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laser deposition (PLD), spray pyrolysis and dc-magnetron sputtering are explored. The deposited films were heat treated
up to 1000°C ex situ and in situ in an X-ray diffractometer. A minimum temperature of 275°C was determined at which

as-deposited amorphous PLD grown 3YSZ films fully crystallize within five hours. Above 325°C these films transform nearly

instantaneously with a high degree of micro-strain when crystallized below 500°C. In these films the t" phase crystallizes

which transforms at 7> 600°C to the t' phase upon relaxation of the micro-strain. Furthermore, the crystallization of 8YSZ

thin films grown by PLD, spray pyrolysis and dc-sputtering are characterized by in situ XRD measurements. At a constant

heating rate of 2.4 K/min crystallization is accomplished after reaching 800°C, while PLD grown thin films were completely

crystallized already

Introduction

Thin films of yttria stabilized zirconia (YSZ) are the most
commonly used electrolyte membranes for micro solid oxide
fuel cells (p.SOFCs).l’10 These membranes have to fulfil several
requirements: 1) They have to be thin enough (<1 um) to
reduce ohmic losses to values below 0.15Qcm’ at
temperatures below 500°c.% 1 2) Full crystallinity of the
metal oxide electrolytes has to be assured. Ongoing
crystallization processes amorphous residues are
disadvantageous for ionic diffusion in a transforming
"metastable" lattice.® In addition, etching resistances in
USOFC processing depend strongly on the degree of
crystallinity.15 3) Gas tightness and thermal-mechanical
stability are mandatory.16 Thermal stress may result from a
mismatch of the thermal expansion coefficients of adjacent
materials as well as from shrinkage due to on-going
crystallization and hence volume change of the YSZ films upon
further annealing during operation. This stress is typically
tensile. One possible way to avoid thermally induced stresses
is to deposit films by PLD at temperatures as low as possible in
order to use atomic peening to introduce compressive stresses
in order to compensate the thermal expansion mismatch
stresses as well as those related to crystallization.7’17 1819 The
PLD deposition conditions can lead to fully crystalline thin films

and
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at ca. 300°C.

with a columnar microstructure with column widths of a few
tens of nanometres at temperatures as low as 600°C.2%
Alternatively, the PLD deposition of YSZ at ambient
temperature results in dense and amorphous thin films that
can be crystallized during a post deposition annealing. A
comprehensive study on the deposition and crystallization of
8YSZ (8 mol% Y,0; doping) thin films by PLD at ambient
temperature was published by Heiroth et al?* The authors
report that the minimum crystallization temperature is around
250 °C whereby fully crystalline films can be obtained after an
isothermal hold for 15 h. At 350°C the 8YSZ films crystallized
almost instantaneously.

In recent years an interest in lower doped YSZ also emerged
e.g. 3YSZ (3 mol% Y,05; doping with a tetragonal crystalline
structure) due to its higher fracture toughness imparted by a
transformation toughening process as compared to 8YSZ,
which stabilizes in the cubic phase and has no possibility to
compensate for applied stress.”” It will therefore break more
readily as compared to 3YSZ. The higher toughness is
explained by a martensitic phase transition from a tetragonal
to monoclinic crystal structure which is accompanied by a
~4 % volume increase.”® With respect to electrical properties,
3YSZ has a similar ionic conductivity as 8YSZ at temperatures
around 500°C.2%?* Thus, it is of general interest to compare the
crystallization process of 3YSZ with 8YSZ, which is the main aim
of this work. Especially for PLD grown oxides only a few studies
about the amorphous to crystalline phase transitions have
been performed.zz’27

For the purpose of comparison of the crystallization of initially
amorphous thin films, the method of time-temperature-
transformation (TTT) diagrams was recently proposed and
applied for gadolinia doped and undoped ceria thins films
grown by spray pyrolysis (SP).28 TTT diagrams are often used to
describe the phase transformations of glass ceramics, metals
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and metallic glasses.w'30 At s expected, that the

crystallization temperatures of the PLD grown thin films are
much lower than for SP grown films as they contain no organic
residues and were deposited at higher deposition kinetic
energies of the plasma species. Therefore, 8YSZ thin films were
also prepared by spray pyrolysis and direct current (dc)
magnetron sputtering to compare their crystallization process
with PLD grown films. These results may help in choosing the
appropriate preparation method for specific demands.

