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Crystallization and Microstructure of Yttria-Stabilized-
Zirconia Thin Films Deposited by Spray Pyrolysis

Barbara Scherrer,* Sebastian Heiroth, Regina Hafner, Julia Martynczuk,
Anja Bieberle-Hiitter, Jennifer L. M. Rupp, and Ludwig J. Gauckler

The crystallization and microstuctural evolution upon thermal treatment of
yttria-stabilized zirconia (YSZ, Zrg g5Y01501_s) thin films deposited by spray
pyrolysis at 370 °C are investigated. The as-deposited YSZ films are mainly
amorphous with a few crystallites of 3 nm in diameter and crystallize in the
temperature range from 400 °C to 900 °C. Fully crystalline YSZ thin films are
obtained after heating to 900 °C or by isothermal dwells for at least 17 h at

a temperature as low as 600 °C. Three exothermic heat releasing processes
with activation energies are assigned to the crystallization and the oxidation
of residuals from the precursor. Microporosity develops during crystalliza-
tion and mass loss. During crystallization the microstrain decreases from
4% to less than 1%. Simultaneously, the average grain size increases from

3 nm to 10 nm. The tetragonal phase content of the YSZ thin film increases
with increasing temperature and isothermal dwell time. Based on these data,
gentle processing conditions can be designed for zirconia based thin films,
which meet the requirements for Si-based microfabrication of miniaturized

Micro-solid oxide fuel cells are seen
to replace conventional batteries in port-
able electrical devices and are produced
by microfabrication. For micro-solid oxide
fuel cell membranes, yttria-stabilized zir-
conia (YSZ) thin films with high oxygen
conductivity at low temperature (<600 °C)
are needed.!®! The total conductivity of YSZ
thin films deposited on sapphire spreads
over almost 3 orders of magnitude at
500 °C in the literature.>'% Currently, the
effect of microstructural features, such
as the grain size, degree of crystallinity,
strain, and crystal symmetry on the elec-
trical transport properties is investigated in
order to understand the large scatter in the
conductivity data. Therefore the knowledge
of crystallization and microstructural fea-

electrochemical devices such as micro-solid oxide fuel cells or sensors.

1. Introduction

Integration of metal oxide thin films into micro-electromechan-
ical systems (MEMS) allows the miniaturization of sensors,
energy converters, electromechanical, chemical, and optical
devices.l'"® Processing of such new units is challenging since
MEMS are usually based on Si microfabrication at low tempera-
tures (typically below 250 °C) whereas metal oxide thin films
are processed at high temperatures (typically above 500 °C).
Therefore, either high temperature MEMS are required or
gentle processing routes at low temperature have to be estab-
lished for metal oxide thin films. Thereby, thermal degradation
by interdiffusion or interfacial reactions as well as processing
induced stresses can be minimized.” !
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tures is important and needs to be studied
in detail for thin films. This knowledge will
then help to optimize the YSZ thin film for
its use in micro-solid oxide fuel cells.

Precipitation-based thin films are one option to combine
gentle processing conditions with various microstructural
features. With precipitation-based deposition methods like
spray pyrolysis, spin-coating or sol-gel, thin films are amor-
phous after deposition and can be crystallized by subsequent
annealing."?~'% The crystallization behavior of YSZ is described
in the literature for powders fabricated by precipitation-based
techniques;?*23l no details are known about the crystallization
behavior of precipitation-based thin films. The phase change
from amorphous to crystalline YSZ powder occurs between
320 °C and 600 °C. The crystallization activation energy ranges
from 119 k] mol™! to 337 kJ mol 1223 The large scatter in
activation energy is partly related to different amounts of yttria,
but also to different chemistries of the precursors used in the
precipitation process.

