg LAO [48]
YSZ 617.2 54.3 F2g c-YSZ

256.5 30.3 Eg t-YSZ
318.2 29.8 B1g t-YSZ
460.7 27.4 Eg t-YSZ
603.4 51.4 A1g t-YSZ
640.0 23.8 Eg t-YSZ
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[58]: X(t)=A(t)/Ac. In Fig. 6 the evolution of the (220) peak on the
annealing time at 1100 °C and the calculated crystallized fraction
for two different temperatures are presented. As expected, the crys-
tallization process progressed slower at the lower temperature
– 800 °C – and required up to 40 hours to be accomplished, whereas
at 1100 °C the crystallization could be fulfilled within 10 hours. The
crystallization was accompanied by a lattice contraction as witnessed
by the unit cell length reduction from 5.2523 Å to 5.125 Å corre-
sponding to the as-deposited and annealed at 1000 °C for 20 h,
respectively. Such contraction, however, should account also for a
compressive stress component originating from the lattice misfit
between the substrate and the YSZ thin films.

The isothermal grain growth at different temperatures is presented
in Fig. 7, where the average apparent grain size was determined
47 51 52 5348 49 50

a)

103 104 105 106

time [s]

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

C
ry

st
al

liz
ed

 f
ra

ct
io

n,
 X

(t
)

800  C

1100  C

b)

Fig. 6. a) evolution of the (220) peak on the annealing time at 1100 °C in 8 mol%-YSZ
thin films. b) normalized volume fraction X(t) of crystallized 8 mol%-YSZ thin films at
800 and 1100 °C.
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Fig. 7. a) Average grain size (markers) in 8 mol%-YSZ thin films as derived from XRD and
least square fits (lines) according to Eq. (3); b) microstrain (markers) in 8 mol%-YSZ thin
films as derived from XRD and least square fits (lines) according to Eq. (4).
applying the Scherrer equation (Eq. (1)) to the (220) peak. For each
of the isothermal dwells the grain growth occurs mostly during an
initial time period the length of which depends on temperature.
Once such time is reached the grain growth slows down towards
its apparent limiting value, which is temperature dependent and
e.g. reaches 55 nm at 1100 °C; thus well below the sample thickness
(200 nm). The average grain sizes here obtained were consistent with
results on Yttria-doped Zirconia powders reported in the literature: Shi
et al. [59] studied the isothermal crystallite growth of cubic and tetrago-
nal YSZ reporting a grain size below 30 nm at 800 °C and of ~50 nm at
1000 °C, while above 1100 °C observed an increase in the growth rates
which was attributed to the onset of a grain-boundary migration
kinetics.

In Fig. 8 SEM micrographs of a 8 mol%-YSZ thin film annealed at
1100 °C is shown, while in Fig. 9 a grain size distribution as derived
applying the Heyn's mean lineal intercept method [33]. The average
grain size derived from the SEM images and XRD data showed a
scatter in the case of the sample annealed at 1100 °C. Comparing
the results, however, should bear in mind that the Scherrer equation
refers the size of a coherently diffracting domain, which is not neces-
sarily the same as the grain size. The analysis of the crystallite
shape anisotropy requires the use of Williamson-Hall plot [38] or
polar plots [60,61] which could not be employed on the basis of the
diffraction patterns obtained.

Self-limited grain growth was described, according to Rupp et al.
[62], by a relaxation function describing the average grain size G(t)



Fig. 8. SEM images: a) top view and b) cross section of 8 mol%-YSZ thin film annealed at 1100°C for 20 h deposited on Sapphire substrate.
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characterized by a relaxation time tG, a limited grain size G1, the initial
grain size Gi and time t:

G tð Þ−Gi ¼ Gl−Gið Þ 1−exp − t
tG

� �� �
ð3Þ

Grain growth stagnation in thin films was typically reported for
solution based deposition techniques, like spray pyrolysis-deposited
CeO2 [62–64] or 8 mol%-YSZ deposited by spray pyrolysis [26] and
spin-coating [65]. Similarly, Ji and coworkers [27] obtained by reactive
RF-sputtering deposition an average grain size of 45 nm at 1000 °C.
Further, a grain growth stagnation was reported by Gorman et al. [66]
for unsupported porous YSZ thin films deposited by spin-coating and
by Theunissen et al. [67] YSZ prepared by sol-gel precipitation.