Experimental

A series of amorphous 3YSZ thin films were deposited on c-cut
sapphire single crystalline substrates by PLD at ambient
temperature. The cylindrical target was fabricated of 3 mol%
yttria doped zirconia powders (Tosoh Corp., Japan) by uniaxial
pressing at 4 kbar and subsequent sintering for 4 h at 1400 °C
to full density and a grain size of 350 nm. The ablation was
achieved with a Compex 301 KrF Excimer Laser (Lambda
Physik) at a wavelength of 248 nm. To reach a fluence of 2.0
J/cm? the laser beam was reduced by a lens to a rectangular
area of 1.3 mm”. The sapphire single crystalline substrate was
placed on a rotating sample holder 4 cm from the revolving
target. A total of 11000 pulses at a repetition rate of 5 Hz were
used, to obtain 140+£10 nm thin films as verified by a surface
profilometer (Dektak 8, Veeco Inc). For all depositions an
oxygen atmosphere at a pressure of 1.6x10> mbar was
applied in the PLD chamber. Details on the fabrication of the
PLD grown 8YSZ thin films can be found elsewhere.”

To compare the crystallization kinetics as a function of the
deposition method, 8YSZ thin films were also grown by spray
pyrolysis and dc-magnetron sputtering. The dc-sputtered films
were grown at room temperature at an oxygen background
pressure of 1.2x10™2 mbar. The target (84 mol% zirconium and
16 mol% yttrium) was sputtered for 110 min at a power of
200 W to obtain 200 nm thick 8YSZ thin films. Details on the
deposition of the SP grown films and references therein can be
found elsewhere.* The SP grown films were cooled to ambient
temperature directly after the deposition at 370°C without any
annealing step to avoid crystallization prior the measurements.
The ex situ annealing of these thin films up to 1000°C was
done in a tube furnace. The heating rate was set to 5 K/min
and the final temperature was kept for 20 h before the
samples were cooled down to room temperature at the same
rate. In situ annealing was performed in a D500 X-ray
diffractometer (XRD) from Bruker-Siemens (Germany) with the
high temperature attachment HTK10 from Anton Paar
(Austria). Two different heating programs were used: 1) For
isothermal dwells at temperatures from 250 °C to 325°C a
heating rate of 30 K/min was applied to minimize the influence
of the heating history. 2) A slow heating rate of 2.4 K/min
followed by an isothermal dwell at 800°C. This enables to
observe changes in the diffraction pattern depending on the
actual present temperatures.

To reduce the time between two acquisitions to less than one
minute the scan range was set from 29° to 31° with a step size
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of 0.02° and 0.5 s per step. The (101) reflex of the tetragonal
structure was chosen for observation because it has the
highest intensity. For the calculation of the peak intensity from
the diffraction pattern a baseline subtraction was performed
with a subsequent integration of the peak area.

Additional information about the crystal symmetry was
obtained using p-Raman microscopy (LabRAM Series, Horiba
Jobin Yvon). A He-Ne laser at 632.8 nm is focused to an active
interaction volume of =1 um3. To distinguish the overlapping
sapphire and YSZ Raman mode at =640 cm™ a special
geometry was used. The samples were placed on their edge
and consecutive scans were performed while moving the
specimen along a lateral axis. Thereby, some scans were solely
performed in air, on the film, and on the substrate. The scan
with the highest intensity of film peaks was chosen, followed
by a subtraction of a Raman spectrum of the substrate of this
scan series multiplied with an arbitrary factor selected to
eliminate the strong sapphire peak at ca. 418 em ™ Although it
cannot be completely ruled out that there is still a small but
finite substrate contribution to the final spectrum, the results
look reasonable and are sufficient to deduce peak shifts with
increasing annealing temperatures (see results section).
Additionally, all spectra were calibrated for the strong sapphire
Raman mode at = 418 cm %