Crystal symmetry is an important microstructural para-
meter. Yashima et al. studied the phase diagram for yttria
doped zirconia in detail.?* It shows that 8 mol% yttria stabi-
lized zirconia is cubic at high temperatures (>1300 °C); never-
theless, during cooling, the symmetry changes to a tetragonal
symmetry, the so-called t™ or even t* symmetries. Both exhibit
an oxygen ion displacement along the c-axis, but the former
has an axial ratio c¢/a = 1, whereas the second has a slightly
elongated c-axis. The metastable t" symmetry with the dis-
placement of the oxygen ions is only very weakly reflected in
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the conventional X-ray diffraction pattern, but can be probed
effectively by Raman spectroscopy.?’! The few data on crystal
symmetry of YSZ thin films in the literature show that the
crystal symmetry strongly depends on the deposition and
processing conditions.l26-2%]

Strain is another important property of a thin film. Different
types of strain are present in thin films. With X-ray diffraction
(XRD), two different strains can be measured, the lattice strain
and the microstrain. The lattice strain originates from the
thermal mismatch between substrate and thin film and results
in a peak shift due to a compressed or stretched lattice of the
thin film, whereas the microstrain manifests in a broadening of
the XRD peaks and reflects the defect density of the structures.
The microstrain is not oriented and averages out over the thin
film. Recently, research on strain in thin films increased, mainly
due to the eight orders of magnitude higher electrical conduc-
tivity measured in heavily strained thin YSZ layers embedded
in a multilayer structure.’% Besides this study, others found
only half an order of magnitude higher conductivity for YSZ
heterolayers.?1-33 Results from the strain state modeling pre-
dict higher oxygen ion diffusivity within the (100) direction of
YSZ, whereby the maximal increase is almost four orders of
magnitude at 4% tensile strain.?*3% At higher strains, the Zr-O
bond strengthens again, which leads to an increased migration
barrier.}43% The high electrical conductivity may also be related
to the amount of interfaces which increase the number of
mobile charge carriers.?l For single-layered YSZ thin films, an
increased electrical conductivity due to strain is not reported so
far. Microstrains of about 2% and lower than 0.4% are reported
for sputtered and PLD YSZ thin films.?#37] For thin films pro-
duced by wet processing, only microstrain data on gadolinia
doped ceria is available. The measured microstrains are about
one order of magnitude higher than those reported on pulsed
laser deposited YSZ thin films.[38l

In this paper, a systematic study on the crystallization
behavior of Zrygs5Yy1501_s thin films deposited by spray
pyrolysis from the wet state and its grain size, microstrain and
crystal symmetry evolution are presented. The experimental
results are discussed with respect to microstructural engi-
neering and integration of these films as electrolytes in micro-
solid oxide fuel cells.

2. Experimental Section
2.1. Thin Film Preparation

YSZ thin films were deposited by air-blast spray pyrolysis; details
on this method have beeen previously published.['®3° The pre-
cursor solution was pumped to a spray gun (Compact 2000KM,
Bélhoff Verfahrenstechnik) where it was atomized with 1 bar
air pressure and sprayed on a heated substrate at 370 £ 5 °C.
The spray pyrolysis precursor solution consisted of zirconium
acetylacetonate (Alfa Aesar, 99% purity) and yttrium chloride
hydrate (Alfa Aesar, 99.9% purity) dissolved in 80 vol% tetra-
ethylene glycol (Aldrich, 99%), 10 vol% polyethylenglycole 600
(Fluka) and 10 vol% ethanol (Fluka, 99.9%). The total salt con-
centration was 0.05 mol L. A molar ratio of Zr:Y = 85.2 :14.8
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was chosen to obtain a 8 mol% yttria-stabilized zirconia
(YSZ, Zrs5,Y014502-5) film composition.®l The liquid flow
rate for thin films was 2.5 mL h™! during deposition whereas
powders for the differential scanning calorimetry (DSC) and
Raman measurements were sprayed with a liquid flow rate
of 50 mL h™!. The obtained powders were hold at 370 °C
for 5 h after deposition to account for the faster deposition
rate compared to the slower flow rate used for the thin films.
As a substrate, randomly orientated sapphire single crystals
(Stettler) were used. The working distance between the spray
nozzle and the hot plate was kept at 39 cm during all experi-
ments. Spray time was 100 min and 10 h for the YSZ thin
films and powders, respectively. The YSZ was subsequently
annealed at 400 °C, 600 °C, 800 °C and 1000 °C in air with
an isothermal hold of 20 h and a heating and cooling rate of
3 °C min! or airquenched after reaching the desired
annealing temperature.

2.2. Microstructure and Phase Analysis

Top-view microstructures of the thin films were characterized
by scanning electron microscopy (SEM, Zeiss LEO Gemini
1530) with an in-lens detector. Prior to imaging, the thin films
were coated with carbon in order to avoid charging and to allow
imaging at higher resolutions.