The grain growth stagnation was attributed to elastic strain in
amorphous phase and carbon impurities [24,63] or solution drag and
Y-cation segregation at grain boundaries [65].

Several effects are known to cause such a stagnation of the grain
growth, e.g. secondary phases, solute drag, strain, grain size to film
thickness ratio, or triple junctions [68,69]. Yan et al. attributed the
observed stagnation to the presence of a secondary phase, like pores,
which reduced the mobility of the grain boundaries [70], while Dong
et al. to solution drag or Y-cation segregation at grain boundaries.
Rupp et al. [24,63] found that the growth stagnation could be attributed
to carbon impurities and elastic strain. Finally, Scherrer et al. [71] found
that, similarly to Yan, the origin was in the high porosity of the thin
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Fig. 9. Grain size distribution as derived from SEM intercept method in a 8 mol%-YSZ
sample annealed at 1100 °C for 20 h. The solid lines represent least squares fits to a
logarithmic normal function.
film prepared by spray-pyrolysis. It should be stressed, however, that
most of the examples cited above refer to YSZ thin films deposited by
precipitation based techniques where precursor residues and impuri-
ties are usually present. In the present case, instead, where the
RF-sputtering deposition from a pure 8 mol%-YSZ target at high vacu-
um conditions provided a high level of purity of the samples (vide
supra), such effect should be excluded. Thus, our experimental evidence
suggests a strain effect, similarly to Ji [27] who obtained similar grain
sizes in highly textured and strained YSZ thin films. A relatively large
compressive stress may originate in the thermal treatment of the thin
films. The thermal stress can be quantified by σ=E(αsub−αfilm)×
(Tann−Tm), where E is the Young modulus, αsub and αfilm the thermal
expansion coefficient of the substrate and the film, respectively while
Tann and Tm the annealing temperature and themeasurement tempera-
ture; thus, being E>0 and Tann−Tm>0 while αsub−αfilmb0 (since
αsub=4.5×10−6 K–1 and αfilm≈11×10−6 K–1), a large compressive
strain can be generated. However, Scherrer et al. [71] observed, using
STEM analyses, the formation of internal porosity after annealing sam-
ples at 800 °C and that this was larger than the porosity found at the
film surface and at the interface with the substrate. In the present
case, a similar effect cannot be excluded on the basis of the SEM surface
analyses on high temperatures annealed and TEM analyses on
as-deposited and 500 °C annealed samples. Thus we postpone additional
investigations to clarify this point to a further study.

In Fig. 7b the evolution of microstrain is analyzed as a function of
temperature and annealing time and compared to the grain growth
data. Opposite to the grain growth case, the microstrain rapidly
decreases within an initial time period after which a residual micro-
strain εL is reached. For the description of microstrain ε vs. t an expo-
nential decay function was chosen:

ε ¼ εL þ ε0exp − t
tε

� �
ð4Þ

where, similarly to Eq. (3) tε represents a relaxation time while ε0, εL
the initial microstrain value and its residual value after relaxation,
respectively.

The ε0 and εL values determined in thiswork are in general lower than
those reported in Refs. [26,62] for spray-pyrolyzed Ce0.78Gd0.22O1.89 and
8 mol%-YSZ thinfilms. Such differencemay be attributed to a higher con-
centration of impurities associated with the synthesis technique. The εL
value at 1000 °C is ~0.16% and in a good agreementwith literature values
[13].