The surface micro-structures of these films were characterized
by atomic force microscopy (AFM). The surfaces of the
samples were scanned with a Nanoscope Illa SPM (Veeco) in
tapping mode over an area of 10x10 |.1mZ with a resolution of
512x512 pixels. The raw images were analysed with the WSxM
software.®® In addition scanning electron microscopy (SEM)
was performed on a Zeiss Supra VP55 FE-SEM. The surface
structure was imaged with the SE2 detector for back scattered
electrons. Prior to the SEM measurements the samples were
coated with a 10 nm chromium layer in order to avoid
charging. Transmission electron microscopy (FEI Tecnai F-30)
with an accelerating voltage of 300 kV and post-column CCD
camera was applied to obtain bright-field and dark-field
(BF and DFTEM) to
investigate the cross sections of the samples. For this purpose,

transmission electron micro-graphs

slices were cut out of the samples by a focused ion beam (FIB)
with a dual beam FIB/SEM (Zeiss NVision40) equipped with a
gallium liquid metal ion source, a gas injection system and a
micro-manipulator MM3A from Kleindiek. A layer of
amorphous carbon was deposited first with the e-beam and
then with the ion beam on the surface to protect the thin film
before cutting trenches from both sides with 13 and 3 nA at
30 kV. After the lift-out was performed the lamellae were
polished to ion transparency with currents down to 10 pA at
30 kV. The amorphization was diminished by low kV showering
for several seconds at 5 kV.

Results and Discussion

Analysis of the crystal symmetry

This journal is © The Royal Society of Chemistry 20xx
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The diffraction pattern of ex situ annealed 3YSZ thin films
between 250 ° and 1000°C are shown in Fig. 1. A sample which
was annealed at 250 °C did not show any 3YSZ diffraction
reflexes, i.e. no crystallization occurred up to this temperature.
All shown XRD patterns were corrected for displacement
offsets by utilizing the (0006) sapphire peak at 41.7 2 The
positions of the expected reflexes of 3YSZ polycrystalline
material are indicated by dashed lines. The relative peak
intensities reflect well the measured intensity ratios of
polycrystalline powder (e.g. see PDF No. 01-089-9068). Thus,
no preferential orientation of the crystallites were observed.
The volume of the unit cell shows a small increase of 0.5+0.7 %
from 300 °C to 1000 °C which is expected from crystallographic
data on cubic (e.g. see PDF No. 030-1468) and tetragonal YSZ.
Additionally, the calculated ratios of c/(v2 - a) are given in
Fig. 1 for each of the samples, where a ratio of one is
equivalent to the cubic symmetry (a and c are the lattice
parameters of the assumed tetragonal lattice) with ¢ changing
from 0.509 nm at 300 °C to 0.51514nm at 1000 °C. Although
the uncertainties for each value is considerable, a tendency
from cubic towards a ‘more tetragonal’ structure with
increasing annealing temperature is noted. A more detailed
characterization of the phases follows from the Raman results.
A narrowing of the diffraction peaks, i.e. smaller full widths at
half maximum (FWHM) is observed for films annealed at
higher temperatures. E.g. the (101)-peak for a film annealed at
300 °C and 1000°C narrows from 0.34° to 0.20° (including
instrumental broadening). This effect is usually attributed to
two possible origins: First, grain growth takes place at higher
temperatures and the grain size can be determined with the
Scherrer equation.36 Second, micro-strain leads to a
broadening of the FWHM.?”*® Since the average grain size is
limited by the annealing temperature the decrease in FWHM is
most probably related to a release of strain at higher annealing
temperatures. Support for this hypothesis will be given next in
the Raman and micro-structural analysis.