The thickness and cross-section microstructure of YSZ
thin films were investigated by transmission electron micro-
scopy (TEM). TEM lamellae of an as-deposited YSZ thin film
on sapphire and a thin film annealed at 600 °C for 20 h were
prepared by focused ion beam (FIB) technique. Both thin
films were coated with platinum in order to avoid charging. A
CrossBeam NVision 40 from Carl Zeiss with a gallium liquid
metal ion source, a gas injection system and a micromanipu-
lator MM3A from Kleindiek was used. After electron beam
deposition of carbon in SEM mode at low scan speeds, thin
films were protected by a carbon cap and trenches were milled
from 13 nA down to 10 pA at 30 kV. TEM lamellae were
cut free with trenches from both sides with 13 nA 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 show-
ering for several seconds at 5 kV and 2 kV. A FEI Tecnai
F-30 (field emission gun) transmission electron microscope
with an accelerating voltage of 300 kV and post-column CCD
camera was used to obtain bright-field and high-resolution
transmission electron microscopy (BFTEM and HRTEM)
images and selected area electron diffraction (SAED) patterns.
In particular, the as-deposited sample was treated with utmost
care, as amorphous spray pyrolyzed YSZ thin films tend to
crystallize in the electron beam which was already visible in
the SAED and HRTEM after exposure to the 300 kV beam
for some minutes. The shown images were acquired at a new
position of the TEM lamella after the adjustments were done
elsewhere.

Crystallization behavior of amorphous spray pyrolysis YSZ
was investigated by differential scanning calorimetry and ther-
mogravimetry (DSC/TG, Netzsch STA 449C). The instrument
was calibrated with calibration standards (Netzsch 6.223.5-91.2).

Adv. Funct. Mater. 2011, 21, 3967-3975
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Figure 1. SEM top-view microscopy images of YSZ thin films deposited by spray pyrolysis after different thermal treatment: a) as-deposited, b) 600 °C
for 20 h and c) 1000 °C for 20 h. The heating and cooling rates were 3 °C min~.

As-deposited amorphous YSZ was scratched off from the sap-
phire substrate and the powder obtained as such was measured
in DSC up to 1300 °C at 3 °C min~!. The powder was always
enclosed in a Pt crucible with a lid and measured against an
empty Pt crucible with a lid as a reference under static air
atmosphere. A subsequent correction measurement was per-
formed for quantitative DSC analysis using a fully crystallized
(at 1300 °C) YSZ spray pyrolysis powder of the same mass
and at equivalent experimental conditions. The crystallinity
was calculated from the ratio of the proceeded to the complete
enthalpy. A mass spectrometer (QMS422, Pfeiffer) was coupled
to the DSC/TG to analyze the emerging gases. During this
measurement, an artificial air gas flow of 60 sccm consisting of
Ar and O, was used.

The YSZ thin films were analyzed with X-ray diffraction
(XRD, PANalytical X'pert). The setup was equipped with a
copper radiation source operated at 45 kV and 40 mA with par-
allel beam geometry. The average grain size and microstrain
were determined by fitting the diffraction patterns with the
open-source FullProf suite program (2.00).% The instrumental
broadening was corrected using a sintered microcrystalline
8 mol% YSZ pellet as a reference for the strain-free state. For
average grain sizes in the films larger than 80 nm, the intercept
lengths of grain sizes from SEM pictures with more than 300
grains were measured with Lince 2.4.2f3 software (Technische
Universitit Darmstadt, Germany).

Additional information about the crystal symmetry was
derived by Raman spectroscopy employing a Raman micro-
scope (LabRAM Series, Horiba Jobin Yvon) with a He-Ne exci-
tation laser (A: 632.8 nm, output power: ~10 mW). For Raman
analysis, ex situ annealed, scratched off YSZ powder depos-
ited on sapphire as described above was selected. The Raman
spectra were fitted with Voigt functions to derive the peak posi-
tion and full with at half maximum (FWHM).

3. Results and Discussion

Two kinds of thermal treatments were investigated in this study:
i) air-quenching in which the samples were removed from the
furnace after reaching the desired annealing temperatures, and
ii) samples annealed with an isothermal dwell for 20 h.