Increasing temperature leads to a decrease of the relaxation times
for the grain growth kinetic as well as for the microstrain one.
Microstrain and grain growth show relaxation times with a tempera-
ture dependent kinetic as shown in Fig. 10.
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The fit parameters obtained from Eq. (3) allowed to determine
the chemical diffusivity D from [62]:

D ¼ Gl−Gið Þ2
4τ

ð5Þ

where G1, Gi have the meaning defined above and τ= tG is interpreted
as a chemical relaxation time. The temperature dependence of the
diffusion coefficient could be fitted by an Arrhenius law with activa-
tion energy Ea=2.1±0.2 eV (Fig. 11), indicating that in the temper-
ature range under investigation the crystallization process occurred
via a grain-boundary and interface diffusion. Such value for the acti-
vation energy close to the value of 1.3 eV obtained by Ramanathan
et al. [72] in a study on the crystallization of 10 mol% YSZ gel pre-
pared by precipitation methods. Similar studies basedon Differential
Scanning Calorimetry reported higher activation energies, from 2.4
to 3.5 eV [73,74].

The activation energy of Y- and Zr-diffusion in single crystalline
YSZ, was measured by Kilo et al. [75] to be 4.2 and 4.5 eV respectively.
It is well know, however, that grain boundaries represent lower
energy pathways for atommovements and therefore it could be reason-
able to expect a correspondingly lower activation energy in nano-
crystalline systems where the contribution of the grain-boundary
phase is relatively large. Drings et al. [76], for example, obtained an
activation energy of 3 eV for Zr-diffusion at grain boundaries in sintered
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Fig. 11. Diffusion constant D as derived from fit of grain growth data with Eq. (3).
nano-crystalline YSZ by extrapolation from tracer diffusion secondary
ion mass spectrometry data. In a recent detailed theoretical study on
crystalline and amorphous YSZ Lau et al. [77] argued that in the
amorphous metastable state the Zr4+- and Y3+-ions are as diffusive
as the O2− anions, for which of the activation energy was ~0.6 eV.

In contrast to present outcomes, Heiroth et al. [13] observed in
pulsed laser deposited 8 mol%-YSZ thin films a grain growth ceasing
only once the average grain size approached the film thickness.
Such different behavior could be the result of the distinct initial
microstructure. In the present case of sputtered 8 mol%-YSZ thin
films the crystallization process starts from a biphasic system with
already preferentially oriented columnar nano-grains whereas the
as-deposited PLD films are amorphous. Thus upon annealing of the
sputtered YSZ films it is energetically favored that the pre-existing
grains grow by grain-boundary driven processes, consuming the adja-
cent amorphous parts. Whereas in the PLD case newseeds must be
formed and isotropic grain growth with a different, significantly less
pronounced texture is observed. It is possible to infer that orientation
effects from the deposition affect the post-annealing step. The distinct
initial situation obtained by two deposition techniques is most likely
due to different growth regimes produced by the different energetic
conditions. Typical energies in sputtering are on the order of a few eV
whereas in PLD several ten to hundreds of eV are feasible along with a
higher gas ionization.

4. Conclusions

The crystallization of 8 mol%-YSZ thin films deposited by low
temperature RF-sputtering was investigated from room temperature
to 1100 °C. The as-deposited thin films are characterized by a dense
biphasic microstructure with crystallites' size from 5 to 10 nm building
a columnar-like microstructure. In the temperature range from 800 to
1100 °C the crystallization process is accomplished within 40 h at the
lower temperature resulting in a grain size of 25 nm with 0.5%
microstrain, whereas at 1100 °C the grain size is 55 nm with 0.1%
microstrain. The grain growth follows a stagnating-growth with an acti-
vation energy typical for grain-boundary diffusion of Ea=2.1 eV. The
crystallized samples, as revealed by X-ray diffraction and Raman spec-
troscopy, have a cubic symmetry preserved through the whole crystalli-
zation process.

8 mol%-YSZ thin films deposited by low temperature RF-sputtering
present a stable microstructure with grain size below 100 nm resistant
to thermally activated micro-structural coarsening and therefore are
potentially useful as solid electrolytes inminiaturized power generation
system with a reduced operating temperature.
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