To gain further insight into the crystal structure and local near-
order, Raman spectra of the samples are presented in Fig. 2.
All samples show typical Raman spectra of tetragonal YSZ with
five Raman active modes between 200 and 700 cm™.**? The
tetragonality is not a contradiction to the XRD results since
x-rays probe the lattice plane spacing of the heavy zirconium
and yttrium ions only which looks like a cubic phase. This t”*
metaphase exhibits an axial ratio of unity as expected for a
cubic cell in contrast to the tetragonal phase found also for
pure ZrO, (t or t’) where the tetragonal symmetry is derived
from the elongation of the c-axis and shrinkage of the a-axis.
The tetragonal symmetry of the t° metaphase, however, is
induced by oxygen dislocations along the c-axis.”>* Distinct
changes of the spectral peak positions and their FWHM with
increasing annealing temperature are clearly visible. All modes
show mainly a Lorentzian shape with a slight asymmetry.
While the peak positions of the modes around 320 cm_l,
610cm™* and 640 cm™ (B1g, E; and B, modes) are subject to
uncertainties due to overlapping with adjacent peaks and a
possible residue from the sapphire substrate, the values for
the modes around 260 cm™ and 460 cm™* (A and E; mode)

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Diffraction pattern of ex situ annealed 3YSZ thin films grown
by PLD obtained in ®/20 geometry. The dashed lines indicate the
theoretically observable reflexes of the tetragonal zirconia lattice.
Substrate reflexes are marked by an asterisk. The origin of the small
peak at =31.4 ° is not clear at present, but may originate from a
small fraction of monoclinic YSZ (111).

can be well determined. Several changes in the Raman spectra
for different annealing temperatures are observed: A red shift
of ~5 cm™ ! is found for the Ay, mode and a blue shift for the E,
mode of approximately the same magnitude. The A;; mode is
broadened by =40 cm™* to ~80 cm™” for the samples annealed
at 1000°C and 300°C, respectively. The relative intensity of the
A;; mode compared to the B;; and E; modes above 600 cm™
increases for higher temperatures. In the literature these three
observations are related to the release of compressive
stress.*>*

As pointed out in*** an increase of compressive stress results
in an increasingly cubic-like crystal structure (c¢/(v2 - a) = 1).
This confirms the results from the XRD measurements where a
ratio of ¢/(v/2 - a) = 1 was found for annealing temperatures
of 300°C and 400°C corresponding to a cubic symmetry of the
cation sublattice. This lowering of symmetry with increased
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Fig. 2 Raman spectra of ex situ annealed 3YSZ thin films grown by
PLD. Dashed lines mark the Raman active phonon frequencies of
tetragonal zirconia®.
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annealing temperature coincides well with the results from 2
where 8YSZ thin films, crystallized at 300°C, showed a
complete cubic phase even in the Raman spectrum, while
samples annealed at >500°C show the t phase. Hence, a
relaxation of the thin film, which is only possible at higher
temperatures, increases the ‘tetragonality’ of YSZ in general.

Analysis of the crystallization kinetics

The time evolution of the integrated in situ measured XRD
intensity of the (101)-reflex for three PLD 3YSZ thin films
annealed at 275 °C, 300 °C and 325 °C are shown in Fig. 3. For
the purpose of comparability the origin of the time scale was
set to the moment when the final temperature was reached.
As stated in the experimental section, a fast heating with 30
K/min was used and therefore it can be assumed, that the
crystallization starts at this point in time. Like for the ex situ
annealed samples no crystallization was detected for a sample
held at 250 °C up to 100 h. In contrast, a sample annealed at
350 °C was already crystallized during the acquisition of the
first data point. At the in-between temperatures an
exponential increase of annealing time was observed.