Adv. Funct. Mater. 2011, 21, 3967-3975
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3.1. Microstructure

The microstructural properties of the YSZ thin films were ana-
lyzed as a function of isothermal annealing. In Figure 1, a SEM
top-view of an as-deposited spray pyrolyzed YSZ thin film and
thin films after isothermal annealing at 600 °C for 20 h and
1000 °C for 20 h are shown. All YSZ thin films were crack-free
after deposition as well as after annealing and had a thickness
of 300 nm to 800 nm. Exemplarily, two YSZ thin film cross-
sections are shown in Figure 2 (a: as-deposited and b: annealed at
600 °C for 20 h). As-deposited films have a uniform appearance
with no visible grains according to SEM analysis (Figure 1a).
The fine structure visible in the top-views of the film is due to
the sample preparation for SEM. According to high-resolution
TEM (Figure 2c) and XRD (discussed in section 3.3), a few
crystallites with an average diameter of about 3 nm are present
within the amorphous matrix. Crystallization and crystal
growth was observed during TEM analysis. Therefore the
shown images were acquired at a new position of the thin film
after the adjustments were done elsewhere. After annealing at
600 °C for 20 h (Figure 1b and Figure 2b), fine grains with an
average grain size of 6 nm, deduced from peak broadening of
the X-ray diffraction pattern using the Scherrer equation and
confirmed by TEM, are formed. The selected area electron dif-
fraction (SAED) patterns (Figure 2d) of an as-deposited YSZ
thin film on the left-hand side and a YSZ thin film annealed
at 600 °C for 20 h on the right-hand side are shown. The pat-
tern for the as-deposited film consists of several undefined
rings hinting at a cubic YSZ lattice. This is interpreted as a
high degree of amorphous phase along with some crystalline
material. For the annealed film, in contrast, the ring-shaped
pattern is composed of discrete reflections due to the
nanocrystallinity. Both films are cubic and there is no evidence
for a tetragonal phase which would be indicated by an addi-
tional ring between the (200) and the (220) ring due to the (102)
lattice planes of the tetragonal phase.*?l The sample annealed
at 1000 °C for 20 h exhibits coarse grains with an average grain
size of 130 + 50 nm (Figure 1c). Intergranular pores are visible
in both samples after isothermal annealing (Figure 1b and c).
These pores are likely due to out-gassing of residual organics,
similar to films made by spin-coating and spray pyrolysis.#4243l
The microstructure of the air-quenched YSZ thin films is
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a)

Figure 2. Bright-field TEM cross-sections of a) an as-deposited and b) a YSZ thin film annealed
at 600 °C for 20 h, which were produced by spray pyrolysis on sapphire, ¢) HRTEM micro-
graph of the as-deposited YSZ thin film and d) the SAED patterns of both YSZ thin films, left:
as-deposited and right: annealed at 600 °C for 20 h.

similar to the ones with 20 h dwell, but with different grain
sizes. The average grain sizes are listed in Table 1 and are dis-
cussed in section 3.3.

3.2. Crystallization

DSC/TG measurements combined with mass spectrometry
were performed to analyze the crystallization behavior during
heating in more detail. In Figure 3 and Figure 4, the tempera-
ture dependencies of the mass loss, the enthalpy evolution, and
the gas evolution are shown. Up to the deposition temperature
of 370 °C an endothermic DSC peak is accompanied by a mass
loss of 3 wt% (Figure 3) which is assigned to the desorption of
water (m/z 18) and some carbon dioxide (m/z 44) according to
mass spectrometry (Figure 4). Above 370 °C, three exothermal
DSC signals (designated as 1-3 in Figure 3) are detected and
attributed to the crystallization and oxidation of residuals from
the precursor of the amorphous thin film. These exothermic
signals are accompanied by a mass loss of 2.4 wt%, assigned
by mass spectrometry to carbon dioxide resulting from organic
residuals (Figure 4b). The crystallization is finished at 900 °C
since no enthalpy change was detected at higher tempera-
tures. An additional mass loss of 2.2 wt% was still observed
in the temperature interval between 900 °C and 1300 °C due to
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further release of carbon dioxide (Figure 4b).
In order to further investigate the crystal-
lization kinetics, DSC measurements at
different heating rates were performed
(Figure 5a). Three exothermic processes at
different peak temperatures (T¢;, T, and
Tcs) were observed between 400 °C and
900 °C. From the enthalpy and the three peak
temperatures the activation energies were
calculated to 125.5 k] mol™?, 285.7 k] mol™
and 84.9 k] mol™! according to the Kissinger
equation (Figure 5b).* The peak tempera-
ture of the first reaction is at 460 °C and
corresponds to the crystallization reported
in literature for YSZ crystallization, which
is between 320 °C and 540 °C with activa-
tion energies between 119 kjmol™? and
327 kJ mol 1.120-234546] The two other peak
temperatures measured in this study are
higher than 700 °C. No gas or mass changes
were detected for the second reaction,
whereas during the first and third reaction
water and carbon dioxide are released. The
third process is supposedly due to the oxida-
tion of residuals from the precursor. Obvi-
ously the crystallization of spray pyrolyzed
YSZ films is accompanied by a release of
water and carbon dioxide, which were incor-
porated in the as-deposited amorphous mate-
rial. This finding is in perfect agreement with
those obtained for the crystallization of spray
pyrolyzed ceria thin films.*”] In Figure 6, the
enthalpy evolution at 600 °C for an isothermal
dwell is shown. The exothermal enthalpy evo-
lution decreases rapidly and turns almost zero after 100 min at
600 °C. No enthalpy change could be measured after 1000 min
indicating that the film is then fully crystallized.