The description of the nucleation and grain growth processes
is generally performed via the Johnson-Mehl-Avrami-
Kolmogorov (JMAK) model.**** ¢ 47 Within this description of
a phase transformation the crystallized volume fraction x(t)
(equivalent to the normalized integrated XRD peak intensity) is
x(t)=1-exp(kt"), where k is a temperature dependent rate
constant and n the Avrami exponent. A least squares fit, using
this equation, was performed for each of the three samples.
The fit parameters are shown in Table 1 together with results
for 8YSZ thin films.?* Since k depends on n (n changes the unit
of k), the k-values are not directly comparable for different

AN —— 8325°C
> ——300°C
v —— 275°C

1.0

0.5

Normalized integrated XRD intensity

0.0

0.1 1 10
Time [h]

Fig. 3 Time evolution of the integrated XRD intensity of the (101)
diffraction peak for isothermal dwells of PLD grown 3YSZ films at
275 °C, 300 °C and 325 °C. The origin of the time scale is set to
the moment, when the final temperature was reached. The
measurement at 275 °C was interrupted by an instrument error
and the normalization was done with a measurement after the
crystallization had finished. The fits for each measurement are
based on the JIMAK model.
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values of n. This is not the case for the Avrami exponents
which show distinct differences. In literature, the Avrami
exponent is usually

Table 1 Parameters of the JMAK fits for the PLD grown and in
situ annealed 3YSZ thin films at the given temperatures are
presented. For comparison results for 8YSZ thin films are
included %

3Ysz 8Ysz”

n k[s"] n k[s"]
250°C | - - 3.25 2.7x10°
275°C | 230 5.1x10™° | 2.92 8.4x10™
300°C | 2.47 2.3x10° | 3.00 1.4x10°
325°C | 2.06 8.3x107 | 1.76 1.6x10"

associated with the nucleation and the growth mode of the
crystallites.“’48 With a time constant number of nuclei, n
equals the dimension of the growth, e.g. 2-dimensional growth
results in n=2 while a constant increase of nucleation centers
additionally increases n by one. The Avrami exponents are
around 3 for the 8YSZ thin films and close to 2 for the 3YSz
thin films. The only 8YSZ sample which shows a lower value
was annealed at 325 °C. However, it is not clear at present why
a value smaller than 2 occurs which would indicate a more two
dimensional growth with a limited number of nucleation sites
not observed in 8YSZ so far.

For 3YSZ and 8YSZ the films’ microstructure was studied by
different imaging methods to analyze whether this difference
occurred due to a difference in the dimensionality of the
crystallization. The AFM images of the surfaces of the 3YSZ
thin films annealed at 275 °C-325 °C are shown in Fig. 4a-c. The
detailed micro-structure is best visible due to larger feature
sizes for the sample annealed at 325 °C (Fig. 4b). Bright lines
(additionally highlighted by some green lines in Fig. 4b)
separate different structures in the micron range. Inside these
structures, some kind of a central point (indicated by blue
spots) is visible. Again, the bright lines run in most cases
directly in the middle between two of these central points. In

0 5um 10 0 Sum ] 10
Fig. 4 AFM (a-d) and SEM (e-f) images of different PLD grown YSZ
thin films: a) 3YSZ annealed at 275 °C; b) 3YSZ annealed at 325 °C;
c+e) 3YSZ annealed at 300 °C; d+f) 8YSZ annealed at 300 °C. Some
spots and lines illustrating the positions of crystallization centers
and structural boarders are included in (b).

This journal is © The Royal Society of Chemistry 20xx
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addition, nearly all corners of the studied grain boundaries
show angles of less than 180°. Considering crystallization
processes, it is probable that these spots represent the origin
of the crystallization (i.e. the nucleation centers) which
proceeds until it encounters another ongoing crystallization.
Although these observations are not always clearly
distinguishable for the other two samples, they seem to be
also present. An average feature size can be only roughly
estimated due to the low statistics of the number of
structures. For the 3YSZ film annealed at 300 °C this was done
with the Lince software®® and an average structure diameter of
0.9 um was found. A similar value is found for the sample
annealed at 275 °C, whereas it is approximately 2-3 um for the
thin film annealed at 325 °C. Furthermore, the observed
structures seem to have an additional internal micro-structure.
This could be related to the internal micro-strain. To confirm
these observations, SEM scans of the samples annealed at
300 °C were taken (see Fig. 4e) verifying the grain size and
structure as observed using AFM.

Based on these AFM and SEM studies it is not fully clear if the
observed surface features indicate the growth of single grains
or not. To clarify this issue cross sectional TEM imaging was
used on the 3YSZ sample which was annealed at 300 °C. In
Fig. 5a the bright field image of the 3YSZ thin film shows three
regions of very different contrast: light, dark, light. The dark
structure has a width of 830 nm and a height of 170 nm.
Taking a selected area electron diffraction of this region
verifies that this part of the 3YSZ film has single crystalline
properties with one orientation only surrounded by two other
crystallites with one, but a different orientation. The dark area
in the BF image and the bright area in the DF image therefore
shows crystallites with single crystalline properties with a cross
sectional area of 830x170 nm”. An aspect ratio of ~ 5 indicates
that the grain growth proceeded mainly in two dimensions in
agreement with the JMAK analysis. Along the same cross
sectional cut, several large single grains as shown in Fig. 5 with
a width of 0.4-2pum where identified. It is therefore
concluded, that the observed surface structures in Fig. 4c and
e show the boundaries of single oriented grains which have a
pronounced two-dimensional expansion.

These structures differ strongly from previous observations of
crystallized 8YSZ thin films where typical structure sizes of
~200 nm were found.”” For this reason a 8YSZ thin film was
prepared and annealed ex situ at 300 °C. The results of AFM

amorphous carbon
~. and chromium
protection layers

3YSZ thin film

Fig. 5 Cross sectional bright field (a) and dark field (b) TEM images
of a FIB cut slice of a 3YSZ thin film crystallized at 300 °C.

This journal is © The Royal Society of Chemistry 20xx
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and SEM measurements are shown in Fig. 4d and f. Both
images confirm the previously reported results.”” The density
of nucleation centers seems to be much higher in 8YSZ films
compared to 3YSZ films. Whether this is related to the PLD
process, the target preparation, the powder from which the
target is made, or the different doping concentrations is not
clear yet. There might be a change in the surface energies
between the differently doped materials which causes a
change of the activation energy of critical nuclei.

The observed structure sizes fit the results from the JMAK
analysis well. For the 8YSZ thin films the grains’ aspect ratios
are close to one and therefore a 3-dimensional growth mode is
reasonable. For 3YSZ the aspect ratios of the observed
structures are larger than five, i.e. the main part of the
crystallization proceeds in two dimensions only. This is most
likely the reason for the lower Avrami exponents for 3YSZ
compared to the 8YSZ films.

Comparison of different deposition techniques

The crystallization process of PLD grown YSZ films was
analysed in the previous sections. These results are compared
to those of YSZ thin films grown by other deposition processes
to evaluate their performance depending on the annealing
temperature and time. For this purpose 8YSZ thin films were
grown by dc-magnetron sputtering and spray pyrolysis. In the
case of the SP grown sample it is known, that temperatures of
>500 °C are necessary to remove organic residues which is
thought to be essential for the crystallization process32.
Therefore, the final temperature was set to 800 °C with a
heating rate of 2.4 K/min in order to observe the crystallization
for all three deposition methods adequately.

The results of the in situ annealing XRD are shown in Fig. 6. As
expected there is a rapid crystallization around 300 °C within a
few minutes for PLD grown films. However, the intensity drops
as the annealing proceeds to higher temperatures. Similar to
the ex situ annealed sample this effect can be attributed to
micro-strain relaxation with increasing temperature as
exemplified by a decrease in the FWHM of the XRD reflection
peaks while the amplitude remains constant (not shown).
Hence, it is important to note, that the integrated XRD
intensity is not necessarily linearly dependent on the
crystallized volume fraction as it was stated in?>*® where this
assumption was used for powder samples. However, it can be
assumed that the results shown for the isothermal dwells
influenced by the micro-strain
relaxation as the amount of stress should not have changed
much during the measurements and no decrease of intensity
with time was observed.