We conclude that crystallization of spray pyrolyzed YSZ is
finished when samples are heated up to 900 °C or after an iso-
thermal dwell at 600 °C for at least 1000 min (~17 h). The three
distinct processes identified in DSC and TG analysis in this
study differ clearly from the one-step crystallization observed
for precipitated powders, which shows that the solvents used in
the spray pyrolysis process as well as the processing itself have
a strong influence on the crystallization behavior of YSZ.20-23]
It can be concluded that the activation energy of the crystalliza-
tion varies with the solvents used for processing and is not only
material specific.

3.3. Grain Growth and Microstrain

Figure 7 shows X-ray diffraction patterns for spray pyrolyzed
YSZ films, annealed at different temperatures for different
durations. All XRD patterns match unambiguously with the
cubic fluorite-type phase of zirconia. No tetragonal splitting
or additional reflections can be observed. Figure 7a shows
the diffractogram with broad reflections of the as-deposited
film and those after annealing at higher temperatures with

Adv. Funct. Mater. 2011, 21, 3967-3975
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Table 1. Raman shifts, FWHM, intensity ratio of the peak fitting for the double peak at about 629 cm™, microstrain, average grain sizes and crystal- |
linity of YSZ with respect to their annealing conditions. G
F
F
Annealing conditions Raman shift Raman FWHM Iy/ls Microstrain Grain size Crystallinity
fem) fem ™) [%] [ %] ;
air-quenched b -]
0 h at 600 °C — — — 1.0+0.1 55 27 ;
0 h at 800 °C 259.3 32.0 0.45 0.8+0.1 10+5 85
345.6 42.1
492.7 17.3
628.8 533
709.1 21.5
0 h at 1000 °C 261.1 39.9 0.40 — — 100
350.5 48.2
479.6 29.7
631.1 50.2
710.6 22.6

isothermal dwell for 20 h

20 h at 600 °C 261.1 37.4 0.57 0.9+0.2 945 100
345.1 38.9
493.8 17.9
627.3 53.1
709.3 20.8
20 h at 800 °C 254.9 446 0.42 0.6+0.1 1347 100
351.6 45.5
4743 327
630.1 49.9
710.0 30.1
20 h at 1000 °C 264.0 33.0 035 0.4+02 130450 100
338.1 36.5
473.4 27.6
631.1 55.1
710.0 434
R 108 sharp peaks. Comparing the XRD patterns to the isother-
E mally annealed thin films (Figure 7b), a continuous sharp-
2 ening of the peaks is found with increasing temperature.
3 1106 In Figure 8, the evolutions of the average grain size and
¢ microstrain are shown for air-quenched samples heated at
o ® 3 °Cmin™ (a), and after an isothermal dwell for 20 h (b). As-
s 1104 @  deposited thin films have a microstrain of 4% and grains with
& %; an average size of about 3 nm, which are embedded in an
Q ®  amorphous matrix as confirmed by TEM microscopy images
é 1102 = (Figure 2c and Figure 8a). Microstrain decreases with further
2 annealing which reflects the healing of defects. Simultaneously,
& grain growth occurs. Grain growth stagnation is observed (not
N R v/ I ;- 00 shown), as report.ed for ceria th.ll’l ﬁlm§ prewouosly.[“gl Please
0 200 400 600 800 1000 1200 1400 note the rather high residual microstrain of 0.9% after 20 h

at 600 °C and 0.4% after 20 h at 1000 °C in these YSZ films,
respectively. These microstrain values indicate a high defect