The sputtered film showed already a diffraction peak prior
annealing, i.e. it was already partially crystallized during the
room temperature deposition. An increase in the crystallized
volume fraction was observed at =280 °C with a more gradual
increase of the XRD peak intensity towards higher
temperatures as compared to PLD grown films. The step-like
increase around 280 °C is similar to the PLD grown samples
which show a very sharp transition from amorphous to
crystalline in a narrow temperature range at =300 °C. A

around 300 °C were not
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Fig. 6 Time evolution of the integrated XRD intensity of the (101)
diffraction peak for YSZ thin films grown by PLD, SP and dc-
magnetron sputtering. The heating rate was 2.4 K/min with a final
temperature of 800 °C indicated by the dashed line. The solid lines
are guides to the eye.

~20°C lower onset temperature than for the PLD grown
sample may be explained by an easier crystallization due to
the already present crystalline phase (no nucleation
necessary). The small increase also at higher temperatures is
different to the observations for the PLD grown films. One
possible explanation is that this increase encompasses also an
at least partial recrystallization of the initially crystalline
material, however, a detailed investigation has still to be
performed, e.g. by TEM analysis of samples annealed at
different temperatures.

For the SP grown sample a slow increase of crystallized volume
fraction is observed with increasing temperature saturating
after the final temperature of 800 °C was reached during three
hours holding time. The onset of crystallization occurs already
around 300 °C like for the other two samples. During the
heating phase the crystallization rate increases two times,
once around 400 °C and a second time just below 700 °C
indicative for a two-step process. For a better illustration of
these two regimes, the data points in the regions 2.5-4 h and
4-5.5h were fitted to linear functions. The slopes were
0.10(3) h™, and 0.32(3) h™%, respectively, clearly indicating an
acceleration of the crystallization process. This result can be
compared to the findings of Scherrer et al. who investigated
the crystallization of SP grown YSZ thin films by scanning
differential calorimetry (DSC) in combination with thermo
gravimetry (1G).* They found an onset of crystallization above
370 °C accompanied by a mass loss, i.e. an oxidation and
emission of organic residues from the precursor. Three
exothermic maxima during the crystallization were determined
in the DSC measurements. However, at a heating rate of
3 K/min two of them were close to each other around 730 °C
and another in addition to that at 470 °C. This fits well with the
present kinetic data of the SP films, where the second and
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third peak coincide with the fastest transformation rates,
evaluated from the XRD intensity data.

Time-Temperature-Transformation diagrams for the amorphous
to crystalline transition of PLD-YSZ thin films

In addition to the kinetics of the crystallization process, it is
interesting to summarize the XRD crystallization data for the
3YSZ and the 8YSZ PLD grown thin films in Time-Temperature-
Transformation (TTT) diagrams, as shown in Fig. 7 (data for the
latter films are taken fromzz). These TTT diagrams allow a
simple and fast comparison of the crystallization process of
different compositions, materials, and processing techniques.
The positions for 10%, 50% and 99% crystallized volume
fraction were taken from the JMAK fitted curves of the
temporal evolution of the diffraction peaks. At 10% the
formation of nuclei is completed and the crystallization has
already started whereas at 99% crystallization is essentially
finished. As expected from the observation that the 3YSZ thin
films did not crystallize at all at 250 °C, contrary to 8YSZ, the
time needed to finish nucleation and the completion of
crystallization took longer for the 3YSZ films at each
investigated annealing temperature. Interestingly, this
behaviour is different to findings on films deposited by a sol-
gel method where a faster crystallization was observed for
lower doped zirconia.>?

A comparison of the generated TTT diagrams with other
ceramic materials is difficult as not many studies are reported
in literature. TTT diagrams for doped and undoped ceria thin
films grown by SP can be found elsewhere.?® Although
different in chemistry this material has the same
crystallographic structure as fully stabilized zirconia, i.e. cubic
fluorite. Similar to the SP YSZ thin films of this study, the ceria
SP thin films from?® contained a large fraction of carbonyl and
hydroxyl residues. These residues from the liquid precursor
prevent rapid crystallization up to a temperature of =400 °C in

400 = = =T
v 3YSZ-10% crys.
A 3YSZ-50% crys.
& 3YSZ-99% crys.
v 8YSZ-10% crys.
350 - A 8YSZ-50% crys.
%) % . & 8YSZ-99% crys.
T |vaer s e |
3 fully crystalline
© N RS
¢ 300+ v A vOo.A e .
Q. s 7 ~
= v va a0 e
2501~ fully amorphous e
L r 1ol | 111l
0.1 1 10

Time (h)

Fig. 7 TTT diagram for the 3YSZ (V) and 8YSZ (A) [26] (4) PLD
grown thin films. Indicated are the points, where 10%, 50% and
99% of the thin films were crystallized. The lines are guides to
the eye and follow the 99% transformation point.
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both cases. In contrast, the PLD-YSZ thin films without any
residues from precursors crystallize already at 300°C
instantaneously to 100%. For the same degree of crystallinity
the SP and dc-magnetron films have to be heated up to
1000 °C similar to the ceria thin films.?® Furthermore, the PLD-
YSZ thin films showed a strong reduction of crystallization time
when the temperature was only a little higher than the
minimum required for crystallization (factor of 3 for an
increase of 25K), while the SP-ceria thins films show this
behavior only weakly (factor of 1.5 for an increase of 100 K).

Conclusions

Amorphous 3YSZ thin films were grown by PLD at ambient
temperatures. Upon crystallization the films transform to a
tetragonal zirconia phase with a ratio of ¢/(v2-a) = 1 for
lower annealing temperatures up to 400 °C and increases for
higher crystallization temperatures up to 1000 °C approaching
a ratio of 1.014 indicative of an increased tetragonal
distortion. The tetragonal phase was determined over the
entire temperature range using Raman spectroscopy. A change
from the t to the t’ phase takes place above 400 °C during
crystallization.

Crystallization temperatures of 250 °C (3YSZ) and 275 °C (8YSZ)
- reflecting the minimum temperature required to induce
crystal growth of the nuclei in the films - were measured for
PLD grown films. However, whether there is a direct relation
between this relatively small difference in temperature and
the doping concentration needs further investigation. From fits
of the relative transformed volume with the JMAK model
Avrami exponents around two for the 3YSZ, and three for 8YSZ
thin films are obtained. These exponents may be attributed to
the two growth modes, 2-, and 3-dimensional, respectively,
which is also indicated by the morphology analysis by AFM,
SEM, and TEM. While the 8YSZ thin films have average
structure sizes similar to their film thickness of around 200 nm,
the 3YSZ films showed lateral structure sizes around 1 pm and
high aspect of 5-20. The
crystallization measurements were also illustrated by Time-

larger, resulting in ratios
Temperature-Transformation diagrams, which allow an easy
comparison of the crystallization kinetics of YSZ thin films
grown by PLD. 3YSZ thin films show a 1.5 times slower
crystallization rate than 8YSZ thin films up to a temperature of
325 °C. Above this temperature the transformations of both
compositions proceed faster than the time resolution of the
XRD set-up. In constant heating rate experiments PLD grown
films showed crystallization at around 300 °C within a few
minutes. Thin films deposited by dc-magnetron sputtering
were already partially crystallized during the deposition.
Further crystallization sets in at around 300 °C, which is
comparable to PLD grown films but the recrystallization
kinetics was much slower and full recrystallization was only
achieved at 800°C. The SP grown samples showed the slowest
onset of crystallization starting at =300 °C, but require for a
full recrystallization more than 3 h at a final dwell temperature
of 800°C. Two different crystallization processes were
identified at =470°C and 730°C, both coincide with

This journal is © The Royal Society of Chemistry 20xx
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exothermic maxima found in DSC measurements as reported

- 32 . e . .
previously.” This exemplifies the strong influence of organic
residues on the crystallization properties and shows that the
lowest thermal strain should be expected for PLD grown films
since they fully recrystallize already at =300°C, a temperature
much lower than the targeted operating temperature of 400 —
500°C for uSOFC.
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