Figure 3. Enthalpy evolution and mass loss of as-deposited YSZ powder ~ density. Lower microstrain and larger grain sizes are reported
produced by spray pyrolysis measured in dynamic air at 10 °C min~". for YSZ thin films obtained by pulsed laser deposition in

Temperature I°C
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Figure 4. Mass spectrometry data of gas evolution of as-deposited YSZ powder produced by spray pyrolysis during heating in dynamic air at 10 °C min~".

Mass-to-charge ratios are plotted a) at 18 and b) 44.
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Figure 5. Non-isothermal crystallization during heating of YSZ powder produced by spray pyrolysis in static air: a) exothermic DSC heat release for
different heating rates between 400 °C and 1000 °C. b) Kissinger plot for YSZ produced by spray pyrolysis. Crystallization peak temperature is denoted

as Tc and heating rate as f3.
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Figure 6. Isothermal enthalpy evolution at 600 °C of YSZ powder pro-

duced by spray pyrolysis measured in static air.
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literature.?83749 The higher defect density of the spray pyrol-
ysis YSZ compared to the pulsed laser deposited thin films is
most likely caused by the residual organics.

3.4. Crystal Symmetry

In Figure 9, Raman spectra of YSZ powders deposited by spray
pyrolysis are shown. No data could be obtained for air-quenched
YSZ at 600 °C due to fluorescence of residual organics
(Figure 9a). Raman modes at 431.8 + 0.2 cm™ and 453.5 +
0.4 cm™ are due to aluminum oxide particles from the cruci-
bles used during annealing and are denoted with an asterisk
in the plot. In all the spectra, six Raman peaks numbered from
1 to 6 are visible. The Raman shifts and FWHM are summa-
rized in Table 1. According to the literature, the Raman spectra
for the cubic phase exhibit a single peak at 617 cm™! which is
attributed to the O-Zr-O stretching mode in F,, symmetry.5
A displacement of the oxygen ions along the [100] direction
results in a transition from cubic to tetragonal symmetry.>>>1

Adv. Funct. Mater. 2011, 21, 3967-3975
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Figure 7. X-ray diffraction pattern of YSZ thin films deposited by spray pyrolysis with respect to their annealing conditions: a) air-quenched at different
temperatures, b) after isothermal dwell for 20 h at different temperatures with heating and cooling at 3 °C min™". The intensity scale is identical for
both diagrams. Sapphire substrate reflections are denoted with an asterisk ().
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Figure 8. Grain size and microstrain of YSZ thin films with respect to their annealing conditions: a) air-quenched at different temperatures, b) after
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Tetragonal zirconia exhibits 6 Raman modes due to its lower
symmetry according to the literature.’?) The assignment of the
frequencies to the symmetry is still under discussion.'=*! The
first tetragonal peak at around 130 cm™ was not measured due
to the low wavenumber. In literature, the tetragonal peaks at
around 130 cm™, 474 cm™ and 647 cm™! were mostly assigned
to the E; symmetry, whereas the peaks at around 260 cm™,
346 cm™ and 600 cm™ were attributed to an A, or By, sym-
metry.”1=%5] The peaks 1, 2, 3 and 5 belong to the tetragonal
symmetry, whereas peak 4 to the cubic one (Figure 9). Peak 6
may be allocated to the oxygen ion hopping.P*=%! The relative
peak intensity for this mode decreases with increasing annealing
temperature and dwell time. In this study, all samples annealed
at temperatures higher than 600 °C or with isothermal dwells
for 20 h show a tetragonal and cubic phase mixture according
to Raman spectroscopy (Figure 9). The Raman modes 1 and 2
scatter around 260 + 3 cm™! (peak 1) and 346 £ 5 cm™ (peak 1),
respectively, and show no dependency on the annealing condi-
tions. Whereby the former is reported to be very sensitive to
a t—c transition and should show a blue shift."1=3 A red shift
was observed for the E, mode from 493 cm™ to 474 cm™" (peak
3) with increasing annealing temperature and time. Such
a shift is related to an increased tetragonal symmetry.>1-53l
Between 500 cm™ and 680 cm™', a superposition of two
tetragonal modes and the cubic mode is present (peak 4 and 5).
The tetragonal peak at around 600 cm™ has a low inten-
sity, and therefore, the measured peak 4 is mostly due to the
cubic phase within the YSZ thin film. A systematic blue
shift was observed for this superposition from 627.2 cm™ to
631.5 cm™ for increasing temperature and dwell time. Addi-
tionally, the peak’s asymmetry increases. The shift and the
asymmetry indicate that the tetragonal phase content increases
with increasing annealing temperature and time. This is sup-
ported by the intensity ratio of the mode at lower (peak 4,
cubic) over the one at higher frequency (peak 5, tetragonal),
which becomes lower with increasing temperature (Table 1).
This means that the intensity of the second peak (peak 5)
increases, which indicates a higher content of tetragonal sym-
metry. An increasing tetragonal phase content with increasing
temperature was also found in pulsed laser deposited YSZ
thin films.?] A transition from a metastable crystal symmetry
to the thermodynamically more stable crystal structure with
increasing temperature and time is commonly observed for
ceramic powders and thin films synthesized in the amorphous
state and crystallized at very low temperatures.*6->9-63]

With Raman scattering experiments, a mixture of tetragonal
and cubic crystal symmetry was measured whereas with X-ray
and electron diffraction, the YSZ thin films were cubic. This leads
to the conclusion that the cations form a cubic lattice due to the
fact that with X-ray and electron diffraction, mainly the relatively
heavy cations are probed, whereas Raman spectroscopy probes
the bond strength. The oxygen anions are displaced along the
[100] direction and transform the cubic lattice of the cations in a
tetragonal lattice. This so-called t™ crystal structure is described by
Yashima et al.? In bulk YSZ, coherent microdomains of 1-10 nm
in size with t* symmetry embedded in a cubic matrix were
observed and correlated with a decrease in ionic conductivity.[+-6¢l
These microdomains show a Y depletion similar to the ones
found in calcium-stabilized zirconia reported earlier.[°”-8]
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4, Conclusion

This paper presents the microstructural characteristics of YSZ
thin films deposited by spray pyrolysis. After deposition, YSZ
thin films are amorphous with some 3 nm sized crystallites
having a microstrain of 4%. During heating, the YSZ starts to
crystallize; at 600 °C about 40% of the crystallization enthalpy
is released and the crystallites have grown to a size of 5 nm
with 1% microstrain. The material is fully crystalline at 900 °C
or, after 17 h, at 600 °C. At this state, the grain size grew to
10 nm and the microstrain is reduced to at least 0.8%. The
YSZ thin films consist of a mixture of cubic and the so-called
t" symmetry. The YSZ consists most probably of microdomains
with t" symmetry embedded in a cubic matrix. With increasing
temperature or dwell time, the cubic content decreases. Simul-
taneously, the microstrain drops below 0.4%. The decrease in
microstrain is correlated with increased tetragonal symmetry
content. The cubic symmetry is favored in zirconia with high
oxygen vacancy concentration (point defect concentration) and,
therefore, high microstrain.l®¥ It is thought that the t~ phase
allows the YSZ crystals to relax.

Thin films exhibit different microstructures and crystal-
linity depending on the deposition and annealing conditions.
Microstructure parameters such as the grain size, micro-
strain, and crystal symmetry as well as crystallinity are often
not investigated in literature, but these structural changes may
consequently influence the electrical properties. The various
microstructures of the YSZ thin films deposited by spray
pyrolysis may contribute to the explanation for the scatter in
conductivity in literature.®1 It is shown in this study that,
depending on the annealing conditions, a YSZ spray pyrolysis
film changes: i) from an amorphous to a fully crystalline micro-
structure, ii) its strain state from 4 to 0.4%, iii) its crystal sym-
metry from amorphous to mainly t™ with a significant Raman
blue shift of up to 20 cm™! wavenumbers for peak 4 and iv) its
grain size from 3 to 130 nm. In order to capture the metastable
phase and distorted lattice of these films, characterization fur-
ther than conventional XRD analysis is required. It is advisable
to vary just one microstructural parameter and investigate its
influence on the electrical properties.

Additionally, the result that long term annealing at low tem-
perature leads to full crystallization of thin films is very attrac-
tive for the future fabrication of MEMS devices. It means that
gentle processing techniques at low temperature can be used
which are suitable for MEMS processing.
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